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ABSTRACT 

. Packer tests conducted i n  d r i l l  h o l e s  i n  f r a c t u r e d  rocks a t  dam and 

tunnel  sites are t h e  primary d a t a  f o r  c h a r a c t e r i z i n g  p e r m e a b i l i t i e s ,  f r a c t u r e  

spacings,  a p e r t u r e s  and p o r o s i t i e s .  A c o l l e c t i o n  of da t a ,  numbering 5862 tes ts  

a t  41 sites between the  s u r f a c e  and 200 m depth i n  12 d i f f e r e n t  f r a c t u r e d  crys-  

t a l l i n e  rock types  i s  r epor t ed  on microfiche.  

and c o l l a r  pressure ,  each e n t r y  r eco rds  t h e  ang le  and s i z e  of d r i l l  ho le ,  t h e  

i n c l i n e d  depths  t o  t h e  top  and bottom of t h e  test i n t e r v a l ,  t h e  depth  t o  t h e  

s ta t ic  water l e v e l  and t h e  bottom of overburden. A summary of computed permea- 

b i l i t i e s ,  p o r o s i t i e s ,  f r a c t u r e  spac ings  and a p e r t u r e s ,  averaged f o r  s e v e r a l  

depth zones a t  each s i t e  are t abu la t ed ,  and p u b l i c a t i o n s  der ived  from the  d a t a  

are referenced.  

I n  a d d i t i o n  t o  t h e  d ischarge  
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PACKER INJECTION TEST DATA FROM SITES ON FRACTURED ROCK 

Fractured rock i s  a permeable medium which may s t o r e  and t ransmi t  ground- 

water and d isso lved  c o n s t i t u e n t s .  Its c h a r a c t e r i z a t i o n  i s  c u r r e n t l y  of i n t e r -  

est  t o  s e v e r a l  areas of geotechnica l  engineer ing,  such as r a d i o a c t i v e  waste 

s to rage ,  geothermal energy recovery,  and i n  s i t u  methods of mining, t o  mention 

a few. Permeabi l i ty  d a t a  f o r  f r a c t u r e d  rocks are va luable  because of t h e  h igh  

c o s t  of d r i l l i n g  i n  such rocks as g r a n i t e ,  metamorphics, o r  cemented sediments. 

Also, permeabi l i ty  d a t a  are u s e f u l  f o r  p r e d i c t i v e  and c o r r e l a t i v e  purposes,  

and f o r  gene r i c  o r  s i t e - s p e c i f i c  s tud ie s .  The o b j e c t  of t h i s  paper i s  preser- 

v a t i o n  of 5862 water i n j e c t i o n  t e s t s  from 41 si tes,  l a r g e l y  i n  western U. S .  A. 

Logs of borings conta in ing  t h e  records  of t h e  ma jo r i ty  of t h e  wa te r - in j ec t ion  

tests were fu rn i shed  by t h e  Denver and Sacramento o f f i c e s  of t h e  U. S. Bureau 

of Reclamation. Others  were provided by Woodward-Clyde-Sherard and ASSOC., 

Oakland; S o i l s  Mechanics and Foundations Engineers ,  Inc. ,  Palo Al to ,  C a l i f o r n i a ;  

and by J. L. Turk, Lynn Brown, and Barry McMahon. J e r r y  H i a t t  and t h e  writer 

i n t e r p r e t e d  the logs and keypunched the data .  American Cyanamid C o .  provided 

f i n a n c i a l  support  f o r  t h a t  e f f o r t .  

The d a t a  f o r  t h e  5682 water i n j e c t i o n  tests are included i n  t h i s  r e p o r t  

as microf iche copy i n  a pocket i n s i d e  t h e  back cover. 

Tests were s e l e c t e d  from borings a t  a s i t e  t o  r ep resen t  a reasonably homo- 

geneous rock type i n  each da ta-se t ,  e.g., g r a n i t e  w a s  separa ted  from g n e i s s ,  

d i abase  from gabbro, etc. With t h e  except ion  of si tes pe r sona l ly  known t o  t h e  

writer, no f i e l d  i n s p e c t i o n  nor s tudy of r e p o r t s  o r  l i t e r a t u r e  were made f o r  



2 

d i sc r imina to ry  purposes. I n  most cases the  o r i g i n a l  l o g s  as w e l l  a s  support-  

i ng  maps and r e p o r t s  may be obta ined  a t  o f f i c e s  of t h e  c o n t r i b u t i n g  agencies .  

I n  some cases t h e r e  are f r a c t u r e  d a t a  on record such as o r i e n t a t i o n s ,  spac ings ,  

f i l l i n g s , ' e t c . ;  i n  o t h e r  cases f i e l d  s tudy  would be r equ i r ed ,  bu t  t h e s e  would 

be hampered by t h e  f a c t  t h a t  ou tcrops  are covered i n  t h e  course of c o n s t r u c t i o n  

and landscaping.  

