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FOREWORD 

The Conipressed A i r  Energy Storage Technology Program a t  the  P a c i f i c  

Northwest Laboratory (PNL) i s  sponsored by the  Department o f  Energy, 

D i v i s i o n  o f  Energy Storage Technology. The program scope inc ludes a 

group o f  s tud ies  d i r e c t e d  a t  developing a new energy storage technology 

t o  improve t h e  cos t  and e f f i c i e n c y  o f  e l e c t r i c a l  power u t i l i z a t i o n  and 

reducing the  dependence on petroleum fue ls  such as o i l  and na tu ra l  gas.. 

The program has two major t h r u s t s  --- Reservoi r  S t a b i l i t y  C r i t e r i a  

Studies and Second-Generation Concepts Studies. These have t h e  f o l  1 owing 

ob jec t i ves :  

Reservoi r  S t a b i l i t y  C r i t e r i a  

Develop s t a b i l i t y  c r i t e r i a  f o r  long- term opera t ion  o f  underground 

r e s e r v o i r s  used f o r  compressed a i r  energy storage (CAES) i n  o rder  

t o  acce lera te  t h e  commercia l izat ion of t he  concept. . Second-Generation Concepts Studies 

Develop and assess advanced CAES concepts t h a t  r e q u i r e  l i t t l e  o r  no 

suppl enientary f i r i n g  by petroleum f u e l s  i n  o rder  t o  e l  im ina te  t h e  

dependence o f  CAES on petroleum fue l s .  

The u l t i m a t e  o b j e c t i v e  o f  t h i s  program i s  t o  reduce the  consumption 

o f  na tu ra l  gas and o i l  used f o r  peak-power generat ion p l a n t s  by about 

100,000,000 b a r r e l s  per  year .  Th is  cou ld  be accomplished by rep lac ing  

convent ional  gas t u r b i n e  peaking p l a n t s  c u r r e n t l y  being used by u t i l i t i e s  

w i t h  CAES p lan ts .  

The f o l l o w i n g  documents have been issued o r  a r e  i n  process by PNL 

o r  by subcontractors t o  PNL, r e p o r t i n g  the  r e s u l t s  o f  t he  work toward 

these ob jec t i ves .  

. Technical and Economic F e a s i b i l i t y  Analys is  o f  t he  No-Fuel Compressed 

A i r  Energy Storage Concept, D.K. Kreid, BNWL-2065, May 1976. 



. FY-1977 Progress Repor t  - S t a b i l i t y  and Design C r i t e r i a  S tud ies  

f o r  Compressed A i r  Energy Storage Reservo i rs ,  G.C.  Smith, J.A. 

S to t t l emy re ,  L.E. Wi les,  W.V. L o s c u t o f f  and H.J. Pincus, PNL-2443 

March 1978. 

FY-1977 Progress Repor t  Compressed A i r  Energy Storage Advanced 

Systems Ana l ys i s ,  D.K. K r e i d  and M.A. McKinnon, PNL-2464, March 

1978. 

. P r e l i m i n a r y  S t a b i l i t y  C r i t e r i a  f o r  Compressed A i r  Energy Storage 

i n  Porous Media Reservo i rs ,  J.A. S to t t l emy re ,  PNL-2685, June 1978. 

. P r e l i m i n a r y  Long-Term S t a b i l i t y  C r i t e r i a  f o r  Compressed A i r  Energy 

Storage Caverns i n  S a l t  Domes, R.L. Thoms and J.D. Mar t inez ,  

.. Numerical  A n a l y s i s  o f  Temperature and Flow E f f e c t s  i n  a Dry, One- 

Dimensional  A q u i f e r  Used f o r  Compressed A i r  Energy Storage, G. C .  Smith, 

L.E. Wi les,  and W.V. Loscutof f ,  PNL-2546, February 1979. 

. CAES and UPHS i n  Hard Rock Caverns: 111. P r e l i m i n a r y  S t a b i l i t y  and 

Design C r i t e r i a  f o r  Compressed A i r  Energy Storage Caverns, P. F. 

Gn i rk ,  Re/Spec Inc . ,  Rapid City, SD, PNL-2916 (RSI-0079), d r a f t  

February 1979. 

. The E f f e c t s  o f  Water on Compressed A i r  Energy Storage i n  Porous Rock 

Reservo i rs ,  L.E. Wi les,  PNL-2869, March 1979. 

Numerical  Model ing o f  t h e  Behavior  o f  Caverns i n  S a l t  f o r  Compressed 

A i r  Energy Storage (CAES) , Vol 1-2, Serata Geomechanics, I n c .  , 
Berkeley,  CAY May 1979. 

P a c i f i c  Nor thwest  Labora to ry  Annual Repor t  f o r  1978 t o  t h e  DOE D i v i s i o n  

o f  Energy Storage Systems - Compressed A i r  Energy Storage Technology 

Program, W. V .  L o s c u t o f f ,  PNL-2935, June 1979. 

. Inc rementa l  Cost Ana l ys i s  o f  Advanced Concept CAES Systems, C.A. 

Knutsen, Knutsen Research Serv ices,  B o t h e l l ,  WAY PNL-3118, September 1979. 



. Numerical Ana l ys i s  o f  Temperature and Flow E f f e c t s  i n  a Dry, Two- 

Dimensional ,  Porous-Media Rese rvo i r  Used f o r  Conipressed A i r  Energy 

Storage, L.E. Wi les,  PNL-3047, October 1979. 

. P o t e n t i a l  Pe t rophys ica l  and Cheniical P rope r t y  A l t e r a t i o n s  i n  a 

Compressed A i r  Energy Storage Porous Rock Reservo i r ,  J.A. S to t t lemyre ,  

R.L. E r i kson  and R.P. Smith, PNL-2974, October 1979. 

The Economics o f  Compressed A i r  Energy Storage Employing Thermal 

Energy Storage, S. C.  Schu l t e  and R.  W.  R e i l l y ,  PNL-3191, November 

1979. 

S t r u c t u r a l  Ana l ys i s  o f  Porous Rock Reservo i rs  Subjected t o  Cond i t ions  

o f  Compressed A i r  Energy Storage, J.R. F r i l e y ,  PNL-3231, January 1980. 

CAES and UPHS i n  Hard Rock Caverns: I V .  P r e l i m i n a r y  S t a b i l i t y  and 

Design C r i t e r i a  f o r  Underground Pumped Hydro Storage Caverns, P. F. 

