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ABSTRACT 

In  c e r t a i n  c i r c u m s t a n c e s ,  ground-water c a u s e s  c e o t e c h n i c a l  problems and 
can  be  c o n s i d e r e d  a nu i sance  r a t h e r  t han  a  b l e s s i n g .  The c a s e s  where 
ground-water c r e a t e s  c o n s i d e r a b l e  c o m p l i c a t i o n s  i n c l u d e  c o n s t r u c t i o n ,  
t u n n e l l i n g ,  mining, l a n d s l i d e s ,  and l and  subs idence .  The development of 
hydrogeology a s  a  s c i e n c e  h a s  proved o v e r  t h e  y e a r s  t o  s u b s t a n t i a l l y  
reduce  the s r v e r e  problems and d i s a s t e r o u s  problems caused  by ground- 
wa te r .  

INTRODUCTION 

C:rl)und-water i s  c o n s i d e r e d  one of t h e  e a r t h ' s  most w ide ly  d i s t r i b u t e d  and 
most v a l u a b l e  rc .sourcrs .  U t i l i z a t i o n  of ground-water t h rough  c o n s t r u c t i o n  
of w e l l s  and i n f i l t r a t i o n  g a l l e r i e s  i n  a n c i e n t  t i m e s  i s  w e l l  known f rom 
t h e  h i h l i c a l  r eco rd  of  Genes i s .  I n  a l l  a g e s  t h roughou t  t h e  h i s t o r y  of 
mankind, thc c i v i l i z a t i o n s  and a g r i c u l t u r e  have f l o u r i s h e d  when wa te r  
s u p p l i e s  werrb a v a i l a b l e .  

I n  t he  human mind, ground-water i s  c o n s i d e r e d  most ly  a s  t h e  e l i x i r  of 
l i f e ;  very  seldom i s  ground-water c o n s i d e r e d  and d e s c r i b e d  a s  a  
n u i s a n c e .  However, t h e r e  a r e  many c i r c u m s t a n c e s  where ground-wa t e r  i s  
c-au<ing c o n s i d e r a b l e  c o m p l i c a t i o n s  c a l l i n g  f o r  tremendous human e f f o r t s  
in s o l v i n g  them, and t h e r e  a r e  many c a s e s  where ground-water h a s  been 
r c . s v o n s i b 1 ~  t o r  d i s a s t e r s  i n v o l v i n g  g r e a t  l o s s e s  of 1  i f  e  and c o n s i d e r a b l e  
economic l o s s e s .  T h i s  p e r t a i n s  e s p e c i a l l y  t o  t h e  v e n t u r e s  where under-  
ground e x c a v a t i o n  i s  i nvo lved .  Mining and t u n n e l l i n g  a r e  t h e  two most 
t y p i c a l  examples  where overcoming e i t h e r  s low a n d / o r  sudden w a t e r  i n f lows  
h a s  h e r n  a  g r e a t  prohlem i n  t h e  h i s t o r y  of t h e s e  human a c t i v i t i e s .  

In t h e  f o l l o w i n g  pa rag raphs  s e v e r a l  c a s e s  of ground-water a c t i n g  a s  a  
n u i q a n c r  a r e  d i s c u s s e d .  Tn most of t h e s e  c a s e s ,  where ground-water 
caused  e i t h e r  d d i s a s t e r  o r  l e d  t o  s e v e r e  c o m p l i c a t i o n s  f o r  a  p a r t i c u l a r  
p r o j e c t ,  t h e  prohlems cou ld  e i t h e r  have been e l i m i n a t e d  a l t o g e t h e r  o r  
t h e i r  impac-t been reduced w i t h  a  sound knowledge , ~ n d  a s se s smen t  of  t h e  
hyd rogeo log i c  c o n d i t i o n s  of t he  p r o j e c t  s i t e .  Nowadays, t h e  involvement  
of an expe r i enced  h y d r o g e o l o g i s t  i n  p r o j e c t s  w i th  a n t i c i p a t e d  ground- 
wa te r  problems h a s  become v i t a l  and i n d i s p e n s a b l e .  
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G e n e r a l l y ,  g e o t e c h n i c a l  ~ r o b l e m s  c r e a t e d  by ground-water a r i s e  a s  a  
consequence o f  e x c e s s i v e  r a t e s  and q u a n t i t i e s  of ground-water i n f low.  

The p re sence  o f  ground-water i s  a  t y p i c a l  f e a t u r e  i n  a l l  s o r t s  of 
e x c a v a t i o n s .  Any e x c a v a t i o n  t h a t  must be  done below t h e  wa te r  t a b l e  w i l l  
e n c o u n t e r  ground-water f low.  However, even sha l low e x c a v a t i o n s  o r  
b u i l d i n g  f o u n d a t i o n s  above t h e  wa te r  t a b l e  may become f looded  by ground- 
wa te r  a f t e r  prolonged p e r i o d s  of e x c e s s i v e  r echa rge  t o  ground-water ,  
which r e s u l t  i n  a  r i s e  of t h e  wa te r  t a b l e .  

The l o c a t i o n  o f  urban developments  o r  sma l l  communities i n  a l l u v i a l  v a l l e y  
f l o o r s  o r  l o c a l  s t r eams  i s  ve ry  common. The w a t e r  t a b l e  i n  a l l u v i a l  
s ed imen t s  i s  t y p i c a l l y  sha l low and i t s  f l u c t u a t i o n  depends on s e v e r a l  
f a c t o r s .  The major  p a r t  of ground-water r e c h a r g e  i n t o  the  a l l u v i a l  a q u i f e r  
i s ,  i n  most c a s e s ,  p rov ided  by d i r e c t  i n f i l t r a t i o n  of wa te r  from the  
s t r eam.  I n  c a s e s  of f l o o d i n g ,  even when the  s u r f a c e  s t r eam remains under  
c o n t r o l ,  t he  e x c e s s i v e  r e c h a r g e  t o  t h e  a q u i f e r  can c a u s e  a  sudden r i s e  of 
t h e  wa te r  t a b l e  above t h e  normal l e v e l  and l e a d  t o  c o n s i d e r a b l e  damage by 
f l o o d i n g  basements  i n  low e l e v a t i o n  a r e a s ,  b y  impac t ing  s t a b i l  i t v  and 
i n t e g r i t y  of f o u n d a t i o n s  and r i v e r  banks ,  e t c .  The f l o o d i n g  of basements ,  
f a rmland ,  o r  o t h e r  communal a r e a s  i s  n o t  a s  s p e c t a c u l a r  i n  i t s  consequences  
a s  ground-water r e l a t e d  d i s a s t e r s  i n  mining o r  t unne l  l i n g .  However, 
c o n s i d e r a b l e  economic l o s s e s  a r e  expe r i enced  by f l o o d i n g  caused  bv ground- 
w a t e r .  

The most obv ious  and d r a m a t i c  example of t h e  d e t r i m e n t a l  e f f e c t  of ground- 
wa te r  i s  i t s  i n f l o w  i n t o  e x c a v a t i o n s .  The e x c e s s i v e  p re sence  of ground- 
wa te r  d u r i n g  e x c a v a t i o n s  f o r  founda t ions  and t u n n e l s  and d u r i n g  t h e  
opening o f  s u r f a c e  o r  underground mines can cause  s e r i o u s  compl i ca t ions  i n  
t h e  o p e r a t i o n  and l e a d  t o  i n c r e a s e d  e x p e n d i t u r e s .  The impact of mining 
on ground-water r e s o u r c e s  and v i c e  v e r s a  i s  t h e  o b j e c t  of many s t u d i e s  
and l i t i g a t i o n s .  