Thi r ty- three  of t h e  d a t a  sets r ep resen t  damsi tes  and e i g h t ,  tunnels .  I n  

each  t h e  tests were conducted i n  v e r t i c a l  o r  i n c l i n e d  (downward only)  d r i l l  

h o l e s  of small diameter.  The d a t a  have been e x t r a c t e d  from t h e  logs  of grout  

h o l e s  and e x p l o r a t i o n  d r i l l  ho le s ,  most of which followed t h e  form descr ibed  

i n  t h e  E a r t h  Manual (U. S. Bur. of Reclamation, 1963, p. 161) .  Water tests 

are recorded i n  terms of d ischarge  and p res su re  toge the r  w i th  necessary  i n f o r -  

mation such as t h e  p o s i t i o n  of t h e  s ta t ic  water l e v e l ,  t h e  rock type ,  f r a c t u r -  

i n g  and t h e  depth  of overburden, t h e  h o l e  s i z e  and i n c l i n a t i o n ,  and t h e  packer 

l o c a t i o n s .  For each  test  presented  as a l i n e  of record i n  t h i s  r e p o r t  (micro- 

f i c h e  enc losed ) ,  t h e  fo l lowing  items are labe led :  

1. ANGLE, t h e  i n c l i n a t i o n  of t h e  d r i l l  ho le  (degrees)  from t h e  hor i -  

zonta l .  Most are v e r t i c a l ,  i.e., 90.0;  

2. TOP, t h e  i n c l i n e d  depth  ( f e e t )  t o  t h e  t o p  of t h e  test  s e c t i o n ,  t h e  

upper of two packers  set t o  i s o l a t e  t h e  l e n g t h  of h o l e  t e s t e d ;  

3.  BOTTOM, t h e  i n c l i n e d  depth  ( f e e t )  t o  t h e  bottom of t h e  test  s e c t i o n ,  

which may be t h e  lower of two packers  i n  some cases, o r  t h e  bottom 

of t h e  open ho le  i n  o the r s .  

For pe rmeab i l i t y  computation, t h e  l e n g t h  of ho le  between packers  through which 



3 

water d ischarges  t o  t h e  formation,  i s  BOTTOM-TOP. I n  some procedures  packers  

a t  f i x e d  spacing are moved as a p a i r ,  bo th  measures changing by t h e  same amount 

between tests. I n  o t h e r  procedures,  a s i n g l e  packer i s  moved a r e g u l a r  in-  

c l i n e d  d i s t a n c e  r e l a t i v e  t o  t h e  bottom of the  hole. Provided t h a t  p re s su res  

are appl ied  uniformly among tests i n  a hole ,  t h e  incremental  d i scharge  through 

a n  i n t e r v a l  of ho le  bounded by success ive  upper packer p o s i t i o n s  i s  t h e  d i f -  

f e r ence  between d i scha rges  f o r  those  two tests. Since ho le  numbers have no t  

been recorded, t h e  i d e n t i t y  of t h e  ho le  must be e s t a b l i s h e d  by no t ing  progres- 

s i v e  movement, c o n s i s t e n t  BOTTOM, ANGLE, WT/DEP o r  OB/DEP. Simple computer 

programs have been w r i t t e n  f o r  such d a t a  handling. 

e x p l o r a t i o n  h o l e s  deeper  than  600 f t ,  and economy usua l ly  l i m i t s  t unne l  explor-  

a t i o n s  t o  similar depths.  Thus t h e  d a t a  re la te  p r imar i ly  t o  shal low bedrock, 

l a r g e l y  300 f t  o r  less, below sur face .  A cut-off of t e s t i n g  a t  depth  i s  i n  

p a r t  because permeabi l i ty  tends  t o  d iminish  r a p i d l y  wi th  depth.  Consequently, 

it i s  be l ieved  t h a t  rock f r a c t u r e  openings have been induced by d e s t r e s s i n g  

dur ing  e r o s i o n a l  and excava t iona l  unloading. 

v 

I n  few cases are damsite  

4 .  WT/DEP, t h e  i n c l i n e d  depth ( f e e t )  t o  t h e  water t a b l e ,  as 

observed ( a t  some time) i n  t h e  hole.  

I n  i d e a l  logging procedures,  t h e  observa t ion  i s  made days a f t e r  t h e  d r i l l i n g  

has been completed o r  a t  t h e  start of water t e s t i n g ,  so  t h a t  a reasonable  

approach t o  equi l ibr ium is  made. It i s  be l ieved  t h a t  most of t h e  d a t a  were 

c o l l e c t e d  i n  a consc ien t ious  manner; about  80% of them were done i n  accordance 

w i t h  i n s t r u c t i o n s  i n  t h e  Ea r th  Manual, T e s t  Designat ion E-18, which r e s u l t e d  

i n  good uni formi ty  and r e l i a b i l i t y  even though obtained by numerous d i f f e r e n t  
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observers  during a span of 10-15 y e a r s  a t  a v a r i e t y  of p r o j e c t  sites. No ind i -  

c a t i o n s  of v a r i a t i o n s  of q u a l i t y  have been recorded though numerous l o g s  w e r e  

r e j e c t e d  f o r  t h a t  reason. 

5. DISCH, t h e  d i scha rge  ( g a l l o n s  pe r  minute) i s  t h e  flow rate 
I 

recorded a t  t h e  s u r f a c e  during i n j e c t i o n  t e s t i n g ,  presumed t o  

be t h e  rate of flow between packers  i n t o  t h e  formation. 

