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SUMMARY 

Development of s t a t i s t i c a l  t e c h n i q u e s  t o  b e  used f o r  e s t i m a t i n g  ground- 

w a t e r  y i e l d s  i n  c r y s t a l l i n e  r o c k s  such a s  u n d e r l i e  t h e  R a l e i g h ,  North 

C a r o l i n a ,  a r e a  was t h e  purpose  of t h e  i n v e s t i g a t i o n .  Formulat ion of such 

s t a t i s t i c a l  t e c h n i q u e s  r e q u i r e d  i n  t h i s  i n s t a n c e  a  s u i t a b l e  model of t h e  w a t e r  

f low i n  t h e  c r y s t a l l i n e  r o c k s .  Because w a t e r  moves through t h e  c r y s t a l l i n e  

rocks  of t h e  Ra le igh  area i n  i r r e g u l a r l y  spaced j o i n t s  and f r a c t u r e s ,  

t h e o r e t i c a l  a n a l y s e s  based upon assumption of a  homogeneous a q u i f e r  do n o t  

seem t o  b e  a p p r o p r i a t e .  Also ,  t h e  u n a v a i l a b i l i t y  of o b s e r v a t i o n  w e l l s  

r e q u i r e d  t h e  e v a l u a t i o n  of each w e l l  s o l e l y  by measurements made on i t  a l o n e ,  

Hence a  model was d e v i s e d  which i s  analogous t o  a  t a n k  w i t h  an  i n t a k e  p i p e  

n e a r  t h e  b a s e  and w i t h  a  pump d i s c h a r g i n g  over  t h e  r i m  of t h e  t a n k .  The 

r e p o r t  d e s c r i b e s  t h e  t h e o r y ,  t h e  t e c h n i q u e s  used ,  and t h e  r e s u l t s  o b t a i n e d .  

A term d e s i g n a t e d  t h e  w e l l  f a c t o r ,  C A f ,  was d e r i v e d  and used i n  

deve lop ing  t h e  b a s e s  f o r  comparison of w e l l  y i e l d s .  The w e l l  f a c t o r  

r e p r e s e n t s  an  a t t e m p t  t o  e x p r e s s  t h e  h y d r a u l i c  c o n d i t i o n s  around each 

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

i n  a  form s u i t a b l e  f o r  convers ion  t o  a  s e t  of s r a n d a r d  c o n d i t i o n s .  The 

s t a n d a r d  c o n d i t i o n s  can t h e n  b e  used t o  compare y i e l d s  of t h e  s e v e r a l  weElsa  

From t h e o r e t i c a l  c o n s i d e r a t i o n s  a s  w e l l  a s  from e x p e r i e n c e  ga ined  d u r i n g  

t h e  i n v e s t i g a t i o n .  i t  i s  concluded t h a t  f o r  t h e  approach used t h e  

c r i t i c a l  p o i n t  on t h e  drawdown c u r v e  i s  t h e  p o i n t  a t  which t h e  sys tem s t r e s s e d  

by pumping r e a c h e s  a semi-steady s t a t e  a s  shown by t h e  approach s f  t h e  draw- 

down curve  t o  a  s t r a i g h t  l i n e  on a  semiPog p l o t  of drawdown v s  t ime .  - 

Computations c o n v e r t i n g  t h e  d a t a  o b t a i n e d  d u r i n g  a  pumping t e s t  t o  a  
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s t a n d a r d  drawdown c o n d i t i o n  a r e  shown. The s t a n d a r d  c o n d i t i o n s  shou ld  b e  

t h e  b a s e s  of comparison of wells and of t h e  s t a t i s t i c a l  t r e a t m e n t  of t h e  

d a t a .  However, because  of t h e  l i r n i t e d  number of w e l l s  i n v e s t i g a t e d ,  t h e  

a p p l i c a t i o n  of t h e  t e c h n i q u e  t o  a  s t a t i s t i c a l  s t u d y  of t h e  g e o l o g i c  pa ramete rs  

and w e l l  y i e l d s  was n o t  a d e q u a t e l y  e s t a b l i s h e d .  

The r e p o r t  d e s c r i b e s  one approach t o  t h e  problem of p r e d i c t i n g  w e l l  

y i e l d s  i n  c r y s t a l l i n e  r o c k s .  It i s  b e l i e v e d  t h a t  t h e  b a s i c  concept  

u n d e r l y i n g  t h e  approach d e s c r i b e d  i s  u s e f u l ,  and even i n  t h e  i d e a l i z e d  form 

p r e s e n t e d  h e r e ,  i t  r e p r e s e n t s  a  c l o s e r  approx imat ion  t o  a c t u a l  c o n d i t i o n s  

t h a n  do t h e  assumptions  of homogeneous a q u i f e r s  f o r  c r y s t a l l i n e  r o c k s .  



INTRODUCTION 

Formulat ion o f  s t a t i s t i c a l  methods f o r  e s t i m a t i n g  groundwater y i e l d s  

from c r y s t a l l i n e  r o c k s  i n  v a r i o u s  g e o l o g i c  s i t u a t i o n s  was t h e  purpose  of t h e  

i n v e s t i g a t i o n .  Rock t y p e ,  topography,  s o i l  t h i c k n e s s ,  and o t h e r  g e o l o g i c  

pa ramete rs  were t o  b e  r e l a t e d  t o  t h e  a c t u a l  y i e l d s  of t h e  w e l l s  and t h e  

r e l a t i o n s h i p s  were  t o  b e  t r e a t e d  i n  a  s t a t i s t i c a l  f a s h i o n .  

No p u b l i s h e d  d a t a  e x i s t  on t h e  w e l l  y i e l d s  of t h e  Ra le igh  a r e a  and t h e  

g e o l o g i c  pa ramete rs  a f f e c t i n g  t h e i r  y i e l d s .  The s m a l l  amount of unpubl i shed  

i n f o r m a t i o n  t h a t  t h e  a u t h o r  could  f i n d  i s  l a r g e l y  h e a r s a y  i n  n a t u r e  and 

u n s u i t a b l e  f o r  t h e  t y p e  of s t u d y  proposed,  G e n e r a l l y ,  t h e r e  was no i n f o r m a t i o n  

a v a i l a b l e  on t h e  g e o l o g i c  f a c t o r s  a f f e c t i n g  t h e  w e l l  y i e l d s ,  and i t  was 

planned t h a t  f r a c t u r e  sys tems ,  topograph ic  p o s i t i o n ,  t h i c k n e s s  of weathered 

zone, and rock  t y p e  would b e  i n v e s t i g a r e d  w i t h  r e s p e c t  t o  w e l l  y i e l d s  

determined d u r i n g  t h e  c o u r s e  of r h e  i n v e s t i g a t i o n .  Geophysica1 t e c h n i q u e s  

were t o  b e  u t i l i z e d  i n  measur ing t h i c k n e s s e s  of t h e  weathered zone,  Thus t h e  

p l a n  of a t t a c k  on "be problem was t o  de te rmine  wd.1 y i e l d s  and t o  combine 

t h e s e  d a t a  w i t h  t h e  g e o l o g i c  pa ramete rs  t o  deve lop  a t e c h n i q u e  f o r  e s t i m a t i n g  

y i e l d s  i n  t h e  Ra le igh  a r e a  a s  w e l l  a s  i n  o t h e r  a r e a s  where c r y s t a l l i n e  

rocks  form t h e  bedrock.  

The p r o j e c t  was i n i t i a t e d  by P r o f e s s o r  John M. P a r k e r  E E I  i n  t h e  s p r i n g  

of 1965 w i t h  t h e  s e l e c t i o n  of equipment.  The equipment was assembled and 

t e s t e d  i n  t h e  P a t e  f a l l  of 3.965, and a c t u a l  f i e l d  i n v e s t i g a t i o n s  were begun 

under  d i r e c t i o n  of C h a r l e s  W. WeEby hn t h e  e a r l y  s p r f n g  of 1966. Because w e l l s  

a r e  d r i l l e d  where t h e y  a r e  needed,  t h e  s e a r c h  f o r  them expanded beyond t h e  

border  of t h e  R a l e i g h  Quadrangle i n t o  a d j a c e n t  p a r t s  of Wake County. 



Two f a c t o r s  i n f l u e n c i n g  t h e  c o u r s e  of t h e  i n v e s t i g a t i o n  became e v i d e n t  

i n  t h e  l a t e  s p r i n g  of 1966. The f i r s t  was t h a t  t h e  b u l k  of t h e  we11 y i e l d s  

r e p o r t e d  by l o c a l  d r i l l i n g  c o n t r a c t o r s  a s  t h e  r e s u l t  of pumping t e s t s  seldom 

a r e  accompanied by a  drawdown l e v e l  o r  any i n d i c a t i o n  of t h e  l e n g t h  of t h e  

t ime  t h e  t e s t  was r u n .  However, most t e s t s  a r e  of s h o r t  d u r a t i o n ,  and 

a l t h o u g h  some t e s t s  a r e  probably  r e l i a b l e ,  o t h e r s  a r e  n o t .  There i s  no way 

t o  d i s t i n g u i s h  t h e  good from t h e  bad.  Consequent ly ,  y i e l d  d a t a  based  upon 

t h e  i n f o r m a t i o n  o b t a i n e d  from a  w e l l  d r i l l e r  o r  w e l l  owner must b e  c o n s i d e r e d  

u n s u i t e d  f o r  u s e  i n  s t a t i s t i c a l  e v a l u a t i o n s .  

The second f a c t o r  t h a t  became a p p a r e n t  was t h e  d i f f i c u l t y  of o b t a i n i n g  

i n  t h e  s h o r t  t ime a l l o t e d  t o  t h e  p r o j e c t  and wf th  p a r t - t i m e  s t u d e n t  a s s i s t a n c e  

an  adequa te  amount of d a t a  f o r  a  meaningful  s t a r i s t i c a l  s t u d y  of w e l l  y i e l d s .  

Accumulation of s u f f i c i e n t  d a t a  f o r  such a  p r o j e c t  r e q u i r e s  a lmos t  c o n s t a n t  

d a i l y  c o n t a c t  w i t h  w e l l  d r i l l e r s .  On t h e  o t h e r  hand, i t  was b e l i e v e d  p o s s i b l e  

t o  show t h e  t h e o r e t i c a l  f e a s i b i l i t y  of such a p r o j e c t  and t o  g a t h e r  d a t a  and 

t o  make i n t e r p r e t a t i o n s  t h a t  would p r o v i d e  a  b a s i s  f o r  f u r t h e r  work. On 

t h i s  b a s i s  t h e  p r o j e c t  was con t inued  from J u l y  1966 through June  1967. 

One b a s i c  problem a s s o c i a t e d  w i t h  a  s t a t i s t i c a l  s t u d y  i s  t h e  need t o  

s t a n d a r d i z e  c e r t a i n  d a t a .  I n  t h e  c a s e  a t  hand, each w e l l  i s  t e s t e d  a t  a 

s l i g h t l y  d i f f e r e n t  pumping r a t e  and a t  a  s l i g h t l y  d i f f e r e n t  drawdown from 

o t h e r  w e l l s .  For example, i t  i s  n e c e s s a r y  t o  compare a  w e l l  wf th  a y i e l d  of 

20 g a l l o n s  p e r  minute  a t  35 f e e t  of drawdown w i t h  a  w e l l  whose y i e l d  i s  5 

g a l l o n s  p e r  minute  a t  75 f e e t  of drawdown. Each w e l l  cou ld  have d i f f e r e n t  

drawdowns a t  o t h e r  pumping r a t e s .  Thus t h e  s t r e s s  imposed upon each hydro- 

l o g i c  sys tem by t h e  pumping of each i n d i v i d u a l  w e l l  d i f f e r s  from w e l l  t o  w e l l  

and from pump t e s t  t o  pump t e s t .  Y i e l d  d a t a  from i n d i v i d u a l  pump t e s t s  



shou ld  n o t  b e  used i n  s t a t i s t i c a l  t r e a t m e n t s  w i t h o u t  s t a n d a r d i z i n g  i t  i n  

some manner. 

Although s p e c i f i c  c a p a c i t y  ( y i e l d  p e r  f o o t  of drawdown) is  a  conven ien t  

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

r a t e s  (Todd, 1958, p .  1 1 ;  LeGrand, 1967, p. 4 ) .  Step-drawdown t e s t s ,  i n  which 

pumping r a t e s  and drawdown a r e  d e l i b e r a t e l y  changed, cou ld  n o t  i n  g e n e r a l  b e  

performed because  of t h e  l i m i t e d  t ime t h a t  w e l l s  were  a v a i l a b l e  f o r  t e s t i n g .  

Computations u t i l i z i n g  t h e  s e v e r a l  e q u i l i b r i u m  and non-equi l ibr ium formulae  

developed f o r  f low through g r a n u l a r  media (Todd, 3958; F e r r i s ,  e t  a l ,  1962) 

d i d  n o t  seem t o  p r o v i d e  meaningful  answers .  

Many p u b l i c a t i o n s  d i s c u s s i n g  w e l l  y i e l d s  r e p o r t  o n l y  a  y i e l d  f i g u r e ,  

making no mention of t h e  drawdown, t h e  r a t e  of pumping, o r  o t h e r  f a c t o r s  

i n f l u e n c i n g  t h e  h y d r a u l i c  sys tem.  A d e f i n i t e  s p e c i f i c  c a p a c i t y  may be  n o t e d ,  

b u t  t h i s  w e l l  parameter  i s  c o n t r o l l e d  by t h e  pumping r a t e .  Without some s t a n d a r d  

means of comparison from w e l l  t o  w e l l  ( h y d r a u l i c  sys tem t o  h y d r a u l i c  sys tem) 

s t a t i s t i c a l  i n t e r p r e t a t i o n  of t h e  d a t a  i s  of l i t t l e  v a l u e .  Even where y i e l d s  

and drawdown a r e  g i v e n ,  t h i s  i n f o r m a t i o n  can n o t  b e  r e l a t e d  d i r e c t l y  t o  

a n o t h e r  s e t  o f  d a t a  u n l e s s  t h e  drawdown i s  s f m f l a r  o r  p o r o s i t y  and 

p e r m e a b i l i  t y  daca  are avaf  f a b l e .  

Ca lcuEat ions  made u s i n g  t h e  The i s  and t h e  Jacob  non-equ i l ib r ium forumlae  

and t h e i r  m o d i f i c a t i o n s  ( F e r r f s ,  e t  a l ,  1962) seem t o  l e a d  t o  c o n f u s i n g  and 

e r roneous  r e s u l t s  i n  c r y s t a l l i n e  r o c k s .  The t h e o r y  on which t h e s e  approaches  

a r e  based assumed a  c o n f i n e d ,  e l a s t i c ,  homogeneous a q u i f e r .  The rocks  of t h e  

Rale igh a r e a  do n o t  f i t  t h i s  d e s c r i p t i o n ,  and i n  g e n e r a l  t h e  w a t e r  does n o t  

appear  t o  occur  under  a r t e s i a n  c o n d i t i o n s .  Fur thermore,  no o b s e r v a t i o n  w e l l s  

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



The w a t e r  found i n  t h e  c r y s t a l l i n e  rocks  of t h e  Ra le igh  a r e a  o c c u r s  i n  

f r a c t u r e s ,  i r r e g u l a r  b o t h  i n  s i z e  and s p a c i n g .  Also ,  t h e r e  a p p e a r s  t o  b e  a  

c e r t a i n  minimal f r a c t u r e  s i z e  which w i l l  y i e l d  w a t e r  t o  a  w e l l ,  Thus a  h o l e  

d r i l l e d  i n t o  t h e  c r y s t a l l i n e  rocks  may n o t  y i e l d  w a t e r  even though i t  h a s  been 

d r i l l e d  below t h e  w a t e r  t a b l e .  Only when t h e  b i t  e n c o u n t e r s  a  f r a c t u r e  of 

s u f f i c i e n t l y  l a r g e  s i z e  w i l l  t h e  w e l l  produce w a t e r .  Once w a t e r  e n t e r s  t h e  

w e l l ,  i t  w i l l  r i s e  t o  t h e  l o c a l  w a t e r  t a b l e .  Hence, b o t h  t h e  n a t u r e  and t h e  

d i s t r i b u t i o n  of t h e  f r a c t u r e  sys tem c o n t r o l  t h e  e n t r a n c e  p o s i t i o n  and t h e  f low 

of w a t e r  i n t o  a  w e l l .  Lewis and Burgy (1964) have p o i n t e d  o u t  t h a t  d a t a  

o b t a i n e d  from pumping t e s t s  of w e l l s  d r i l l e d  i n  f r a c t u r e d  rocks  g e n e r a l l y  a r e  

n o t  amenable t o  a n a l y s i s  by means of non-equ i l ib r ium e q u a t i o n s  developed f o r  

c o n d i t i o n s  i n  g r a n u l a r  a q u i f e r s .  

