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ABSTRACT 

The paper  c o n s i d e r s  the  i n t e r a c t i o n  of ground water  f low c h a r a c t e r i s t i c s ,  
a q u i f e r  parameters  and mining geometry i n  o rder  t o  e s t i m a t e  mine wate r  
inf lows.  The ground water  f low c o n d i t i o n s  inc lude  bo th  s teady  and 
unsteady s t a t e  f low i n  an i n f i n i t e  and f i n i t e  a q u i f e r s  t o  an imaginary 
pumping ou t  w e l l .  Both l i n e a r  and non- l inear  f low equa t ions  a r e  
d i scussed .  The a p p l i c a t i o n  of non-l inear  equa t ions  has  i n d i c a t e d  t h a t  
with t h e  use of a p p r o p r i a t e  terms i n  t h e s e  equa t ions  bo th  laminar  a s  we l l  
a s  t u r b u l e n t  inf lows can b e  s imula ted .  Water inf low t o  underground 
dewater ing t u n n e l s  a r e  a l s o  d i scussed  i n  terms of both laminar  and 
t u r b u l e n t  f low.  Mine water  inf low t o  a  mine d i scharg ing  t o  m u l t i p l e  
dewater ing o u t l e t  i s  a l s o  included.  The a p p l i c a t i o n  of v a r i o u s  
techniques o u t l i n e d  enab les  a  more r e a l i s t i c  e s t i m a t e  of  water  inf low t o  
be made which can be conducive t o  planning mine dewater ing systems wi th  
re fe rence  t o  economics and s a f e t y .  

INTRODUCTION 

Mining under complex hvdrogeological  c o n d i t i o n s  may be extremely c o s t l y ,  
i n f l ~ l e n c i n g  the o v e r a l l  v i a b i l i t y  of  t h e  p r o j e c t ,  and from p a s t  
exper ience  an a c c u r a t e  p r e d i c t i o n  of mine water  inf low i s  necessa ry  
dur ing  t h e  f e a s i b i l i t y  s tudy .  This  paper  d e a l s  with some of t h e  advanced 
a n a l y t i c a l  methods f o r  p r e d i c t i n g  mine water  inf low. These t echn iques  
can be a p p l i r d  t o  a  wide range oE s p e c i f i c  c o n d i t i o n s  and consequently 
more r e a l i s t i c  inf low s i t u a t i o n s  can be  modelled. Thus, a  b e t t e r  
e s t i m a t i o n  of t h e  ground water  inf low t o  mining o p e r a t i o n s  may be  
ob ta ined ,  a l lowing  f o r  a c o s t  e f f e r t i v e  design of mine dewater ing systems. 

INTERACTION OF AQUIFER PARAMETERS, 
MINING GEOMETRY AND GROUND WATER FI.OW 

Hine dewdtering prohlerns can be s imulated e ~ t h e r  by imaginary pumping 
out w e l l s  dnd/or  imapindry dewater ing underground roadways. 



( i )  Dewatering w e l l s  :- Convent ional  approach i s  t o  c a l c u l a t e  i n f low  
from a n  a q u i f e r  t o  an imaginary  we l l  a t  a  c o n s t a n t  f l ow  r a t e  s o  a s  t o  
lower t h e  -p iezometr ic  s u r f a c e  ( o r  wa te r  t a b l e  i n  c a s e  of unconf ined 
a q u i f e r s )  below che c o a l  seam a t  a n  assumed mine boundary .  The pumping 
o u t  r a t e  of t h e  we l l  i s  taken a s  i n f low  q u a n t i t i e s .  

( i i )  S imulated  dewa te r ing  roadways :- Recent approach is t o  s imu la t e  mine 
wa te r  i n f l o w  based on dewa te r ing  underground roadways, i n s t e a d  of t h e  
p r i n c i p l e  of imaginary pumping o u t  w e l l s  and o f f e r s a n  a l t e r n a t i v e  method 
r e q u i r i n g  d i f f e r e n t  f l ow  e q u a t i o n s .  

For both  app roaches  two t y p e s  of f l ow  c o n d i t i o n s  a r e  u s u a l l y  c o n s i d e r e d ;  
s t eady  s t a t e  f l ow  where f o r  a  c o n s t a n t  r a t e  of d i s c h a r g e  a n  e q u i l i b r i u m  
s t a t e  of drawdowm i s  ach i eved  and uns t eady  s t a t e  f l ow  where drawdown i s  
changed wi th  t ime.  The f l ow  c h a r a c t e r i s t i c s  can  e i t h e r  be  l i n e a r  o r  
n o n - l i n e a r .  

The type  of a q u i f e r s  c o n s i d e r e d  f o r  t h i s  a n a l y s i s  a r e  unconf ined ;  
con f ined  and Leaky a q u i f e r s  c o n d i t i o n s .  A  s i m p l i f i e d  approach i s  t o  
assume t h a t  t h e  a q u i f e r  h a s  an i n f i n i t e  boundary b u t  i n  t h f  p r e sence  of major 
g e o l o g i c a l  d i s r o n t i n u i t i e s ,  f a u l t s a n d  dykes t he  a q u i f e r  w i l l  behave a s  a  
f i n i t e  one .  Flow c o n d i t i o n s  w i l l  va ry  c o n s i d e r a b l y  and t h e r e f o r e ,  t h e  
a p p r o p r i a t e  f low equa t ion  should  be used.  