Gni r k ,  ReISpec I n c .  , Rapid City, SD, PNL-3262 (RSI -01 l o ) ,  d r a f t ,  

February 1 980. 

Compressed A i r  Energy Storage Technology Program Annual Repor t  f o r  

1979, W. V .  Loscu to f f ,  S t a f f  Members and Subcontractors  o f  P a c i f i c  

Northwest Laboratory ,  PNL-3395, June 1980. 

. Porous Media Experience A p p l i c a b l e  t o  F i e l d  Eva lua t i on  f o r  Compressed 

A i r  Energy Storage, R.  D. A l l e n  and P. J. Gutknecht, PNL-3294, June 1980. 

. dTechnica l  and Economic Assessment o f  F l u i d i z e d  Bed Augmented Compressed 

A i r  Energy Storage System, A. J .  Gi ramont i ,  R. D. Lessard, D. M e r r i c k  and 

M. J.  Hobson, U n i t e d  Technologies Research Center,  East Ha r t f o rd ,  CT, 

PNL-3686 (UTRC R80-954490-20), Vol umes 1-3, June 1980. 

An Experimental  Study o f  t h e  Response o f  t h e  G a l e s v i l l e  Sandstone 

t o  S imulated CAES Cond i t ions ,  R. L. Er ikson,  J .  A. S to t t l emy re ,  

and R. P. Smith, PNL-3399, J u l y  1980. 

. Numerical Model ing o f  Behavior o f  Caverns i n  S a l t  f o r  Compressed 

A i r  Energy Storage w i t h  E leva ted  Temperatures, S. Serata and J .  F. 

McNamara, Serata Geomechanics, Inc . ,  Berkeley,  CA, December 1980. 



CAES and UPHS i n  Hard Rock Caverns: I. Geologica l  and Geotechnical  

Aspects, D.S. P o r t - K e l l e r  and P.F. Gni rk ,  Re/Spec I nc . ,  Rapid City, 

SD, PNL-2886 (RSI-0076), January 1981. 

Techn ica l  and Economic Assessment o f  F l u i d i z e d  Bed Augmented Compressed 

A i r  Energy Storage System - System Load Fo l l ow ing  C a p a b i l i t y ,  R. D .  

Lessard, W.  A. B lecher  and D. Mer r i c k ,  Un i t ed  Technologies Research 

Center,  Eas t  H a r t f o r d ,  CT, PNL-3895 (UTRC R80-954490-29), January 

Conceptual Design and Engineer ing S tud ies  o f  A d i a b a t i c  CAES w i t h  

Thermal Energy Storage, M. J. Hobson e t  a l ,  Acres American, I nc . ,  

Columbia, MD, PNL-4115, March 1981. 

Water Coning i n  Porous Media Reservo i rs  f o r  Compressed A i r  Energy 

Storage, L.  E. Wi les and R .  A .  McCann, PNL-3470, June 1981. 

Annual Repor t  f o r  1980 Conipressed A i r  Energy Storage Techno1 ogy 

Program, L. D .  Kannberg, S t a f f  Members and Subcontractors  o f  P a c i f i c  

Northwest Labora to ry ,  PNL-3804, June 1981 . 
L i n e  by L i n e  Assessment o f  P r i n c i p a l  Subsystems, Equipment I tems 

and Components o f  Compressed A i r  Energy Storage (CAES) Systems, D. L.  

Chiang and C.  K. Jee, ENTEC Research Assoc ia tes,  Inc . ,  R o c k v i l l e ,  

MD, August 1981. 

The E x p l o r a t i o n  and C h a r a c t e r i z a t i o n  of  an A q u i f e r  CAES S i t e  Near 

P i t t s f i e l d ,  I l l i n o i s ,  T. E .  Jensen, Dames and Moore, Park Ridge, I L ,  

Vol  . 1-1 I, September 1981 . 

Technology Assessment Repor t  f o r  t h e  Soyland Power Cooperat ive,  I n c .  

Compressed A i r  Energy Storage System (CAES) , Environmental  Science 

and Engineer ing,  S t .  Lou is ,  MO, September 1981. 

S i t i n g  S e l e c t i o n  Study f o r  t h e  Soyland Power Cooperat ive,  I nc .  

Compressed A i r  Energy Storage System (CAES), Environmental  Science 

and Engineer ing,  S t .  Lou is ,  MO, September 1981. 



Laboratory Testing of Hard Rock Specimens Subjected t o  Loadings and 

Environmental Conditions Appropriate For a Compressed Air Energy 

Storage Cavern, A .  F .  Fossum, Re/Spec Inc. ,  Rapid City,  SD, 

February 1982. 

Geotechnical c r i t e r i a  f o r  the  design and s t a b i l i t y  of CAES caverns 

in hard rock formations a r e  developed and summarized in t h i s  document. 

The intended audience includes technical people with the a rch i tec t -  

engineering industry who would be involved i n  CAES construction.  Thus, 

the  wri ters  assume normal competence in  geotechnical engineering. The 

document i s  not an a l l  encompassing t e x t  on e i t h e r  CAES o r  reservoir  

engineering, b u t  ra the r  a reference on CAES reservoir  s t ab i  1 i t y  research 

work. 

Three recent publicat ions wil l  a l so  be of i n t e r e s t  t o  the reader.  

Geotechnical Basis f o r  Underground Energy Storage in Hard Rock, 0. 

C .  Farquhar, E lec t r i c  Power Research I n s t i t u t e ,  EPRI EM-2260, 

Project  1199-11, Final Report, Palo A1 t o ,  C A ,  March 1982 

Preliminary Design Study of Underground Pumped Hydro and Compressed- 

Air Energy Storage in Hard Rock, Volumes 1 through 13: CAUPH Preliminary 

Licensing Documentation, EPRI EM-1589, Project  1081-1 and DOEIET 

5047-1 3 ,  Final Report, Apri 1 1981 (Prepared by Acres American, Inc. ,  

Columbia, M D ,  Project  Manager D .  C .  Wi 11 e t t )  

Factors Influencing the  Design of a CAES Fac i l i t y  in Hard Rock, R .  H .  