Other  problems,  such a s  l and  subs idence  and s l o p e  i n s t a b i l i t y ,  a r i s e  from 
t h e  change o f  f l u i d  p r e s s u r e s  i n  t h e  ground-water r a t h e r  than from t h c  
r a t e  of zround-water f l ow i t s e l f .  Po re  p r e s s u r e  can  change n a t u r a l l y  a s  
a  consequence o f  e x c e s s i v e  r echa rge  o r  a r t i f i c i a l l y  a s  a  consequcncc of 
e x c e s s i v e  wi thd rawa l s  of ground-water.  An e x c e s s i v e  r echa rge  of c e r t a i n  
s t r a t a  and i n c r e a s e d  po re  p r e s s u r e  v e r y  o f t e n  c a u s e s  i n s t a b i l i t y  of 
n a t u r a l  and man-made s l o p e s  and c a n  t r i g g e r  l a n d s l i d e s .  In t he  e a r t h  and 
r o c k f i l l  dams p o r e  p r e s s u r e  can  develop f rom an  u n c o n t r o l l e d  ground-water 
f l ow th rough  t h e  dams. However, t h e s e  problems a r e  u s u a l l y  ana lysed  and 
t a k e n  c a r e  of d u r i n g  t h e  d e s i g n  of a dam. 

One o f  t h e  l a s t  obv ious  and l e a s t  unde r s tood  forms o f  n e g a t i v e  impact of 
ground-water i s  i t s  r o l e  i n  t h e  g e n e r a t i o n  of e a r t h q u a k e s ,  which i n  
concep t  i s  s i m i l a r  t o  t h a t  i n  t he  g e n e r a t i o n  o f  l a n d s l i d e s .  The f l u i d  
p r e s s u r e s  t h a t  b u i l d  up on f a u l t s  a r e  now though t  t o  have a  c o n t r o l l i n g  
i n f l u e n c e  on f a u l t  movements and t h e  g e n e r a t i o n  of e a r t h q u a k e s  [ I ] .  

Excess ive  wi thd rawa l s  o f  ground-water by pumping f o r  t h e  purpose  o f  
i r r i g a t i o n  o r  o t h e r  wa te r  supp ly  o r  f 3 r  mine dewa te r ing  h a s  caused s e v e r e  
s u r f a c e  s u b s i d e n c e  problems i n  many i n s t a n c e s .  Land subs idence  i s  t h e  
r e s u l t  of a  d e c l i n e  i n  ground-water l e v e l s  o r  a r e d u c t i o n  of a r t e s i a n  
p r e s s u r e ,  and it i s  u s u a l l y  a  s low and g radua l  p r o c e s s .  However, 



c a t a s t r o p h i c  land subsidence l ead ing  t o  the formation of s inkholes  i n  
so lub le  rocks can a l s o  be a s s o c i a t e d  with a  d e c l i n e  i n  ground-water l e v e l s .  

GROUND-WATER I N  CONSTRUCTION AND TUMNEL1,ING 

The impact of ground-water on c o n s t r u c t i o n  and t u n n e l l i n g  p r o j e c t s  can be 
cons iderab le .  Ground-water inf low and the  presence of ground-water have 
an impact on the  design,  c o n s t r u c t i o n  o r  excavat ion procedures,  t h e  
s e l e c t i o n  of cons t ruc t ion  m a t e r i a l s ,  the  schedule of the  p r o j e c t ,  and 
consequently,  on t h e  o v e r a l l  p r o j e c t  c o s t s .  There have been many cases  
where unexpected problems caused by the  ground-water inf low requ i red  
s u b s t a n t i a l  changes i n  design and caused major de lays  i n  the  completion 
of t h e  p r o j e c t .  I n  some ins tances ,  e n t i r e  p r o j e c t s  were abandoned 
because of water  inf low problems e n t a i l i n g  a  cons iderab le  f i n a n c i a l  l o s s .  
A  h igh  p ropor t ion  of consequent claims and l i t i g a t i o n  i n  c o n s t r u c t i o n  
c o n t r a c t s  a r i s e s  from the very same ground-water problems [ 2 ] .  However, 
ground-water problems encountered dur ing  cons t ruc t ion ,  excavat ion,  and 
foundat ion work do not  have the same spec tacu la r  e f f e c t s  a s  those caused 
by t h e  inf low of ground-water dur ing  tunne l l ing .  

Inf lows of s u b s t a n t i a l  q u a n t i t i e s  of ground-water during t h e  advancing of 
tunne l s  have c r e a t e d  many d i f f i c u l t  problems i n  h i s t o r y  of tunne l l ing .  
The problem does not  merely l i e  i n  t h e  inconvenience of working i n  a  wet 
environment. The presence of even small q u a n t i t i e s  of water  i n  c e r t a i n  
unconsol idated s t r a t a  and i n  open j o i n t s  of dense rock can cause i n s t a b i l i t y  
and even tua l ly  c o l l a p s e  of the  tunne l  wa l l s .  A  number of d i s a s t e r s  
involving many c a s u a l t i e s  dur ing  t u n n e l l i n g  can be d i r e c t l y  r e l a t e d  t o  the  
ground-water inflow. 

According t o  Beaver [ 3 ] ,  " the g r e a t e s t  and most common danger i n  t u n n e l l i n g  
i s  wa te r ,  which can suddenly appear  i n  enormous q u a n t i t i e s  no mat te r  what 
type of ground i s  being t raversed".  Describing the  b u i l d i n g  of t h e  
5.63-km Totley Tunnel i n  t h e  1890s, the Manchester Guardian remarked t h a t  
"every man seemed t o  possess  t h e  miraculous power of Moses, f o r  whenever a  
rock was s t r u c k ,  water sprang out  of it". Though not  a l l  tunne l s  d r iven  
below t h e  water  t a b l e  have l a r g e  ground-water inf lows,  t h e  fol lowing cases  
e l a b o r a t e  on t h e  danger and t h e  complicat ions caused by ground-water. 

Although t h e  f i r s t  tunne l s  were d r iven  a s  f a r  back a s  the  P r e h i s t o r i c  and 
Bronze Age - pr imar i ly  f o r  the purpose of digging out  a  s h e l t e r  and l a t e r  
t o  mine f l i n t  and metals  - i t  i s  h igh ly  probable t h a t  ground-water was 
not  a  concern during t h a t  e a r l y  s t a g e  of tunne l l ing .  The tunne l s  f o r  
drainage and water  supply during t h e  Roman per iod  a r e  we l l  known. Fowever, 
t h e  documentation of t h a t  pe r iod  does not  con ta in  any d a t a  p e r t a i n i n g  t o  
ground-water problems. 