In  mining o p e r a t i o n s  t o  dewater  an  a q u i f e r  would r e q u i r e  s e v e r a l  pumping 
w e l l s  i n  c l o s e  p rox imi ty  which w i l l  have c e r t a i n  deg ree  of i n t e r f e r e n c e .  
An o u t l i n e  of t h i s  t e chn ique  i s  i nc luded  i n  t h e  p r e s e n t  pape r .  Typcs of 
mining e x c a v a t i o n s  which can he  model led  a r e  s h a f t s ,  s u r f a c e  m i n e s ,  
underground minesand a  l a r g e  underground chambers .  Yodc of minr wa tc r  
i n f low  i s  a l s o  impor t an t  and can range from uniform t o  a  sudden in rush  
s i t u a t i o n .  The t ypes  of a n a l y t i r a l  s o l u t i o n s  cons ide red  h e r e  a r e  r ~ n i f o r m  
f low  models a p p l i e d  t o  s h a f t s  and underground mining o p e r a t i o n s .  

The combinat ion of t h e  v a r i o u s  f l ow  c o n d i t i o n s ,  a q u i f e r  c h a r a c t e r i s t i c s  
and boundary ,  mining e x c a v a t i o n s ,  and t h e  dewa te r ing  methods a r e  
e x t e n s i v e .  Only t hose  e x i s t i n g  e q u a t i o n s  which a r e  a p p l i c a b l e  t o  
s i m u l a t e  mining o p e r a t i o n s  a r e  d i s c u s s e d .  

LINEAR ANALYTICAL INFLOW SIMULATION MODELS 

The l i n e a r  a n a l y t i c a l  mine wa te r  s i m u l a t i o n  models a r e  based on analogy 
of a  s i n g l e  imaginary  pumping o u t  w e l l .  The a q u i f e r  c h a r a c t e r i s t i c s  
( p e r m e a b i l i t y ,  t r a n s m i s s i v i t y  and s t o r a g e  c o e f f i c i e n t ) ,  t h e  d e s i r e d  
r a d i u s  of mine boundary and t h e  dep th  of dewa te r ing  below o r i g i n a l  
p i ezome t r i c  s u r f a c e  a r e  used a s  i npu t  q u a n t i t i e s  t o  e s t i m a t e  t h e  
pumping c a p a c i t y  f o r  t h e  mine. Simple a n a l y s e s  of  t h i s  s i t u a t i o n  a r e  
based on l i n e a r  f l ow  r o n d i t i o n s  a s s o c i a t e d  w i th  s t e a d y  s t a t e  f low and 
uns t eady  s t a t e  f l ow  i n  unconf ined and con f ined  a q u i f e r .  Th i s  approach 
r e q u i r e s  t h e  p r e p a r a t i o n  o f  a  s i m p l i f i e d  hyd rogeo log i ca l  s e c t i o n  of t h e  
mine, d e t e r m i n a t i o n  of a q u i f e r  c h a r a c t e r i s t i c s  and a s s i g n i n g  mean 
hyd rogeo log i ca l  c h a r a c t e r i s t i c s  t o  t h e  rock mass,  and super imposing 
s i m p l i f i e d  mining geometry on t h e  hyd rog fo log i ca l  s e c t i o n .  This  e n a b l e s  
an e s t i m a t i o n  of drawdom and mining r a d i u s  t o  be determined f o r  t h e  
c a l c u l a t i o n  of mine pumping c a p a c i t y .  
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Table 1 
Mine Dewatering in an Unconfined Aquifer at a Constant Rate of Discharge and Steady 

State Flow Condition (see Figure 1 )  

Problem 

Mine excavation; radius 
3000 m, 140 m below 
water table, desired 
drawdown 116 m. 

Aquifer characteristics 

k = 32 mlday 
p = 0.01 
a = 0.3 

Calculate the quantity 
of water to be pumped 
out to dewater the 
mine. 

Equation 

2 1 
D = H~-[H~-(Q In R/a) /nK) I [lal 

1 R = --- ~~K~PHo-D)tlpal-a21~ [lbl 
R 

(In-- 4 )  

Solution 

Assume R = 9000 m, t = 1825 days, Q = 50,000 m3/d 
Substitute in Equation [la] D = 2 m. 
Calculate R using above data in Equation [lb] 
R = 95036 m 
Re-substitute R = 95036 m in Equation [lb] 
Reiterate until R converges, i.e. 
R = 20189 m 
R = 21038 m 
R = 21008 m 

Substitute R = 21008 m in Equation [la] D = 4 q, 
Substitute D = 4 m in Equation [lb] R = 6595 m 
Substitute R = 6595 m in Equation [lb] R = 1.4 m 

Table 2 sunanarises various drawdowns and radius 
of influences for the following rates of pumping 
for 5, 10 and 15 years. Calculated by the above 
substitution and reiterative method. 



Table 2 
Required pumping rates for various drawdowns and radius 
of influence for 5 ,  10 and 15 year periods 

Radius of Influence R 
m 

6,595 

46,556 

43,018 

39,890 

64,546 

61,221 

54,133 

48.658 

76,440 

72,328 

60,847 

57,692 

Time ( t )  
d 

1825 

1825 

1825 ' 

1825 

3650 

3650 

3650 

3650 

5475 

5475 

5475 

5475 

@a tity 
m 3 I d  

50,000 

300,000 

600,000 

700,000 

50,000 

300,000 

600.000 

700,000 

50,000 

300.000 

600,000 

665,000 

Drawdown 
D (m) 

1.4 

32.84 

74.67 

100.21 

5.6 

37.2 

91.68 

108.12 

5.875 

39.50 

99.95 

140.00 



The g e n e r 8 l . n o t a t i o n s  used  i n  s i n g l e  w e l l  e q u a t i o n s  a r e  g i v e n  a s  f o l l o w s  : 

D - Lowering of p i e z o m e t r i c  s u r f a c e  o r  wa te r  t a b l e '  t o  a  l e v e l  H f rom 
t h e  O r i g i n a l  head  H, (m) 