Curtis  and D. C .  Wil le t t ,  Proceedings of the International  Conference 

on Seasonal Thermal Energy Storage and Compressed Air Energy Storage, 

Vol. 2, pp.  501-510, October 19-21, 1981, Sea t t l e ,  W A Y  Pac i f i c  

Northwest Laboratory, Richland, WA. 
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SUMMARY 

The pr imary o b j e c t i v e  o f  t h i s  r e p o r t  i s  t o  develop and present  

geotechnical c r i t e r i a  f o r  t he  design and s t a b i l i t y  o f  CAES caverns i n  

hard rock  formations. These c r i t e r i a  i n v o l v e  geologic ,  hydro log ica l ,  

geochemical, geothermal, and i n  s i t u  s t ress  s t a t e  c h a r a c t e r i s t i c s  o f  

gener ic  rock  masses. The i r  relevance t o  CAES caverns, and the  i d e n t i f i c a t i o n  

o f  requ i red  research areas, a r e  i d e n t i f i e d  throughout the  t e x t .  The 

design c r i t e r i a  must be es tab l ished from the  v iewpoint  o f  1 )  t he  type o f  

CAES system, 2)  t he  des i red  a i r  volume and pressure, and 3)  t h e  thermal/rock 

mechanics/hydrologic c o n s t r a i n t s  appropr ia te  t o  the  rock  mass. These 

c o n s t r a i n t s  must be used i n  determining o f  opt imal  cavern shape, cavern 

o r i e n t a t i o n ,  dimensions and spacing, and excavat ion methods. 

Because of t he  h igh  excavat ion cos ts  associated w i t h  the  l a r g e r  

volumes requ i red  by o the r  s torage schemes, a  CAES r e s e r v o i r  i n  hard rock  

would probably be a constant  pressure, water-compensated cavern. The 

d a i l y  temperature c y c l i n g  and w a l l  we t t i ng  occu r r i ng  dur ing  t h e  opera t ion  

o f  a  CAES r e s e r v o i r ,  having never been encountered before i n  rock  masses, 

lead t o  the  f o l l o w i n g  design concerns: . cavern geometry and s i z e  . cavern o r i e n t a t i o n  . thermal response . low frequency fa t i gue ,  coupled w i t h  temperature c y c l i n g  and we t t i ng  . a i r  pene t ra t i on  o f  rock  mass . hard rock  p rope r t i es  a t  nonambient cond i t i ons  . res idua l  s t reng th  o f  hard rock  a f t e r  f a i l u r e  . minera log ica l  a l t e r a t i o n  o f  hard rock  under CAES cond i t ions .  

The f o l l o w i n g  conclusions regarding a i r  s torage i n  hard rock masses have 

been i d e n t i f i e d :  

Rocks must be competent ( w i t h  h igh  s t r u c t u r a l  s t rength  and s t a b i l i t y ) ,  

and capable of sus ta in ing  openings w i t h  minimal support and rock  

improvement measures. Candidate rock  types i nc lude  g ran i te /g ranod io r i t e ,  

q u a r t z i t e ,  massive gneiss, dolomi te and l imestone. 



. Rock masses must be charac ter ized by o v e r a l l  hyd rau l i c  c o n d u c t i v i t i e s  

l e s s  than mlsec f o r  water. 

. Long-term containment o f  s to red  a i r  may n o t  be poss ib le  i n  t i g h t l y  

fo lded,  h e a v i l y  f rac tured,  j o i n t e d ,  o r  f au l ted  rocks. 

. Cav i t y  geometry and o r i e n t a t i o n  must be se lec ted  f o r  minimal support  

requirements. Important  geologic  parameters i nc lude  ex ten t  o f  

f r a c t u r i n g ,  na ture  o f  j o i n t  surfaces, pe rmeab i l i t y  i n  zones o f  

weakness, and hydro log ic  cond i t ions .  

Storage cavern design and cons t ruc t i on  must min imize s lak ing ,  s p a l l i n g ,  

and l o s s  o f  ground water above t h e  cavern. 

. C y c l i c  temperature and humid i ty  v a r i a t i o n s  must n o t  s i g n i f i c a n t l y  

decrease rock  s t reng th  by fa t i gue .  

. Geologic format ions w i t h  h igh  ho r i zon ta l  i n  s i t u  s t resses a r e  

unfavorable.  Maximum ho r i zon ta l  s t ress  should n o t  exceed v e r t i c a l  

s t ress  by more than a  f a c t o r  o f  1.5. 

. The cons t ruc t i on  c o s t  o f  CAES caverns can be s e r i o u s l y  impacted by 

cond i t i ons  such as degree o f  j o i n t i n g  and f a u l t i n g  and incompetence 

o f  t h e  overburden. Access sha f t s  f o r  CAES caverns should n o t  be 

sunk i n  areas w i t h  more than 50 m o f  incompetent, water- bear ing 

overburden. 

A d d i t i o n a l  gu ide l i nes  t h a t  should be considered when cons t ruc t i ng  

a  CAES r e s e r v o i r  i n  hard rock  inc lude:  

. Hydros ta t i c  pressure w i t h i n  t h e  host  rock  must balance t h e  pressure 

o f  s to red  a i r  (and t h e  equal pressure o f  t he  water-compensating 

column). , 

. Surface water must be a v a i l a b l e  f o r  pressure compensation. 

. The "champagne e f f e c t " ,  r a p i d  e v o l u t i o n  o f  a i r  i n  t h e  water column 

connect ing t h e  cavern t o  the  sur face lake,  must be considered i n  

t h e  design o f  CAES p l a n t s  w i t h  compensated caverns. 



. Unconfined compressive s t reng th  must exceed 25 MPa over t he  c y c l i n g  

1 i f e .  

. The nearest  d i s s i m i l a r  geologic  formation contac t  should n o t  be 

c l o s e r  than 100 m. 

Areas of act iv.e volcanism, f a u l t i n g ,  seismic a c t i v i t y ,  excessive 

subsurface s o l u t i o n  and subsidence a r e  t o  be avoided. 

. Long axes o f  caverns should be o r i e n t e d  w i t h  respect  t o  s t r u c t u r a l  

d i s c o n t i n u i t i e s  and i n  s i t u  s t ress  f i e l d s  t o  maximize s t a b i l i t y  and 

min imize cons t ruc t i on  costs. 

. The most 1 i k e l y  cavern depth i s  750 t o  850 m due t o  opera t ing  requ i re-  

ments. 

A i r  l o s s  should n o t  exceed 1% du r ing  the  storage per iod.  

. Operat ing pressures, e s s e n t i a l l y  constant,  w i l l  f l u c t u a t e  w i t h i n  a 

very narrow range w i t h  d i f f e rences  a t t r i b u t a b l e  t o  v a r i a t i o n s  i n  

t he  e f f e c t i v e  he igh t  o f  t he  water-compensating column. The most 

l i k e l y  design range f o r  opera t ing  pressures i s  7.35 t o  8.33 MPa. 