One of the  r e s u l t s  of the  i n d u s t r i a l  r evo lu t ion  was t h e  cons t ruc t ion  of the  
f i r s t .  modern tunne l s  a s  a  means of t r a n s p o r t a t i o n .  During t h a t  pe r iod ,  
the  f i r s t  subaqueous tunne l ,  the Thames Tunnel (1824-1842), was completed 
i n  England. During t h e  cons t ruc t ion  of t h i s  tunne l  the  water f looded it 
f i v e  t imes,  and during one of the  water in rushes  s i x  men drowned. The 
pumping of water  and the  c lean ing  of s o i l  washed i n t o  the  tunnel  caused 
a  g r e a t  de lay  i n  the  completion of t h e  p r o j e c t  and inc reased  t h e  c o s t  
accord ing ly  [ 4 ] .  

The Kilsby Tunnel of a  l eng th  of about 2.2 km on the  Liverpool-ltanchester 
r a i l r o a d  l i n e  was poss ib ly  t h e  f i r s t  tunnel  d r iven  wi th  t h e  help of 
sys temat ica l  dewatering. During the  completion of t h i s  tunne l ,  an e i g h t -  



Figure  1 Method of  breakthrough i n  Simplon t u n n e l  chosen 
due t o  ho t  wa te r  in f low (from ~andstr:m, 1963). 

F igure  2 Horse g i n s  f o r  winding (from Harding,  1981) 



months d e l a y  was caused  by ground-water  i n f l o w .  The w a t e r  l e v e l  was 
lowered by a  s e r i e s  o f  pumps working s i m u l t a n e o u s l y ,  connec t ed  by a s e r i e s  
of  b a r s  t o  a  s team e n g i n e  [ 4 ] .  

I n  t h e  midd l e  o f  t h e  1 9 t h  c e n t u r y  a  g r e a t  t u n n e l l i n g  e f f o r t  r e ached  t h e  
A l p i n e  c o u n t r i e s .  The s u c c e s s f u l  comp le t i on  i n  1871 o f  t h e  f i r s t  t u n n e l ,  
t h e  F r e j u s  Tunne l ,  12 .07  km l o n g ,  c o n n e c t i n g  F rance  and I t a l y ,  i n i t i a t e d  
t h e  c o n s t r u c t i o n  o f  a  s e r i e s  of  A lp ine  t u n n e l s .  

The c o n s t r u c t i o n  o f  t h e  Simplon Tunnel  encoun t e r ed  s e v e r e  ground-water  
p rob l ems .  According t o  Sandst roem [51  s e r i o u s  t r o u b l e  deve loped  i n  t h i s  
t u n n e l  a f t e r  r e a c h i n g  4 .43  km i n  t h e  s o u t h e r n  head ing .  " In  t h e  No.1 
t u n n e l ,  t h e  min ing  team s t r u c k  a  s p r i n g ,  which  f l o o d e d  t h e  h e a d i n g  w i t h  
125 l / s e c  and n e c e s s i t a t e d  abandoning t h e  d r i l l i n g  machines .  I n  o r d e r  t o  
g e t  r i d  of  t h e  w a t e r ,  a  c ro s s -head ing  was d r i v e n  2.74 m  i n  t h e  r e a r ,  
where a n o t h e r  s p r i n g  was s t r u c k  and poured  a  f u r t h e r  167 l / s e c  i n t o  t h e  
h e a d i n g .  I n  t h e  No.2 p i l o t  h e a d i n g ,  a  t h i r d  s p r i n g  was encoun t e r ed  t h a t  
produced 386 l / s e c .  An underground b a s i n  had o b v i o u s l y  been t apped ,  and 
t h e  m i n e r s  were  a s tounded  t o  see 60°C h o t  w a t e r  r i s i n g ,  w h i l e  a  f e w  f e e t  
away a  column of 15OC w a t e r  was de scend ing .  They were p robab ly  t h e  f i r s t  
human b e i n g s  t o  watch  t h e  h \ r t l raul ic  f o r c e s  a c t u a l l y  a t  work shap ing  t h e  
e a r t h ' s  c r u s t . "  Owin}: t o  t h e  dange r  o f  f l o o d i n g  t h e  s o u t h e r n  head ing  by 
h o t  w a t e r ,  a  un ique  method of  b r e a k t h r o u g h ,  a s  shown i n  F i g . 1 ,  was chosen  
f o r  t h e  Simplon Tunne l .  

Al thouph 110st of t h e  A lp ine  t u n n e l s  had numerous c a s u a l t i e s  i n  t h e i r  
h i s t o r y  c,iu\cd by d i f f e r e n t  r e a s o n s ,  t h e  wor s t  d i s a s t e r  i n  A lp ine  t u n n e l -  
l i n g  caused  t)y ground-water  o c c u r r e d  d u r i n g  t h e  c o n s t r u c t i o n  o f  t h e  
Loc,tschberg 1 ( ~ n n e  1 in S w i t z e r l a n d .  T h i s  t u n n e l ,  comple ted  i n  1912, i s  
13.7 k m  l o n z  .lnd c o n n e c t s  t h e  c i t v  of B r ig  w i t h  F r u t i g e n  i n  t h e  Bernese  
A lps .  A l t t 9 1  c i r i v ~ n g  a  l e n g t h  of 2 . 68  km, t h e  t u n n e l  r e ached  a  c o n t a c t  
hctwc,en sol 1 d 1 imcstone  and a 1  luvium of t h e  Kander T o r r e n t  20 1 m  above.  
With tht. f o r (  c o f  ove r  200 m  of h y d r a u l i c  head ,  ground-water f i l l e d  t h e  
tunnc.1 .:ntl [ion<, of t h e  mining c r ew  o f  25, p r e s e n t  i n  t h e  h e a d i n g ,  l i v e d  
t o  privt> c ~ v ~ t i ~ n c t ~  of what had a c t u a l l v  happened,  s i n c e  w i t h i n  s econds ,  
t hcsv wtxrc, b u r i v d  In an  a v a l a n c h e  of  b o u l d e r s ,  s i l t ,  mud, and s and  
(S , t r l t l~ t roem 151). T h i s  d i s a s t e r  was o b v i o u s l y  caused  by a  poor knowledge 
0 1  t h c ~  h v t l r o ~ ~ ~ o l o ~ i c  c o n d i t i o n s  o f  t h e  t u n n e l  a l i g n m e n t .  