Rates have gene ra l ly  no t  been determined p r e c i s e l y  because low f low rates are 

less s i g n i f i c a n t  f o r  dam foundat ion  engineer ing  than  are h igh  f low rates. 

d i c t i o n  of foundat ion  water leakage  i s  a prime o b j e c t i v e  as i s  d e l i n e a t i o n  of 

foundat ion  areas r e q u i r i n g  remedial  grout ing.  Usual ly ,  a diaphragm-type i n t e -  

g r a t i n g  water meter i s  used a t  t h e  beginning and end of a 5-10 minute pseudo- 

s t eady  pumping per iod.  I n  cases of extreme d ischarge ,  rates are measured wi th  

an  o r i f i c e  o r  ventur i - type  meter and i n  rare cases of vanish ing  rate, by meas- 

u r ing  t h e  f a l l  of l e v e l s  i n  a water-supply v e s s e l  such as a 55-gallon drum. 

Because d r i l l  ho le s  are seldom loca ted  o r  o r i e n t e d  a t  random, bu t  r a t h e r  are 

planned t o  i n t e r c e p t  prominent weaknesses o r  water condui t s  such as f a u l t s ,  

t h e  d a t a  con ta in  a n  i n e v i t a b l e  b i a s  towards t h e  h igher  values .  Because meas- 

Pre- 

urement devices  are i n s e n s i t i v e  below 1 gpm, f r a c t i o n a l  d i scha rges  are no t  

always determined accu ra t e ly ;  a nominal ze ro  o r  1 gpm i s  sometimes recorded. 

With t h e  crude devices  o f t e n  employed, t h e  p r a c t i c a l  minimum a p e r t u r e  of a 

f r a c t u r e  t h a t  w i l l  r e g i s t e r  measureable flow i s  about 35 microns. 

t h e r e  i s  seldom assurance  t h a t  packer leakage has  been e l imina ted ,  so  f r ac -  

t i o n a l  d i scha rges  may sometimes r ep resen t  n u l l  f low i n t o  t h e  formation. No 

informat ion  on packer type o r  p re s su re  has  been noted. 

Furthermore, 

The a c t u a l  cond i t ions  
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of unsteady, cons tan t -pressure  t e s t i n g  are no t  preserved on logs  o r  i n  t h e  

da t a .  The convent ional  b a s i s  of assumed s t eady- s t a t e  packer i n j e c t i o n  t e s t i n g  

and a n a l y s i s  has  been summarized by Snow (1966). 

Tests are gene ra l ly  prolonged s u f f i c i e n t l y  t o  be asymptot ic  t o  a s t eady  

state u n l e s s  very low permeabi l i ty  p r e v a i l s .  

b i l i t y  must remain f o r  d i scha rges  below 1 gpm. 

charges ,  e s p e c i a l l y  a f t e r  normal iza t ion  t o  some s tandard  cond i t ions ,  has  demon- 

s t r a t e d  t h a t  as a s ta t i s t ic ,  d i scha rge  o r  permeabi l i ty  i s  h igh ly  skewed towards 

t h e  s m a l l  values .  This  a t t r i b u t e ,  a long  wi th  t h e  observed frequency of ze ro  

d i scha rges ,  has  been used t o  estimate i n  s i t u  f r a c t u r e  spac ing  and thereby  

average a p e r t u r e s  and p o r o s i t i e s  c o n s i s t e n t  wi th  t h e  p e r m e a b i l i t i e s  (Snow, 

1968a). 

Thus some u n c e r t a i n t y  of permea- 

Analysis  of p re s su re - t e s t  d i s -  

I n  t h e s e  i n t e r p r e t a t i o n s  i t  has  been assumed t h a t  resistive g ranu la r  

f i l l i n g  materials are absen t  and t h a t  v e l o c i t i e s  are so  low t h a t  roughness does 

not  g r o s s l y  i n v a l i d a t e  t h e  assumption of a p a r a l l e l - p l a t e  analogue i n  computa- 

t i o n  of an equ iva len t  aperture. Assuming tha t  a lognormal d i s t r i b u t i o n  appro- 

p r i a t e l y  r e p r e s e n t s  f r a c t u r e  a p e r t u r e s  a t  depth as w e l l  as t h e  outcrop  (Bianchi  

and Snow, 1969),  i t  i s  p o s s i b l e  t o  compute two parameters  t h a t  d e s c r i b e  lognormal 

d i s t r i b u t i o n s  of f r a c t u r e  a p e r t u r e s  from each given set of i n j e c t i o n  test  d a t a  

(Snow, 1969b). Discharge measures are r a r e l y  d i s t o r t e d  by t u r b u l e n t  l o s s e s  i n  

f r a c t u r e s .  

number 

Using t h e  c r i t e r i o n  of Baker (1955),  wi th  t h e  c r i t i c a l  Reynolds 

R = Q/arv = 6000; Q/r = 247 cm2/sec, 

5532 of t h e  tes ts  were examined (Snow, 1969a). Since t h e  p r e c i s e  number of 
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f r a c t u r e s  c o n t r i b u t i n g  t o  each test  i s  unknown, t h e  d ischarge  per  f r a c t u r e  w a s  

es t imated  by d iv id ing  t h e  d i scha rge  per  test by t h e  average number of f r a c t u r e s  

p e r  test  i n t e r v a l .  On t h a t  b a s i s ,  s l i g h t l y  over  3% of t h e  tests a t t a i n e d  t u r -  

bulence beyond t h e  w a l l  r a d i u s ,  r. Discharge would have t o  exceed 15 gpm from 

a n  NX borehole.  Most tu rbulence  d i e s  out  w i t h i n  two o r  t h r e e  r a d i i  f o r  t y p i c a l  

packer tests i n  f r a c t u r e d  rock. However, i t  i s  evident  t h a t  packer tests eval-  

u a t e  f r a c t u r e  p r o p e r t i e s  only c l o s e  t o  t h e  ho le  - Baker (1955) found t h a t  i n  

laminar  flow 80% of t h e  head is  d i s s i p a t e d  wi th in  a f o o t  of t h e  ho le ,  even f o r  

a 1 mm ape r tu re .  C lea r ly  t h e  c h a r a c t e r i s t i c s  of most f r a c t u r e s ,  being f i n e r ,  

are t e s t e d  t o  a d i s t a n c e  of a t  most a r e w  r a d i i .  