Another problem invo lved  i n  t h e  u s e  of artesian,non-equilibrfum e q u a t i o n s  

t o  de te rmine  w e l l  y i e l d s  i n  c r y s t a l l i n e  rocks  and under  w a t e r  t a b l e  c o n d i t i o n s  

i s  t h e  f a c t  t h a t  seldom does one have i n f o r m a t i o n  concern ing  t h e  t h i c k n e s s  of 

t h e  channe l  o r  i n t e r v a l  through which w a t e r  f lows from t h e  rock  mass i n t o  

t h e  w e l l ,  Thus t h e  drawdown-averaging t e c h n i q u e s  used i n  a d a p t i n g  t h e  

equiEibr ium and non-equ i l ib r ium e q u a t i o n s  t o  w a t e r  t a b l e  c o n d i t i o n s  can n o t  

b e  used t o  approximate  t h e  shape  of t h e  w a t e r  t a b l e ,  I n  t h e  absence  of 

one o r  more o b s e r v a t i o n  w e l l s  i t  f s  i m p o s s i b l e  t o  d e t e r m i n e  t h e  change i n  

shape  of t h e  w a t e r  t a b l e  s u r f a c e  a s  w a t e r  i s  removed from t h e  sys tem.  

M o d i f i c a t i o n s  of t h e  non-equi l ibr ium e q u a t i o n s  which were d e r i v e d  t o  e x p r e s s  

f low i n  g r a n u l a r  media under  a r t e s i a n  c o n d i t i o n s  t o  e x p r e s s  f low under  w a t e r  

t a b l e  c o n d i t i o n s  do n o t  r e f l e c t  t h e  g e o l o g i c  r e l a t i o n s h i p s  a s s o c i a t e d  w i t h  

groundwater o c c u r r e n c e  i n  c r y s t a l l i n e  rocks  e i t h e r .  



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

m u l t i p l i e d  by t h e  t h i c k n e s s  of t h e  s a t u r a t e d  i n t e r v a l ,  t r a n s m i s s i b i l i t y  

v a l u e s  w i l l  v a r y  w i t h  drawdown i n  a n  unconf ined a q u i f e r  and t h e r e f o r e  w i t h  

t h e  pumpfng r a t e .  

The p e r m e a b i l i t y  a s  expressed  by t h e  c o e f f i c i e n t  of p e r m e a b i l i t y  

( h y d r a u l i c  c o n d u c t i v i t y )  t h a t  f r a c t u r e s  i m p a r t  t o  c r y s t a l l i n e  rocks  seems 

more meaningful  t h a n  does t h e  t r a n s m i s s i b i l i t y  s i n c e  t h e  f r a c t u r e s  occupy 

on ly  a  s m a l l  f r a c t i o n  of t h e  t o t a l  s u r f a c e  a r e a  of t h e  w e l l  b o r e .  Without 

knowledge of t h e  t o t a l  a r e a  of t h e  openings  i n t o  t h e  w e l l  b o r e ,  i t  i s  i m p o s s i b l e  

t o  c o n v e r t  t h e  t r a n s m i s s i b i l i t y  computed from t h e  Thefs  and Jacob formulae  t o  

p e r m e a b i l i t y .  Fur thermore,  so  long  a s  t h e  i n t e r s e c t i o n  of t h e  f r a c t u r e  and 

t h e  w e l l  b o r e  i s  covered w i t h  t h e  w a t e r  i n  t h e  w e l l ,  t h e  v e l o c i t y  of f low 

i n t o  t h e  w e l l  i s  c o n t r o l l e d  by t h e  h e i g h t  of t h e  w a t e r  above t h e  f r a c t u r e .  

Hence, f ie ld-measured r a t e  of f low i n t o  t h e  w e l l  can  v a r y  w i t h  t h e  l e v e l  of 

t h e  w a t e r  i n  t h e  w e l l ,  i n c r e a s i n g  a s  t h e  w a t e r  l e v e l  d r o p s .  Abso lu te  v a l u e s  

f o r  f low v e l o c i t y  i n t o  t h e  w e l l  t h e n  depend upon t h e  geomet r ic  r e l a t i o n s h i p s  

w i t h i n  t h e  f r a c t u r e  sys tem,  t h e  dep th  i n  t h e  w e l l  b o r e  below t h e  w a t e r  t a b l e  

t o  t h e  i n t e r s e c t i o n  w i t h  t h e  f r a c t u r e  sys tem,  t h e  h e i g h t  of t h e  w a t e r  t a b l e ,  

t h e  w a t e r  l e v e l  i n  t h e  w e l l  a t  any t ime  d u r i n g  t h e  pumping c y c l e ,  a s  w e l l  

a s  t h e  r e s i s t a n c e  t o  f low w i t h i n  t h e  f r a c c u r e  sys tem.  

A means of comparing w e l l  y i e l d s  h a s  been d e v i s e d .  The meehod t a k e s  

i n t o  account  t h e  g e o l o g i c  f a c t s  of groundwater o c c u r r e n c e  i n  c r y s t a l l i n e  

rocks  a s  w e l l  a s  t h e  need f o r  comparison of t h e  y i e l d s  under a  s e t  of 

s t a n d a r d  c o n d i t i o n s .  A  s t a n d a r d  p o r o s i t y  and a s t a n d a r d  drawdown form t h e  

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

were des igned  t o  overcome some of t h e  d i f f i c u l t i e s  a l r e a d y  d i s c u s s e d  and t o  



prov ide  a  b a s i s  f o r  comparison of w e l l s  i n  d i f f e r e n t  g e o l o g i c  s e t t i n g s .  

Assumptions o t h e r  t h a n  t h o s e  d e s c r i b e d  i n  a  l a t e r  s e c t i o n  might have 

been made; however, i t  i s  b e l i e v e d  t h a t  t h e  approach chosen i s  a p p r o p r f a t e  

t o  t h e  problem a t  hand.  The r e s u l t s  a r e  p r e s e n t e d  i n  terms of f e a s i b i l i t y  

r a t h e r  t h a n  i n  terms of a  complete e v a l u a t i o n  of t h e  w a t e r  y i e l d s  f o r  a  

p a r t i c u l a r  group of c r y s t a l l i n e  r o c k s .  

A recovery  t e s t  r u n  on t h e  pumped w e l l  i s  a n o t h e r  means of e v a l u a t i n g  w e l l  

b e h a v i o r .  However, a  good recovery  t e s t  on a  pumped w e l l  r e q u i r e s  t h e  

absence  o f  g e o l o g i c  boundary c o n d i t i o n s  i n  t h e  w a t e r - y i e l d i n g  rocks  ( F e r r i s ,  

e t  a l ,  1962).  I n  most of t h e  c r y s t a l l i n e  rocks  i n v e s t i g a t e d  t h e  f r a c t u r e  -- 
geometry i m p l i e s  t h a t  boundary c o n d i t i o n s  a r e  t o  b e  expec ted .  R e s u l t s  from 

s e v e r a l  of t h e  t e s t s  s u p p o r t s  t h i s  v i e w p o i n t .  

A p r a c t i c a l ,  a p p l i e d  a s p e c t  of t h e  i n v e s t i g a t i o n  was t o  d e v i s e  a  means 

of o b t a i n i n g  e s t i m a t e s  of w e l l  y i e l d  and long-term b e h a v i o r  of i n d i v i d u a l  w a t e r  

w e l l s  based on s h o r t - t e r m  pumping t e s t s  and i n  t h e  absence  of o b s e r v a t i o n  

w e l l s .  A b i l i t y  t o  p r o v i d e  a  r e a s o n a b l y  a c c u r a t e  p r e d i c t i o n  about  t h e  b e h a v i o r  

of an  i n d i v i d u a l  w e l l  d r i l l e d  i n  c r y s t a k l i n e  rocks  would enhance t h e  

e f f e c t i v e n e s s  of  t h e  w a t e r  w e l l  i n d u s t r y .  Long-term pumping t e s t s  a r e  

expens ive ,  and o b s e r v a t i o n  w e l l s  a r e  n o t  a v a i l a b l e  g e n e r a l l y .  Hence, a  

method by which a  pumping t e s t  a n d / o r  a  recovery  t e s t  of a  few h o u r s  d u r a t i o n  

could b e  used t o  p r e d i c t  a c c u r a t e l y  t h e  p o t e n t i a l  p r o d u c t i v e  c a p a c i t y  and 

f u t u r e  b e h a v i o r  of a  w e l l  would have economic b e n e f i t s  f o r  b o t h  t h e  w e l l  

d r i l l e r  and f o r  t h e  w e l l  owner. I n f o r m a t i o n  about  t h e  y i e l d  r a t e  a s  w e l l  a s  

t o t a l  y i e l d  would a i d  t h e  w e l l  owner i n  management of t h e  groundwater r e s o u r c e .  

The concep t s  and t h e  mathemat ical  m a n i p u l a t i o n s  d e s c r i b e d  i n  t h i s  r e p o r t ,  

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

of t h e  w e l l  comparison problem and t o  t h e  p r a c t i c a l  problem a l s o .  



GEOLOGY OF THE RALEIGH QUADRANGLE 

F i g u r e  1 summarizes t h e  major rock  t y p e s  w i t h i n  t h e  Ra le igh  Quadrangle 

and a d j a c e n t  a r e a s .  L o c a t i o n s  of t h e  w e l l s  i n v e s t i g a t e d  a r e  g iven  by symbols 

and Roman numerals .  Mica and hornb lende  g n e i s s ,  quar tz -microc l ine  g n e i s s  w i t h  

i t s  a s s o c i a t e d  q u a r t z - d i s c  g n e i s s  and muscovi te  g a r n e t - s c h i s t ,  and g r a n i t e  

comprise  t h e  r o c k  t y p e s  from which t h e  d a t a  were c o l l e c t e d .  V a r i a t i o n s  i n  t h e  

n a t u r e  of t h e  f o l i a t i o n  and l i n e a t i o n  a r e  p r e s e n t  w i t h i n  each r o c k  t y p e .  The 

g n e i s s e s  and s c h i s t s  e x h i b i t  a  w e l l  d e f i n e d  l a y e r i n g .  

S t r u c t u r a l  t r e n d s  a r e  g e n e r a l l y  n o r t h e a s t e r l y ;  f o l i a t i o n  i s  i n c l i n e d  t o  

t h e  wes t  and n o r t h w e s t .  Most j o i n t  s e t s  a r e  o r i e n t e d  i n  a  west -nor thwest  

t r e n d .  The topography i s  g e n t l y  r o l l i n g ,  and t h e  s o i l  and s a p r o l i t e  cover  

v a r i e s  from a  few i n c h e s  t o  s e v e r a l  t e n s  of f e e t .  The cover  i s  g e n e r a l l y  t h i n  

( a  few i n c h e s  t o  a  f o o t  o r  two) on h i l l  t o p s  and r i d g e  c r e s t s  and somewhat 

t h i c k e r  on t h e  h i l l s i d e s .  Most of t h e  s o i l  i s  c l a y - r i c h .  Pegmat i t e  d i k e s  

and q u a r t z  v e i n l e t s  a r e  common i n  most of t h e  r o c k s .  

THEORY 

Movement of w a t e r  through t h e  c r y s t a l l i n e  r o c k s  i s  dominated by t h e  

f r a c t u r e s  p r e s e n t  i n  t h e s e  r o c k s ,  t h e i r  numbers i n  a  g iven  volume of r o c k ,  

t h e i r  s i z e ,  t h e  n a t u r e  of t h e  i n t e r c o n n e c t i o n  between t h e  f r a c t u r e s ,  and 

t h e i r  o r i e n t a t i o n  w i t h  r e s p e c t  t o  a  g iven  w e l l .  While t h e  p a t h  a g iven  w a t e r  

p a r t i c l e  f o l l o w s  t o  a  w e l l  may be  t o r t u o u s ,  t h e  f low i s  a l o n g  t h e  f r a c t u r e s  

i n  a  manner n o t  u n l i k e  l aminar  f low through a  complex series of p i p e s  o r  

l aminar  f low between c l o s e l y  spaced p l a t e s .  

A model may b e  v i s u a l i z e d  i n  which t h e  w e l l  b o r e  i s  analogous t o  a  t a n k .  
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I n  t h e  model t h e  w a t e r  f lows i n t o  t h e  t a n k  ( w e l l  b o r e )  through one o r  more 

p i p e s  ( f r a c t u r e s ) .  Water i s  d i s c h a r g e d  from t h e  t ank  ( w e l l  b o r e )  by a  pump 

o p e r a t i n g  a t  a  c o n s t a n t  r a t e .  It i s  assumed t h a t  w a t e r  i s  s u p p l i e d  through 

t h e  p i p e  ( f r a c t u r e )  from a n  i n f i n i t e l y  l a r g e  r e s e r v o i r .  

It i s  t h i s  model t h a t  h a s  been u t i l i z e d  i n  deve lop ing  t h e  t h e o r y .  

S p e c i f i c a l l y ,  t h e  model was developed i n  response  t o  a  need f o r  e v a l u a t i o n  

of shor t - t e rm pumping t e s t s  combined w i t h  a  need t o  e v a l u a t e  t h e s e  t e s t s  i n  

t h e  absence  of a n  o b s e r v a t i o n  w e l l  o r  w e l l s .  The model h a s  been chosen a s  a  

r e a s o n a b l e  one because  d r i l l e r s  o f t e n  r e p o r t  w a t e r  a s  b e i n g  " h i t "  a t  one o r  

two p l a c e s  i n  a  g iven  w e l l  i n  c r y s t a l l i n e  rocks  ( e . g . ,  Well X I  of t h i s  r e p o r t ) ,  

and o f t e n  t h e y  r e p o r t  t h a t  no w a t e r  w a s  encountered u n t i l  a  c e r t a i n  dep th  was 

reached.  I n  a d d i t i o n ,  examinat ion of r o a d c u t s  through c r y s t a l l i n e  rocks  o f t e n  

shows w a t e r  s e e p i n g  from one f r a c t u r e  a l o n e  d e s p i t e  t h e  g e n e r a l  d i s t r i b u t i o n  

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

o t h e r  f r a c t u r e s .  

A n a l y s i s  of t h e  model l e a d s  t o  f o r m u l a t i o n  of s e v e r a l  c o n s t a n t s  which a r e  

b e l i e v e d  t o  d e s c r i b e  t h e  c h a r a c t e r i s t i c s  of a  g i v e n  w e l l  and which a r e  b e l i e v e d  

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

r o c k s .  These c o n s t a n t s  a r e  thought  t o  r e p r e s e n t  t h e  h y d r a u l i c  sys tem of each 

w e l l  t o  t h e  e x t e n t  t h a t  each was t e s t e d .  Thus t h e y  a r e  b e l i e v e d  t o  b e  more 

r e p r e s e n t a t i v e  of t h e  w a t e r - y i e l d i n g  c a p a b i l i t y  of each i n d i v i d u a l  w e l l  t h a n  

a r e  o t h e r  measures .  

While t h e  d e r i v a t i o n  i s  based upon a  model of a  w e l l  and one f r a c t u r e ,  t h e  

b a s i c  concept  can p robab ly  b e  a p p l i e d  t o  a  w e l l  e n c o u n t e r i n g  s e v e r a l  wa te r -  

y i e l d i n g  f r a c t u r e s  a t  d i f f e r e n t  d e p t h s .  Such a n  a p p l i c a t i o n  would b e  by 

modifying t h e  b a s i c  e q u a t i o n  developed i n  ensu ing  paragraphs  o r  by assuming 



t h a t  t h e  f low through t h e  s e v e r a l  f r a c t u r e s  could  b e  e x p r e s s e d  a s  f low through 

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

f r a c t u r e  and i t s  p o s i t i o n  i n  t h e  w e l l  b o r e  would have t o  b e  such t h a t  t h e  

t h e o r e t i c a l  f low th rough  t h e  s i n g l e  f r a c t u r e  would b e  e q u i v a l e n t  t o  t h e  

w a t e r  f low through t h e  s e v e r a l  f r a c t u r e s .  