Do - Drawdswn i n  a  f i n i t e  a q u i f e r  b e f o r e  mine boundary i s  r eached  (m) 

i - H y d r a u l i c  g r a d i e n t  ( d i m e n s i o n l e s s )  

K - A q u i f e r  c o e f f  i c e i n t  o f  p e r m e a b i l i t y  o r  h y d r a u l i c  c o n d u c t i v i t y  (mid) 

K '  - C o e f f i c i e n t  of p e r m e a b i l i t y  o f  a q u i f e r s  (m/d) 
2 

g - A c c e l e r a t i o n  due  t o  g r a v i t y  (9.81 m/sec ) 

L - Thickness  o f  f o r m a t i o n  b e i n g  dewa te red  (m) 

L '  - A q u i t a r d  t h i c k n e s s  (m) 
3  

Q - Q u a n t i t y  o f  mine i n f l o w  (m Id )  

Q - Q u a n t i t y  o f  mine i n f l o w  i n  a  f i n i t e  a q u i f e r  b e f o r e  cone  of 
O 

d e p r e s s i o n  r e a c h e s  mine boundary (m3/d) 

R - E f f e c t i v e  r a d i u s  of i n f l u e n c e  of t h e  cone  of d e p r e s s i o n  w i t h  
t ime  t (m) 

R. - Radius  of cone  of d e p r e s s i o n  a t  mine boundary (m) 

a  - Mine r a d i u s  where drawdown is r e q u i r e d  (m) 

S - S t o r a g e  c o e f f i c i e n t  ( d i m e n s i o n l e s s )  = a 

T = KL T r a n s m i s s i v i t y  o f  a q u i f e r  (mL/d) 

t - Time e l a p s e d  (d )  

tv - Time a t  which cone  of d e p r e s s i o n  r e a c h e s  mine boundary 
2 

U - ( a  S/4KLt) a  v a r i a b l e  i n  T r a n s i e n t  s t a t e  e q u a t i o n  

W(u) The i s  w e l l  f u n c t i o n ,  d i m e n s i o n l e s s  (Appendix 1 )  

p - S t r e s s f r e e  p o r o s i t y  of r o c k  ( d i m e n s i o n l e s s )  

a - Shape f a c t o r  ( d i m e n s i o n l e s s )  

Flow t o  a  s i n g l e  w e l l  i n  I n f i n i t e  A q u i f e r  :- 

F i g u r e  1  shows t h e  f l o w  c o n d i t i o n s  f o r  d e w a t e r i n g  a  mine i n  a n  l lnconf ined 
a q u i f e r .  Equa t ion  [ l a ]  and [ l b ]  I . e ' c z fa lvy  ( 1 9 8 2 )  pc,rmit ra lcr l1 : i t ion o f  
t h e  s t e a d y  s t a t e  drawdown and t h e  r a d i u s  of t h e  r o n r  of d t . p r r s s i o n .  it 

c a n  b e  seen  t h a t  e q u a t i o n  [ l b l  con ta in . ;  R i n  hnth  s i d e s  o r  t h r  t q a i  t y  
s i g n  and c o n s e q u e n t l y ,  should  b c  so1vt.d i t e r a t i v e l y  a s  g iven  in  Tah le  1 .  
T a b l e  2 summarises t h e  r e s u l t s  f o r  ;iss~rmed purnpini: t imes  ran i n q  from '1 5 t o  15 y e a r s ,  a t  r a t e s  of pumping between 50,000 t o  700,000 m /d a n d  show 
t h e  s t e a d y  s t a t e  drawdowns and r a d i u s  o r  i n f l n w s .  

F igu re  2 shows t11e dewnte r inz  of n  ! - i n r  s i l r ~ n t ~ ~ c l  i r i  :I ,.c,ni i n i , ( l .  i n i  i l l  i t ~ .  
a q u i f e r ,  w i t h  s t e a d y  s t a t e  f l ow c o n d i t i o n s  ( I . r c z f ; l l r v ,  1 9 8 2 ) .  Kc~rnet-ical 
a p p l i c a t i o n  o f  e q u a t i o n s  [ 2 a , 2 b ]  shown i n  F i g u r e  L ,  i s  ,:iven i n  T a b l e  7, 
and a r e  s o l v e d  i t r r n t i v r l v .  Thi! r t s s r ~ l t s  i n  Tahlc. 4 i nd icn t i -  t l ~ a t  i n r  a 
c o n s t a n t  drawdown of 160 m, bo th  t h e  r e q u i r e d  purnpirg o u t  q u a n t i t y  and 
r a d i u s  o f  inEl l iencc c t i n n g e  w i t h  t i r n r .  



(Variable discharge with t 
Surface Q for a given Q-constant drawdown) 
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Q =  ~ T L K D / ~ ~  Rla [2al 
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(after Le'czfalvy ,1982 1 

Figure 2. Idealised conceptual model of dewatering of 

a confined artesian infinite aquifer at 

constant drawdown condition (steady state 

equation l .  



Table 3 
Mine Dewatering Calculations in a Confined Artesem, Infinite Aquifer at Steady State (Constant 

drawdown) Conditions (see Figure 2) 

l 

Problem 

Calculate the radius of 
influence and pumping 
rates for the following 
data : 

~quifer thickness L = 15 m 

I Permeability K = 6 mld 
/;dius of pumping a 

weLP = 0.1 m 

)rage coefficient 
S - 0.000015 ' Drawdown desired D = 160 m 

t = 1, 5 ,  10, 100, 1000 d 

Equation 

Q = ZnLKD/ln Rla [2a] 

2 R 
R [(2LKt/s-a /2)11ny-1)1 

[2bl 

Solution 

Assume R = 360 m. Substitute in Equation [2bl 
Calculated R = 1249 m, Re-substitute in Equation [2bl 
Calculated R: - 1159 m, Re-substitute in Equation [2b] 
Calculated R3 = 1164 m, Reiteration converges 3 
Substitute 8: = 1164 in Equation 12a] Q = 9666 m Id 

Table 4 summarises the rate of pumping for a constant 
drawdown of 160 m for the various pumping times. 