6 .  PRESS i s  t h e  p re s su re  (pounds pe r  square inch)  recorded a t  t h e  

s u r f a c e  dur ing  t e s t i n g .  

In  no case has  c a v i t y  p re s su re  been recorded. Mundi and Wallace (1973) have 

descr ibed  t h e  equipment, t echniques ,  and methods of i n t e r p r e t a t i o n  commonly 

employed i n  packer - tes t ing  f r a c t u r e d  rock foundat ions.  

ment f o r  p re s su re  measurement i s  a Bourdon gauge, a mercury manometer, o r  i n  

some cases, a i r  p re s su re  over  a r e s e r v o i r  tank  maintained by a r egu la to r .  

P r e c i s i o n  i s  u s u a l l y  t o  t h e  n e a r e s t  h a l f  p s i  w i th  c o l l a r  p re s su res  of 25, 50, 

o r  sometimes 100 p s i .  

The t y p i c a l  f i e l d  equip- 

The n e t  p re s su re  a t  t h e  test s e c t i o n  can be computed 

I according t o  t h e  d i f f e r e n c e  i n  e l e v a t i o n  of t h e  ( s t a t i c )  water t a b l e  and t h e  
~ 

c o l l a r  of t h e  ho le ,  less t h e  es t imated  head l o s s e s  i n  t h e  t y p i c a l  d r i l l - s t r i n g  

and f i t t i n g s ,  a t  t h e  measured discharge.  Rissler (1978) has  examined t h e  var- 

i o u s  components of head l o s s ,  i nc lud ing  en t rance  l o s s e s  a t  a s i n g l e  f r a c t u r e .  

I n  a l l  cases involv ing  tests i n  a s e c t i o n  a t  success ive ly  h ighe r  p re s su res ,  t h e  
i 
~ 



lowest  p re s su re  test has been recorded because of t he  well-known n o n l i n e a r i t y  

d isp layed  by f r a c t u r e s  sub jec t  t o  progress ive  opening wi th  increased  pressure .  

Discharge can more r e a d i l y  be s tandard ized  t o  a common p res su re ,  say  25 p s i  

n e t ,  i f  a l l  measures are taken a t  low n e t  pressures .  Examples of s tandard iza-  

t i o n  are g iven  i n  Snow (1965, 1968a, 1969b). Many test s e c t i o n s  become perme- 

a b l e  only  a t  high pressures ;  i n  response t o  f r a c t u r e  par t ing .  These d i s t o r t e d  

measures have been avoided t o  t h e  f u l l e s t  degree poss ib le .  

7. SIZE i s  the  d r i l l  hold diameter ( inches ) .  Most are NX ho le s  

of 3-inch nominal diameter.  

8 .  OB/DEP i s  the  i n c l i n e d  depth ( f e e t )  t o  the  bottom of any over- 

burden materials d i sc losed  i n  the  log.  

These inc lude  younger formations covering t h e  bedrock such as al luvium, blown 

sand,  o r  bedded sediments over ly ing  an  unconformity. Whereas the  e x i s t i n g  

t o t a l  stresses i n  a rock mass would be r e l a t e d  more c l o s e l y  t o  t h e  t o t a l  

dep th  below ground s u r f a c e ,  t ak ing  dens i ty  v a r i a t i o n s  i n t o  account ,  t h e  f rac-  

t u r e  a p e r t u r e s  and t h e r e f o r e  p e r m e a b i l i t i e s  are be l ieved  a s soc ia t ed  w i t h  the  

minimum depth  dur ing  t h e  geologic  h i s t o r y  of a site. The v e r t i c a l  depth  below 

t h e  base  of overburden may be computed as a parameter a g a i n s t  which such meas- 

u r e s  as f r a c t u r e  permeabi l i ty  are  compared. 

d i r e c t l y  t o  t o t a l  or  e f f e c t i v e  stress s i n c e  the  subsur face  test l o c a t i o n s  have 

not  been r e l a t e d  t o  t h e  topography and water t a b l e  conf igura t ion .  Val ley  

si tes may be sub jec t  t o  V-notch stress concen t r a t ions  and convergent,  e f f l u e n t  

groundwater f low p a t t e r n s ,  c u r r e n t l y  of unknown c h a r a c t e r  a t  each si te.  