Because of t h e  l i m i t e d  amount of d a t a  c o l l e c t e d  i n  t h i s  i n v e s t i g a t i o n  

t h e  a u t h o r  a d o p t s  t h e  view t h a t  on ly  t h e  f e a s i b i l i t y  of t h i s  approach can b e  

e v a l u a t e d .  I t  i s  recognized  t h a t  r e f i n e m e n t s  of t h e  approach have t o  b e  

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

y i e l d s .  The p r e s e n t a t i o n  made on t h e  f o l l o w i n g  pages  d e s c r i b e s  t h e  approach 

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

The diagram i n  F i g u r e  2 i l l u s t r a t e s  t h e  symbols used i n  t h e  d e r i v a t i o n s ,  

and they  a r e  f u r t h e r  d e f i n e d  i n  Appendix F where a l l  symbols used i n  t h i s  

r e p o r t  a r e  t a b u l a t e d .  

Under s t a t i c  c o n d i t i o n s  t h e  t o t a l  p r e s s u r e  r e l a t i o n s h i p  a t  t h e  p l a n e  of 

i n t e r s e c t i o n  between t h e  f r a c t u r e  and t h e  w e l l  b o r e  ( F i g u r e  2)  i s  p f  = p,, 

where p  i s  t h e  t o t a l  p r e s s u r e  and t h e  s u b s c r i p t s  a r e  d e f i n e d  i n  F i g u r e  2 .  

Th i s  r e l a t i o n s h i p  assumes t h a t  t h e  f low from t h e  f r a c t u r e  i n t o  t h e  w e l l  b o r e  

i s  h o r i z o n t a l  f low.  A t  t h e  p l a n e  of i n t e r s e c t i o n  t h e  t o t a l  p r e s s u r e  f o r c e  

i n  t h e  f r a c t u r e  a c t s  inward toward t h e  w e l l  b o r e ,  and t h e  t o t a l  p r e s s u r e  

f o r c e  from t h e  w e l l  a c t s  outward i n t o  t h e  f r a c t u r e .  Th i s  r e l a t i o n s h i p  e x i s t s  

because  t h e r e  a r e ,  t h e o r e t i c a l l y ,  w a t e r  columns of e q u a l  h e i g h t  above t h e  

f r a c t u r e  on e i t h e r  s i d e  of t h e  p l a n e  and because  a tmospher ic  p r e s s u r e  

i s  t h e o r e t i c a l l y  t h e  same on b o t h  s i d e s  of t h e  p l a n e .  Another way of v iewing 

t h e  r e l a t i o n s h i p  i s  t o  c o n s i d e r  t h a t  t h e  f o r c e  p o t e n t i a l s  on e i t h e r  s i d e  of 

t h e  p l a n e  a r e  e q u a l .  
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Once pumping commences, t h e  w a t e r  l e v e l  i n  t h e  w e l l  i s  lowered,  pw d r o p s ,  

and w a t e r  b e g i n s  f lowing  i n t o  t h e  w e l l  from t h e  f r a c t u r e  s i n c e  pf > p w ( f o r  

h o r i z o n t a l  f low th rough  t h e  f r a c t u r e  open ing) .  The v o l u m e t r i c  r a t e  of f low 

( e . g . ,  g a l l o n s  p e r  minu te ,  c u b i c  f e e t  p e r  second)  through t h e  f r a c t u r e  depends 

upon a  number of f a c t o r s .  Inc luded  among t h e  f a c t o r s  a r e  t h e  r a t e  a t  which 

t h e  w a t e r  l e v e l  i n  t h e  w e l l  i s  lowered,  t h e  e f f e c t i v e  c r o s s - s e c t i o n a l  a r e a  

of t h e  f r a c t u r e ,  t h e  r a t e  a t  which t h e  p r e s s u r e  d i f f e r e n t i a l  between t h e  w e l l  

and t h e  w a t e r  i n  t h e  r o c k s  i s  t r a n s m i t t e d  through t h e  sys tem,  and t h e  r e s i s t a n c e  

t o  f low prov ided  by t h e  f r a c t u r e  sys tem.  

When t h e  sys tem i s  changed from a  s t a t i c  t o  a  dynamic s t a t e  by t h e  s ta r t  

of pumping, t h e  p r e s s u r e  r e l a t i o n s h i p  a t  t h e  f r a c t u r e  can b e  a n a l y z e d i n  terms 

of t h e  B e r n o u l l i  e q u a t i o n  : 

where P  i s  t h e  e x t e r n a l  p r e s s u r e  head on t h e  sys tem 
V i s  t h e  v e l o c i t y  of t h e  w a t e r  f low 
z i s  t h e  e l e v a t i o n  above o r  below a n  a r b i t r a r i l y  

chosen datum 
g  i s  t h e  a c c e l e r a t i o n  of g r a v i t y ,  f t / s e c  2 

w s i g n i f i e s  t h e  w e l l  
f s i g n i f i e s  t h e  f r a c t u r e .  

For w a t e r  t a b l e  c o n d i t i o n s  under  normal a tmospher ic  p r e s s u r e  Pw = Pf a s  t h e s e  

two terms i n  t h e  e q u a t i o n  r e p r e s e n t  t h e  e x t e r n a l  p r e s s u r e  head (from t h e  

a tmospher ic  p r e s s u r e )  on t h e  w a t e r  i n  t h e  w e l l  and on t h e  w a t e r  i n  t h e  f r a c t u r e  

sys tem,  r e s p e c t i v e l y .  

E l e v a t i o n  of t h e  w a t e r  i n  t h e  w e l l  can b e  e x p r e s s e d  a s  an  e l e v a t i o n  above 

o r  below some a r b i t r a r y  datum. Examples of p o s s i b l e  r e f e r e n c e  p o i n t s  i n c l u d e  

t h e  bot tom of t h e  w e l l ,  t h e  n e x t  100-foot con tour  below t h e  l o c a l  ground 



l e v e l ,  t h e  f r a c t u r e  through which w a t e r  i s  f lowing  i n t o  t h e  w e l l ,  o r  t h e  w a t e r  

l e v e l  i n  t h e  w e l l  p r i o r  t o  commencement of pumping. 

I f  t h e  f r a c t u r e  i s  chosen a s  t h e  datum f o r  measurement of t h e  h e i g h t  

of t h e  column of w a t e r  i n  t h e  w e l l  and t h e  wa te r  t a b l e  i s  picked as t h e  z e r o  

p o i n t  f o r  measurement of drawdown, t h e n  under  s t a t i c  c o n d i t i o n s  

where zf i s  t h e  h e i g h t  of t h e  w a t e r  t a b l e  above 
t h e  f r a c t u r e  ( F i g u r e  2 )  

and -Sf i s  t h e  dep th  below t h e  w a t e r  t a b l e  
t o  t h e  f r a c t u r e  ( F i g u r e  2 ) .  

When t h e  w e l l  i s  b e i n g  pumped, 

where zw i s  t h e  h e i g h t  of t h e  w a t e r  l e v e l  i n  t h e  
w e l l  above t h e  f r a c t u r e ;  i . e . ,  i t  i s  t h e  
h e i g h t  of t h e  w a t e r  column i n  t h e  w e l l  
above t h e  f r a c t u r e  a t  t ime  t ( F i g u r e  2)  

-St i s  t h e  drawdown measured a t  t ime t ( F i g u r e  2 )  

-Sf i s  t h e  dep th  below t h e  w a t e r  t a b l e  t o  t h e  
f r a c t u r e ;  i t  i s  t h e  drawdown i n  t h e  w e l l  
when t h e  w a t e r  l e v e l  i n  t h e  w e l l  r e a c h e s  
t h e  f r a c t u r e .  

The p o s i t i o n  of t h e  f r a c t u r e  can b e  d e s c r i b e d  a s  z f  = 0 f o r  t h e  c a s e  i n  which 

t h e  f r a c t u r e  i s  t h e  datum. For t h e  c a s e  i n  which t h e  w a t e r  t a b l e  is  t h e  

datum t h e  p o s i t i o n  of t h e  f r a c t u r e  can  b e  expressed  as -Sf ,  t h e  n e g a t i v e  sign 

b e i n g  used t o  show t h a t  drawdown i s  measured from t h e  w a t e r  t a b l e  downward. 

The a b s o l u t e  v a l u e s  of z f  and Sf a r e  t h e  same. 

S ince  t h e  p o s i t i o n  of t h e  f r a c t u r e  w i l l  i n  g e n e r a l  be  unknown and s i n c e  

t h e  i n i t i a l  w a t e r  l e v e l  i n  t h e  w e l l  b o r e  can b e  measured,  i t  i s  u s e f u l  t o  

s u b s t i t u t e  t h e  drawdown i n  t h e  w e l l  f o r  t h e  e l e v a t i o n  f a c t o r  i n  t h e  B e r n o u l l i  



e q u a t i o n ,  making t h e  a p p r o p r i a t e  s i g n  change.  

I n  g e n e r a l ,  t h e  v e l o c i t y  head l o s s  i n  t h e  w e l l  can b e  ignored .  For 

example, i f  t h e  w a t e r  s u r f a c e  i n  t h e  w e l l  f a l l s  a t  t h e  r a t e  of 1 f t / m i n ,  

v2 = 4.32 x  f t .  When t h e  v e l o c i t y  head l o s s  i n  t h e  w e l l  i s  ignored  
2g 
and when t h e  f o l l o w i n g  s u b s t i t u t i o n s  a r e  made i n t o  Equa t ion  ( l a ) ,  

Equat ion ( l a )  r e d u c e s  t o  

Thus 

o r  

Zw = (St - S f ) .  

f o r  a  f r i c t i o n l e s s  sys tem.  

Vf = ( T o r r i c e l l i  h Theorem) (2) 

where g  i s  t h e  a c c e l e r a t i o n  of g r a v i t y ,  f t / s e c  2  

St i s  t h e  drawdown a t  t ime  t ,  i n  f t  

Vf i s  t h e  v e l o c i t y  ( f t l s e c )  of w a t e r  f low 
from t h e  f r a c t u r e  i n t o  w e l l  a t  t ime  t .  

E v a l u a t i o n  of t h e  r e l a t i o n s h i p  from a  mass b a l a n c e  o r  t o t a l  y i e l d  

v iewpoin t  f o r  any t ime shows t h e  f o l l o w i n g  r e l a t i o n s h i p :  

where q i s  t h e  t o t a l  volume of w a t e r  pumped up 
t o  t ime t 

qw i s  t h e  volume of w a t e r  removed from t h e  
w e l l  b o r e  a l o n e ,  r e s u l t i n g  i n  t h e  lowered 
w a t e r  l e v e l  i n  t h e  w e l l ,  up t o  t ime  t 

qf i s  t h e  volume of w a t e r  t h a t  h a s  flowed 
from t h e  f r a c t u r e  i n t o  t h e  w e l l  b o r e  
up t o  t ime  t 

p i s  t h e  d e n s i t y  of w a t e r .  



The v a l u e  of qf f o r  any g i v e n  drawdown d u r i n g  a  t e s t  may b e  determined 

by p l o t t i n g  t h e  two c u r v e s :  drawdown cumula t ive  o r  t o t a l  volume of w a t e r  

pumped and t h e  drawdown t h e  volume of w a t e r  removed from t h e  w e l l  b o r e  

a l o n e  ( F i g u r e  3 ) .  For  any g i v e n  drawdown t h e  volume removed from t h e  we19 

b o r e  i s  determined from knowledge of t h e  w e l l ' s  d i a m e t e r  and t h e  assumption 

t h a t  t h e  w e l l  i s  a c y l i n d e r .  Thus each f o o t  of t h e  drawdown r e p r e s e n t s  

a  known volume of w a t e r  removed from t h e  w e l l  b o r e .  

The drawdown v a l u e s  f o r  t h e  drawdown t o t a l  volume of w a t e r  pumped 

curve  a r e  o b t a i n e d  by u s e  of two c u r v e s :  t h e  p l o t  of t o t a l  volume of 

w a t e r  pumped (q ) ys- t ime  ( t h e  s l o p e  of t h i s  c u r v e  g i v e s  Q ) and t h e  
P P 

drawdown c u r v e ,  t h e  p l o t  of t h e  w a t e r  l e v e l =  t i m e  ( F i g u r e  3 ) .  The t ime 

a x e s  of t h e s e  two curves  p r o v i d e  t h e  t i e  between them. Drawdown and t o t a l  

volume pumped f o r  s e v e r a l  s e l e c t e d  t imes  a r e  determined and p l o t t e d  a s  t h e  

drawdown cumula t ive  o r  t o t a l  volume curve .  

The v a l u e  of q  f o r  any g iven  drawdown i s  t h e  s e p a r a t i o n  between t h e  
f  

4  v s  drawdown c u r v e  and t h e  qw drawdown curve  a t  t h e  p a r t i c u l a r  draw- P -  

down. Thus qf a t  t h e  g iven  drawdown may be  determined by s u b t r a c t i n g  t h e  

v a l u e  shown on t h e  qw drawdown c u r v e  from t h e  v a l u e  shown on t h e  q  v s  
P - 

drawdown c u r v e  ( F i g u r e  3 a ) .  A g r a p h i c a l  p rocedure  i s  used a s  a m a t t e r  of 

convenience.  The volume removed from t h e  f r a c t u r e ,  q f ,  cou ld  s imply b e  

computed from a  t a b u l a t i o n  of drawdown, qp, and qw . S i m i l a r l y ,  qf f o r  any 

g iven  t ime  d u r i n g  t h e  pumping of a w e l l  can b e  de te rmined  by p l o t t i n g  q  
P 

v s  t ime and qw t ime.  Appendix E d e s c r i b e s  i n  d e t a i l  t h e  t e c h n i q u e s  used - 
i n  making t h e  pumping tests and i n  i n t e r p r e t i n g  t h e  d a t a  o b t a i n e d  from them. 

For t h e  p r e s e n t  approach t h e  r e l a t i o n s h i p  of t h e  v o l u m e t r i c  f low r a t e s  

from t h e  w e l l  b o r e  (Qw), from t h e  f r a c t u r e  (Qf ) ,  and through t h e  pump (Q ) 
P 



F r a c t u r e  
VoIume(q f )  

Volume of Water- 

Time - 

Fig. 3 
CURVES USED IN ANALYS 

(See Append rx E a  l s o) 



a r e  of importance.  The f o l l o w i n g  e q u a t i o n  summarizes 

(Uni t s  f o r  Q used i n  t h i s  i n v e s t i g a t i o n  were  
minu te ,  gpm; o t h e r  v o l u m e t r i c  u n i t s  p e r  u n i t  

t h e  r e l a t i o n s h i p  : 

g a l l o n s  p e r  
t ime  cou ld  b e  used .) 

The v o l u m e t r i c  f low r a t e  from t h e  w e l l  b o r e  a l o n e  (9,) over  a n  i n t e r v a l  

of t ime  i s  AwAS, where S  i s  t h e  drawdown, Aw i s  t h e  c r o s s - s e c t i o n a l  a r e a  
LA L 

of t h e  w e l l ,  and t i s  t ime .  The f a c t o r  - AS i s  t h e  s l o p e  of t h e  drawdown 

curve .  I n  d i f f e r e n t i a l  form: 

Q i s  measured by t i m i n g  t h e  volume of w a t e r  pumped through a  f low 
4 P  

meter o r  o t h e r  s u i t a b l e  volume-measuring d e v i c e .  Qf i s  t h e  v o l u m e t r i c  f low 

r a t e  i n t o  t h e  w e l l  from t h e  f r a c t u r e .  I f  t h e  w e l l  i s  pumped a t  a s t e a d y  ". 
r a t e ,  t h e n  from Equa t ion  (3b) above,  Qf and Qw must v a r y  i n v e r s e l y  u n t i l  a  

s t e a d y  s t a t e  r e l a t i o n s h i p  h a s  been  e s t a b l i s h e d ;  a t  t h i s  t i m e  t h e y  have a  

c o n s t a n t  r e l a t i o n s h i p .  