On ~ l 1 c 3  N(>r th  Amcric,~n c o n t i n e n t  one of t h e  wor s t  mishaps  caused  by w a t e r  
lnf low in t t )  I ttlnnr.1 c o n s t r u c t i o n  happened d u r i n g  t h e  d r i v i n g  of a  r a i l -  
w,~v tunnc  l  ~1ntlt.r the, Hudson R ive r  i n  New York. I n  J u l y  1880 t h e  
I on5t  r u c t  ion ,  c15inq t h e  compressed  a i r  method, r e ached  91.4 m  under  t h e  
r1vc.r. At t 1 1 1 \  t ime,  w i t h  2.25 a tm  p r e s s u r e  used  f o r  d r i v i n g ,  a  l e a k  
(x.( 11rrt.d a n d  tI11. compressed  a i r  b lew a  h o l e  t h rough  t h e  ove rbu rden  which  
w.15 compcfied o t  \ o f t  s i l t .  Twenty men drowned and e i g h t  e s caped  
~~nhnrmtld  (Bur r  1885) .  In 1905, a b i m i l a r  blowout t ook  p l a c e  i n  t h e  Rapid  
l r , l n \ i t  Tunnel  b e i n g  advanced under  t h e  Eas t  R i v e r  a b o u t  61 m  f rom 
 lor,^ l t~rnon S t  r e ~ t  in Brooklyn,  Mc,w York. According t o  Sandst roem [ 5 ]  
tt1t.r~. wcxrc a t  t h e  t ime 8  men in  t h e  s h i e l d  when compressed  a i r  b l ew  a 
hc-rl~. t h rough  thv  r i v e r  bot tom,  which a t  t h a t  p l a c e  was o n l y  1.52 m  above 
t l ~ c  trlnnel t rown. When a t t e m p t i n g  t o  s t o p  t h e  l e a k  w i t h  a b a l e  o f  hay ,  a 
mint,r wn5 sucked i n t n  thc. h o l e .  For a moment h e  g o t  s t u c k  i n  t h e  s i l t ,  
w i t h  o n l v  h i s  lt,g\ showing below.  E v e n t u a l l v  t h e  a i r  p r e s s u r e  s h o t  h im 
th rough  thv  5 i 1 t  2nd h i ~ r l t ~ d  him upward throug!) 4 . 6  m  o f  w a t e r  t o  t h e  
. ; ~ l r f , ~ c e  O F  tile r i v t , r .  There  he was r t , scued,  unharmed, by a  number of 
h i g h l y  amaz6.d I~~n ; \ h ,> rc~mc~n  . 



At t h e  T e c o l a t e  Tunne l ,  d r i v e n  t h rough  t h e  San t a  Ynez moun ta in s  i n  
C a l i f o r n i a  d u r i n g  t h e  p e r i o d  1950-55, t h e  l a r g e s t  ground-water  i n f l o w  
r e a c h e d  580 l / s e c  a t  t e m n e r a t u r e s  o f  up t o  40°C.  One i n f l o w  a t  180 l / s e c  
h e l d  up c o n s t r u c t i o n  f o r  16 months  and r e s i s t e d  a l l  g r o u t i n g  a t t e m p t s .  
A l l  f l o w s  came f rom i n t e n s e l v  f r a c t u r e d  s i l t s t o n e s  and s a n d s t o n e s  [ I ] .  

The San J a c i n t o  Tunnel  d r i v e n  n e a r  Ranninz ,  C a l i f o r n i a ,  advanced o n l y  
a b o u t  50 m  f rom t h e  s h a f t  when a  heavv f l ow  o f  w a t e r ,  e s t i m a t e d  a t  
480 l / s e c ,  accompanied  by o v e r  760 m3 of  r ock  d e b r i s ,  f l o o d e d  t h e  t u n n e l  
and s h a f t .  The s o u r c e  o r  wa t e r  i n f l o w  was, i n  t h i s  c a s e ,  a  f r a c t u r e d  
f a u l t  zone  [ I ] ,  

GROUPJD-WATER I N  M I N  t N G  

The p r e s e n c e  o f  ground-water  i n  mines  h a s  d e t r i m e n t a l  e f f e c t s  on mining 
o p e r a t i o n s ,  b o t h  i n  s u r f a c e  and underground mines .  The e x i s t e n c e  of  ground- 
w a t e r  i n f l o w  i n t o  t h e  e x c a v a t i o n s  1  i m i t s  t h e  min ing  methods t o  be u s e d ,  
a f f e c t s  t h e  p r o d u c t i v i t y  and c o s t  i n  many c a s e s ,  p r e s e n t s  h a z a r d s ,  and can  
c a u s e  s e v e r e  env i ronmen ta l  impac t s  on t h e  ground-water  a u a l i t v  and 
q u a n t i t y  i n  t h e  a r e a  a d j a c e n t  t o  t h e  mine .  

There  a r e  many c a s e s  t o  b e  found i n  t h e  h i s t o r y  of mininp, w h ~ - r c  t l t c .  
d i f f e r e n c e  i n  e x p e n d i t u r e  be tween mining i n  a  wet mine and n tlrv m i n ~ ,  
were s u b s t a n t i a l .  The f o l l o w i n g  rxamp1t.s d e m o n s t r a t e  tht. derri lncbntal  
impact  of  t h e  p r e s e n c e  of ground-wa t e r  i n  mining:  t h e  heavv t 3 q u  ipmen t  
w i t h  rubbe r  t i r e s  used  i n  mines  d o e s  no t  o p e r a t e  ef f i c i r n t l v  i n  m ~ ~ d d y  o r  
we& c o n d i t i o n s ;  t h e  p r e s e n c e  of  ground-water i n  b l a s t  holtbs m.1y ncc .css i  t a t e  
t h e  u s e  o f  more e x p e n s i v e  e x p l o s i v e s ;  e x c e s s i v e  m o i s t u r e  i n  t h e  mint~d 
m a t e r i a l  c o m p l i c a t e s  h a n d l i n g  and p r o c e s s i n g  o f  t h e  o r e ;  t h e  p r e s e n c e  of 
ground-water  i n  b o t h  u n c o n s o l i d a t e d  and c o n s o l i d a t e d  m a t e r i  a 1  s a f  fc,c t  s  
t h e  s a f e t y  o f  m in ing ;  and f i n a l l v ,  t h e  sudden i n r u s h e s  o f  w a t e r  i n t o  mines  
a r e  s o u r c e s  o f  g r e a t  dange r  o f t e n  l e a d i n g  t o  a  c o n s i d e r a b l e  l o s s  of  l i v e s .  

H i s t o r y  o f  Mine Dewa te r i ng  

H i s t o r i c a l l y ,  i t  i s  w e l l  documented t h a t  t h e  i n i t i a l  mining e f f o r t s  were 
p l agued  by ground-water  i n f l o w s .  The f i r s t  mines  were  e x c a v a t e d  m o s t l y  
above t h e  l o c a l  s t r e a m  bed and  t h e  mines  were dewa te r ed  by means o f  
d r a i n a g e  a d i t s .  The f i r s t  w a t e r  l i f t i n g  d e v i c e s  were  implemented  i n  t h e  
min ing  f i e l d s  i n  Greece  and t h e  Middle Eas t  i n  t h e  second c e n t u r y  BC. 
The wooden d e v i c e s  l i f t e d  w a t e r  i n  b u c k e t s  f i x e d  on a  r o p e ,  and were 
powered by h o r s e  g i n s  o r  o v e r s h o t  w e e l s  ( F i g . 2 ) .  T h i s  sy s t em,  w i t h  o n l y  
mino r  c h a n g e s ,  h a s  been i n  u s e  i n  t h e  mines  u n t i l  t h e  1 7 t h  c e n t u r y .  