I n  few cases do t h e  d a t a  relate 
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Reports generated from t h e s e  d a t a  are l i s t e d  i n  t h e  r e fe rences ,  t r e a t i n g  

such parameters as permeabi l i ty ,  po ros i ty ,  spac ings ,  and f r a c t u r e  a p e r t u r e  

d i s t r i b u t i o n s .  Table 1 l i s t s  average p r o p e r t i e s  f o r  depth  zones a t  each s i t e  

(wi th  few excep t ions ) ,  r epor t ed  g raph ica l ly  elsewhere (Bianchi  and Snow, 1969; 

Snow, 1968a, 1968b, 1969b). Because t h e  exp lo ra t ion  s i tes  on hard c r y s t a l l i n e  

f r a c t u r e d  rocks r ep resen t  some 12 d i f f e r e n t  rock types ,  t h e  d a t a  may be a p p l i -  

cab le  t o  t h e  e s t ima t ion  of cond i t ions  a t  many p rospec t ive  si tes and t o  t h e  

p u r s u i t  of new i n t e r p r e t a t i o n  techniques.  



9 

REFERENCES 

Baker, W. J., 1955. Flow i n  f i s s u r e d  formations.  Proc. 4 t h  World P e t r o l  
Congress, Rome, Sec t .  I I / E ,  paper 7 ,  pp. 379-393. 

Bianchi,  L. and D. T. Snow, 1969. Permeabi l i ty  of c r y s t a l l i n e  rock i n t e r -  
Annals p re t ed  from measured o r i e n t a t i o n s  and a p e r t u r e s  of f r a c t u r e s .  

of Arid Zone, Jodhpur,  Ind ia ,  vol .  8,  no. 2, pp. 231-245. 

Bureau of Reclamation, 1963. Ea r th  Manual, 1st ed., r ev i sed ,  783 pp. 

Mundi, E. K. and J. R. Wallace, 1973. On t h e  permeabi l i ty  of some f r a c t u r e d  
c r y s t a l l i n e  rocks.  Bull .  Assoc. Eng. Geol., vol .  10, no. 4 ,  pp. 299-312. 

Rissler, P., 1978. Determinat ion of t h e  water permeabi l i ty  of j o i n t e d  rock. 
I n s t .  f o r  Found. Eng., S o i l  Mech., Rock Mech. and Waterways Cons t ruc t ion ,  
Aachen, vol .  5 (Engl ish ed.) ,  150 pp. 

Snow, D. T. and R. H. Karol,  1965. Es t imat ion  of f r a c t u r e  p o r o s i t y  i n  crys- 
t a l l i n e  rock. Chemical Grouting Topics No. 5 ,  h e r .  Cyanamid Co., Wayne, 
N. J., 9 pp. 2 f i g s .  

Snow, D. T., 1966. Three-hole p re s su re - t e s t  f o r  a n i s o t r o p i c  foundat ion  
permeabi l i ty .  Felsmechanik und Ingenieurgeologie ,  vol .  I V ,  no. 4 ,  
pp. 288-315. 

Snow, D. T., 1968a. Rock f r a c t u r e  spac ings ,  openings and p o r o s i t i e s .  Jour .  
S o i l  Mech. and Found. Div., ASCE, vol .  94, no. 1, pp. 73-91. 

Snow, D. T., 1968b. Hydraul ic  c h a r a c t e r  of f r a c t u r e d  metamorphic rocks  of t h e  
Front  Range and impl i ca t ions  t o  t h e  Rocky M t .  Arsenal Well. Quart. Colo. 
School of Mines, vol.  63, no. 1, pp. 167-199. 

Snow, D. T., 1969a. Closure t o  d i scuss ions ,  rock f r a c t u r e  spac ings ,  openings 
and p o r o s i t i e s .  Jour .  S o i l  Mech. & Found. Div., ASCE, vol .  95, no. 3, 
pp. 880-883. 

Snow, D. T., 1969b. The frequency and a p e r t u r e s  of f r a c t u r e s  i n  rock. I n t ' l  
Jour.  Rock Mech. & Mining Sci . ,  vo l .  6 ,  no. 4 ,  pp. 23-40. 



10 

Table 1. Summary of computed average p r o p e r t i e s  of f r a c t u r e d  rocks.  
~~ ~~ ~~ ~ 

Mid-depth below permeabi l i ty  p o r o s i t y  a p e r t u r e  spacing,  cub ic  
Locat ion overburden ( f t )  ut2> (microns) system (f t) 

~~ 

Spring Creek 42. 1 . 5 8 ~ 1 0 - l ~  1 . 3 3 ~ 1 0 - ~  11 1. 8.2 
Tunnel, Ca l i f .  43 . 3.51 1.99 108. 5.3 
g r a n i t e  111. 1.40 1.21 93. 7.5 

I 273. .09 .12 35. 29.6 
113. .53 .74 82. 10.7 

266. .53 .52 89. 16.9 

Auburn D a m s i t e  34. 1 . 6 3 ~ 1 0 - ~ ~  1 . 2 3 ~ 1 0 - ~  102. 8.2 
No. 1, C a l i f .  83. .64 .48 72. 14.5 
g r a n i t e  146. .32 .35 58. 16.4 

I 

Folsom D a m s i t e  27. 3. 67x10-1 1 . 8 5 ~ 1 0 ' ~  11 4. 6.1 
C a l i f  . 42 . 1.57 1.29 85 . 6.5 

I g r a n i t e  52. .86 .60 97. 15.9 
68. 3.30 1.25 100. 7.8 

T-2 Power Cavern 23 . 
A u s t r a l i a ,  49. 
g r a n i t e  70. 