From t h e  d e f i n i t i o n  of v o l u m e t r i c  f low r a t e ,  

where Af i s  t h e  e f f e c t i v e  c r o s s - s e c t i o n a l  a r e a  
of t h e  f r a c t u r e  

and Vf  i s  t h e  v e l o c i t y  of w a t e r  f low th rough  
t h e  f r a c t u r e .  

l e s s  sys tem:  

where Q i s  t h e  v o l u m e t r i c  f low rate through t h e  
f r a c t u r e  a t  t ime  t .  

A t  t h i s  p o i n t  a  f a c t o r ,  C ,  can b e  i n t r o d u c e d  i n t o  Equat ion ( 5 ) .  Its 



purpose  i s  t o  s e r v e  a s  a  c o r r e c t i o n  f a c t o r  o r  c o e f f i c i e n t  f o r  t h e  e f f e c t s  

of f r i c t i o n ,  t h e  l e n g t h  of f low of w a t e r ,  and t h e  i n e r t i a l  e f f e c t s  i n  t h e  

complete sys tem f o r  t h e  c o n d i t i o n s  under which a  w e l l  i s  pumped. The f a c t o r  

C i s  a  v a r i a b l e  and i s  dependent  upon t h e  c o n d i t i o n s  under  which t h e  w e l l  

i s  pumped and upon t h e  c o n d i t i o n s  i n  t h e  whole h y d r a u l i c  sys tem a t  any 

t ime  d u r i n g  t h e  pumping t e s t .  I t  i s  p a r t i c u l a r l y  r e s p o n s i v e  t o  t h e  amount 

of t h e  drawdown and t o  t h e  r a t e  a t  which t h e  w a t e r  l e v e l  i n  t h e  w e l l  

i s  lowered.  With t h e  i n s e r t i o n  of t h e  f a c t o r ,  C ,  t h e  argument moves from 

t h e  d i s c u s s i o n  of a  f r i c t i o n l e s s  sys tem t o  a  d i s c u s s i o n  of a  sys tem i n  

which f r i c t i o n  and o t h e r  f a c t o r s  p l a y  a  r o l e .  Equat ion (5) t h e n  becomes: 

Once t h e  l e v e l  of t h e  w a t e r  i n  t h e  w e l l  h a s  reached  t h e  f r a c t u r e ,  t h a t  

i s  -St = -Sf ( F i g u r e  2 ) ,  t h e  v e l o c i t y  of t h e  w a t e r  moving from t h e  f r a c t u r e  

t o  t h e  w e l l  b o r e  i s  c o n s t a n t  i n  a  f r i c t i o n l e s s  sys tem and i s  e q u a l  t o  

\IT. Up t o  t h e  moment a t  which St becomes e q u a l  t o  S f ,  t h e  v e l o c i t y  of 

t h e  w a t e r  moving from t h e  f r a c t u r e  i n t o  t h e  w e l l  b o r e  i s  changing w i t h  

drawdown, and hence t ime .  I n  a  r e a l  sys tem t h e  r a t e  of v e l o c i t y  change 

shou ld  slow down a s  w a t e r  i s  drawn i n t o  t h e  main f r a c t u r e  from s u b s i d i a r y  

f r a c t u r e s  and t h e  w e l l  f a c t o r  C shou ld  b e  a f f e c t e d  p r i m a r i l y  by t h e  l e n g t h  

of f low of t h e  w a t e r  and t h e  a s s o c i a t e d  f r i c t i o n  l o s s e s .  From a  p r a c t i c a l  

p o i n t  of v iew,  C approaches  a c o n s t a n t  v a l u e  when t h e  w a t e r  l e v e l  i n  t h e  

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

Up t o  t h e  t ime  a t  which t h e  w a t e r  l e v e l  r e a c h e s  t h e  f r a c t u r e ,  assuming 

a  c o n s t a n t  wi thdrawal  from t h e  w e l l ,  t h e  v o l u m e t r i c  f low r a t e  from t h e  

f r a c t u r e  i n t o  t h e  w e l l  (Qf) h a s  been changing.  Thus t h e  t ime  ( t )  v s  - 

drawdown (S) c u r v e  i s  e x p o n e n t i a l  i n  form. Once t h e  f r a c t u r e  i s  reached ,  



t h e  curve  shou ld  approach a  s t r a i g h t  l i n e  s i n c e  t h e  r a t e  of pumping i s  

c o n s t a n t  and t h e  f low through t h e  f r a c t u r e  i s  c o n s t a n t  (Qf = AfVK in a 

f r i c t i o n l e s s  sys tem and C approaches  a c o n s t a n t  v a l u e ) .  

The v o l u m e t r i c  r a t e  of f low from t h e  w e l l  b o r e  a l o n e  (R) , shown 

p h y s i c a l l y  by t h e  downward movement of t h e  w a t e r  s u r f a c e  i n  t h e  w e l l  b o r e ,  

i s  t h e  p roduc t  of t h e  c r o s s - s e c t i o n a l  

v e l o c i t y  of t h e  w a t e r  s u r f a c e :  

T o t a l  Y i e l d  From F r a c t u r e  

a r e a  of t h e  w e l l  and t h e  downward 

a .  

The t o t d v o l u m e  of w a t e r  pumped from t h e  w e l l  d u r i n g  a pumping test i s  t h e  

s u  m of t h e  w a t e r  volume y i e l d e d  up t o  t h e  t ime  t h a t  t h e  w a t e r  l e v e l  

r eaches  t h e  f r a c t u ~ a n d  t h e  w a t e r  volume y i e l d e d  between t h e  t i m e  t h e  w a t e r  

l e v e l  r e a c h e s  t h e  f r a c t u r e  and t h e  end of t h e  pumping t e s t .  The f o l l o w i n g  

d i s c u s s i o n  shows t h e  o r i g i n  of t h e  e q u a t i o n  e x p r e s s i n g  t h e  volume of w a t e r  

pumped from t h e  w e l l  from t h e  commencement of pumping u n t i l  t h e  pump i s  

t u r n e d  o f f .  

Above t h e  F r a c t u r e :  The t o t a l  volume of w a t e r  e n t e r i n g  t h e  w e l l  b o r e  

from t h e  f r a c t u r e  between t h e  t ime  pumping commences and t h e  i n s t a n t  t h e  

w a t e r  l e v e l  i n  t h e  w e l l  r e a c h e s  t h e  f r a c t u r e  may b e  expressed  by Equat ion (8a)  

where q f a  = t o t a l  volume of  w a t e r  t h a t  h a s  f lowed 
from t h e  f r a c t u r e  from t h e  b e g i n n i n g  
of t h e  pumping t o  t h e  t i m e  a t  which 
t h e  w a t e r  l e v e l  r e a c h e s  t h e  f r a c t u r e  

Q f a  = v o l u m e t r i c  f low r a t e  from t h e  f r a c t u r e  
a t  t h e  i n s t a n t  t h e  w a t e r  l e v e l  r e a c h e s  
t h e  f r a c t u r e  



Q0 = t h e  v o l u m e t r i c  f low r a t e  from t h e  f r a c t u r e  
a t  t h e  t ime  pumping s t a r t s  ( e q u a l s  z e r o  
f o r  s t a t i c  c o n d i t i o n s )  

tf = t h e  t ime  a t  which t h e  w a t e r  l e v e l  r eaches  
t h e  f r a c t u r e  

to = t i m e  a t  which pumping b e g i n s .  

The e q u a t i o n  assumes t h a t  t h e  v o l u m e t r i c  r a t e  of w a t e r  i n f l o w  through 

t h e  f r a c t u r e  from t h e  i n s t a n t  pumping starts  t o  t h e  t ime  t h e  w a t e r  l e v e l  

r e a c h e s  t h e  f r a c t u r e  i n c r e a s e s  a t  a c o n s t a n t  r a t e .  Thus t h e  a v e r a g e  v o l u m e t r i c  

r a t e  of f low from t h e  f r a c t u r e  i n t o  t h e  w e l l  i s  one-half  of t h e  r a t e  a t  

t h e  t ime  t h e  w a t e r  l e v e l  r e a c h e s  t h e  f r a c t u r e .  The t o t a l  volume of w a t e r  

, which e n t e r s  t h e  w e l l  from t h e  f r a c t u r e  from t h e  t ime pumping b e g i n s  u n t i l  

t h e  wa te r  l e v e l  r e a c h e s  t h e  f r a c t u r e  (drawdown = -Sf)  i s  

= CAf qzq ( t f  - t o )  ( 8 4  
2 

where Q f a  = CAf from 

Equat ion (6)  a t  -St = -Sf.  

Should t h e  w a t e r  l e v e l  i n  t h e  w e l l  n o t  drop t o  t h e  f r a c t u r e  d u r i n g  

t h e  pumpimg t e s t ,  t h e  t o t a l  volume of w a t e r  t h a t  h a s  e n t e r e d  t h e  w e l l  

from t h e  f r a c t u r e  a t  any g iven  t ime  can b e  determined by s o l v i n g  t h e  

d i f f e r e n t i a l  e q u a t i o n  

which e x p r e s s e s  t h e  t o t a l  amount of w a t e r  from t h e  f r a c t u r e  a s  a  f u n c t i o n  

of t h e  drawdown and t ime .  The e q u a t i o n  i s  d e r i v e d  by d i f f e r e n t i a t i n g  

t h e  v o l u m e t r i c  r a t e  of f low through t h e  f r a c t u r e ,  Q f ,  w i t h  r e s p e c t  t o  t ime,  



dQf = d  ( d q f )  = C A ~ ~  (ds1/2) - -- 
d t  d t  ( d t  ) d t  

where qf = t o t a l  volume t h a t  h a s  f lowed i n t o  t h e  w e l l  
b o r e  from t h e  f r a c t u r e  up t o  t h e  moment of 
t h e  drawdown (St) d e t e r m i n a t i o n  

Qf = t h e  v o l u m e t r i c  f low r a t e  from t h e  f r a c t u r e  
i n t o  t h e  w e l l  

t = t ime 

and t h e  o t h e r  symbols a r e  a s  p r e v i o u s l y  d e f i n e d .  

Below t h e  f r a c t u r e :  I f  Equat ion (3a)  i s  a p p l i e d  t o  w a t e r  f low i n t o  t h e  

w e l l  a f t e r  t h e  w a t e r  l e v e l  i n  t h e  w e l l  r e a c h e s  t h e  f r a c t u r e ,  t h e n  qw i s  t h e  

volume of w a t e r  removed from t h e  w e l l  b o r e  a l o n e  between t h e  i n s t a n t  t h e  

w a t e r  l e v e l  r eaches  t h e  p o s i t i o n  of t h e  f r a c t u r e  ( t f )  and some l a t e r  t ime 

( t b )  Th is  volume may b e  o b t a i n e d  by s u b t r a c t i n g  t h e  drawdown a t  t ime  tb 

from t h e  drawdown a t  t h e  i n s t a n t  t h e  w a t e r  r e a c h e s  t h e  f r a c t u r e  ( t f )  and 

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

p r e v i o u s l y  d e f i n e d  symbols a r e  u s e d ,  t h e  r e l a t i o n s h i p  can b e  expressed  

mathemat ica l ly :  

( S u b s c r i p t  b  i n d i c a t e s  v a l u e s  a r e  
measured below t h e  f r a c t u r e ,  and 
t h e  o t h e r  symbols a r e  a s  p r e v i o u s l y  d e f i n e d . )  

Height of w a t e r  column removed from t h e  w e l l  



S i n c e  -St = -Sf when t h e  w a t e r  l e v e l  r e a c h e s  t h e  p o s i t i o n  of t h e  

f r a c t u r e  and s i n c e  -Sf i s  a  c o n s t a n t ,  

Q f b  = CAf 2gSf . (Equat ion (6) modi f i ed  f o r  -Sf= -St) 

Once t h e  w a t e r  l e v e l  i n  t h e  w e l l  d rops  below t h e  f r a c t u r e , Q f  t h e o r e t i c a l l y  

approaches  a  c o n s t a n t  v a l u e .  Thus t h e  t o t a l  volume of w a t e r  e n t e r i n g  

through t h e  . f r a c t u r e  once t h e  w a t e r  l e v e l  i n  t h e  w e l l  b o r e  p a s s e s  t h e  f r a c t u r e ,  

q f b ,  may b e  expressed  a s  t h e  p roduc t  of t h e  c o n s t a n t  v o l u m e t r i c  f low r a t e  

through t h e  f r a c t u r e  ( Q f )  and t h e  t ime  e l a p s e d  between t h e  i n s t a n t  a t  which 

t h e  w a t e r  l e v e l  r e a c h e s  t h e  f r a c t u r e  ( t f )  and t h e  t ime  of a  l a t e r  w a t e r  

'J 

l e v e l  measurement ( t b )  . Hence, 

where tf i s  t h e  t ime  a t  which t h e  w a t e r  l e v e l  
i n  t h e  w e l l  r e a c h e s  t h e  f r a c t u r e  

tb i s  t h e  t i m e  a t  which t h e  w a t e r  l e v e l  
i n  t h e  w e l l  r e a c h e s  t h e  l e v e l  of St 
below t h e  f r a c t u r e  (measured from t h e  
i n i t i a l  w a t e r  l e v e l )  

q f b  i s  t h e  t o t a l  volume of  w a t e r  t h a t  h a s  
e n t e r e d  t h e  w e l l  b o r e  through t h e  f r a c t u r e  
from t h e  t ime  t h e  water l e v e l  passes the 
f r a c t u r e  t o  t h e  t i m e  t h e  w a t e r  l e v e l  
r e a c h e s  a  drawdown -St below t h e  
f r a c t u r e .  

The t o t a l  volume of w a t e r  pumped from t h e  w e l l  a f t e r  t h e  w a t e r  l e v e l  

p a s s e s  t h e  f r a c t u r e ,  qpb,  i s  t h e  sum of t h e  volume of w a t e r  removed from t h e  

w e l l  b o r e ,  qwb, and t h e  volume t h a t  e n t e r s  t h e  w e l l  th rough  t h e  f r a c t u r e  i n  

t h e  t ime i n t e r v a l  ( t b  - t f ) ,  q f b :  

qpb = qwb+ qfb (Equat ion 3a ;  d e n s i t y  of w a t e r ,  a  common f a c t o r  
t o  a l l  terms of t h e  e q u a t i o n , h a s  been removed.) 



Conver t ing  t o  v a l u m e t r i c  f low r a t e ,  Q p b 9  

Equa t ions  (12)  and (13) e x p r e s s  t h e  r e l a t i o n s h f p s  among t h e  pumping r a t e ,  t h e  

r a t e  of w a t e r  rem,oval from t h e  w e l l  b o r e ,  and t h e  r a t e  of w a t e r  f low i n t o  t h e  

w e l l  b o r e  from t h e  f r a c t u r e  d u r i n g  t h e  t ime  i n t e r v a l  i n  which t h e  w a t e r  l e v e l  

i n  t h e  w e l l  b o r e  i s  below t h e  f r a c t u r e .  

Combined R e l a t i o n s h i p :  When e q u a t i o n s  ( 3 ~ 1 ,  (8c), and (11)  a r e  e x p r e s s e d  

i n  terms of t h e  volume of w a t e r  pumped (q) and t h e n  a r e  combined t o  g i v e  t h e  

e q u a t i o n  f o r  t h e  t o t a l  volume of w a t e r  pumped, t h e  e q u a t i o n  i s  

where q i s  t h e  t o t a l  volume 05 w a t e r  pumped from t h e  
pT w e l l  d u r i n g  t h e  pumping test 

StT i s  t h e  t o t a l  drawdown of t h e  w a t e r  l e v e l  i n  
t h e  w e l l  d u r i n g  t h e  pumping t e s t ,  

and t h e  o t h e r  symbols are  a s  p r e v i o u s l y  d e f i n e d .  