The Romans i n t r o d u c e d  s e v e r a l  new methods  o f  mine d r a i n a g e .  These  
c o n s i s t e d  o f  w a t e r - r a i s i n g  whee l s  and c o c h l e a  ( w a t e r  s n a i l s )  o r  
Archimedian  s c r e w s ,  b o t h  a p p l i e d  f o r  d r a i n a g e  [ 51 . The s o p h i s t i c a t e d  
d r a i n a g e  works deve loped  by t h e  Romans a l s o  c o n t r i b u t e d  t o  i n c r e a s i n q  t h e  
o u t p u t  o f  t h e  mines .  With t h e  d r a i n a g e  d e v i c e s ,  a s  shown i n  F i g . 3 ,  t h e  
Romans succeeded  i n  working f l o o d e d  mines  or l o w e r i n g  t h e  l e v e l s  of  
a n c i e n t  work i ngs .  In Lhe o l d  Span i sh  and P o r t u g e s e  coppe r  m ines ,  t h e  
Rio T i n t o  mine i n  p a r t i c u l a r ,  Roman e n g i n e e r s  i n s t a l l e d  a  s e r i e s  o f  4 . 6  m  
w a t e r - r a i s i n g  whee l s  p l a c e d  above each  o t h e r  a t  c o n s e c u t i v e  l e v e l s .  The 
whee l s  were d r i v e n  by a  c o u p l e  of  men t r e a d i n g  them w i t h  t h e i r  f e e t .  

The min ing  r a p i d l y  deve loped  i n  C e n t r a l  Europe bctwecn t h e  1 2 t h  and 15 th  
c e n t u r i e s .  T h i s  p e r i o d  o f  m in ing  and t h e  methods  of d e w a t e r i n g  a r e  w e l l  
documented i n  t h e  A g r i c o l n ' s  d~  r e  M e t a l l i c a  [ h ]  . T h i s  book remained 



DETAIL 

Figure 3 Layout and detail of Roman drainage installation 
employing water-raising wheels (from ~ a n d s t r h ,  1963: 



F i g u r e  4 Overshot  wheel used f o r  r i s i n g  w a t e r  f rom mines 
( f rom A g r i c o l a ,  1556) 



f o r  n e a r l y  200 y e a r s  t h e  s t a n d a r d  handbook on min ing  and m e t a l l u r g y .  At 
t h a t  t i m e ,  t h e  wa t e r  i n f l o w  i n t o  t h e  mine was c o n t r o l l e d  by s e v e r a l  means: 
by h o i s t i n g  t h e  w a t e r  i n  l e a t h e r  b a g s  ( F i g . 4 )  by pumps, and by d r a i n a g e  
a d i t s .  The re  a r e  a d i t s  ( n e a r l y  h o r i z o n t a l  p a s s a g e s )  f r om t h e  12 th  c e n t u r y  
a s  l ong  a s  7 km. The l a r g e s t  d r a i n a g e  a d i t  i s  v e r y  p robab ly  t h e  Fe rd inand  
a d i t  i n  Kremnica,  Czechos lovak i a ,  which i s  18 km l o n g .  

A revo I t ~ t  ion i n  mine dewa te r i ng  was a c h i e v e d  w i t h  t h e  i n v e n t i o n  of  t h e  
stc9am e n g i n e .  T h i s  i n v e n t i o n  was a p p l i e d  i n  t h e  e a r l y  s t a g e  t o  pump w a t e r  
from t h e  c o a l  mines  i n  Grea t  B r i t a i n .  The pumping sy s t ems  i n  t h e  c o a l  
mines  wcrc g r e a t  l v  improved bv i n c r e a s i n g  t h e  pumped volumes and d e l i v e r y  
h c , ~ d .  

(:r ,~tl t~,i  1 , ~nd  Suddc,n F lood ing  of Mines 

Wa ttsr i n f l ow  i n t o  t h c  mine may be g r a d u a l  o r  sudden.  The g r a d u a l  i n f l o w  
i s  11,lt i ~ ? c ; ~ c ~ t l y  c.angcrotis t o  l i f e .  However, t h e  consequences  may be  q u i t e  
dc.t r imentn  1 t o  t h c  mining o p e r a t i o n .  Cround-water c an  i n f i l t r a t e  t h e  mine 
t-ron~ s t l r f a c r  s t r e an l s  o r  from a q u i f e r s .  T h i s  t y p e  of i n f l o w  i s  u s u a l l y  
s t ( , a ~ i v ,  I , L I ~  n o t  uncon t ro l  t a b l e .  Al though t h e r e  a r e  known mines  w i t h  
~ : l - t~ t~n t l -w ;~  t c ~ r  i n f l ow  u p  t o  5,000 m3/h, t h e s e  i n f l o w s  can  b e  hand l ed  by 
[ ) I  Qlr)cbr l v dtss izncsd p ~ ~ m p i n t :  s t a t i o n s  o r  o t h e r  t v p e s  o f  mine d e w a t e r i n g  
~c - r , hn  i q11~3s .  ( ; r ; l c i~~ .~  l wa t v r  i n f l o w  t y p i c a l l y  i n c r e a s e s  t h e  c o s t  of  mining 
;rnd t1;15 a c1c.t r  in1c.n t .I t imp'lct on t h e  mining env i ronmen t .  

;I sr~tlclt,n i n r ~ ~ s h  I , (  w,ltt3r i s  n  s o u r c e  of g r e a t  dange r ,  and many min ing  
t l i  s , ~ s t  ~ , t - s  wi t  1 1  c~ons i c f (~ r ,~hLc  l o s s e s  o f  l i v e s  have  been caused  by i t .  The 
S O ~ I I - ( . ( * - ,  t 7 i  ;i 5t1tlclc.n w;rtc3r i n f l o w  i n t o  t h e  mine a r e  f a u l t s ,  abandoned 
I l ~~otlc,cl wol-lt i n c s ,  c ;lvcsrris in kn r s  t  i c  format  i o n s ,  mine work ings  e n t e r i n g  

11 iglil Y ~ ~ ~ ~ r - ~ i ~ ~ ~ ~ r l ~ l ~ ~  . ~ q c ~ i f t - r s  i n  the, o v r r b u r d e n ,  r t c .  One such example ,  
s!lovi I > ! ~  . I  ~ . ~ ~ m l ~  in.1 t ion o i  f a u l  t s  wi tlr i nunda t ed  o l d  work ings ,  i s  shown i n  
) : i l l ,  > ,  

,\I I l l ~ 1 1 1 i : l 1  c l ; ~ n ~ c ~ r s  c.;it~sg.>d hv wnti3r a c c o u n t ,  f o r  esnmplc  i n  G r e a t  B r i t a i n ,  
l i ~ r  or1 l y  , I  vt.1-v snr,i l l pc,rc.cntagc o f  d e a t h s  and i n j ~ ~ r i e s  o c c u r i n g  i n  

( . I I , I  t mini-5 ( o n  r-hc ;Ivc,r;3,o,c3 8 d c a t h s  p tb r  ye'rr bc,twt,en 1850 and 1955, and 
' .  \ ( l t . ; ~ t h s  and ct in lp t~ns ,~blc~ i n j ~ l r i e s  pe r  yc;lr  on the, a v e r a g e  f o r  10 y e a r s ,  
1946-10'55 i nc . l t~ s ivc , ) ,  therts o f t e n  looms thf  1 3 o s s i h i l i t y  of  d i s a s t e r  f rom 
;In i n r ~ ~ . ; l l  o f  wnter  [ 7 ] .  