Table 4 

Time 
t(d) 

1 
5 
10 

100 
1000 

Radius of Influence 
m 

1,163 
2.492 
3,472 
10,420 
30.800 

Quantities 
m3 /d 

9,657 
8,940 
8,654 
7,834 
7,169 



Figure 3 and Tables 5 and 6 show s i m i l a r  mine dewatering c a l c u l a t i o n s  
f o r  an i n f i n i t e ,  confined a r t e s i a n  a q u i f e r  i n  unsteady s t a t e  flow 
condi t ion .  

Flow t o  s i n g l e  w e l l  i n  f i n i t e  a q u i f e r  :- 

Figure 4 shows t h e  dewatering of a  mine i n  a f i n i t e  a q u i f e r  f o r  a  s teady 
s t a t e  f low condi t ion  f o r  a  given r a t e  of pumping 'Q', a  cons tan t  drawdown 
is achieved but  t h e  r a d i u s  of in f luence  changes with time. The time (TV) 
taken f o r  t h e  r a d i u s  of in f luence  R t o  reach t h e  mine's f i n i t e  boundary, 
is given by equa t ion  [3c]  (Le'czfalvy,  1982). Flow equations f o r  ' t '  
between 0 t o  t a r e  given by equations [2a,2b] qnd ind ica ted  in  Table 7 .  
"or times ~ r e a e e r  thsn tv flow q u a n t i t y  i s  reduced t o  plain a cons tan t  draw- 
down, a s  given by equation [3a]  and ind ica ted  i n  Table 8 .  

F igure  5 i l l u s t r a t e s  t h e  dewatering of mine i n  a f i n i t e  a q u i f e r  f o r  
unsteady s t a t e  flow condi t ion  a t  a  constant  pumping r a t e .  I t  can be seen 
t h a t  t h e  drawdown changes with time u n t i l  the  mine boundary i s  reached 
a t  time ( t v )  given by equation [ 3 c ] .  The drawdown due t o  f u r t h e r  pumping 
(> t ) i s  given by equa t ion  [4] .  These c a l c u l a t i o n s  a r e  shown i n  Tables 
9 toV1 1 .  

OPERATIONS OF MUTUALLY INTERFERING WELLS (CONSTANT DISCHARGE) 

I n  a dewatering s i t u a t i o n  which r e q u i r e s  t h e  pumping of l a r g e  q u a n t i t i e s  
of water  it may be necessary t o  use  severa l  pumping w e l l s  because of t h e  
l i m i t a t i o n  i n  capac i ty  of ind iv idua l  pumps and i n  t h i s  s i t u a t i o n  the  
fol lowing equations would be a p p l i c a b l e  (Le'czfalvy 1982) a s  shown i n  
Figure 6 and a numerical example i s  ind ica ted  i n  Table 12. 

D1 = drawdown of well  I 

Q = discharge  from well  I 

r10 = rad ius  of well  I 

b = d i s t a n c e  between the  two wel l s  

Q2 = discharge  from'well  I1 

RI  = r a d i u s  of in f luence  by well  I 

R2 = r a d i u s  of in f luence  of well  I 1  

K = permeabi l i ty  c o e f f i c i e n t  of t h e  a q u i f e r  

2 
D, = (Q/2nLK) ( I n  R /a20b) 

9 



Surface Q (Constant 1 
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at t+dt 

l / / / / /  
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(after Le'czfalvy ,1982) 

Figure 3. Mine dewatering in an infinite artesian 

confined aquifer with unsteady state flow. 



Table 5 
Mine Dewatering Calculations in a Confined Artesian Infinite Aquifer with a Constant 

Discharge and Unsteady Flow Condition [see Figure 31 

Problem 

Calculate the variable 
drawdown in a well 
dewatering an artesian 
aquifer under constant 
discharge conditions 

Data as follows :- 

Aquifer thickness L = 15 m 
Permeability K = 6 m/d 
Radius of 
pvmping well a = 0.1 m 

Storage coefficient 
S = 0.000015 

t - 1, 5, 10, 100 & 1000 d 
Q = 10,000 m I d  

Equation 

D = Q In R/a/2nLK [2a] 

2 
R = [(PLKtIs-a 12) (l#- l ) ]  

12bI 

Solution 

Assume R = 360 m, Substitute in ~~uation [2bl 
Calculated R = 1249 m, Resubstitute in Equation [2b] 
Calculated R = 1159 m, Resubstitute in Equation [2b] 
Calculated R = 1164 m, Reiteration converges 
Substitute R = 1164 m into Equation [2a] 
D = 166 m 

Table 6 summarises the corresponding radius of 
influences and drawdowns for various pumping 
periods. 

Table 6 

Time 
t(d) 

1 
5 
10 
100 
1000 - 

Radius of Influence 
Rh) 

1,164 
2,479 
3,472 
10,420 
30,800 

Calculated Drawdown 
D (m) 

166 
179 
185 
204 
223 



Surface Q (Variable) 
I 

-Lined Pumping' Well 

Piezometric Level 
at t+dt H 

r 

(a) Test conditions (Q-variable, D-constant 1 

Where Q=12?rLKD exp(-At'S)llln Rola 13al 

A= ~ T L K  l ~ o ~ l n  Rola [3bl 

tv  2000 4000 6000 Time t 
I 

(Days1 

Equations [ 3a .3 b l 

0- 

(b l  Variable discharge time curve for a constant drawdown 

Figure L. Dewatering a finite aquifer at a constant 

drawdown condition. Steady state) 

(After Le'czfalvy. 19821 



Table 7 
Mine Dewatering C a l c u l a t i o n s  f o r  a F i n i t e  Aquifer  a t  a  Constant  Drawdown (Steady S t a t e )  Condit ion 

[ s e e  F igure  41 

Problem 

C a l c u l a t e  t h e  v a r i a b l e  
r a t e  of d i scharge  from 
a  wel l  a t  r e g u l a r  time 
i n t e r v a l s .  