The R o m n u m e r a l s  benea th  t h e  e q u a t i o n  i n d i c a t e  t h e  meaning o f  each term:  

I:  volume of w a t e r  removed from t h e  w e l l  b o r e  a l o n e  

11: volume of w a t e r  f l o w i n g  i n t o  t h e  w e l l  from t h e  f r a c t u r e  up t o  
t h e  t ime  t h e  w a t e r  l e v e l  r e a c h e s  t h e  l e v e l  of t h e  f r a c t u r e  

111: volume of w a t e r  f l o w i n g  i n t o  t h e  w e l l  from t h e  f r a c t u r e  between 
t h e  t ime  t h e  w a t e r  l e v e l  r e a c h e s  t h e  f r a c t u r e  and t h e  t ime  t h e  
pump i s  t u r n e d  o f f .  





de te rmined ,  and St, i s  measured from t h e  drawdown c u r v e .  

S t x  r e p r e s e n t s  t h e  p o i n t  a t  which t h e  drawdown c u r v e  p a s s e s  f r o m a  

t r a n s i e n t  s t a g e  t o  a semi-steady s t a t e  s t a g e .  F i g u r e  4 i P Y u s t r a t e s  a  t y p i c a l  

drawdown curve ,  and t h e s e  two s t a g e s  a r e  i n d i c a t e d  on i t ,  S t x i s  determined 

g r a p h i c a l l y  a s  t h e  p o i n t  a t  which t h e  drawdown c u r v e  becomes a  s t r a i g h t  S i n e  

on t h e  semi log  p l o t .  

Knowledge of t h e  p o s i t i o n  of St, on t h e  c u r v e  p e r m i t s  s o l u t i o n  f o r  t h e  

w e l l  f a c t o r  C A f .  A sample c a l c u l a t i o n  f s  g iven  i n  Appendix A .  CAf i s  n o t  a  

unique c h a r a c t e r i s t i c  of each w e l l ,  f o r  i t  i s  i n f l u e n c e d  by t h e  h y d r a u l i c s  of 

t h e  sys tem and t h e  c r o s s - s e c t i o n a l  a r e a  of t h e  f r a c t u r e ,  With e x p e r i e n c e  one 

may e v a l u a t e  f n d i v i d u a l  w e l l s  and compare t h e i r  y i e l d s  s e m i q u a n t i t a t i v e l y  u s i n g  

t h e  f a c t o r .  

The c u r v e s  of F i g u r e  5 show t h e  r e l a t i o n s h i p  between CAf, drawdown S t ,  

and t h e  v o l u m e t r i c  f low r a t e  from t h e  f r a c t u r e  based on Equa t ion  ( 6 ) .  These 

c u r v e s  can b e  used t o  understand t h e  b e h a v i o r  of a  g i v e n  w e l l  under  v a r i o u s  

pumping r a t e s  and c o n d i t i o n s  of drawdown and t o  d e t e r m i n e  approximate  l i m i t s  

t o  t h e  q u a n t i t y  of w a t e r  t h a t  can b e  produced from t h e  w e l l  a t  v a r i o u s  pumping 

r a t e s ,  

Model f o r  Comparison Between Wells 

A s t a t i s t i c a l  s t u d y  r e q u i r e s  t h a t  t h e  t h i n g s  b e i n g  compared shou ld  b e  

p laced  on some s t a n d a r d  b a s i s .  During t h e  c o u r s e  o f  c h i s  s t u d y  i t  became 

apparen t  t h a t  a  model would have t o  b e  d e v i s e d  by which v o l u m e t r i c  f low r a t e s ,  

t o t a l  volumes of w a t e r ,  s l o p e s o f h y d r a u l i e  g rade  l i n e s ,  and drawdowns cou ld  

a l l  b e  r e l a t e d  t o  one a n o t h e r ,  p e r f e r a b l y  i n  t h e  form of r a t i o s .  A s  t h e  model 

f o r  t h e  v a r i o ~ s  c a l c u l a t i o n s  a c o n i c a l  p a t t e r n  t o  t h e  h y d r a u l i c  p o t e n t i a l  

s u r f a c e  abou t  t h e  pumping w e l l  was chosen,  A d d i t i o n a l l y ,  t h e  assumption was 
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made t h a t  t h e  p o s i t i o n  of t h i s  s u r f a c e  a t  any moment cor responds  t o  t h e  

p o s i t i o n  t h e  w a t e r  t a b l e  would assume i f  t h e  r o c k s  i n t o  which t h e  w e l l  i s  

d r i l l e d  were  homogeneous. En t rance  of w a t e r  i n t o  t h e  w e l l  b o r e  from t h e  r o c k  

i s  assumed t o  t a k e  p l a c e  through one f r a c t u r e  which i s  connected t o  sub- 

s i d i a r y  f r a c t u r e s  i n  t h e  a d j a c e n t  rock  mass. Use of t h e  model o b v i a t e s  

t h e  need f o r  an  e x a c t  d e s c r i p t i o n  of t h e  f r a c t u r e  p a t t e r n .  

Because no p o r o s i t y  measurements were a v a i l a b l e  f o r  t h e  r o c k s  s t u d i e d , , a  

p o r o s i t y  of 1 p e r  c e n t  was assumed t o  app ly  t o  t h e  model. Although such a 

p o r o s i t y  may b e  h i g h  f o r  some c a s e s  and low f o r  o t h e r s ,  i t  a p p e a r s  t o  b e  a  

r e a s o n a b l e  approximat ion.  A d d i t i o n a l l y ,  t h e  v a l u e  h a s  t h e  advan tage  of ease 

of manipu la t ion  i n  t h e  c a l c u l a t i o n s .  Other  p o r o s i t i e s  cou ld  have been used.  

The f a c t o r  C , p r e v i o u s l y  d e s c r i b e d , i s  a  f u n c t i o n  of t h e  e f f e c t i v e  head 

d i f f e r e n c e  between t h e  w a t e r  l e v e l  i n  t h e  w e l l  and t h e  w a t e r  t a b l e ,  t h e  f low 

r a t e  of t h e  w a t e r  th rough  t h e  f r a c t u r e ,  t h e  i n e r t i a l  e f f e c t s  i n  t h e  sys tem,  and 

t h e  r a d i u s  o u t  from t h e  w e l l  a t  which t h e  h y d r a u l i c  g r a d e  l i n e  i n t e r s e c t s  t h e  

w a t e r  t a b l e .  I f  i t  i s  assumed t h a t  t h e  pumping of t h e  w e l l  c r e a t e s  a c o n i c a l  

p a t t e r n  i n  t h e  h y d r a u l i c  p o t e n t i a l  s u r f a c e  abou t  t h e  w e l l  and t h a t  t h e  volume 

of w a t e r  removed from t h e  f r a c t u r e s  up t o  any g i v e n  moment ( q f )  i s  a measure 

of t h e  t o t a l  volume of open s p a c e  w i t h i n  t h e  dewatered zone,  t h e n  t h e  r a d i u s  

of a n  imaginary cone whose b a s e  l i e s  a t  t h e  w a t e r  t a b l e  can b e  computed. An 

a d d i t i o n a l  n e c e s s a r y  assumption i s  t h a t  governing t h e  p o s i t i o n  of t h e  apex of 

t h e  cone.  I n  t h e  model used i n  t h i s  s t u d y  t h e  apex i s  p l a c e d  a t  t h e  drawdown 

Stx, t h e  p o i n t  a t  which t h e  h y d r a u l i c  sys tem assumes a semi-s teady s t a e  , ~ o n d i t i o n .  

Other  assumptions  cou ld  have been made, t h e i r  e f f e c t  b e i n g  t o  g i v e  a d i f f e r e n t  

c o n f i g u r a t i o n  t o  t h e  t h e o r e t i c a l  h y d r a u l i c  s u r f a c e  a b o u t  t h e  well, b u t  t h e  

p o s i t i o n  of Stx i s  r e l a t i v e l y  e a s i l y  determined from t h e  drawdown curve .  The 



c o n i c a l  r e l a t i o n s h i p  seems t o  f i t  b e s t  t h e  average  c o n d i t i o n  abou t  a  pumped 

w e l l .  A  t e c h n i q u e  u t i l i z i n g  t h e  assumption of a  s t a n d a r d  c r o s s - s e c t i o n a l  a r e a  

f o r  t h e  f r a c t u r e  through which t h e  w a t e r  i s  assumed t o  e n t e r  t h e  w e l l  could  

have been deve loped ,  b u t  t h e  approach seems f r a u g h t  w i t h  more d i f f i c u l t i e s  t h a n  

t h e  s imple  c o n i c a l  model assumed h e r e .  

From t h e  assumption concern ing  t h e  p o r o s i t y  of t h e  r o c k s  i t  i s  p o s s i b l e  

t o  compute t h e  s l o p e  ( t a n  0) of t h e  s i d e s  of t h e  cone,  i . e . ,  t h e  h y d r a u l i c  

g rade  l i n e .  Sample c a l c u l a t i o n s  a r e  g iven  i n  Appendix B. The r a t i o  of t h e  

s l o p e  t o  t h e  w e l l  f a c t o r ,  C A f ,  i s  a  c h a r a c t e r i s t i c  of t h e  i n d i v i d u a l  w e l l  

and r e f l e c t s  t h e  pumping r a t e ,  t h e  r e s p o n s e  of t h e  h y d r a u l i c  sys tem t o  t h e  

pumping s t r e s s ,  and t h e  drawdown a t  which semi-s teady s t a t e  c o n d i t i o n s  s e t  i n .  

High y i e l d  w e l l s  w i t h  low Stx v a l u e s  w i l l  e x h i b i t  v e r y  low r a t i o s ,  and low 

y i e l d  w e l l s  w i t h  h i g h  Stx v a l u e s  w i l l  have h i g h  v a l u e s  f o r  t h e  r a t i o  

Under some c i rcumstances  i t  i s  p o s s i b l e  t h a t  w e l l s  of q u i t e  d i f f e r e n t  

drawdowns and y i e l d s  may have s i m i l a r  v a l u e s  f o r  CAf a s  i t  i s  a f u n c t i o n  of 

b o t h  drawdown and pumping r a t e ;  s o  t h e  f a c t o r  i s  n o t  n e c e s s a r i l y  m u t u a l l y  

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

y i e l d s  of two o r  more w e l l s  and p robab ly  h a s  a  u s e  i n  comparison of t h e  

g e o l o g i c a l  f a c t o r s .  A  s i m i l a r  s t a t e m e n t  can b e  made f o r  t h e  t a n  B/CAf 

(Appendix B )  . 
The s l o p e  of t h e  h y d r a u l i c  g rade  l i n e  can b e  used t o  b r i n g  t h e  observed 

d a t a  t o  s t a n d a r d  c o n d i t i o n s .  Under a  p a r t i c u l a r  s e t  of c o n d i t i o n s  t h e  h y d r a u l i c  

g rade  l i n e  s l o p e  r e f l e c t s  t h e  r e s p o n s e  of t h e  h y d r a u l i c  sys tem t o  t h e  pumping 

s t r e s s .  The r e s p o n s e  i s  r e f l e c t e d  i n  t h e  w e l l  f a c t o r  C A f .  I f  i t  i s  assumed 

t h a t  CAf remains  c o n s t a n t  w i t h  a  change i n  t h e  s l o p e  of t h e  h y d r a u l i c  g rade  l i n e ,  



and i f  some s t a n d a r d  drawdown i s  assumed (100 f e e t  f o r  t h i s  s t u d y ) ,  t h e  

c a l c u l a t i o n s  f o r  t h e  r a d i u s  of t h e  cone can b e  r e v e r s e d .  By t h i s  c a l c u l a t i o n  

t h e  r a d i u s  of a  " s tandard  cone" i s  determined.  The r a t i o  between t h e  y i e l d  

from t h e  f r a c t u r e s  a t  t h e  drawdown Stx and t h e  r a d i u s  of t h e  s t a n d a r d  cone 

can be  t aken  a s  a c h a r a c t e r i s t i c  of t h e  w e l l  and i t s  a s s o c i a t e d  h y d r a u l i c  

sys tem,  and t h i s  c o e f f i c i e n t  can b e  used f o r  comparing w e l l s .  

For t h e  purposes  of w e l l  comparison t$e  h y d r a u l i c  g r a d e  l i n e  s l o p e  must 

be  s t a n d a r d i z e d .  T h i s  p r o c e s s  may b e  accomplished by t h e  assumption of a 

s l o p e  of 45' f o r  t h e  h y d r a u l i c  g rade  l i n e  and t h e  m u l t i p l i c a t i o n  of t h e  

v a r i o u s  f a c t o r s  t h a t  can b e  c a l c u l a t e d  f o r  t h e  s t a n d a r d  c o n d i t i o n s  by t h e  

r a t i o  o f  t h e  t a n g e n t  of 45' t o  t h e  t a n g e n t  of t h e  s l o p e  a n g l e  of t h e  h y d r a u l i c  

grade l i n e ,  t a n  45 . 
t a n  O 

The most u s e f u l  f a c t o r  f o r  comparison of w e l l s  a p p e a r s  t o  be  t h e  r a t i o  

Qfs - f o r  t h e  s t a n d a r d  c o n d i t i o n  where Q f s  i s  t h e  c a l c u l a t e d  f low through 
rs 

t h e  f r a c t u r e s  f o r  a  45' s l o p e  of t h e  h y d r a u l i c  g rade  l i n e  and a  s t a n d a r d  

drawdown of 100 f e e t , a n d  rs i s  t h e  c a l c u l a t e d  r a d i u s  of t h e  s t a n d a r d  cone 

/ based on a  s t a n d a r d  drawdown of 100 f e e t .  

Q f  s The r a t i o  t a k e s  i n t o  account  t h e  d i f f e r e n t  r a t e s  of pumping, t h e  
s 

d i f f e r e n t  drawdowns, and e x p r e s s e s  on a  s t a n d a r d  b a s i s  t h e  y i e l d s  of t h e  

i n d i v i d u a l  w e l l s .  Th i s  r a t i o  appears  t o  b e  d e f i n i t i v e  of t h e  c h a r a c t e r  of 

t h e  i n d i v i d u a l  w e l l  and t o  be  r e p e a t e d  i n  an  i n d i v i d u a l  w e l l  where s e v e r a l  

pumping t e s t s  a t  v a r i o u s  pumping r a t e s  and drawdowns were  made. I n  t h e  one 

w e l l  where t h e  t e c h n i q u e  could  be  checked a g a i n s t  a n  St, of 100 f e e t ,  

Qfs t h e  r a t i o  c a l c u l a t e d  from o t h e r  pumping r a t e s  and drawdowns f o r  t h e  same 
s 

w e l l  compared f a v o r a b l y  w i t h  t h e  v a l u e  o b t a i n e d  from t h e  pumping r a t e  and 

drawdown of 100 f e e t  o b t a i n e d  i n  one t e s t  (Well 1 1 1 ) .  



The y i e l d  p e r  f o o t  of drawdown under s t a n d a r d  c o n d i t i o n s  can a l s o  b e  

computed a s  may t h e  s l o p e  of t h e  semi-steady s t a t e  p o r t i o n  of t h e  c u r v e  f o r  

s t a n d a r d  c o n d i t i o n s  (Appendix C).  

I n  some c a s e s  t h e  v a l u e s  o b t a i n e d  from t h e  s e v e r a l  c a l c u l a t i o n s  may 

be  u n r e a l i s t i c  i n s o f a r  a s  p o s s i b l e  a c t u a l  w e l l  y i e l d s  a r e  concerned.  Th is  

f a c t  i s  r e l a t e d  t o  t h e  assumptions  made f o r  t h e  s t a n d a r d  c o n d i t i o n s .  In  t h i s  

i n v e s t i g a t i o n  t h e  s t a n d a r d  c o n d i t i o n s  were t a k e n  a s  1 p e r  c e n t  p o r o s i t y  and 

100 f e e t  of drawdown (Sts)  f o r  t h e  change from t r a n s i e n t  t o  semi-s teady s t a t e  

c o n d i t i o n s .  A sample c a l c u l a t i o n  is  g i v e n  i n  Appendix C .  