90. 
110. 
136. 
180. 
246. 
331. 
550. 

4 . 0 0 ~ 1  0-1 
5 . 8 0 ~ 1  0-1 
2.91 
1.85 
3.24 
8 . 7 8 ~ 1 0 - l ~  
5 . 9 4 ~ 1 0 ' ~ ~  

.022 

.85x1O-l4 
1.02 

3 . 9 5 ~ 1 0 - ~  277. 
2.57 138. 
1.32 114. 
1.16 94. 

.60 113. 
1.19 474. 

.43 112. 

.089 30. 

.017 18. 

.048 24. 

6.9 
5.3 
8.5 
8.0 

18.6 
39.3 
25.4 
33.2 

107.5 
48.5 

~~ ~ 

Wells Hydro Pro j .  8. 4.5 0x1 0-1 1.0 9x1 0-4 88. 7.9 
Washington, 21. 78.3 .41  183. 44.0 
g r a n i t e  

Two Forks D a m s i t e  19. 3.91x10-12 .18xl 0-4 78. 41.5 
Colorado, 82. 5 . 0 0 ~ 1  O-l5 .54xl 0-6 10. 189.8 
g n e i s s  

Upper Crys t a l  Dam- 10. 3 . 2 4 ~ 1 0 ' ~ ~  2 . 3 2 ~ 1 0 - ~  127. 5.4 
s i te ,  Colorado, 40. 2.39 .86 121. 13.8 
g n e i s s  77. .91 .51 82. 15.9 

152. -81 .63 74. 11.5 
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Table  1. Summary of computed average p r o p e r t i e s  of f r a c t u r e d  rocks (cont inued) .  
- 

Mid-depth below permeabi l i ty  po ros i ty  a p e r t u r e  spacing,  cub ic  
Locat ion overburden ( f  t) ( f t 2 >  (microns) system ( f  t )  

~~~ 

Morrow Po in t  9. 
D a m s i t e ,  Colo. 17. 
g n e i s s  27. 

39. 
50. 
61. 
72. 
83. 
94. 

114. 
138. 
182. 

5.5 8x1 0' 
8.12 

6.25 
3.45 
4.48 
1.83 
2.19 
2.42 

.83 
044 
.51 

14.9 

1 . 5 1 ~ 1 0 ' ~  160. 
2.40 164. 
4.06 193. 
2.32 159. 
1.10 131. 
1.55 137. 

.84 104. 
-70  113. 
.77 109. 
.40 78. 
.17 52. 
.40 68. 

10.4 
6.7 
4.7 
6.7 

11.7 
8.7 

12.3 
15.8 
13.9 
19.1 
30.8 
16.7 

Blue Mesa D a m s i t e ,  6.5 
Colorado, 15. 
g n e i s s  25. 

35. 
51. 
69. 
90. 

121. 
191. 
298. 

1 . 8 7 ~ 1 0 - ~ O  3 . 0 1 ~ 1 0 ' ~  231. 
.10 1.91 148. 

1.8 3x1 0-1 .76 108. 
1.29 .41 94. 

.44 .12 54. 

.48 .20 57. 

.27 .26 53. 

.27 .23 52. 

.14 .15 39. 
8 . 3 6 ~ 1 0 - l ~  .21 38. 

7.5 
7.6 

13.9 
22.4 
44.0 
28.2 
20.2 
21.9 
26.0 
17.8 

T'ooma-Tumut Dam, 45. 2 . 5 2 ~ 1 0 - l ~  1 . 2 5 ~ 1 0 ' ~  136. 10.7 
A u s t r a l i a ,  85 . . 82 .73 91 . 12.3 
g n e i s s  120. .33 .21 70. 33.1 

209. 3 . 3 2 ~ 1  0-1 . 14  36. 25.2 

La tr o be D a m s  i t e, 
C a l i f o r n i a ,  47 . 2 . 6 7 ~ 1 0 ' ~ ~  .45x10e4 110. 24.1 
m e t a - a r g i l l i t e  

S n e l l i n g  D a m s i t e ,  21. 3 . 5 0 ~ 1 0 ' ~ ~  1 . 9 7 ~ 1 0 - ~  139. 6.9 
C a l i f o r n i a ,  38. 3.13 2.16 116. 5.2 
s la te  

Exchequer S p i l l -  17. 4 . 8 2 ~ 1 0 ' ~ ~  2 . 4 3 ~ 1 0 - ~  135. 5.5 
way, C a l i f o r n i a ,  36 . 3.31 2.76 114. 4.1 
slate, t a lc  s c h i s t  

Auld Val ley  Dam- 20. 4 . 8 8 ~ 1  0-1 . 43x1 0-4 83 . 19.2 

p hy 1 1 i t e 
s i t e ,  C a l i f o r n i a ,  68. .33 .77 59. 7.5 
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Table 1. Summary of computed average properties of fractured rocks (continued). 

Mid-depth below permeability porosity aperture spacing, cubic 
Location overburden (ft) (E t2) (microns) system (ft) 

Brown's Creek 13. 1 . 4 3 ~ 1 0 - ~  1 . 2 3 ~ 1 0 - ~  400. 32.1 

mica schist 55 . .19 .30 52. 16.9 
74. .37 .27 58. 20.8 
86. .29 .28 51. 17.9 

103. .12 .17 39. 22.2 

Damsite, Calif. 36. .66xl  0-1 .68 71. 10.2 

Slab Creek Dam- 18. 2 3 . 4 ~ 1  0-1 1 . 5 0 ~ 1 0 - ~  232. 15.2 

mica schist 
site, Calif. 57. .38 .16 74. 44.3 

Chung-Ju Damsite, 12. 2.0 6x1 0-1 . 8 6 ~ 1 0 ' ~  105. 12.1 
Korea, 30. 1.98 .55 98. 17.5 
mica schist 52. 1.42 .50 90. 17.6 

115. .63 .56 60. 10.5 

Papoose Damsite, 11. 9 . 8 0 ~ 1 0 - l ~  1 . 7 4 ~ 1 0 - ~  123. 7.0 
California 35. 3.57 1.15 101. 8.7 
metavolcanics 79. 2.04 1.11 83. 7.3 
(greenstone) 

Lewiston-Clear 20. 4 5 . 0 ~ 1  0-1 2 . 2 5 ~ 1 0 - ~  200. 8.7 
Creek Tunnel, 66. 1.08 .35 120. 33.7 
California, 162. 1.10 .27 108. 38.6 
metarhyolite 
(greenstone) 

Trinity Damsite, 5. 
California, 5. 
meta-andesite 14. 
(greenstone) 21. 

32 . 
32. 
42. 
52. 
63. 
80. 

100. 
126. 
167. 
259. 

1 . 1 8 ~ 1 0 - ~ ~  2 . 2 3 ~ 1 0 - ~  230. 
1.86 9.08 394. 
7 . 5 8 ~ 1 0 - ~ ~  1.34 139. 
5.59 1.67 128. 

27.6 3.33 160. 
15.2 2.02 151. 

2.24 1.67 96. 
1.16 .72 91. 

.67 .40 79. 
2.62 .50 98. 

.79 .54 82. 

.76 .43 69. . 033 .047 24. . 00 . 00 00. 

10.1 
4.3 

10.3 
7.5 
4.7 
7.4 
5.6 

12.4 
19.6 
19.1 
15.1 
15.9 
50.7 -- 
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Table 1. Summary of computed average properties of fractured rocks (continued). 

Mid-depth below permeability porosity aperture spacing, cubic 
Location overburden (ft) (ft2> (microns) system (ft) 