In t l lc~ h i s l o r v  of c o , ~ l  mining thcxrc a r c  m~inv doc umented c a s e s  o f  sudden 
wnt c,r inrush(, . ;  i n t o  t h e  mines t h a t  ended c,i L , I ~ L  r o p h i c a l l y  w i t h  many l i v e s  
l o s t  and jirt.at rt,sc.rves of c o n l  i n u n d , ~ t e d .  l t  i s  p o s s i b l e  t o  men t i on  
o n l y  a  fcw of t h e  known d i s a s t e r s  hctausc.  of  ttrv l i m i t a t i o n  of  t h i s  
pape r .  In 1915, 235 J a p a n e s e  c o ~ l l  m lnc r s  l o 5 t  t h c l r  l i v e s  when s e a  w a t e r  
h r n k e  t h rough  a l o n g  n  f a u l t  i n t o  t h e  mint‘ work ings ,  72  m  b e n e a t h  t h e  s e a  
(Mohr [ 8 ] ) .  In 192'3, a t  Reddin?  in  (:rc,,~t H r i t a i n ,  w a t e r  f rom a n  
abandoned sump, no t  shown in  map\,  c ,n tered  t h e  mine ,  k i l l i n g  40 m i n e r s  [ 9 ] .  
I n  t h e  Un i t ed  S t a t e \ ,  12 miner5  Io5 t  t h e i r  l i v e s  i n  1959 when t h e  f l o o d i n g  
of  t h e  Su5quehanna R ive r  h rokc  i n t o  a  mine below t h e  r i v e r  bed  (ARC and 
Pennsy lvan i a  Drpar tmcnt  o f  Environmc.nta1 Rcsou rce s  1975) .  I n  t h e  Upper 
S i l ' s i a n  Coal  F i e l d  many m i n e r s  l o s t  t h e i r  l i v e s  when t h e  deep  underground 
c o n l  mine workings  approachc.d c l o s e  t o  t h e  tor,  o f  c o n s o l i d a t e d  f o r m a t i o n ,  
c o v e r e d  w i t h  h i g h l y  permeable  and s a t u r a t e d  s e d i m e n t s .  I n  t h i s  c a s e ,  a  
c o n . ; i d c r ~ b l e  h y d r a r ~ l  i c  p r e s s u r e  of  t h e  o v e r l y i n g  a q u i f e r  and m i x t u r e  of 
w a t e r  w i t h  gaqe.: p r o v c ~ ~ l  t o  he h i g h l v  dange rous .  One of such  i n c i d e n t s  i s  
d e p i c t e d  i n  F i g . 6  [ l o ] .  



One o f  t h e  most s p e c t a c u l a r  d i s a s t e r s  r e l a t e d  t o  mining and ground-water 
o c c u r r e d  i n  1895 i n  t h e  c i t y  o f  Most (Brux) ,  i n  n o r t h e r n  Bohemia. Here 
i n  a n  underground c o a l  mine named Anna, a  sudden i n r u s h  of ground-water 
w i t h  qu icksand  caused  s u b s t a n t i a l  l and  subs idence .  A t o t a l  o f  f o r t y  
houses  and a  r a i l r o a d  t r a c k  c o l l a p s e d  o r  were s e v e r e l y  damaged because  
of t h e  subs idence  I l l ] .  

Zmpact of Mining on Ground-Water Q u a n t i t y  and Q u a l i t y  

The most common impact o f  mining on ground-water i s  twofo ld :  f i r s t ,  i n  
l ower ing  ground-water l e v e l s  i n  a  c o n s i d e r a b l e  a r e a  a d j a c e n t  t o  a  m i n e  
due t o  wa te r  i n f low i n t o  the  mine and /o r  t o  mine dewa te r ing ;  2nd 
second,  by a f f e c t i n g  the  ground-water qua1 i t y .  

Mining o p e r a t i o n s  which ex tend  below the  wa te r  t a b l e  in  t he  minid ; I ~ L , ~ I  

a l t e r  t h e  o r i g i n a l  hydrogeo log ic  regime. Water i n f low i n t o  ;1 min~ .  o r  
dewa te r ing  of t h e  mine p r i o r  t o  and d u r i n g  mining i s  c n ~ ~ s i n p  ;I c,tlnvc3rgc,nc,iL 
of t h e  ground-water f low toward t h e  mine. Typical  l y ,  d u r i n g  ,I long-tc'rnl 
o p e r a t i o n  and d r a i n a g e  o f  a mine, a  l a r g e  con(, o f  c ~ e p r c ~ s s i e ~ n  in L I I L ,  w i l t  t , r  
t a b l e  i s  developed around t h e  mine. Thcl e x t c n t  of the, corlr. oi dc . [~ rcs s  i o n  
depends  on s e v e r a l  hydrogeo log ic  and t e c h n i c a l  f a c t o r s .  I n  t h ~  pr;ic.t i ( , ( %  

of mining t h e r e  a r e  known c a s e s  whcrc, t t ~ c  zonc. 01 i n f  !,lc~nc,cx o n  g r o i ~ n ~ i -  
wa te r  l e v e l s  caused by mining extended morr than 10 km from ~ h t '  mine, I 2  . 

Acrording t o  Peek 1131, t h e  o p e r a t i o n  of  ;I s i n g l c  phosphatc~ mint, i r ~  L I I C .  
C o a s t a l  P l a i n  o f  North Carol inn r c s u l  ted  in  t h t  wi thcir;iwnl o f  aborit 
0 . 2  mio m3 o f  w a t e r  p e r  day.  Th i s  withdrawal car~:ic,d n Inwc,ring o r  1 1 1 t .  

w a t e r  l e v e l  i n  t h e  a r t e s i a n  system by more than 1 . 5  n in ;in . I I - ~ ; I  o f  
abou t  3,367 km2. The e f f e c t  of minc dc,watering on tilt, loc,al wntcr  t ;~bic l  
was obse rved  64 km from t h e  mine. 

The development o f  such l a r g e  zones of  influence 011 t h ~ .  zroilnd-watc,r 
l e v e l s  o f t e n  causes  a  d e c l i n e  of wa te r  levels o f  cirying o f  wLltc3r \ u p p l y  
w e l l s ,  and changes  t h e  re-charge and discharge chnrac t c > r i s t i c - s  of  
s i g n i f i c a n t  a q u i f e r s .  

Coal and m e t a l l i c  mining has  s e r i o u s l y  degr'ldcd t h e  s u r f a c e  and ground- 
w a t e r  q u a l i t y  i n  many mining a r e a s .  Acid mine d r a i n a g e ,  a term a p p l i e d  
t o  a c i d i c  w a t e r  d r a i n i n g  from a c t i v e  o r  abandoned mines ,  i s  q u i t e  s e v e r e  
i n  many c o a l  and m e t a l l i c  mining a r e a s .  In  t h e  Appalachian r eg ion  of 
t h e  USA, abou t  6 ,000  t  of s u l f u r i c  a c i d  a r e  produced d a i l y  through 
o x i d a t i o n  o f  p y r i t e ,  mos t ly  i n  abandoned c o a l  mines (Ahmad 1 9 7 4 ) . r 1 4 1  7 1 5 7  
According t o  t h e  US Bureau o f  Mines t h e r e  a r e  19,000 i n a c t i v e  o r  
abandoned mines  i n  t h e  Uni ted S t a t e s  a f f e c t i n g  10,000 km of s t r eams  and 
11,740 ha  of r e s e r v o i r s  (US Bureau o f  Mines) [161. 