The v o l u m e t r i c  r a t e  of f low from t h e  f r a c t u r e  i n t o  t h e  w e l l  b o r e  a t  t h e  

i n s t a n t  of drawdown St, i s  Q f x .  Th i s  f low r a t e ,  determined from t h e  pumping 

r a t e  and from t h e  r a t e  of w a t e r  l e v e l  drop in t h e  w e l l ,  is c o n v e r t e d  th rough  

u s e  of t h e  w e l l  f a c t o r  , C A f ,  t o  a comparable i n f l o w  r a t e  under  s t a n d a r d  

c o n d i t i o n s  (Qfs).  The pumping r a t e  i s  conver ted  on t h e  assumption t h a t  t h e  

drawdown w i t h i n  t h e  w e l l  and pumping r a t e  a r e  s t r a i g h t  l i n e  f u n c t i o n s  of one 

a n o t h e r  under semi-s teady s t a t e  c o n d i t i o n s .  T h i s  i s  t h e  assumption made i n  

t h e  e v a l u a t i o n  of a  w e l l  i n  terms of i t s  s p e c i f i c  c a p a c i t i e s  a t  d i f f e r e n t  

pumping r a t e s .  

APPLICATION OF THE THEORY 

Once t h e  b e h a v i o r  o f  t h e  h y d r a u l i c  sys tem under  one c o n d i t i o n  of s t r e s s  

i s  de te rmined ,  t h r e e  r o u t e s  t o  f u r t h e r  i n v e s t i g a t i o n  of t h e  w e l l  can b e  

fol lowed:  (1)  The stress can  b e  removed and t h e  sys tem al lowed t o  r e t u r n  

t o  i t s  i n i t i a l  c o n d i t i o n s  b e f o r e  a d d i t i o n a l  s t r e s s e s  a r e  p l a c e d  upon i t .  

( 2 )  I f  t h e  i n i t i a l  pumping r a t e  was s e t  low enough, t h e  pumping r a t e  can 

b e  i n c r e a s e d  i n  a  s e r i e s  of s f t eps ,  and a  step-drawdown t e s t  made. (3) The 



i n f o r m a t i o n  from one s t r e s s  a p p l i c a t i o n  can be u t i l i z e d  t o  p r e d i c t  t h e  

b e h a v i o r  of t h e  w e l l  and t o  compare i t  w i t h  o t h e r  w e l l s .  The l o g i s t i c  

problems connected w i t h  t h e  p r e s e n t  i n v e s t i g a t i o n  r e q u i r e d  t h e  t h i r d  approach.  

Four teen  w e l l s  were  pumped one o r  more t imes  d u r i n g  t h e  c o u r s e  of t h e  

i n v e s t i g a t i o n .  T h e i r  l o c a t i o n s  a r e  g iven  i n  t h e  t a b l e  of Appendix D t o g e t h e r  

w i t h  t h e i r  g e o l o g i c  s e t t i n g ;  t h e i r  l o c a t i o n s  a r e  p l o t t e d  on t h e  map of F i g u r e  

1. Table  I summarizes t h e  p e r t i n e n t  i n f o r m a t i o n  o b t a i n e d  from t h e s e  w e l l s .  

Appendix E summarizes t h e  t e c h n i q u e  used i n  d a t a  c o l l e c t i o n  and g i v e s  

diagrammatic examples of t h e  c u r v e s  u s e d ,  

To demons t ra te  t h e  p o s s i b l e  u s e  of t h e  w e l l  f a c t o r  and t h e  r a t i o  of 

Qfs - f o r  s t a n d a r d  c o n d i t i o n s ,  F i g u r e  6 and F i g u r e  7 a r e  p r e s e n t e d .  I n  each 
s 

f i g u r e  rock  t y p e  i s  p l o t t e d  a g a i n s t  t h e  pa ramete rs  which a r e  used i n  

d e s c r i b i n g  t h e  w e l l s .  Other  diagrams and c u r v e s  cou ld  b e  used t o  i l l u s t r a t e  

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

No s t a t i s t i c a l  e v a l u a t i o n  of rock  t y p e s ,  topograph ic  p o s i t i o n ,  s o i l  

t h i c k n e s s  o r  o t h e r  g e o l o g i c  f a c t o r s  invo lved  i n  w a t e r  y i e l d s  a r e  p r e s e n t e d  

as t h e  number of w e l l s  i n v e s t i g a t e d  i s  i n a d e q u a t e  f o r  such c a l c u l a t i o n s .  

The t h e o r y  h a s  been developed on t h e  b a s i s  of a  w e l l  i n t e r s e c t i n g  a  

s i n g l e ,  more o r  l e s s  uniform,  f r a c t u r e .  Complicat ions  a r i s e  when t h e  w a t e r  

i s  c o n t a i n e d  i n  a c a v i t y  which i s  n o t  r echarged  a t  t h e  pumping r a t e  o r  t h e  

r a t e  a t  which t h e  w a t e r  e n t e r s  t h e  w e l l .  Also ,  p r e s e n c e  of more t h a n  one 

f r a c t u r e  sys tem s u p p l y i n g  w a t e r  i n f l u e n c e s  t h e  r e l a t i o n s h i p s .  I f  one 

f r a c t u r e  i s  comple te ly  independent  of t h e  o t h e r s ,  i t s  p r e s e n c e  may b e  

recognized  by changes i n  t h e  s l o p e  of t h e  semi-s teady s t a t e  p o r t i o n  of t h e  

drawdown curve .  I n  any e v e n t ,  semi-s teady s t a t e  c o n d i t i o n s  probably  

o b t a i n  b e f o r e  a  f r a c t u r e  i s  reached  by t h e  w a t e r  l e v e l  s o  t h a t  even i f  t h e r e  



TABLE I 

Pump T e s t  Data  
t a n  0  

qfx* Qfx* C A f  r t a n 0  - r q -  
S t x  QP 

Well Test ( f e e t )  (gpm) ( g a l )  ( g p d  &pm 
1% p o r o s i t y  

No. No. G t / s e J  ( f t )  

V I I  1 

VIII 1 

X I V  1 30 1 0  12 .5  .011 2 . 1  14.0  1 . 2 3  x  10' 

- t o t a l  volume of w a t e r  t h a t  h a s  f lowed i n t o  t h e  w e l l  a t  t h e  i n s t a n t  '\ 4 f x  - 
t h e  drawdown r e a c h e s  S t x .  

Q f x  = t h e  v o l u m e t r i c  f low r a t e  from t h e  f r a c t u r e  a t  t h e  same i n s t a n t .  



TABLE I (Cont ' d )  

Pump T e s t  Data  

V I I I  1 1.1 2.2 .011 . a l l  .13 

I X 1 8 . 1  4.2 .081 .081 .087 
3 8 .9  7.5 .088 .089 .ll 
4 7.9 3.7 .079 .079 .084 

X I V  1 .92 7.14 .13 .009 ,017 2.5 

* Q f c  , rc, c a l c u l a t e d  on b a s i s  of 1% p o r o s i t y  and Stx = 100 f t .  Q f s ,  rs,  a r e  

Qfcand r c c o r r e c t e d  t o  a  s t a n d a r d  h y d r a u l i c  g r a d i e n t  of 111 by u s i n g  t h e  

r a t i o  t a n  45 ; Sts i s  t h e  s t a n d a r d  drawdown, S t x  = 100 f t .  
t a n  O 
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i s  more t h a n  one f r a c t u r e  p r o v i d i n g  w a t e r ,  t h e  changes of p r e s s u r e ,  v e l o c i t y ,  

and s l o p e  of t h e  h y d r a u l i c  g r a d i e n t s  a r e  g r a d u a l  and of a semi-steady s t a t e  

n a t u r e .  For  each w e l l  t h e  ev idence  must b e  judged upon i ts  own merits. 

I n  a n  i d e a l i z e d  sys tem w i t h o u t  f r i c t i o n  o r  o t h e r  c o m p l i c a t i o n s  t h e  draw- 

down f o r  i n c e p t i o n  of semi-s teady s t a t e  c o n d i t i o n s ,  St,, would b e  t h e  

drawdown t o  t h e  s i n g l e  f r a c t u r e  of t h e  model; however, i n  a  r e a l  w e l l  St, p robab ly  

r e p r e s e n t s  a b a l a n c i n g  of s e v e r a l  i n f l u e n c e s  on t h e  sys tem,  Accord ing ly ,  i t  

can b e  b e s t  viewed a s  a n  " e f f e c t i v e  S f . "  

The graphs  of t h e  drawdown - v s  CAf can  b e  used t o  e s t i m a t e  t h e  b e h a v i o r  

of a  g iven  w e l l  under a  v a r i e t y  of s t r e s s e s .  The c u r v e s  of F i g u r e  5 can b e  

e n t e r e d  u s i n g  t h e  CAf and t h e  Q f x  determined from a  pumping t e s t .  E s t i m a t e s  

of o t h e r  drawdowns r e q u i r e d  f o r  a  s i m i l a r  Qf, can b e  made and t h e  pumping 

r a t e  r e q u i r e d  t o  a c h i e v e  semi-steady s t a t e  c o n d i t i o n s  of t h e s e  drawdowns can 

b e  e s t i m a t e d  from t h e  r e l a t i o n s h i p s :  

dS 
By t h e  assumption of v a r i o u s  v a l u e s  f o r  & one can c a l c u l a t e  t h e  s l o p e  of 

t h e  drawdown c u r v e  a t  semi-steady s t a t e  c o n d i t i o n s ,  and t h e  v a l u e  of t h e  

pumping r a t e  n e c e s s a r y  t o  a c h i e v e  t h e  semi-s teady s t a t e  c o n d i t i o n s  f o r  a  

g iven drawdown. Also,  t h i s  c a l c u l a t i o n  l e a d s  t o  e s t i m a t e s  of t h e  amount of 

w a t e r  t h a t  can b e  withdrawn from t h e  r o c k s  a t  a g i v e n  pumping r a t e ,  drawdown, 

and y i e l d  from t h e  f r a c t u r e s .  High pumping r a t e s  which g i v e  rise t o  s t e e p  

drawdown curve  s l o p e s  w i l l  n o t  n e c e s s a r i l y  y i e l d  l a r g e  t o t a l  volumes of w a t e r .  

The f o l l o w i n g  c a l c u l a t i o n  i s  p r e s e n t e d  t o  demons t ra te  t h e  u s e  o f  t h e  

c u r v e s  of F i g u r e  5 .  Assume a  CA v a l u e  of 0 .09 
f  * and a  Q f x  v a l u e  



of 5  gprn w i t h  a  semi-s teady s t a t e  drawdown, Stx, of 50 f e e t .  Fol lowing 

t h e  5 gprn curve  t o  a  drawdown of 25 f e e t ,  one f i n d s  a  CAf v a l u e  of 

0.125 gprn . A t  what r a t e  shou ld  t h i s  w e l l  b e  pumped i f  a drawdown c u r v e  
f t l s e c  

s l o p e  of 0.05 f t / m i n  i s  d e s i r e d ?  How much w a t e r  can b e  expec ted  from t h e  

f r a c t u r e s  a t  t h i s  pumping r a t e  assuming an  i n f i n i t e  r e s e r v o i r  w i t h o u t  g e o l o g i c  

boundary c o n d i t i o n s ?  Assume a  6-inch w e l l ,  

I f  t h e  w e l l  i s  t o  y i e l d  5  gprn on a  s u s t a i n e d  b a s i s  ( s e v e r a l  h o u r s ) ,  t h e  

pumping r a t e  is  determined as f o l l o w s :  

= 0.073 gprn 

Qp = 0.073 + 5  = 5.07 gpm. 

The amount of w a t e r  t o  b e  o b t a i n e d  from t h e  f r a c t u r e  i s  

5 gprn x  60 min lhr  = 300 g a l l h r .  

I n  one hour  t h e  drawdown would b e  t h r e e  f e e t  from 25 f e e t  t o  28 f e e t .  

The e x a c t  b e h a v i o r  of t h e  w e l l  and i t s  a s s o c i a t e d  h y d r a u l i c  sys tem . 

d u r i n g  t h e  t r a n s i e n t  s t a g e s  can n o t  b e  p r e d i c t e d  u s i n g  t h e  CAf f a c t o r .  

Thus t h e  t i m e  a t  which t h e  semi-steady s t a t e  would b e  reached  a f t e r  pumping 

b e g i n s  can n o t  b e  p r e d i c t e d  w i t h  g r e a t  a c c u r a c y ,  y e t  knowledge of t h e  

pumping r a t e  and t h e  l i m i t s  o f  t h e  s t r a i g h t - l i n e  p o r t i o n  of t h e  c u r v e  p e r m i t  

a  r e a s o n a b l e  e s t i m a t e .  

Obviously a  w e l l  h a s  a  maximum y i e l d  from t h e  f r a c t u r e s ,  depending upon 

t h e  h y d r a u l i c  r e l a t i o n s h i p s w i t l - d n t h e  sys tem.  The c u r v e s  of F i g u r e  5  can b e  

u t i l i z e d  t o  e s t i m a t e  t h e  drawdown, s l o p e ,  pumping r a t e ,  and maximum v o l u m e t r i c  

f low r a t e  from t h e  f r a c t u r e s .  



RECOVERY CURVES 

Recovery curves  a r e  an  impor tan t  means of e v a l u a t i n g  t h e  b e h a v i o r  of 

a  w e l l .  I n  t h i s  s t u d y  t h e  t h e o r e t i c a l  a n a l y s i s  h a s  been c o n c e n t r a t e d  on t h e  

development of e v a l u a t i o n  t echn iques  u t i l i z i n g  t h e  drawdown c u r v e s .  S i m i l a r  

a n a l y s e s  have been made i n  a  p r e l i m i n a r y  manner f o r  t h e  recovery  c u r v e s .  

It appears  t h a t  t h e  p o i n t  of maximum c u r v a t u r e  on t h e  recovery  c u r v e  may b e  

of s i g n i f i c a n c e .  Taken t o g e t h e r  w i t h  t h e  s l o p e  of t h e  t a n g e n t  t o  t h e  c u r v e  

a t  t h i s  p o i n t  and t h e  q u a n t i t y  of w a t e r  removed from t h e  sys tem,  t h e  drawdown 

and t ime  which d e f i n e  t h i s  p o i n t  may p r o v i d e  u s e f u l  i n f o r m a t i o n .  T h i s  d a t a  

probably  can b e  used f o r  comparing t h e  y i e l d s  of w e l l s  and t h e i r  h y d r a u l i c  

sys tems on a  s t a n d a r d  b a s i s .  

The e a r l y  p a r t  o f  t h e  recovery  c u r v e  r e p r e s e n t s  t r a n s i e n t  c o n d i t i o n s ;  

t h e  s h a r p  c u r v a t u r e  found on most curves  r e p r e s e n t s  a  l a t e  t r a n s i e n t  s t a g e .  

Although many r e c o v e r y  c u r v e s  approach a  s t r a i g h t  l i n e  i n  t h e  l a t t e r  p a r t  o f  

t h e  recovery  p e r i o d ,  o t h e r s  a r e  e x p o n e n t i a l  i n  form. Hence i t  a p p e a r s  t h a t  

an  a n a l y s i s  of t h e  recovery  c u r v e  i n  t h e  l a t e r  t r a n s i e n t  p a r t  may p r o v i d e  

impor tan t  i n f o r m a t i o n  abou t  t h e  b e h a v i o r  of t h e  h y d r a u l i c  sys tem.  An analogy 

between t h e  w e l l  and a s u r g e  t a n k  i n  a  p i p e  sys tem seems a p p r o p r i a t e  t o  t h e  

problem. 

SUGGESTED FURTHER WORK 

The approach t o  w e l l  y i e l d s  d e s c r i b e d  h e r e i n  needs  t o  b e  t e s t e d  more 

f u l l y  t h a n  was p o s s i b l e  i n  t h e  p r e s e n t  i n v e s t i g a t i o n .  I n  p a r t i c u l a r ,  t h e  

v a r i o u s  r a t i o s  and c o n s t a n t s  d e r i v e d  from t h e  a n a l y s i s  of t h e  pumping t e s t s  

need t o  b e  r e l a t e d  t o  t h e  g e o l o g i c  f a c t o r s .  