Data a s  f o l l o w s  :- 

Aquifer  t h i c k n e s s  L  = 50 m 
Permeabi l i ty  K = 9  m/d 
O r i g i n a l  p iezomet r ic  

s u r f a c e  above t h e  
a q u i f e r  base  = 150 m 

Radius of pumping 
we1 l a = 0 . 1 5 m  

Aquifer  boundary R = 25000 m 
S torage  coef f  i c i e n ?  

S  = 0.000015 
Constant  drawdown D = 5  m 

Equat ion : S o l u t i o n  

R / Using Equat ion [ 3 c ]  tv = 1200 days 
Q = [2rrLKD e x p ( - ~ t / s ) ] / l n A  [ 3 a ]  I Assume time t = 10 d  .'. < tv use  Equat ion [2b l  

2  
! Assume R = 2500 m. Ca lcu la ted  i t e r a t i v e l y  

where A = 2LK/Ro I n  Ro/a [3b]  R  = 2548 m Corresponding O from Equat ion [ 2 a ]  
1 Q = 1451 m3/d. S i m i l a r  c a l c u l a t i o n  r e p e a t e d  f o r  

tv = ~ ~ ( 1 n  R / a  -5) (S/2LK)+Sa /4LK t rang ing  from 10 t o  1200 days a s  o u t l i n e d  i n  
o  o 

13'] 

t i s  t h e  time i n  which t h e  cone 
OY depress ion  reaches  mine 
boundary. At time > tv q u a n t i t y  
of in f low g iven  by Equat lon [ 3 a ,  
3 h l .  A t  t i m e < t v q u a n t i t y  of 
i n f l o w  g iven  by Equat ion [2a ,2b l .  

Table 8 .  
For  t > tv ( i . e .  1200 days )  u s e  Equat ion [3b]  
A = 1 . l 9 8  x I O - ~ .  S u b s t i t u t e  A = 1  . l 9 8  x 10-' 
i n  Equat ion [ 3 a ]  c a l c u l a t e d  Q = 416.6 m3/d. 
S i m i l a r  c a l c u l a t i o n  repea ted  f o r  t rang ing  
from 1200 t o  9000 days a s  o u t l i n e d  i n  Table 8.  

I 



Table 8 
Mine dewatering calculations for a well discharge 
for constant drawdown condition (variable discharge) 

Time Elapsed 
after pumping started 

t (days) 
1 Radius of Influence 
l 'm' 

Discharge 1 m3/d 



Surface Q (Constant discharae rate) 

at time t 

Confined Aquifer 

Impervious r 

(a1 Dewatering of a finite aquifer at a constant discharge 

0 tv Time -m 

' I reach 
c l  o \use equations boundary 

[b) Time-depression curve at a constant discharge 

Figure 5. Idealised conceptual model of dewatering a 

f ini te aquifer at a constant discharge rate. 

(Unsteady state flow) (After Le'czfalvy ,1982) 

15 



Table  Y 
Mine Dewatering C a l c u l a t i o n s  i n  a  F i n i t e  A r t e s i a n  Aqui fe r  under  Constant  In f low Rate and Unsteady 

Flow Condi t ion  ( s e e  F i g u r e  5)  

Problem 

C a l c u l a t e  t h e  v a r i a b l e  drawdown/ 
time c u r v e  from a wel l  a t  
r e g u l a r  time i n t e r v a l s .  

Data a s  f o l l o w s  :- 

Aquifer  t h i c k n e s s  L = 50 m 
Permeabi l i ty  K = 9 m/d 
O r i g i n a l  p iezomet r ic  

s u r f a c e  above t h e  
a q u i f e r  base  = 150 m 

Radius of pumping 
we1 l a = 0.15 m 

Aquifer  boundary R. = 25000 m 
S to rage  c o e f f i c i e n t  

S = 0.0000 5 1 q u a n t i t y  Q = 1300 m I d  

Equation 

2 
tv = Ro(ln Ro/a - 1) ( s / ~ L K ) + s ~ ~ / ~ L K  

[3c Equat ion [2a-2b 1 
'2 t 

D = D  +-C [4 ]  
O SR: 

t i s  t h e  time i n  which t h e  cone 
oY d e p r e s s i o n  r e a c h e s  mine 
boundary. At time > tv q u a n t i t y  
of in f low g iven  by Equat ion [ l ] .  
A t  t ime < tv q u a n t i t y  of in f low 
g iven  by Equat ion [Za , 2 b l .  

S o l u t i o n  

Using Equat ion [3c]  tv = 1200 days .  
Assume t ime t = 10 days  (.'. < tv u s e  
Equat ion [2b] ) .  Assume R = 2000 m. 
C a l c u l a t e d  i t e r a t i v e l y  R = 2549 m.  
Corresponding D from Equat ion [ 2 a ]  
D = 4.47 m. S i m i l a r  c a l c u l a t i o n s  r e p e a t e d  
f o r  t rang ing  from 10 t o  1200 d a y s  a s  
o u t l i n e d  i n  Table 10. 