Maximum charging pressure w i l l  be 12.0 kPa/m of depth. 

. Compressed a i r  w i l l  e n t e r  t he  cavern a t  30 t o  80°C. 

. Compensating water temperature may f l u c t u a t e  between 0 and 30°C. 

. Cavern depressur iza t ion  should be gradual n o t  exceeding 1 MPa per  

hour. 

I n  conclusion, t h i s  l i t e r a t u r e  survey and ana lys i s  s t r o n g l y  suggests 

t h a t  t h e  c h i e f  geotechnical issues f o r  t he  development and opera t ion  o f  

CAES caverns i n  hard rock  a r e  impermeab i l i t y  f o r  containment, s t a b i l i t y  

f o r  sound openings, and h y d r o s t a t i c  balance. 
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GEOTECHNICAL ISSUES A N D  GUIDELINES FOR STORAGE OF COMPRESSED AIR 

IN EXCAVATED HARD ROCK CAVERNS 

1.0 INTRODUCTION 

Compressed a i r  energy storage (CAES) i s  a method for  storing off- 

peak surplus energy from e lec t r i c  power plants,  then readily recovering 

and using the stored energy to  generate electr ical  power during peak 

demand periods. The CAES method requires underground caverns to  s tore  

the a i r  compressed during off-peak demand periods. Cavern storage may 

be ei ther :  

compensated - Nearly constant a i r  pressure with varying volume (wet 

system with hydraul i c  compensation), or 

uncompensated - Constant a i r  volume with varying pressure (dry 

system). 

Over the 30-year proposed operational l ifetime of a CAES system, 

the rock mass tha t  contains the caverns and in l e t lou t l e t  shafts will be 

subjected to  some 10,000 loading cycles. Although the internal pressure 

in the storage caverns of a compensated system i s  nearly constant, the 

rock i s  subjected to  a daily temperature cycle caused by alternating 

contact with hot a i r  (compression cycle) and water a t  "ambient" temperature 

(generation cycle).  These temperature cycles will induce cycl i c  thermal 

s t resses  in the rock. Under these conditions, the selection of the rock 

mass and the quantification of i t s  material properties and geotechnical 

character is t ics  a re  important factors in designing the caverns to  minimize 

the r i sk  of e i ther  structural or  air/water leakage ins t ab i l i t i e s  (Port- 

Keller and Gnirk 1981). 

Rocks sui table  fo r  the excavation of underground CAES caverns must 

be competent and capable of sustaining openings supported by the p i l l a r s  

and walls l e f t  during mining. Hard rock formations offer  one potential 



geo log ic  medium. Hard rock  i s  de f ined as rock  w i t h  r e l a t i v e l y  g rea t  

s t reng th  and res i s tance  t o  l a r g e  d u c t i l e  and creep deformation (Gnirk  

and P o r t - K e l l e r  1978). Candidate hard rock  masses a l so  must have the  

f o l l o w i n g  key c h a r a c t e r i s t i c s :  homogeneous l i t h o l o g y ,  low p o r o s i t y  and 

permeabi 1 i t y ,  w ide l y  spaced j o i n t s  and f rac tu res ,  no s i g n i f i c a n t  f a u l t i n g ,  

and m i n e a b i l i t y .  

Underground hard rock  storage has several precedents. The f i r s t  

underground powerhouse was b u i l t  i n  1908 a t  Mockf jard i n  no r the rn  Sweden 

w i t h  an i n s t a l l e d  capac i t y  o f  12 MW. I n  1910 a 50-MW underground p l a n t  

was b u i l t  a t  Por jus  i n  Lapland. U t i l i z a t i o n  o f  underground openings i n  

hard rock  f o r  power f a c i l i t i e s  began i n  Norway i n  1916. I n  t he  l a t e  

1930s, un l  i ned rock  caverns f o r  s t o r i n g  1 i q u i d  hydrocarbons were developed 

i n  Sweden. Although several  hard rock  storage caverns have l ong  been used 

i n  t h e  Un i ted  Sta tes  f o r  t h e  storage o f  petroleum products, i n t e r e s t  i n  

t h e  use o f  excavated hard rock  chambers f o r  CAES i s  r e l a t i v e l y  recent .  

I n  t h i s  respect  f e a s i b i l i t y  s tud ies  have been o r  a re  being conducted i n  

C a l i f o r n i a ,  Kansas, I l l i n o i s ,  Maryland, and the  New England s ta tes  

(Wei n s t e i  n e t  a1 1978). 

A lso  i n  Sweden many r e s e r v o i r s  o f  o i l ,  gas, and a i r  have been 

conta ined i n  excavated hard rock  chambers (see Appendix A). 

Cur ren t ly ,  no CAES f a c i l i t y  has y e t  been const ruc ted  i n  hard rock.  

However, Potomac E l  e c t r i c  Power Company (PEPCO) developed p r e l  i m i  nary 

designs and cos ts  f o r  a CAES hard rock  cavern f a c i l i t y  t o  be excavated 

a t  a s u i t a b l e  s i t e  i n  o r  near t h e  PEPCO power system i n  Maryland. The 

p l a n t  design study was completed i n  1980 (see Appendix B ) .  Soyland 

Power Cooperative, Inc.,  o f  Decatur, I l l i n o i s ,  has designed a 220-MW 

CAES power p l a n t  t h a t  w i l l  s t o r e  a i , r  w i t h i n  caverns excavated from 

Cambrian dolomi te a t  a depth o f  about 700 m. ' The  caverns a re  t o  be 

water-compensated. 



This document describes the geotechnical issues affecting CAES in 

excavated hard rock caverns. Most issues re la te  to  geologic environments, 

hydrology, rock mechanical properties, cavern excavation, and predicted 

operating conditions. 

Section 2 t r ea t s  the geologic issues and emphasizes candidate rock 

types, structural character is t ics ,  hydrological requirements, and thermal/ 

mechanical rock properties. Results of t e s t s  conducted on candidate rocks 

are also included. 

Section 3 embraces a l l  main aspects of cavern s t ab i l i t y .  Types of 

in s t ab i l i t y  that  could af fec t  compressed a i r  storage are explained and 

various mechanisms are  identified.  Numerical modeling i s  applied to  

cavern design, post-excavation s t a b i l i t y ,  thermal penetration of walls, 

and a i r  leakage. Cavern excavation experience i s  included in subsection 3.4. 