Uses of recovery  d a t a  i n  t h e  e v a l u a t i o n  of w e l l  y i e l d s  w i t h  r e s p e c t  t o  

t h e  v a r i o u s  g e o l o g i c  f a c t o r s  need t o  b e  s t u d i e d  f u r t h e r .  The e x a c t  meaning 

of t h e  r e c o v e r y  curves  and t h e i r  v a r i o u s  p a r t s  i n  terms of l o c a l  g e o l o g i c  

f a c t o r s  as w e l l  a s  t h e  h y d r a u l i c  sys tem shou ld  b e  i n v e s t i g a t e d .  

C a r e f u l l y  planned and execu ted  s t u d i e s  of models might  a i d  i n  

i n t e r p r e t i n g  t h e  v a r i o u s  pumping and recovery  d a t a .  
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APPENDIX A 

C a l c u l a t i o n  of Well F a c t o r ,  CAf 

Based on d a t a  from Well I V  

St, = 132 f t .  (from drawdown c u r v e )  

dSt = 7 . 4  f t / m i n  (from drawdown c u r v e )  
at 

Well d iamete r  = 6 i n c h e s  

QP = 29.2 gpm (from pumpimg r a t e )  

= 1 8 . 1  gpm 

Q f x  = CAf (2gSCx 

CAf = ,196 gpm 
f t l s e c  



APPENDIX B 

Sample C a l c u l a t i o n  of T h e o r e t i c a l  Cone 

Based on d a t a  from Well I V  

Assumptions : 

E f f e c t i v e  P o r o s i t y  = 1% 

q f x  = t o t a l  volume of w a t e r  removed from f r a c t u r e s  up t o  t h e  
t ime  a t  which t h e  drawdown i s  e q u a l  t o  St,; a measure 
of t h e  e f f e c t i v e  p o r o s i t y .  

S t x  = drawdown a t  moment a t  which semi-s teady s t a t e  c o n d i t i o n s  
o b t a i n = h e i g h t  of t h e  cone = 132 f t .  

q f x  " 229 g a l l o n s .  Determined from p l o t s  of 

drawdown vs qp and 

drawdown ys- qw a t  drawdown St, 

1 f t 3  = 7.48 g a l l o n s ,  
3 Vol.  of rock  i n  s t a n d a r d  cone = q f x  x 100 = 22.9 x 1 0  g a l l o n s .  

V = 113  Ah !volume of  cone)  

A = rr 2 

r = 4.71 f t .  

O = s l o p e  a n g l e  f o r  s i d e  of cone and s l o p e  of h y d r a u l i c  
g r a d e  l i n e  

t a n  O = ' tx  = 132 - - 
r 4.7  

t a n  O = 28.0 

CAf = 0.196 gpm 
f t 9 s e c  

(from c a l c u l a t i o n s  g i v e n  i n  Appendix A) 

t a n  O = 28.0 - - 
CAf 0.196 



APPENDIX C 

C a l c u l a t i o n s  f o r  t h e  S tandard  Cone 

Based on d a t a  from Well  IV. See f o o t n o t e ,  Tab le  I 
f o r  meaning of s u b s c r i p t s  of t h e  symbols. 

S tandard  drawdown, Sts = 100 f t .  

S tandard  e f f e c t i v e  p o r o s i t y  = 1% 

%x = 132 f t .  

Q f  x  = 1 8 . 1  gpm (Appendix A) 

t a n  0 = 28.0 (Appendix B) 

t a n  0 = ; f o r  s t a n d a r d  cone; S t  = Sts = 100 f t .  
r 

rs = 3.56 f t .  

Vol. of  r o c k  i n  S tandard  Cone: 

V = - n ( 3 . 5 6 1 ~  x 1 0 0  
3  

= 1320 f t 3  

1% P o r o s i t y  = 1 3 . 2  f  t' 

= 98.7  g a l l o n s  = qfx  

= 15.75 gpm 

Qps = 29.2 x  3 = 22.2 gpm 
1 3  2  

- con t inued  - 



Appendix C (cont 'd) 

= 6.4 gpm - 

Qws = q, dSt - 
dt 

This value is the theoretical semi-steady state slope 

of the drawdown curve under 100 ft. of drawdown and with a 

well factor, CAf , of 0.196. 

= 4.44 gpm 
radial ft . 

where QfslOO = Qf corrected only for St, = 100 ft. 

and r s l ~ ~  = r corrected only for Stx = LOO ft. 

Qfs = 4.44 x tan 45 - 
s tan 0 

= 0.159 gpm 
radial ft. 

Qfs = 15.8 x tan 45 - 
Sts 100 tan O 

1 1 5 . 8 ~  1 -0.0565 gpm 
100 28.0 vertical ft. 

where Qfs = Qf corrected for both standard drawdown 
and standard hydraulic grade line 

and Sts = %x corrected for both standard drawdown 
and standard hydraulic grade line. 



APPENDIX D 

Well Loca t ions  and Genera l  Geology 

S t a t i c  Water Approx. Approx. 
L e v e l *  F t .  Well  Casing Well  Pump 

Well Date  Below Casing Depth Depth Dia. Depth 
No. Loca t ion  Tes ted  Top ( f t . )  ( f t . )  ( i n . )  ( f t . )  

V I I  

Camelot Development Apr-May, 1967 5 45 - 6 2 6 
Lane of S i r  Galahad 
n e a r  i n t e r s e c t i o n  w i t h  
T r a i l  of King A r t h u r ;  
0 .5  m i .  Eas t  of Wake Co. 
Rd. 2555, n e a r  Auburn 

Camelot Development June ,  1967 
n e a r  i n t e r s e c t i o n  of 
Lane of S i r  Galahad 
and T r a i l  of M e r l i n ;  
o f f  Co. Road 2555, 
n e a r  Auburn 

End of Rockwood Dr ive  J a n . ,  1967 5 
o f f  Dura le igh  Road, 
n e a r  C r a b t r e e  Creek 

Oak P a r k ,  Hol ly  Ridge May-June,l966 2 
Road, Lot No. 103 ,  
S u p p l i e s  Community 
Water System 

Oscar  M i l l e r  Paving 
Co., Dura le igh  Hwy. 
a t  C r a b t r e e  Creek 

Arbutus Dr ive  
L a u r e l  H i l l s  ; 
House No. 4225 on 
Co. Road 1700 

Azalea  Dr ive ,  
L a u r e l  H i l l s ,  
s c o n d  l o t  from 
i n t e r s e c t i o n  w i t h  
Huckleberry  
(Lot No. 88) 

V I I I  Lake Ann Development, 
West of R a l e i g h ,  1st 
House on l a k e  s i d e  of 

Nov., 1966 

J u l y ,  1966 

J u n e ,  1966 

J u l y ,  1966 

Co. Road 1710 



APPENDIX D (Cont 'd)  

Well  Loca t ions  and Genera l  Geology 

S t a t i c  Water Approx. Approx. 
Leve l  , F t  . Well Casing Well Pump 

We1 1 Date  Below Casing Depth Depth Dia.  Depth 
No. - Locat i o n  Tes ted  Top ( f t . )  ( f t . )  ( i n . )  ( f t . )  

I X  H e r i t a g e  Acres J u n e ,  1966 1 4  128 - 5-718 118 
Mobile Home P a r k ,  
n e a r  j u n c t i o n  of Co. 
Rd. 1382 and 1380 

X Oak P a r k ,  Cor. Weaver May, 1966 5  138 
S t .  and Oak P a r k  Rd.,  
o p p o s i t e  Dundee P l a c e l  
S u p p l i e s  Community 
Water System 

X I  Residence a t  1019 June ,  1966 6  365 2  2  6-114 360 
Cowper Rd., Ra le igh  (Water f i r s t  

r e p o r t e d  a t  2 1 0 ' )  

X I 1  Approx. 1 m i .  wes t  of Feb. ,  1966 8  1 0 0 4  75 6  90 
Knigh tda le  on D a n i e l  
C i r c l e  (Co. Rd. 2576),  
o f f  Hodge Rd. (Co. Rd. 
2516),  open l o t  a d j a c e n t  
t o  Hocut t  r e s i d e n c e  

XIIF Northwest Corner Co. March, 1966 24 95 50 6  9 O+ - 
Rd. 1655 and 1757, 
n e a r  Medfie ld  E s t a t e s ,  
n e a r  n o r t h e a s t  c o r n e r  
Cary 

X I V  County Road 1757,  March, 1966 4  3  
Second House wes t  of 
c r e e k  (Lot No. 55) 



APPENDIX D (Cont 'd)  

Well Rock 
No. Type 

Topographic 
R e l a t i o n s  

S o i l  and 
S a p r o l i t e  Cover 

I G r a n i t e ;  Moderate e a s t e r l y  s l o p e  Clay- r i ch  weathered g r a n i t e ;  
c u t t i n g s  show from Rd. 2555, on s i d e  s o i l  5-10 f t .  maximum 
q u a r t z  v e i n  of s m a l l  r a v i n e  t h i c k n e s s  

I I G r a n i t e  G e n t l e  broad s o u t h e a s t e r l y  Sandy Loam; s o i l  and s a p r o l i t e  
s l o p e  t o  major  s t r e a m  probab ly  10-20 f t .  
d r a i n i n g  a r e a ;  topograph- 
i c a l l y  about  30 f t .  below I.  

I11 Quartz  micro- S teep  w e s t e r l y  s l o p e  t o  Thin c l a y - r i c h ,  p robab ly  
c l i n e  g n e i s s  t r i b u t a r y  of C r a b t r e e  over  5-10 f t .  a t  b a s e  of 

Creek; w e l l  l o c a t e d  a t  s l o p e ;  l e s s  t h a n  5  f t .  
b a s e  of s l o p e  hal fway up s l o p e .  

I V  Quar tz  micro- Well  a d j a c e n t  t o  s m a l l  S o i l  and s a p r o l i t e  cover  
c l i n e  g n e i s s ,  s t r e a m ;  l o c a l  topography about  4 f t .  C lay- r i ch  w i t h  
i r r e g u l a r l y  s l o p e s  t o  w e l l ;  r e g i o n a l l y  unweathered q u a r t z  and f e l d s p a r .  
f r a c t u r e d ;  l o c a t e d  on major s l o p e  t o  Weathered bedrock  c r o p s  o u t  
q u a r t z  t r i b u t a r y  of C r a b t r e e  w i t h i n  1 5  f t .  of w e l l  s i t e .  
v e i n s .  Creek 

V Quartz- Moderate ly  s t e e p  s l o p e  S o i l  and s a p r o l i t e  1-5 f t .  
m i c r o c l i n e  s o u t h e a s t e r l y  t o  i n  p l a c e s ;  a t  w e l l  s i t e  
g n e i s s  ; C r a b t r e e  Creek,  abou t  one- - +10 f t .  
q u a r t z  d i s c  t h i r d  way down s l o p e .  
g n e i s s  w e l l -  Topographic s l o p e  i n  g e n e r a l  
j o i n t e d  s t r i k e  d i r e c t i o n  of f o l i a t i o n  

and l i n e a t i o n .  

V I  Quar tz  S t e e p  s l o p e  nor thward t o  Less  t h a n  1 0  f t .  Bedrock 
m i c r o c l i n e  C r a b t r e e  Creek.  About o u t c r o p s  on h i l l s i d e  below 
g n e i s s  ; o n e - t h i r d  d i s t a n c e  from house.  
p o s s i b l y  c r e s t  of h i l l  a t  Galax D r .  
d r i l l e d  i n t o  (Co. Rd. 1699) t o  C r a b t r e e  
muscovite-  Creek,  on e a s t  s i d e  of s m a l l  
g a r n e t  r a v i n e .  
s c h i s t  zone 
w i t h i n  t h e  
g n e i s s  

V I I  Quartz-  S t e e p  n o r t h e r l y  s l o p e  t o  Less  t h a n  1 0  f t .  Weathered 
m i c r o c l i n e  C r a b t r e e  Creek. Lot  l o c a t e d  bedrock o u t c r o p s  nearby  
g n e i s s ,  n e a r  t o p  of h i l l .  c l a y - r i c h ,  b u t  w i t h  
p o s s i b l y  i n  High r e g i o n a l l y  a l s o .  r e l a t i v e l y  unweathered 
q u a r t z  d i s c  f ragments  of m i n e r a l s .  
v a r i e t y  
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Well Rock Topographic 
No. - Type R e l a t i o n s  

V I I I  Mica- Moderate ly  s t e e p  h i l l s i d e ,  
hornb lende  abou t  h a l f  way down s l o p e  
g n e i s s ;  t o  l a k e ,  and about  20 f t .  
s c h i s  t o s e  above l a k e  l e v e l .  
t e x t u r e  

I X  Quar tz  micro- Broad, g e n t l e  s l o p e ,  n e a r  
c l i n e  g n e i s s ,  i t s  b a s e  
h i g h  mica 
c o n t e n t  

X Quar tz  micro- Broad g e n t l e  s l o p e  t o  
c l i n e  g n e i s s .  t r i b u t a r y  t o  C r a b t r e e  

Creek n e a r  b a s e  of n o r t h -  
w e s t e r l y  s l o p e .  Located 
on n o r t h e r l y  s l o p e  of 
r i d g e  on which Well V i s  
l o c a t e d  on s o u t h e r l y s l o p e .  

X I  Quartz micro- B u i l t  up a r e a  i n  Ra le igh  
c l i n e  g n e i s s ;  C i t y  l i m i t s ;  i n  low a r e a  
h i g h l y  a d j a c e n t  t o  s m a l l  s t r e a m ;  
micaceous,  w e l l  abou t  midway up g e n t l e  
common s l o p e  t o  c r e e k .  
q u a r t z  v e i n s .  

S o i l  and 
S a p r o l i t e  Cover 

Less  t h a n  1 0  f t .  

C lay- r i ch ,  5 f e e t  e s t i m a t e d ,  
s a p r o l i t e  5 f e e t  on a v e r a g e  
i n  a r e a .  

Cover l e s s  t h a n  1 0  f t .  
Bedrock o u t c r o p s  nearby .  

Not e s t i m a t e d .  

X I 1  G r a n i t e  w i t h  H i l l s i d e  about  40 f t .  below Well-weathered medium 
q u a r t z  c r e s t  of r i d g e  and abou t  300 g r a i n e d  g r a n i t e ;  c l a y - r i c h ;  
v e i n l e t s  . yds .  h o r i z o n t a l l y  on broad s o i l  cover  5-10 f t .  t h i c k  

g e n t l e  s l o p e ;  a d j a c e n t  t o  r i d g e  c r e s t .  
minor draw i n  s l o p e .  

X I 1 1  Mica- Wes te r ly  s l o p e  t o  s t r e a m  S o i l  and s a p r o l i t e  cover  
hornb lende  i n  g e n e r a l l y  r e g i o n a l l y  20 f t .  a l t h o u g h  less on 
g n e i s s  h i g h  a r e a .  About 30 f t .  r i d g e  t o  e a s t ;  s o i l  

above s t r e a m  and half-way c l a y - r i c h .  
down s l o p e .  

X I V  Mica- Near c r e s t  of r i d g e ;  S o i l  c l a y - r i c h ;  e s t i m a t e d  
hornblende d r a i n a g e  t o  E, and S. t o  t o  b e  1 0  f t .  w i t h  1 0  f t .  o r  more 
g n e i s s  ; s t r e a m  s e p a r a t i n g  t h i s  of s a p r o l i t e .  
c u t t i n g s  w e l l  from Well XIII. 
show g n e i s s i c  
t e x t u r e  



APPENDIX E 

The f o l l o w i n g  paragraphs  d e s c r i b e  t h e  t e c h n i q u e  used i n  making t h e  

pumping t e s t s  and i n  i n t e r p r e t i n g  t h e  d a t a  the re f rom.  Also i n c l u d e d  i n  t h e  

d e s c r i p t i o n  a r e  t h e  t y p i c a l  c u r v e s  p l o t t e d  from t h e  d a t a  and a  b r i e f  

e x p l a n a t i o n  of t h e i r  u s e .  

Pumping T e s t  

Some of t h e  pumping t e s t s  were  r u n  w i t h  t h e  p r o j e c t ' s  pump, a  one- 

horsepower Reda s u b m e r s i b l e  pump. Other  t e s t s  were  r u n  u s i n g  pumps a l r e a d y  

i n s t a l l e d .  