Tab le  10 Tab le  11 

~ ( d a y s )  R h )  1 
2540 4.47 / 

500 16437 5.33 
1000 22905 5.48 
1200 25000 5.53 

For t > t, ( i . e .  1200 
days)  use  equa t ion  (4 )  
t a k i n g  D = 5 . 5 3  (from 
Table 103 C a l c u l a t e d  
D = 11.26 m. S i m i l a r  
c a l c u l a t i o n  r e p e a t e d  
f o r  t ranging from 
1200 t o  20,000 days a s  
o u t l i n e d  i n  Table 1 1  

t ( d a ~ s )  

1,300 
1,500 
1,750 
2,000 
2,500 
3,000 
4,000 
5,000 
6,000 
7,000 
8,000 
9,000 

10,000 
15,000 
20,000 

D(m) ' 

11.26 
12.15 
13.25 
14.36 
16.56 
18.77 
23.18 
27.60 
32.01 
36.42 
40.84 
45.25 
49.66 
71.74 
93.80 



Observation Well 
Surface (Constant)Q Q(Constant1 

I I 
/ / l / / / / / / /  f / r l j / /  / / / / I / / / /  

Impervious 

Confined " I I Aquifer 
# / / / / / / / ~ b 4 / / / / / / / / / /  

"10 a20 Impervious 

P' ai Well 1-b-owe11 2 
a10 a20 

Figure 6. Dewatering of an infinite confined aquifer by 

mutually interfering wells. 



Table  1 2  
Mine dewate r ing  u s i n g  m u l t i p l e  i n t e r f e r r i n g  b o r e h o l e s  c o n s t a n t  r a t e  of pumping 
(Steady s t a t e  f l o w  ( s e e  F i g u r e  6 ) ) .  

Problem Equa t ions  

Example n 
" 1 The pumping d a t a  f o r  two D 1  = - 2nLK l? ~ ~ / a , ~  + (c?/?~LK) I n  R2/a I0  

i n t e r f e r r i n g  w e l l s  
[ 5 a l  

C a l c u l a t e  t h e  drawdowns 
f o r  pumping p e r i o d  of 
10 days  

S o l u t i o n  

D is c a l c u l a t e d  u s i n g  e q u a t i o n  [ 5 a l  
1 

D1 = 1.85 + 2.77 

= 3.62 m 

D 2  i s  c a l c u l a t e d  by e q u a t i o n  [5b] 

= 3.48 m 



NON-LINEAR INFLOW MODELS SIMULATING FLOW TO A WELL 

The development of non-linear theory of mine water inflow can be 
a t t r i b u t e d  t o  Schmieder (1978a, 1978b, 1979) and Perez-Franco (1982). 
The a n a l y t i c a l  s o l u t i o n  based on unsteady flow condit ion given by the  
following equat ion 

a L s  
where U = -- 4KLt 

W(u) = Theis Well funct ion 

2 
TR & 

= Turbulent and l i n e a r  t ransmissivi ty c o e f f i c i e n t  respect ively(m /d) 

3 / 4  (Schmieder 1978a) T~ = (TD) [6.dl 

The f i r s t  term of equat ion [6.bl i s  Theis equat ion f o r  unsteady l i n e a r  
flow and the  second t e r m i s  drawdown f o r  pure turbulent  flow. Equation 
[6.b] can the re fore  be used to  p red ic t  laminar flow by neg lec t ing  the 
second term, whereas f o r  tu rbu len t  cond i t ions ,  the  f i r s t  term can be 
ignored. 

Similar ly s teady s t a t e  flow equat ion i s  given by equation [7 ]  and [2 .b ]  
and i l l u s t r a t e d  i n  Figure 2 .  

It i s  apparent from t h e  ca lcu la t ion  i n  Table 13 t h a t  the app l ica t ion  of 
l i n e a r  flow equat ions to  p r a c t i c a l  s i t u a t i o n  where mixed flow o r  turbulent  
flow condit ions e x i s t  r e s u l t s  i n  a  s u b s t a n t i a l  over est imation of inflow 
quan t i ty  . 

WATER INFLOW TO AN UNDERGROUND TUNNEL 

Non-linear inflow t o  an underground tunnel below a  Karst aqu i fe r  

A  non-linear flow t o  an underground tunnel  working below a  Karst aqu i fe r  
a s  i l l u s t r a t e d  i n  Figure 7 and i s  given by the fol l lowing equation a f t e r  
(Schmieder, 1978a) :- 

L' = thickness of aqu i fe r  

K' = permeabil i ty  of aqu i fe r  m/s 

a  rad ius  of underground g a l l e r y  m 



Table : 3  
Non-linear mine in f low c a l c u l a t i o n s  t o  an imaginary well unsteady flow cond i t ions  ( see  Figure  3) 

Ca lcu la t e  t h e  quan t i ty  of inf low 
t o  a  mine s h a f t  from the  
informat ion given 

Problem 

( i )  Non l i n z a r  f low cond i t ions  

( i i )  Turbulent f low 

( i i i )  Linear  t r a n s i e n t  f low 
cond i t ions .  