Section 4 addresses s i t e  qualification. Procedures for i n i t i a l  

screening, rock characterization, dr i l l ing  and in s i tu  tes t ing,  geophysical 

methods, joint  surveys and permeability measurement are suggested. 

In Section 5 operational issues are identified.  These include 

injection parameters, potential impacts within the host rock, reservoir 

, monitoring and champagne effect .  

Design and s t a b i l i t y  c r i t e r i a  are  tabulated in Section 6. Although 

some are  assigned numbers, others are  handled with qual i ta t ive statements. 

Most c r i t e r i a  are  concerned with the prevention of in s t ab i l i t i e s :  local,  

general, and a i r  leakage. 



2.0 GEOTECHr4ICAL ISSUES 

A wide range o f  geo log ic  f a c t o r s  must be considered i n  choosing t h e  

s i t e  f o r  a  CAES hard rock  cavern. Among these a r e  candidate rock  types, 

s t r u c t u r a l  c h a r a c t e r i s t i c s ,  hydrology, and thermal/mechanical rock  

p rope r t i es .  Each i s  discussed i n  t h e  f o l l o w i n g  subsect ions. 

Rocks must be s u f f i c i e n t l y  competent t o  sus ta in  caverns w i t h o u t  

supports o t h e r  than t h e  p i l l a r s  and w a l l s  l e f t  a f t e r  excavat ion (Chang 

e t  a1 1980). Cav i t y  geometry must be se lec ted  t o  min imize suppor t  

requirements. Heav i l y  f r ac tu red ,  j o i n t e d ,  o r  f a u l t e d  rocks w i l l  be 

e l im ina ted  from cons idera t ion  because they  may n o t  sus ta in  underground 

r e s e r v o i r s  and may n o t  con ta in  compressed a i r ,  e s p e c i a l l y  over  t h e  

longer  term. The degree o f  j o i n t i n g  and f a u l t i n g  and competence o f  t he  

overburden must be l i m i t e d  so as n o t  t o  s e r i o u s l y  inc rease t h e  cons t ruc t i on  

c o s t  o f  CAES caverns. 

Candidate r o c k  types i n c l u d e  g ran i  t e l g r a n o d i o r i  t e l d i o r i  te ,  gabbro, 

q u a r t z i t e ,  massive gneiss, dolomite, and l imestone. High s t r u c t u r a l  

s t rength ,  adequate depth and vo lumet r ic  extent ,  and absence o f  h igh  i n  

s i t u  l a t e r a l  s t r e s s  a r e  important .  The candidate s i t e  w i l l  be about 

750 t o  850 m below t h e  water l e v e l  o f  t he  compensating sur face  l a k e  t o  

ensure adequate h y d r o s t a t i c  head. Maintenance o f  c a p i l l a r y  water w i t h i n  

open pores and f r a c t u r e s  i s  a l s o  a necessary c o n d i t i o n  du r i ng  a l l  stages 

o f  cons t ruc t i on  and operat ion.  Rock masses should be charac ter ized  by 

o v e r a l l  h y d r a u l i c  c o n d u c t i v i t i e s  1 ess than 1 m/sec f o r  water t o  

assure containment o f  a i r .  

C y c l i c  exposures o f  r e s e r v o i r  w a l l s  t o  temperature, pressure, 

oxygen and water must n o t  s i g n i f i c a n t l y  decrease rock  s t reng th  by f a t i g u e  

o r  geochemical reac t ions .  S lak ing  and s p a l l i n g  must n o t  occur i n  s u f f i c i e n t  

degree t o  a l l o w  increased a i r  l o s s  o r  s t r u c t u r a l  i n s t a b i l i t y .  

I f  more than 50 m o f  incompetent water-bearing overburden o v e r l i e s  

an o therw ise  a t t r a c t i v e  s i t e ,  i t  may n o t  be economical ly f e a s i b l e  t o  

c o n s t r u c t  access and water compensation shaf ts .  



Impermeabi 1 i t y  f o r  a i r  containment (and compensating water containment) 

and s t a b i l i t y  f o r  maintenance of sound caverns and sha f t s  a r e  the  chief  

geotechnical i ssues  (Milne e t  a1 1977; Walia and McCreath 1977; Duffant 1977). 

2.1 CANDIDATE ROCK TYPES 

In t rus ive  igneous rocks, massive chemically precipi ta ted  sedimentary 

rocks and r e l a t i ve ly  massive nonfoliated metamorphic rocks a r e  the 

most s u i t a b l e  hosts f o r  excavation of CAES caverns. Favorable CAES s i t e s  

w i t h i n  i n t r u s ive  igneous and metamorphic rocks can be found i n  l a rge  

areas  of the  eas tern ,  north-central ,  and western United S ta tes  (Figure 1 ) .  

S i t i n g  p o s s i b i l i t i e s  f o r  limestones and dolomites a r e  confined p r inc ipa l ly  

t o  the  midwestern region including I l l i n o i s ,  Indiana, Iowa, Kentucky, 

Minnesota, Missouri, Ohio, and Wisconsin. 

2.1 .1 Igneous Rocks 

Igeous rocks or ig inated by c ry s t a l l i z a t i on  of minerals and/or 

s o l i d i f i c a t i o n  of g lasses  from magma. These rocks a r e  c l a s s i f i e d  as  

e i t h e r  in t rus ive  o r  ext rus ive ,  depending upon where they hardened i n  

r e l a t i o n  t o  the  e a r t h ' s  c ru s t .  

2.1.1.1 In t rus ive  

Int rus ive  igneous rocks a r e  those which hardened beneath the  overlying 

unconsolidated sediments and within c rus ta l  rock. These rocks, which 

c ry s t a l l i z ed  a s  masses (p lutons)  i n  various s i z e s  and shapes, a r e  generally 

"phaner i t ic" ,  meaning grain diameters a r e  g rea te r  than 1 mm and e a s i l y  

seen w i t h  the  unaided eye. Figure 2 presents a typical  igneous rock 

mineralogical c l a s s i f i c a t i on  (Port-Kel 1 e r  and G n i r k  1981 ) . 

This study has concentrated on rocks of the  grani te- granodior i te ,  

d i o r i t e ,  gabbro, and pe r i do t i t e  groups. The other  groups, although they 

may be local  ly  favorable f o r  CAES, occur w i t h  much l e s s  frequency and in 

1 imi ted  extent  compared t o  the  rock types mentioned (Jackson 1970; 

Travis 1955; Dietr ich and Skinner 1979). 