~~~ ~ ~ _ _ ~  ~ 

Oroville Damsite, 122. .6 7x 1 0-1 .13x1 0'4 50. 39.7 
California, 142. .25 .084 52. 60.8 
metavolcanic 252. .36 .22 45. 20.0 
amphibolite 282. . 40 .20 47. 22.8 

383. .16 .046 41. 86. 
395. .63 .22 54. 24.2 

. 

Mason Damsite, 42. 8 . 3 5 ~ 1 0 ' ~ ~  2 . 2 4 ~ 1 0 - ~  133. 5.8 
Oregon, 74. .58 .70 76. 10.7 
me ta-andesi te 110. .79 .82 75. 9.0 

151. .79 .72 74. 10.1 
218. .33 .50 57. 11.2 
326. .47 1.12 67. 5.8 

Whiskeytown Dam- 10. 2 6 . 0 ~ 1 0 - l ~  1 . 0 6 ~ 1 0 - ~  172. 15.9 
site, Calif. 29. 1.82 .35 85. 23.8 
me ta rhyol i te 49. 1.21 .21 66. 30.9 

81. 5 . 0 5 ~ 1 0 - ~ ~  .025 24. 92.9 -- 157. .oo .oo 00. 

Lewiston Damsite, 7. 1.5 6x1 0-9 3 . 0 9 ~ 1 0 - ~  476. 15.1 

metavolcanics 
(greenstone) 

California, 30. 2.12x10-12 .93 103. 10.9 

Auburn Damsite 15. 2 . 8 4 ~ 1 0 - l ~  3 . 9 2 ~ 1 0 - ~  382. 9.6 
No. 2, Calif. 53. 2 . 0 8 ~ 1 0 ' ~ ~  1.53 104. 6.6 
greenstone 92. .52 .90 71. 7.8 

Buffalo Rapids 
Damsite, Wash., 56. 3 . 2 2 ~ 1 0 - l ~  1 . 6 1 ~ 1 0 - ~  117. 7.2 
quartzite-argillite 

Geehi Damsite, 11. 6 . 9 0 ~ 1 0 - ~ ~  2 . 3 5 ~ 1 0 - ~  154. 6.4 
Australia, 17. 7.24 3.49 142. 4.0 
blanket grout - 22 . 4.04 1.31 154. 11.6 
quartzite 27. 2.23 1.82 116. 6.2 

Geehi Damsite, 51. 1 . 1 8 ~ 1 0 - l ~  . 7 4 ~ 1 0 ' ~  105. 13.9 
Australia, 77 . .18 .31 65. 20.7 
primary curtain - 91. . 18 .29 63. 21.8 
quartzite 120. .13 .26 55. 21.3 

189. 2.88 . l l  35. 31.0 
156. 5.1 0x1 0-1 .20 44. 21.2 
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Table 1. Summary of computed average p r o p e r t i e s  of f r a c t u r e d  rocks (cont inued) .  