Equa t  ion 

Aquifer th i ckness  L = 10 m 

Solut ion 

Drawdown requirement D = 300 m 

Sha f t  r ad ius  a = 4 m  

Storage c o e f f i c i e n t  S = 9x10-' 

Time ' t  = 5 days 

T,, = 1.9 m2/a 
2  

TT = 0.2575 m /d  

Solving quadra t i c  equat ion 

( i )  Q = 53.6 m3/d non l i n e a r  f low 

Assume l i n e a r  term t o  zero 

( i i )  Q = 56.2 m3/d Turbulent f low 

Assume tu rbu len t  component t o  zero 

( i i i )  Q = 504.2 m3/d l i n e a r  t r a n s i e n t  f low 

aLs 
U = -  

4KLt [6 .c l 

Equation [ 2b l  

2 
- Q w ( u )  : Q (e) 

4nTD 2 2  [6 .b l  
4n TT 

Ca lcu la t e  u = 3.78 X 1 0 - ~ .  Theis wel l  func t ion  
= 14.2133 
W(u) oh ta ined from Appendix 1 us ing 
U = 3.78 X 1 0 - ~ .  R c a l c u l a t e d  from equat ion [2b] 
using t = 5 days and assuming R = 2500 m u n t i l  
i t e r a t i o n  converges. R = 1928.6 m. 
S u b s t i t u t e  R = 1928.6 m i n t o  Equation [bb] 
0.095 q2 + 0.595 Q - 300 = 0 



- - - - - - - 
f 

Ore De~os i t  Cone of 

Karst 
Dolomite 

Depression 

R 

Figure 7 Mine dewatering by an underground gallery 

below an unconfined aquifer. 



Table 14 
Qewaterinq a mine using dra in ing g a l l e r i e s  below a  Karst  aqu i f e r  (see  Figure 7) 

Problem 

Calcula te  mine inflow quant i ty  
Data given as follows 

Equation 

D = (Q an R / X ~ ) / ( ~ ~ K ' L ' )  + 

2 
(Q $m R R2da) /2nKP. + 

a  L81 

D = Fracture  flow + l i n e a r  flow 
+ pure  tu rbu len t  flow 

Solut ion  

Subs t i t u t ing  in  equ i t i on  [6] 

Solving quadra t ic  equation - 
3 

Q - 0.869 m /S - non-linear flow 

Importance of non-linear flow i n  mine 
inflow es t imat ion can be demonstrated 
a s  follows :- 

3 
Pure l i n e a r  ,flow = 2.50 m /sec 

3 Pure f r a c t u r e  flow = 3.46 m /sec 
3 

Pure turbulent  flow = 1.36 m /sec  
3 

Non-linear flow = 1.45 m /sec 

An e r r o r  of 70% i s  apparent.  



X. = ha l f  d i s t ance  of f a u l t  zones 
2 -1 K'L' - t r ansmiss iv i ty  of t h e  aqu i fe r  m s  

d = depth below the  o re  depos i t  i n  the  aqu i fe r  m 

R = e f f e c t i v e  rad ius  of t h e  zone of inf luence m 

II = l eng th  of d ra in ing .ga l l e ry  m 

A example of dewatering a  mine ga l l e ry  below a k a r s t  aqu i fe r  
i s  indicated i n  Table 14 .  

NON-LINEAR FLOW TOWARDS AN UNDERGROUND GALLERY FULLY PENETRATING 
A CONFINED AQUIFER 

The equation of non-linear inflow of water t o  an underground ga l l e ry  f u l l y  
pene t ra t ing  a  confined aqu i fe r  a s  i l l u s t r a t e d  by Figure 8 under unsteady 
condit ion i s  given by the following equation (~erez-Franco 1982) 

where 

q = discharge per  u n i t  l eng th  a t  one s i d e  of the  ga l l e ry  (m3/d/l) 

(! = quan t i ty  of inflow f o r  the  whole length of tunnel (m3/d) 

h - piezometric height  a t  a  d i s tance  X (m) 

r = dis tance  measured from t h e  face  of the  ga l l e ry  (m) 

R = dis tance  from the  face of t rench t o  t h e  place where drawdown 
i s  zero (m) 

Kd = l i n e a r  hydraul ic  conduct ivi ty  (m/d) 

D = drawdown a t  t h e  ga l l e ry  a t r  (m) 

Kt = tu rbu len t  hydraul ic  conduct ivi ty  (m/d) 

In  t h i s  case R i s  given by equation 12bl 

A numerical example of t h i s  flow condit ion i s  presented i n  Table 15. 

LIMITATfONS OF ANALYTICAL TECHNIOUES I N  
MINE WATER INFLOW SIMULATION 

The a n a l y t i c a l  approach i n  s imulat ing mine water inflow has a  severe 
l imi ta t ion  i n  oversimplifying mining geometry, s t r a t a  sec t ion ,  mine 
and hydrogeological boundaries, assumptions made i n  the de r iva t ion  of the 
a n a l y t i c a l  equat ions used may not  conform with the ac tua l  f i e l d  condit ions 
and hence t h e  ca lcu la ted  inflow q u a n t i t i e s  may be d i s t o r t e d .  Regional 
v a r i a t i o n s  i n  the  aqu i fe r  c h a r a c t e r i s t i c s  (K, S ,  T) cannot be e a s i l y  
incorporated i n  t h e  a n a l y t i c a l  techniques. The most important va r iab les  
a r e  a s  follows 

( i )  La te ra l  v a r i a t i o n  within the  same l i t h o l o g i c a l  un i t .  

( i i )  Macroscopic changes in  the aqu i fe r  c h a r a c t e r i s t i c s  with depth 
depending upon changes i n  l i tho logy .  

( i i i )  The e f f e c t s  of d i s c o n t i n u i t i e s ,  f r a c t u r e s  and f a u l t s  i n  the same 
l i t h o l o g i c a l  u n i t .  

2 3 



Hydraulic 
Gradient 

~ n d b r ~ r o u n d  Excavation 

D= [ q / L K d  + q 2 1 ~ 2  Kt21R [gal 

~=[- I /LK~+(I~L~ K~*+LRD /L2 ~ ~ ~ 1 1 " ~ ~ ~  K:/ 2 [9b ]  

Q =  21q 

D  = Draw down 

H = Piezometric surface after dewatering 

Figure 8. Non-linear flow to an underground 
excavation fully penetrating a confined aquifer. 