EXTENSIVE AREAS WHERE 
VOLCANIC SEQUENCES 

* GEOLOGIC DETAIL NOT SHOWN 

ARE EXPOSED - BOUNDARIES OF GEOLOGIC FEATURES 

FIGURE 1. D i s t r i b u t i o n  o f  Igneous and Metamorphic Rock i n  t h e  Un i ted  States (Aamodt e t  a1 1975) 
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FIGURE 2. Igneous Rock C l a s s i f i c a t i o n  (Po r t - Ke l l  e r  and Gni r k  1981 ) 

Magma may be emplaced i n  the  surrounding rock  (count ry  o r  hos t  

rock )  f o r c e f u l  l y  o r  gen t l y .  The depth, na ture  o f  emplacement, and geochemistry 

i n f l u e n c e  t h e  k inds o f  rock  types and associated s t ruc tu res  ( f o l d s  and 

f a u l t s )  t h a t  may be formed. These f a c t o r s  a l so  determine the  dhemical 

a l t e r a t i o n  o f  count ry  (hos t )  rock  and t e x t u r a l  features o f  t h e  s o l i d i f i e d  

p l u t o n  (Port-Kel l e r  and Gnirk  1981 ) . 
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count ry  r o c k  may erode, exposing the  p l  u ton  i t s e l f  t o  weathering, erosion, 

and o the r  mechanisms o f  j o i n t  fo rmat ion  (Po r t - Ke l l e r  and Gni rk  1981). 
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The i n t a c t  r o c k  i s  o f t e n  homogeneous and n e a r l y  i s o t r o p i c  on a 

coarse sca le .  

The petrography., p a r t i c u l a r l y  t h e  i n t e r l o c k i n g  c r y s t a l l i n e  t e x t u r e ,  

impar ts  g e n e r a l l y  h i g h  s t r e n g t h  and f a v o r a b l e  e l a s t i c ,  thermal,  

and weather ing p r o p e r t i e s  t o  t h e  rock .  

P o r o s i t y  and p r ima ry  p e r m e a b i l i t y  a r e  g e n e r a l l y  ve ry  low. 

2.1.1.2 E x t r u s i v e  

E x t r u s i v e  igneous rocks  a r e  formed a f t e r  e j e c t i o n  o r  ou tpou r i ng  

a t  o r  ve ry  near  t h e  e a r t h ' s  su r f ace  i n  a  v a r i e t y  o f  ways. They may be 

formed f rom l a v a  g e n t l y  ex t ruded  on to  t h e  e a r t h ' s  sur face;  t h e  l a v a  may 

s o l i d i f y  i n  l a y e r s  as much as severa l  hundred f e e t  t h i c k .  E x t r u s i v e  

r o c k  may a l s o  be formed f rom v i o l e n t  v o l c a n i c  e rup t i on .  Rock t e x t u r e s  

( s p e c i f i c a l l y  numbers, s i zes ,  and shapes of c a v i t i e s )  depend on t h e  t y p e  

o f  lava ,  t h e  n a t u r e  o f  emplacement, and t h e  method o r  r a t e  o f  coo l i ng ,  

as i n  water  o r  a i r .  Such rocks  may v a r y  w i d e l y  and be h i g h l y  permeable 

and n o t  v e r y  competent, o r  t hey  may be compact, impermeable and ve ry  

competent. 

E x t r u s i v e  f e a t u r e s  assoc ia ted  w i t h  h i g h  p e r m e a b i l i t y  and incompetence 

i n c l u d e  scor iaceous, v e s i c u l a r ,  b recc ia ted ,  and shr inkage- cracked s t r u c t u r e s .  

Scor iaceous descr ibes  an ex t reme ly  v e s i c u l a r  r o c k  i n  which many v e s i c l e s  

open a t  t h e  sur face .  A v e s i c l e  i s  an e l l i p s o i d a l  , c y l i n d r i c a l  , o r  

s p h e r i c a l  opening formed i n  mo l ten  r o c k  by t h e  expansion o f  gas escaping 

f rom s o l u t i o n .  B recc ia  zones a r e  c a v i t i e s  and broken r o c k  o f t e n  o c c u r r i n g  

between l a v a  f lows .  Shr inkage c racks  a r e  caused e i t h e r  by c o o l i n g  of 

t h e  o u t e r  l a v a  su r f ace  o r  by c o o l i n g  f rom beneath. In a d d i t i o n ,  a f t e r  

coo l i ng ,  o t h e r  s t r u c t u r a l  f e a t u r e s  such as f o l d s ,  f a u l t s ,  and j o i n t s  may 

be superimposed. 

E x t r u s i v e  igneous rocks  a r e  genera l  l y  cons idered t o  be 1  ess f avo rab l  e  

f o r  CAES development than  i n t r u s i v e  rocks  due t o  t h e i r  i n h e r e n t  s t r u c t u r a l  

d i s c o n t i n u i t i e s .  They a r e  o f t e n  found i n  masses o f  l i m i t e d  a r e a l  e x t e n t  



and l a y e r s  o f  l i m i t e d  th ickness.  The rocks may be h i g h l y  ves i cu la r ,  

w i t h  h igh  p o r o s i t y  and pe rmeab i l i t y  and genera l l y  low s t rength .  I n t a c t  

core  specimens, however, may e x h i b i t  h igh  s t rength .  The rocks tend t o  

occur near t he  surface. 

The most favorab le  igneous e x t r u s i v e  rock  i s  probably one formed by 

massive, nonv io len t  f l o w  o f  l ava  upon the  e a r t h ' s  surface. I f  such a  

f l o w  occurs i n  s u f f i c i e n t  mass t o  be a  cavern host, o the r  c h a r a c t e r i s t i c s  

c i t e d  as favorab le  i n  igneous i n t r u s i v e s  would a l so  genera l l y  app ly  

(Po r t - Ke l l e r  and Gni rk  1981). I n  t h i s  respect ,  massive b a s a l t  f lows o r  

welded t u f f s  o f  s u f f i c i e n t  dens i t y  might  be favorab ly  considered as 

l i k e l y  host  rocks f o r  CAES s i t e  development. 

2.1.2 Metamorphic Rocks 

Metamorphic rocks a r e  igneous, sedimentary, o r  p rev ious l y  metamorphosed 

rocks t h a t  have been a l t e r e d  by temperature, pressure, and/or so lu t i ons .  