Mid-depth below permeabi l i ty  po ros i ty  a p e r t u r e  spacing,  cubic  
Locat ion overburden ( f  t )  ( f t 2 >  (microns) system ( f  t )  

~~ ~~ 

Geehi Damsite, 47. . 34x1 0-1 .47xl 0-4 74. 15.3 
A u s t r a l i a , ,  70. .30 .40 67 e 16.7 
secondary c u r t a i n  92. .21 .31 62. 19.5 
q u a r t z i t e  140. 6.2 7x1 0-1 .15 44. 28.7 

I 

Geehi Damsite, 35. . 92x10-1 .6 1x1 0’4 83. 13.4 
A u s t r a l i a ,  49. .39 .38 77. 20.2 
t e r t i a r y  c u r t a i n  70. .092 .088 45. 50.3 
q u a r t z i t e  115. .076 .31 49. 15.7 

Paskenta  D a m s i t e ,  11. 1 6 . 4 ~ 1  0-1 1.22x10-4 136. 10.9 
C a l i f o r n i a  , 63. 2.10 .44 72. 16.1 
sandstone and s h a l e  

Newville Reservoi r ,  25. 1 . 9 1 ~ 1 0 - l ~  1 . 0 4 ~ 1 0 - ~  110. 10.3 

conglomerate and 
sands t  one 

C a l i f o r n i a ,  64. .36 .23 80. 33.8 

Newville D a m s i t e ,  
C a l i f o r n i a ,  
sandstone and 
s ha1 e 

Pacheco Tunnel, 
C a l i f o r n i a  , 
metasandstone 

18. 1 6 . 8 ~ 1  0-1 2 . 6 3 ~ 1 0 - ~  187. 7.0 
45. 1.50 1.27 98. 7.6 
77. 0 94 .56 86. 15.2 

145. .26 .15 47. 29.9 

20. 2 4 . 0 ~ 1  0-1 2 . 5 8 ~ 1 0 - ~  229. 8.7 
41. 2 . 9 ~ 1 0 ’ ~ ~  4.26 291. 6.7 
60. 1 8 . 6 ~ 1  0-1 4.14 218. 5.2 
85. 5.90 2.20 126. 5.6 

125. .44 .31 60. 18.8 
180. .16 .40 46. 11.4 
250. .21 .37 48. 12.6 

Mont ice l lo  Damsite , 8. 1 . 6 4 ~ 1 0 ’ ~ ~  5 . 7 4 ~ 1 0 - ~  292. 5.0 
C a l i f o r n i a ,  23. 21 0x10‘12 1.08 125. 11.4 
sandstone and 40. 2.72 .59 89. 14.8 
s h a l e  66. .18 .14 41. 29.4 

V i r g i n i a  Ranch 4. 4 . 9 3 ~ 1  0-1 1.4 1x1 0-4 12 1. 8.5 
D a m s i t e ,  C a l i f .  5. 7.62 2.95 157. 5.2 
abutment c u r t a i n  11. 2.99 1.46 126. 8.5 
d i abase  15. .56 .31 106. 33.6 

20. .40 .26 76. 28.5 
21 . 2.62 1.34 141. 10.3 
25. 1.69 .92 79. 8.4 
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T a b l e  1. Summary of computed average p r o p e r t i e s  of f r a c t u r e d  rocks (cont inued) .  

Mid-depth below permeabi l i ty  po ros i ty  a p e r t u r e  spacing,  cub ic  
Locat ion overburden ( f t )  ( f t 2 )  * (microns) system ( f  t) 

V i r g i n i a  Ranch 5. 3 . 2 9 ~ 1 0 - l ~  .87x10m4 114. 12.7 
U a m s i t e ,  C a l i f .  11. 8 . 1 6 ~ 1 0 - l ~  .032 37. 113.2 

d iabase  18. .92 .93 77. 8.1 

2 

c channel c u r t a i n  15. .7 9x1 0-1 .19 102. 53.5 

Auburn D a m s i t e  13. 7 . 8 5 ~ 1 0 - l ~  2 . 4 6 ~ 1 0 - ~  424. 16.9 
No. 2 ,  C a l i f o r n i a ,  54. 2.21x10-12 .53 76. 14.1 
s e r p e n t i n e  125. 6 . 1 1 ~ 1 0 - ~ ~  .064 28. 43.6 

Oakf l a t  Damsite, 

b a s a l t  
C a l i f o r n i a ,  44. .4 7x 1 0-1 . 8 2 ~ 1 0 - ~  78. 9.4 

Dark Canyon Dam- 14. 3. ~ O X ~ O - ~ ~  1 . 1 3 ~ 1 0 - ~  320. 27.8 
s i te ,  Idaho, l i m e -  60. 1 . 0 1 ~ 1 0 - ~ ~  1.31 68. 5.2 
s t o n e  (undisso lved)  

Stampede Damsite, 5. 5. 46x10-1 2 . 0 3 ~ 1 0 - ~  142. 6.9 
C a l i f o r n i a ,  15. 7 . 4 9 ~ 1  0-8 Inapp l i cab le ,  no zeros  
tu f f -b recc ia ,  26. 2 . 0 4 ~ 1 0 - l ~  1 . 2 8 ~ 1 0 - ~  109. 8.4 
t u f f  - s il t s t one 36. 1.15 1.17 92. 7.7 

47. .88 1.57 75. 4.7 
66. 1.17 1.09 90. 8.1 

111. .93 .78 83 e 10.5 