Acid mine d r a i n a g e  i s  t he  most common p o l l u t a n t  of ground-water caused 
by mining.  However, o t h e r  t y p e s  o f  p o l l u t i o n  such a s  t o x i c  c o n c e n t r a t i o n  
o f  heavy m e t a l s  a r e  a l s o  of concern.  

THE ROLE OF GROUND-WATER I N  THE GENERATION OF 
LANDSLIDES 

The problem o f  s t a b i l i t y  of bo th  n a t u r a l  o r  man-made s l o p e s  i s  ve ry  
common i n  many f i e l d s  o f  human a c t i v i t i e s ,  p a r t i c u l a r l y  i n  c i v i l  
e n g i n e e r i n g  and mining.  



F i g u r e  5 An example of  a p o t e n t i a l  f o r  a  sudden w a t e r  
i n f l o w  i n t o  a  mine ( f rom Nelson,  1948) 
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Figure  6  Sudden i n r u s h  of wa te r  i n t o  a  mine a f t e r  
approaching h igh ly  s a t u r a t e d  a q u i f e r  
( a f t e r  S t r a s k r a b a ,  1962) 
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debris flow- - 
F i g u r e  7 S l i d e  o f  t e r t i a r y  conglomerates  a l o n g  bedding p l a n e s ,  

which i n  1806 des t royed  t h e  v i l l a g e  of Goldau i n  
Swi t ze r l and  ( f rom Zaruba and Mencl, 1969) 



L a n d s l i d e s  a r e  w idesp read  i n  mnay c o u n t r i e s  and unde r  v a r y i n g  g e o l o g i c  
c o n d i t i o n s .  They u s u a l l y  c ause  g r e a t  damages t o  f o r e s t  growth ,  
f a rmland ,  communication sy s t ems ,  e n g i n e e r i n g  c o n s t r u c t i o n s ,  and 
b u i l d i n g s .  There  a r e  s e v e r a l  t y p e s  of  l a n d s l i d e s  ( s l i d e s ,  f a l l s ,  and 
f l ows )  c aused  by d i f f e r e n t  f a c t o r s .  I n  most c a s e s ,  s e v e r a l  f a c t o r s  
a c t  s i m u l t a n e o u s l y ,  and t h e r e f o r e  i t  i s  d i f f i c u l t  t o  p o i n t  o u t  t h e  
p r i n c i p a l  f a c t o r  c a u s i n g  t h e  l a n d s l i d e s .  However, a c c o r d i n g  t o  Zaruba  
and Mencl 117 1 ,  ground-water  p e r c o l a t i n g  toward t h e  s u r f a c e  o f  t h e  s l o p e  
i s  g e n e r a l l y  one o f  t h e  most impor tar i t  f a c t o r s .  

Ground-water c an  a f f e c t  t h e  s t a b i l i t y  of n a t u r a l  and man-made s l o p e s  i n  
s e v e r a l  ways. F i r s t ,  s a t u r a t i o n  of  e ; i r t h  m a t e r i a l s  c a u s e s  a  r i s e  i n  
pore  w a t e r  p r e s s u r e .  As the, w a t e r  p r e s s u r e  i n  s l o p e  m a t e r i a l s  
i n c r r a s c s ,  t h e  strc9ngLt1 o f  tllc. slope, d e c r e a s e s .  Such s l i d e s  g e n e r a l l y  
o c c u r  d u r i n g  Iie;ivy r:l i ns torms when t h e  r a t e  o f  s u r f a c e  i n f i l t r a t i o n  
exceeds  tlic. r a l i '  o f  d ( , \ .p  pc , rc .o la t ion .  

Removing ( ,~ s i i i i i : _ :  < ) l i t )  1 i n '  p a r t i c l e s  of  t h e  s o i l  o r  cement ing  m a t e r i a l s  
i s  r i i l o t l ~ ( - ~ -  iu8,~v ( 1 1  I I O W  jil-c~und-water a f f e c t s  t h e  s t a b i l i t y  o f  s l o p e s .  
W,~tc'r scxc31) i 11:: O I I L  o r  t l i c ,  s l o p e  n e a r  t h e  two c a u s e s  s o f t e n i n g  and s l a k e  
of  ground r n ; l s : , c b < .  Y.~ny s l o p e  f a  l u r e s  b e g i n  a t  t h e  p o i n t  where t h e  
i ~ ~ 1 t c . r  f lows o u t  of t ! ]e  s l o p e .  

Anci f inn1 l y ,  ~ r t c - \ ~ . i n  ? r t , s s u r e s  i n  wa t e r -bea r i ng  s t r a t a  c an  deve lop  
~ l p l  ~ f t  fort('% on tl~c,  c o n t a c t  o f  permeable  and l e s s  permeable  s t r a t a  and 
~ . r i ~ i n , l t c >  '1 I , l n d \ l i d c  117 1 .  

I'hc. Innds  l i t 1 c . i  of  l a r g e  volumes of  s o i l s  o r  r o c k s  have  Seen e x p e r i e n c e d  
and r c ~ f e r r c d  Lo s l n c e  Roman t lmes .  I n  S q i t z e r l a n d  a l o n e ,  t h e r e  were 
more t h a n  5000 peop l e  who l o s t  t h e i r  l i v e s  i n  l a n d s l i d e  d i s a s t e r s  [ 1 7 ] .  
To1 cxxample, t h e  s l i d e  o f  T e r t i a r y  cong lomera t e s  on t h e  s l o p e  of 
R o s s l ~ t ~ r g ,  S w i t z e r l a n d ,  i n  1806 ( F i g  7) d e s t r o y e d  t h e  v i l l a g e  o f  Goldau 
.~nd  took 457  l i v e s .  One o f  t h e  l a r g e s t  l m d s l i d e s  i n  t h e  a r e a  of  
s e n % i  t i v e  c l a y s  o c c u r r e d  n e a r  Vae rda l cn ,  n o r t h  o f  rrondhe im i n  Norway 
i n  1893. A l a y e r  o f  l i q u e f i e d  s e n s i t i v e  c l a y  o f  a volume o f  55 m i l  m3 
f lowed down i n t o  t h e  Vae rda l s e lven  R ive r  v a l l e y  w i t h l n  30 min. The 
dc.nsc1 l i q u i d  coverc.d an  a r e a  o f  8 . 5  km2, t l c%t royed  22  f a rms ,  and k i l l e d  
1 11 peopl c .  Another l n n d s l i d c  o f  cons  idi .rabl c p r o p o r t  i on  o c c u r r e d  
a t  I l . indlove, Czecl ios lovakia ,  in  1960. ' T h ~ 5  l , lnds l  i d e ,  c aused  by a  
co l~ rn in~ l t  i on  o f  adversc,  : ; eo log~  c c oncli t  i o n % ,  I arld u \c>,  'lnd ground-water  
and t r i g g e r e d  by a hc<lvy r , ] i n i , ~ l  1 ,  invo1vc.d npl,roximc~ t e l y  L O  mio m3 
of e a r t h  m a t e r i a l ,  d e s t r o y e d  150 h o u s e s ,  and i n t e r r u p t e d  highway t r a f f i c  
wa t e r - supp ly  c o n d u i t s ,  and power-1 i n e s  11 7  1 .  