Metamorphic pe t ro logy  i s  extremely complicated; however, t he  pr imary  

c l a s s i f i c a t i o n  can be based on t h e  presence o r  absence o f  laminated 

s t r u c t u r e s  i n  t h e  rock  r e s u l t i n g  from segregat ion o f  d i f f e r e n t  minera ls  

i n t o  l aye rs .  Th i s  p a r a l l e l  o r  n e a r l y  p a r a l l e l  s t ruc tu re ,  along which 

t h e  rock  tends t o  separate i n t o  f l a k e s  o r  t h i n  slabs, i s  c a l l e d  f o l i a t i o n .  

F o l i a t e d  metamorphic rocks i nc lude  s la tes ,  p h y l l i t e s ,  sch i s t s ,  and some 

gneisses. Non fo l i a ted  metamorphic rocks i nc lude  q u a r t z i t e s  and marbles. 

F igure  3 presents a  t y p i c a l  metamorphic rock  c l a s s i f i c a t i o n  (Port-Kel l e r  

and Gni rk  1981 ) .  

S t r u c t u r e  i n  metamorphic rocks i s  o f t e n  complex, i n v o l v i n g  numerous 

f a u l t s  and f o l d s .  I n  a d d i t i o n  t o  f o l i a t i o n ,  o ther  smal l- scale s t ruc tu res  

may i nc lude  rock  cleavage o r  s c h i s t o s i  ty. Rock cleavage(a) i s  t h e  

tendency t o  sp l  i t  a1 ong para1 1 e l  surfaces o f  secondary o r i g i n  whereas 

( a ) ~ o l  i a t i o n  and rock  cleavage a re  d i s t i ngu i shed  as fo l l ows :  f o l i a t i o n  i s  
a  general c o n d i t i o n  i n  which a  rock  exhi  b i t s  some p a r a l l e l  ism i n  minera l  
segregat ion and some tendency t o  s p l i t  along these surfaces. Rock 
cleavage i s  f o l i a t i o n  i n  which these sur faces a re  p a r a l l e l ,  t h e  r e s u l t i n g  
rock  separat ions a r e  p a r a l l e l ,  and the  planes a re  n o t  indigenous w i t h i n  
t h e  o r i g i n a l  rock. 



FIGURE 3. Metamorphic Rock C l a s s i f i c a t i o n  ( P o r t - K e l l e r  and G n i r k  1981) 

s c h i s t o s i t y  a p p l i e s  t o  t h a t  v a r i e t y  o f  r o c k  cleavage found i n  rocks  

s u f f i c i e n t l y  r e c r y s t a l l i z e d  and lamina ted  t o  be c l a s s i f i e d  as s c h i s t  o r  

gneiss.  As such rocks  a r e  o f t e n  l e s s  competent, j o i n t s ,  p a r t i n g s ,  

f i s s u r e s ,  and f r a c t u r e s  may be c l osed  a t  sha l lower  depths i n  f o l i a t e d  

rocks  than i n  igneous i n t r u s i v e  rocks  (Brown 1975). However, j o i n t s  i n  

marbles and q u a r t z i t e s  may have wide aper tu res  a t  depth, s i m i l a r  t o  

t h ~ s e  found i n  igneous i n t r u s i v e  rocks  ( P o r t - K e l l e r  and G n i r k  1981 ) .  

P a r t i c u l a r  gneisses w i t h  coarse i r r e g u l a r  banding may n o t  be assoc ia ted  

w i t h  d i s c o n t i n u i t i e s  o r  p lanes o f  weakness. These massive rocks  may be 

q u i t e  s u i t a b l e  f o r  CAES cavern cons t ruc t i on .  

N o n f o l i a t e d  rocks,  such as q u a r t z i t e s  and marbles, when they  occur  

i n  s u f f i c i e n t l y  l a r g e  masses, may be as s u i t a b l e  f o r  caverns as igneous 

i n t r u s i v e s .  Such rocks  a r e  g e n e r a l l y  homogeneous and i s o t r o p i c  and have 

adequate s t r e n g t h  c h a r a c t e r i s t i c s .  T h i s  i s  p a r t i c u l a r l y  c h a r a c t e r i s t i c  

of q u a r t z i t e s .  Marble,  however, may occur  l e s s  f r e q u e n t l y  i n  l a r g e  

masses, have somewhat lower  s t r eng th ,  and be s u b j e c t  t o  undes i rab le  

weather ing and s o l u t i o n  e f f e c t s  because i t  c o n s i s t s  p r i m a r i l y  o f  ca lc ium 

carbonate. The d e s i r a b i l i t y  o f  h i g h  q u a l i t y  marb le  f o r  o t h e r  commercial 

purposes w i l l  tend  t o  e l i m i n a t e  i t  as a  p o t e n t i a l  hos t  r o c k  ( P o r t - K e l l e r  

and Gn i r k  1981). 



Major  d i f f i c u l t i e s  i n  CAES cavern s t a b i l i t y  i n  f o l i a t e d  rocks would 

probably a r i s e  from e i t h e r  f o l i a t i o n  o r  rock  cleavage. F o l i a t i o n  and 

cleavage planes can cause t h e  s t rength ,  e l a s t i c i t y ,  and thermal p r o p e r t i e s  

o f  t he  rock  t o  be both a n i s o t r o p i c  and h i g h l y  v a r i a b l e  i n  p a r t i c u l a r  

d i r e c t i o n s .  I n  add i t i on ,  weathering o f  such rocks may be acce lera ted  

along planes o f  separat ion.  The presence of e a s i l y  a l t e r e d  metamorphic 

minera ls  such as c h l o r i t e  and t a l c  hastens chemical weathering (Por t -  

K e l l e r  and Gni rk  1981). 

2.1.3 Sedimentary Rocks 

Sedimentary rocks a r e  formed by weathering, t ranspor ta t i on ,  and 

conso l i da t i on  of fragments of o the r  rocks and minera ls  o f  many k inds 

( c l a s t i c  rocks) ,  by p r e c i p i t a t i o n  o f  cons t i t uen ts  from s o l u t i o n  (chemical 

rocks) ,  o r  by chemical sec re t i on  by organisms ( a l s o  c lassed as chemical 

rocks) .  C l a s t i c  sedimentary rocks i nc lude  shales, s i l  ts tones,  numerous 

sandstone types, breccias,  and conglomerates. Chemical sedimentary 

rocks i nc lude  numerous l imestone types, dolomites, gypsum, and rock  

s a l t .  F igu re  4 presents a t y p i c a l  sedimentary rock  c l a s s i f i c a t i o n  

(Por t-Kel  l e r  and Gni rk  1981 ).  