Water l e v e l s  were  measured by a n  e l e c t r i c  t a p e .  During a  test  t h e  

e l e c t r o d e s  of t h e  t a p e  were  lowered below t h e  w a t e r  s u r f a c e ,  and t h e  t ime  a t  

which t h e  c i r c u i t  was broken was r e c o r d e d .  One-foot i n t e r v a l s  were  marked 

on t h e  t a p e  w i t h  p a i n t ,  t h e  f ive-and t e n - f o o t  i n t e r v a l s  b e i n g  marked i n  a 

c o l o r  d i f f e r e n t  from t h a t  of t h e  o t h e r  markings .  

I n  t h e  e a r l y  s t a g e s  of t h e  t e s t  t h e  measurements were  made a t  one- and 

two-foot i n t e r v a l s .  Once a  semi-s teady s t a t e  of drawdown had been r e a c h e d ,  

t h e  i n t e r v a l s  were  i n c r e a s e d .  I n  some w e l l s  i n  which t h e  semi-s teady s t a t e  

p o r t i o n  of t h e  drawdown c u r v e  had a  v e r y  low s l o p e  measurements were  made a t  

l e s s e r  i n t e r v a l s .  

Volumes of w a t e r  e x t r a c t e d  from t h e  w e l l  were  metered w i t h  a Neptune 

T r i s e a l  one-inch s p l i t  c a s e  meter  r e a d i n g  i n  g a l l o n s .  The f l o w  r a t e  from 

t h e  w e l l  was c o n t r o l l e d  by a  g a t e  v a l v e  l o c a t e d  between t h e  we l lhead  and 

t h e  m e t e r .  S i n c e  t h e  t e c h n i q u e  r e q u i r e s  a  s t e a d y  pumping r a t e ,  t h e  c o n t r o l  

v a l v e  was s e t  a t  a p a r t i c u l a r  p o s i t i o n  and l e f t  unchanged. Readings of 

t h e  meter  were made a t  two-minute i n t e r v a l s  i n  t h e  e a r l y  s t a g e s  of t h e  t e s t  
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and a t  l o n g e r  i n t e r v a l s  i n  t h e  l a t e r  s t a g e s .  

Data f o r  t h e  r e c o v e r y  c u r v e s  were  g a t h e r e d  i n  a  manner s i m i l a r  t o  t h a t  

f o r  t h e  pumping t e s t .  The e l e c t r i c  t a p e  was r a i s e d  above t h e  w a t e r  l e v e l  i n  

one- o r  two-foot i n t e r v a l s ,  and t h e  t ime  a t  which t h e  w a t e r  l e v e l  r eached  t h e  

t a p e  was r e c o r d e d .  

The e l a p s e d  t ime  from t h e  beg inn ing  o f  t h e  pumping t e s t  t o  t h e  w a t e r  l e v e l  

measurement, whether  i n  t h e  pumping t e s t  o r  i n  t h e  r e c o v e r y  p o r t i o n  of t h e  

i n v e s t i g a t i o n ,  was d e s i g n a t e d  a s  t. The recovery  t ime  measured from t h e  

i n s t a n t  t h e  pump was t u r n e d  o f f  was d e s i g n a t e d  a s  c. 
Comgutations 

Computations invo lved  t h e  p l o t t i n g  of v a r i o u s  c u r v e s .  Chief among 

t h e s e  a r e  t h e  drawdown c u r v e  and t h e  r e c o v e r y  c u r v e  (F ig .  E-1) p l o t s  of t h e  

d i f f e r e n c e  between t h e  s t a t i c  w a t e r  l e v e l  and t h e  w a t e r  l e v e l  a t  a  g i v e n  t i m e  

(drawdown) - v s  t ime .  P l o t s  of t h e  drawdown and r e c o v e r y  c u r v e s  were  made 

u s i n g  b o t h  a r i t h m e t i c  s c a l e s  and semi-log paper .  The most u s e f u l  p l o t  f o r  

t h e s e  c u r v e s  a p p e a r s  t o  b e  t h e  semi-log p l o t  of drawdown (S) t i m e  ( t )  

measured i n  days .  The pumping r a t e  was determined g r a p h i c a l l y  from t h e  

meter  r e a d i n g s  and t h e  t ime  of t h e i r  measurement ( F i g .  E-2). The s l o p e  of 

t h i s  c u r v e  i s  Q p .  

De te rmina t ion  of Stx r e q u i r e s  s t u d y  of t h e  drawdown c u r v e  and t h e  

cho ice  of t h e  p o i n t  a t  which t h e  c u r v i l i n e a r  p o r t i o n  of t h e  c u r v e  changes 

t o  t h e  s t r a i g h t  p o r t i o n  r e p r e s e n t i n g  t h e  semi-s teady s t a t e  c o n d i t i o n .  

Other  c u r v e s  used i n  t h e  i n t e r p r e t a t i o n  of t h e  d a t a  a r e  p l o t s  of 

drawdown - v s  t o t a l  g a l l o n s  pumped (F ig .  E-3) and drawdown - v s  g a l l o n s  removed 

from t h e  w e l l  b o r e  a l o n e  (F ig .  E - 3 ) .  The drawdown f o r  a  g iven  g a l l o n a g e  i s  

determined by u s i n g  t h e  drawdown (F ig .  E-1) and pumping r a t e  c u r v e s  (F ig .  E-2). 
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The d i f f e r e n c e  a t  t h e  drawdown Stx between t h e  two c u r v e s  p l o t t e d  i n  

F i g .  E-3 g i v e s  t h e  number of g a l l o n s  of w a t e r  removed from t h e  r o c k s  (q fx)  

up t o  t h e  t i m e  of drawdown St,; q fx  i s  used i n  computing t h e  r a d i u s  of t h e  

s t a n d a r d  cone,  and i t ,  of c o u r s e ,  s u p p l i e s  i n f o r m a t i o n  abou t  t h e  t o t a l  

number of g a l l o n s  t h a t  t h e  w e l l  can supp ly  under a g i v e n  set of pumping 

c o n d i t i o n s .  

A p l o t  of g a l l o n s  removed from t h e  w e l l  - v s  t i m e  a l s o  proved h e l p f u l  

i n  u n d e r s t a n d i n g  t h e  h y d r a u l i c  sys tem of i n d i v i d u a l  w e l l s .  

The recovery  c u r v e  was p l o t t e d  a s  r e s i d u a l  drawdown ( S ' )  t h e  

t ime  e l a p s e d  from t h e  pump c u t o f f  ( t ' ) .  Also a  p l o t  of t i t '  - v s  r e s i d u a l  

drawdown was p repared  on semi-log paper  (F ig .  E-4). I n  a l l  c a s e s  t h e  

drawdown was p l o t t e d  on a n  a r i t h m e t i c  s c a l e .  

The o t h e r  appendices  show t h e  c a l c u l a t i o n s  invo lved  i n  u s i n g  t h e  

s e v e r a l  curves .  
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B a s e d  on Well I V ,  Run 1. 

180 Time ( t ' )  days for R e c o v e r y  test 10" 
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GALLONS PUMPED vs DRAWDOWN - 
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Based on Well IV, Run 1. 
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Based on Well I V ,  Run 1. 

RESIDUAL DRAWDOWN vs t / t l  - 
FIG. E-4 



APPENDIX F 

Symbols Used 

A f  
= C r o s s - s e c t i o n a l  a r e a  of t h e  f r a c t u r e .  

A, = C r o s s - s e c t i o n a l  a r e a  of t h e  w e l l  b o r e .  

C = C o r r e c t i o n  f a c t o r  o r  c o e f f i c i e n t  a p p l i e d  t a  a r e a  of t h e  f r a c t u r e  
t o  compensate f o r  v a r i o u s  h y d r a u l i c  f a c t o r s  i n  t h e  h y d r a u l i c  sys tem.  

2 
g  = A c c e l e r a t i o n  of g r a v i t y ,  f t / s e c  . 
P = T o t a l  p r e s s u r e .  

P = E x t e r n a l  p r e s s u r e  head.  

Q = Volumetr ic  f low r a t e .  

Qf = Volumetr ic  f low r a t e  from f r a c t u r e  i n t o  w e l l  b o r e .  

Qp = Volumetr ic  f low r a t e  through t h e  m e t e r i n g  d e v i c e ;  volume pumped 
p e r  u n i t  t i m e .  

Qw = Volumetr ic  f low r a t e  from t h e  w e l l  b o r e  a l o n e .  

Qo 
= Volumetr ic  f low r a t e  from t h e  f r a c t u r e  a t  t h e  t ime  pumping starts.  

Q f a  = Volumetr ic  f low r a t e  from t h e  f r a c t u r e  a t  t h e  i n s t a n t  t h e  w a t e r  
l e v e l  r e a c h e s  t h e  f r a c t u r e  d u r i n g  pumping t e s t .  

Qfb  = Volumetr ic  f low r a t e  from f r a c t u r e  i n t o  w e l l  w i t h  t h e  w a t e r  l e v e l  
i n  t h e  w e l l  below t h e  f r a c t u r e .  

Qfx = Volumetr ic  f low r a t e  from t h e  f r a c t u r e  i n t o  t h e  w e l l  a t  t h e  t ime  
cor responding  t o  Stx on t h e  drawdown t ime  p l o t .  

q  = T o t a l  volume of w a t e r  

9f = T o t a l  volume of w a t e r  t h a t  h a s  f lowed from t h e  f r a c t u r e  i n t o  t h e  
w e l l  up t o  t h e  t ime  t a f t e r  t h e  beg inn ing  of t h e  pumping t e s t .  

q~ 
= T o t a l  volume of w a t e r  pumped up t o  t h e  t ime  t a f t e r  t h e  b e g i n n i n g  - 

of t h e  pumping t e s t .  

qw = T o t a l  volume of w a t e r  removed from w e l l  b o r e  a l o n e ;  t h e  p roduc t  of 
t h e  c r o s s - s e c t i o n a l  a r e a  of t h e  b o r e  and t h e  drawdown. 

4 fa  = T o t a l  volume of w a t e r  t h a t  h a s  f lowed from t h e  f r a c t u r e  between 
t h e  beg inn ing  of pumping and t h e  t ime a t  which t h e  w a t e r  l e v e l  
r e a c h e s  t h e  f r a c t u r e .  
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q f b  = T o t a l  volume of w a t e r  t h a t  has  e n t e r e d  t h e  w e l l  th rough  t h e  
f r a c t u r e  between t h e  t ime t h e  w a t e r  l e v e l  p a s s e s  t h e  f r a c t u r e  
and t h e  t ime  t h e  w a t e r  l e v e l  r e a c h e s  a  drawdown St below t h e  f r a c t u r e .  

q fx  = T o t a l  volume of w a t e r  t h a t  h a s  e n t e r e d  t h e  w e l l  between t h e  
commencement of pumping and t h e  t ime  cor responding  t o  St, on t h e  
drawdown t ime  p l o t .  

qpb 
= T o t a l  volume of w a t e r  pumped through t h e  m e t e r i n g  d e v i c e  from t h e  

i n s t a n t  t h e  w a t e r  l e v e l  p a s s e s  t h e  f r a c t u r e  u n t i l  t h e  t ime  of 
drawdown St below t h e  f r a c t u r e .  

qwb = T o t a l  volume of w a t e r  removed from t h e  w e l l  b o r e  from t h e  i n s t a n t  
t h e  water l e v e l  p a s s e s  t h e  f r a c t u r e  u n t i l  t h e  t ime  of t h e  drawdown 
St below t h e  f r a c t u r e .  

r = Radius of t h e  b a s e  of t h e  h y p o t h e t i c a l  cone.  

c  = Radius of t h e  b a s e  of t h e  h y p o t h e t i c a l  cone c o r r e c t e d  t o  a  s t a n d a r d  
drawdown of 100 f e e t .  

r = Radius of t h e  b a s e  of t h e  h y p o t h e t i c a l  cone c o r r e c t e d  t o  a s t a n d a r d  s of 100 f e e t  and a  s t a n d a r d  111 h y d r a u l i c  g r a d i e n t  by u s e  of t h e  
r a t i o  t a n  45 . 

t a n  O 

rw = Radius of w e l l  b o r e .  

S  = The d i s t a n c e  down t h e  w e l l  b o r e  from t h e  s t a t i c  l e v e l  of t h e  w a t e r  
t o  t h e  w a t e r  l e v e l  d u r i n g  pumping; t h e  drawdown. 

S ' = R e s i d u a l  drawdown d u r i n g  a  recovery  t e s t .  

Sf = Drawdown t o  t h e  f r a c t u r e  from t h e  s t a t i c  l e v e l  of t h e  w a t e r  i n  t h e  
w e l l  (water  t a b l e ) .  

St 
= Drawdown i n  t h e  w e l l  a t  any g iven  i m t a n t  d u r i n g  a  pumping t e s t  

measured from t h e  s t a t i c  l e v e l  i n  t h e  w e l l  (water  t a b l e ) ;  drawdown 
a t  t ime  t .  

S t x  
= Drawdown a t  which t h e  p l o t  of drawdown v s  t ime  r e f l e c t s  a  change 

from t r a n s i e n t  c o n d i t i o n s  t o  s e m i - s t e a d y s t a t e  c o n d i t i o n s .  

t a n  O = Slope of t h e  s i d e s  of t h e  t h e o r e t i c a l  cone used i n  t h e  model. 

t = Time; a l s o  e l a p s e d  t ime .  

t '  = Time e l a p s e d  between t h e  t ime pump i s  s h u t  o f f  and t h e  t i m e  a  w a t e r  
l e v e l  measurement i s  made d u r i n g  a  recovery  t e s t .  

t o  = Time a t  s t a r t  of pumping t e s t  
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tb 
= Time a t  which t h e  w a t e r  l e v e l  r e a c h e s  a p a r t i c u l a r  p o s i t i o n ,  a s  

d e f i n e d  by t h e  drawdown S t*  below t h e  f r a c t u r e .  

tf = Time a t  which w a t e r  l e v e l  i n  t h e  w e l l  r e a c h e s  t h e  f r a c t u r e .  

V = V e l o c i t y  of w a t e r  f low;  d i s t a n c e  p e r  u n i t  t ime.  

f  = V e l o c i t y  of w a t e r  f low from f r a c t u r e  i n t o  w e l l .  

V f t  = V e l o c i t y  of w a t e r  f low from f r a c t u r e  i n t o  w e l l  a t  t ime t. 

vw = V e l o c i t y  a t  which w a t e r  l e v e l  i n  w e l l  d rops  d u r i n g  a  pumping t e s t .  

z = E l e v a t i o n  above a  datum. 

SUBSCRIPTS 

a  s i g n i f i e s  above t h e  f r a c t u r e .  

b  s i g n i f i e s  below t h e  f r a c t u r e .  

c  s i g n i f i e s  c a l c u l a t i o n s  c o r r e c t e d  t o  a  s t a n d a r d  h y d r a u l i c  g r a d i e n t  of 111 
by u s i n g  t h e  r a t i o  t a n  45. 

t a n  O 

f  s i g n i f i e s  f r a c t u r e .  

o  s i g n i f i e s  i n s t a n t  a t  which pump i s  t u r n e d  on.  

p  s i g n i f i e s  pump. 

s s i g n i f i e s  c a l c u l a t i o n s  a t  1% p o r o s i t y  and St, = 100 f e e t .  

T s i g n i f i e s  t o t a l s  f o r  t h e  whole pumping t e s t .  

t s i g n i f i e s  a  p a r t i c u l a r  t ime  o r  i n s t a n t .  

w  s i g n i f i e s  w e l l .  

x  s i g n i f i e s  t h e  p o i n t  on drawdown c u r v e  where t h e  w e l l  and t h e  a s s o c i a t e d  
h y d r a u l i c  sys tem p a s s e s  from a  t r a n s i e n t  c o n d i t i o n  t o  a  semi-s teady s t a t e .  

UNITS 

U n i t s  used i n  t h i s  i n v e s t i g a t i o n  a r e  a s  f o l l o w s :  

l i n e a r  measurements i n  f e e t o  

t ime  measurement i n  m i n u t e s ,  seconds  and on some graphs ,  days .  

v o l u m e t r i c  measurements i n  g a l l o n s .  

v o l u m e t r i c  f low r a t e  measurements i n  g a l l o n s  p e r  minu te .  