Another  famous example of  a  l a n d s l i d e  i n ~ t i ~ l t c d  by i n c r e a s e d  w a t e r  
p r e s s u r e  by  t h e  impounded w a t e r  i n  a r c s c r v o i r  c aused  t h e  w o r l d ' s  w o r s t  
dam d i s a s t e r  a t  t h e  Va ion t  r r 5c ' r vo i r  i n  I t a l y .  On Oc tobe r  9 ,  1963,  
a p p r o x i m a t e l y  2 ,600 l i v e 5  wtsrc l o s t  wllcn a huge l a n d s l i d e  (238 mio m3) 
moved down t h e  n o r t h  t a c e  of M t .  l ' oc ,  l oc I l t ed  above t h e  r e s e r v o i r ,  
comp le t e ly  f i l l e d  a t  1 . 8  km s e c t i o n  w i t h  s l i d e  m a t e r i a l ,  and produced 
waves o f  w a t e r  o v e r  90  m  h igh  t h a t  swept  o v e r  t h e  dam and d e s t r o y e d  
e v e r y t h i n g  f o r  k i l o m e t e r s  downstream. The e n t i r e  e v e n t ,  s l i d e  and f l o o d ,  
was o v e r  i n  l e s s  t han  seven m i n u t e s  118 1 .  

A d e s c r i p t i o n  o f  ma jo r  d i s a s t e r s  c aused  by l a n d s l i d e s  cou ld  be  c o n t i n u e d  
a t  g r e a t  l e n g t h .  However, t h i s  i s  beyond t h e  s cope  o f  t h i s  p a p e r .  
From t h e  s t u d y  of  many l a n d s l i d e s  it i s  obv ious  t h a t  many o f  them c o u l d  



have been p reven ted  w i t h  t h e  command of sound knowledge o f  l o c a l  
g e o l o g i c  and hydrogeo log ic  c o n d i t i o n s .  

LAND SUBSIDENCE DUE TO GROUND-WATER WITHDRAWAL 

Another example o f  a  nu i sance  c r e a t e d  by ground-water,  a l t hough  n o t  a s  
d r a s t i c  and s p e c t a c u l a r  a s  t h e  consequences  of w a t e r  i n f l o w  i n t o  a  mine 
o r  t u n n e l ,  i s  t h e  l and  subs idence  caused by wi thd rawa l s  o f  ground-water.  

I n  a r e a s  where a q u i f e r s  a r e  u n d ~ r  conf ined  c o n d i t i o n s  and where they  
c o n s i s t  of unconso l ida t ed  o r  s emiconso l ida t ed  sed imen t s ,  l and  subs idence  
may occu r  due t o  e x c e s s i v e  ground-water w i thd rawa l s .  The r e s u l t i n g  
r e d u c t i o n  of a r t e s i a n  p r e s s u r e  causes  an i n c r e a s i n g  load  on the  a q u i f e r  
m a t e r i a l ,  which i n  t u r n ,  may cause  t h e  compaction of t h e  a q u i f e r .  S i m i l a r  
c a s e s  may occu r  i n  t he  k a r s t i c  a r e a s  where s i n k h o l e s  of d o l i n a s  can 
develop a s  a  r e s u l t  of d e c l i n i n g  ground-water l e v e l s .  

Ac co rd ing  t o  Wal ton 119 I ,  land subs idence  of s e v e r a l  decimetc.rs h a s  been 
recorded i n  t h e  fo l lowing  a r e a s  of t h e  LISA: t h e  upper  Gulf c o a s t a l  
r e g i o n ,  Texas;  t h e  Savannah ar t ,a  i n  Georg ia ;  and i n  t he  Las Vegas 
Va l l ey  i n  Nevada. The l a r g e s t  'ircn a f f e c t e d  by t h e  land subs idence  i s  
most p robab ly  t h e  San Joaquin V a l l e y  i n  C a l i f o r n i a .  Here, in an a r e a  
of more t h a n  6 ,475 km*, 0 . 3  m o f  s u h s i d c n c c  has  been obst,rvc,d f o r  each 
3 t o  7 .6  m of a r t e s i a n  pressures  dclc,l l n e .  

Freeze  and Cherry  11 1 i nc lude  o t h e r  c a s e s  - t h e  Wilmington o i l  f i e l d  i n  
Long Beach, C a l i f o r n i a ,  and Xexico C i t y ,  Yexico - where t h e  ground- 
wa te r  o v e r d r a f t s  have l e d  t o  r a t e s  of subs idence  o f  a lmost  I m eve ry  
3 y e a r s  d u r i n g  t h e  p e r i o d  1935-1970. 

Le Grand [20] r e p o r t e d  t h a t  wi thdrawal  o f  wa te r  from the  deep go ld  mines 
of t h e  Transvaa l ,  South A f r i c a ,  h a s  a c c e l e r a t e d  t h e  development of 
s i n k h o l e s  i n  t h e  o v e r l y i n g  do lomi t e .  Th i s  development has  caused g r e a t  
p r o p e r t y  damage, t h e  engulfment  and c o l l a p s e  o f  l a r g e  b u i l d i n g s ,  and 
t h e  d e a t h  o f  29 peop le  i n  1962. According t o  Foose 121 1 pumping from a  
l i m e s t o n e  q u a r r y  i n  t he  Hershey Va l l ey  o f  Pennsy lvan ia  i n  t h e  USA caused 
s i n k h o l e  development i n  t h e  su r round ing  popu la t ed  a r e a .  S i m i l a r  c a s e s  
occu r red  i n  F l o r i d a  (USA), J u g o s l a v i a ,  and o t h e r  c o u n t r i e s .  

CONCLUSIONS 

Th i s  pape r  i s  i n t ended  t o  emphasize t h e  n e g a t i v e  a s p e c t s  o f  t h e  p re sence  
of ground-water and i t s  h i n d r a n c e s  of human e f f o r t s .  S e v e r a l  examples ,  
where many l i v e s  were l o s t  and c o n s i d e r a b l e  e x p e n d i t u r e s  i n c u r r e d  due t o  
ground-water r e l a t e d  d i s a s t e r s ,  a r e  g iven  i n  t h i s  p a p e r .  The h i s t o r y  of 
mining and t u n n e l i n g  has  shown t h e  most s p e c t a c u l a r  c a s e s  o f  ground- 
wa te r  a c t i n g  a s  a  nu i sance .  

Fol lowing t h e  occu r rence  and s e v e r i t y  of ground-water r e l a t e d  problems 
th roughou t  t h e  h i s t o r y  of mining,  t u n n e l i n g ,  and l a n d s l i d e s ,  i t  seems 
t h a t  w i t h  t h e  development of s c i e n t i f i c  hydrogeology and i n c r e a s e d  
involvement  o f  p r o f e s s i o n a l s ,  who have ga ined  i n v a l u a b l e  e x p e r i e n c e  
from p r o j e c t s  where ground-water r e l a t e d  problems a r e  a n t i c i p a t e d ,  t h e  
s e v e r i t y  o f  problems and occu r rence  o f  l o s s e s  of human l i v e s  a s  w e l l  a s  
economical  l o s s e s  were  s u b s t a n t i a l l y  reduced.  
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