Table 15 
Mine dewatering u s ing  underground g a l l e r i e s  f u l l y  p e n e t r a t i n g  a  conf ined aqu i f e r  

(see  Figure  8) 

a q u i f e r  :- 
2 2 1  q  = [-l /L Kd + (1 ,'I>%: + 4RDlL K,) 1 

Drawdown r equ i r ed  D = 300 m 

Aquifer  t h i cknes s  L = 12 m [9bl  

- - -  

Problem 
-- 
The fol lowing d a t a  a p p l i e s  t o  an 
i ~ f l o w  t o  underground g a l l e r y  
f u l l y  p e n e t r a t i n g  a  conf ined 

Equation 

Equation [Zb] 

D = [ q / ~ ~ , + q 2 / ~ 2  :l R [ga l  

a  = 1.5 m 
t = 1 0 d  

Ca lcu l a t e  t h e  mine inf low 
quan t i t y  

Kd = 0.5 m/d 
= 0.0946 

Storage  c o e f f i c i e n t  S  = 0.00015 

So lu t i on  

Assume R = 200 m a f t e r  a pumping i n t e r v a l  of 
10 davs (g iven ) .  Calcula ted  from equat ion [2bl  
R = 427 m .  Solving i t e r a t i v e l y  u n t i l  R 
converges R = 397 m. S u b s t i t u t e  R = 397 m i n t o  
equat ion [ 9a l 

Equatlon [9b] i s  t he  s o l u t i o n  o f  
equat ion [ga l  f o r  q .  

3 
Solving quad ra t i c  equa t ions  q  = 0.89 m /d 
(non l i n e a r  flow) 

3  
Neglect ing q2  term of equa t ion  q = 4.5  m  /d 
( l i n e a r  flow) 

3 
~ e g l e c t i n g  l i n e a r  term ( i .e .  66.14 q)  q  = 0.98 m /S 

( t u rbu l en t  f l ow) .  

To ta l  t u r b u l e n t  q u a n t i t y  QT = 2 X 2500 X 0.98 

= 4900 m3/d 
P 

Total  l i n e a r  f low QL = 22500 m3/d 



( i v )  Induced mining f r a c t u r e s  and zones of conso l ida t ions  p a r t i c u l a r l y  
i n  the  v i c i n i t y  of longwall f aces .  

(v) These techniques can only be  app l ied  t o  uniform inflow condi t ions  
and a r e  no t  a p p l i c a b l e  t o  in rush  s i t u a t i o n s .  

CONCLUSIONS 

The paper desc r ibes  va r ious  a n a l y t i c a l  s o l u t i o n s  t o  s imula te  some 
p r a c t i c a l  mine inf low p r e d i c t i o n s  problems assoc ia ted  wi th  underground 
malmin ing  opera t ions .  Both, l i n e a r  and non-l inear  f low condi t ions  t o  an 
imaginary wel l  and dewatering roadways a r e  given i n  t h e  form of numerical 
examples. Non-linear f low equa t ions  have been used t o  incorpora te  i n t e r -  
g ranu la r  laminar ,  f r a c t u r e  and tu rbu len t  f low condi t ions .  This approach 
enables  a more r e a l i s t i c  es t imat ion  of t h e  q u a n t i t y  mine inf low t o  be 
c a l c u l a t e d  with i t s  obvious economic and s a f e t y  implicat ion t o  t h e  design 
of mine water  con t ro l  systems. Non-linear flow equat ions s imula te  t h e  
most prominent f low condi t ions  by neg lec t ing  t h e  i n s i g n i f i c a n t  modes of 
inf lows.  

The au thors  wish t o  record t h e i r  thanks t o  Prof .  T .  Atkinson, f o r  h i s  
encouragement and i n t e r e s t .  Thanks a r e  a l s o  due t o  Mrs. Lynet te  Atkins,  
M r .  P. Proudlove and Mrs. C. Waddon f o r  t h e  p repara t ion  of the  manuscript. 

REFERENCES 

1. Kruseman, G. P. and Ridder, N.  A. De., (1979), 'Analysis and eva lua t ion  
of pumping t e s t  data" ,  I n t e r n a t i o n a l  I n s t i t u t e  f o r  Land Reclamation and 
Improvement/ILRI, P.O. Box 45,  BXO AA Wageningen, The Netherlands, p.200. 

2. Le 'czfalvy.  S. (1982). 'Simplif ied mathematical models f o r  t h e  
c a l c u l a t i o n  of dewater ing ' ,  1 s t  I n t e r n a t i o n a l  Mine Water Congress of 
t h e  I n t e r n a t i o n a l  Mine Water Associat ion,  Budapest, A p r i l ,  Vol.C, 
p. 28-46. 

3. Perez-Franco. D. (1982). 'Non-linear f low of nround water during mine - 
dewatering opera t ions ' ,  1st I n t e r n a t i o n a l  Conference of t h e  I n t e r n a t i o n a l  
Mine Water Associat ion,  Budapest, Apr i l ,  Vo1.2, p.195-198. 

4.  Schmieder, A. (1978a), 'Forecast ing t h e  r a t e s  of water inflowing i n t o  
mines',  SIAMOS, 1978, Water i n  Mining and Underground Works, Granada, 
Spain, September. Vo1.2, p.510-533. 

5. Schmieder. A. (1978b). 'Water c o n t r o l  s t r a t e e v  of mines under s t r o n e  

6. Schmieder, A. (1979), The e f f e c t  and u t i l i z a t i o n  of p r o t e c t i v e  l a y e r s  
i n  mine water   control,^ Se lec ted  Papers  on Mine Water Cont ro l ,  
Proceedings, Mining Development I n s t i t u t e ,  Budapest, Hungary, May, 
pp.175-187. 



APPENDIX 1 

Theis Well Function W(u) after Theis (1935) [adapted from Kruseman and Ridder 19791 1 1 1  