Most sedimentary rocks a r e  bedded. Many a r e  t i l t e d ,  fo lded,  o r  

f a u l t e d  a f t e r  depos i t ion .  Sedimentary rocks can genera l l y  be considered 

much l e s s  favo rab le  than igneous rocks f o r  CAES caverns f o r  several  

reasons: 

They a r e  u s u a l l y  bedded and may n o t  occur i n  s u f f i c i e n t l y  t h i c k  

beds t o  be cavern hosts. Also, they may be interbedded w i t h  o ther ,  

l e s s  competent rock  types. Indeed, t he  bedding planes themselves 

may be considered planes o f  weakness. 

S t rength  i s  genera l l y  considerably lower than f o r  igneous rocks 

(except f o r  some dolomites and 1 imestones). 

P o r o s i t y  and permeabil i t y  a re  much g rea te r  ( p a r t i c u l a r l y  f o r  c l a s t i c  

rocks)  than f o r  igneous rocks and may present  insurmountable a i r  

and water 1 eakage problems. 



FIGURE 4. Sedimentary Rock Classification (Port-Kell e r  and Gnirk 1981 ) 
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. Weathering and solution character is t ics  are  much less  favorable 

than corresponding properties for  igneous rocks. 

Shales and s i l t s tones  disintegrate rapidly under exposure to  cyclic 

moisture and temperature conditions (Mai 1 he e t  a1 1977). Rock sal t and 

gypsum are  very water soluble. Limestone and dolomite are also soluble, 

and the i r  carbonate terranes may form caves and numerous other solution 

features under the e f fec ts  of ground water. Such solution features may 

reduce rock mass s t a b i l i t y  and greatly increase secondary permeability 

(Port-Kel l e r  and Gnirk 1981 ) .  
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For the above reasons, t h i s  study has concentrated on competent 

limestones, dolomites, and a few sandstones as potential CAES hosts. 

Most other c l a s t i c s ,  gypsum, and rock s a l t  have been disregarded as 

inappropriate candidates for  hard rock cavern development (Port-Keller 

and Gnirk 1981). 
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2.2 GEOLOGICAL CHARACTERISTICS 

A  rock  t h a t  i s  s t a b l e  o r  competent has the  i nhe ren t  phys ica l  and 

geologic  c h a r a c t e r i s t i c s  t o  sus ta in  openings ( t y p i c a l l y  w i t h  spans of 

several  meters) w i t h o u t  any s t r u c t u r a l  support except t he  p i l l a r s  and 

w a l l s  t h a t  remain a f t e r  mining. Competent rocks may be e i t h e r  massive 

o r  bedded. An i d e a l  massive rock  i s  assumed t o  be e l a s t i c a l l y  pe r fec t ,  

i s o t r o p i c ,  homogeneous and possessing an i n v a r i a n t  s t reng th  (Obert e t  a1 

1960). 

Any subsurface rock  i s  i n  a  s t a t e  o f  s t ress  because o f  t h e  weight  

o f  t he  o v e r l y i n g  rock  and st resses created dur ing  t e c t o n i c  o r  orogenic 

deformation. Dur ing excavat ion, a d d i t i o n a l  s t resses a re  produced i n  the  

rock  mass surrounding t h e  opening. These w i l l  cause the  rock  t o  f a i l  i f  

t h e  st resses exceed t h e  i n  s i t u  s t rength.  

Regardless o f  t h e  s t ress  s i t u a t i o n  i n  a  rock  mass, i t  i s  essen t i a l  

f o r  s t a b i l i t y  t h a t  zones o f  weakness be avoided. These weak zones may 

be caused by j o i n t i n g ,  f a u l t i n g ,  f r a c t u r i n g ,  weathering, and minera l  i z a t i o n  

(Selmer-01 sen and Broch 1977). 

A  meaningful s t a b i l i t y  ana lys i s  depends upon an adequate combinat ion 

of geo log ic  e x p l o r a t i o n  and f i e l d  t e s t i n g ,  rock  mechanics proper ty  

t e s t i n g ,  and numerical  modeling. 

Important  phys ica l  and geologic  parameters t h a t  e s t a b l i s h  o v e r a l l  

r ock  mass q u a l i t y  i nc lude  t h e  f o l l o w i n g :  

ex ten t  o f  f r a c t u r e  ( f rom remote sensing ana lys i s  and core examinat ion) 

number o f  j o i n t  se ts  . na tu re  o f  j o i n t  sur faces (rough o r  smooth; c l a y - f i l l e d  o r  una l te red)  

p e r m e a b i l i t y  and zones o f  weakness 

rock  s t reng th  and i n  s i t u  s t ress  cond i t i ons  

hydro log ic  cond i t ions .  

Rock format ions t h a t  have experienced severe t e c t o n i c  deformat ion 

may be h e a v i l y  fo lded,  f rac tured,  and f a u l t e d  which can r e s u l t  i n  h igh  

p e r m e a b i l i t i e s  and low mechanical s t rength .  The geo log ica l  complexi ty  



o f  areas t h a t  have had a h igh  degree o f  t e c t o n i c  a c t i v i t y  render subsurface 

cond i t ions  d i f f i c u l t  and c o s t l y  t o  evaluate. Because cond i t ions  can 

change very r a p i d l y  beyond the  borehole, the  s t r u c t u r e  and s t r a t i g r a p h y  

cannot be determined i n  d e t a i l  u n t i l  excavat ion has begun. Unforeseen 

v e r t i c a l  and l a t e r a l  changes i n  rock  s t reng th  and pe rmeab i l i t y  can cause 

cons t ruc t i on  and containment problems ( ~ e s s l g n  e t  a1 1977). Because 

very 1 i t t l e ,  i f  any, accurate subsurface geologic  i n fo rma t ion  i s  1 i k e l y  

t o  e x i s t  i n  these areas o f  complex geology, they should be avoided. 

Rock masses may conta in  both pr imary and secondary s t r u c t u r a l  fea tures .  

Primary s t r u c t u r e  c o n s t i t u t e s  those fea tures  t h a t  were formed a t  t he  

t ime o f  rock  o r i g i n .  Secondary s t r u c t u r a l  fea tures  a r e  those t h a t  were 

superimposed on t h e  rock  mass and i t s  pr imary fea tures  a f t e r  rock  o r i g i n .  

It should be emphasized t h a t  n e i t h e r  pr imary nor  secondary features a re  

found e x c l u s i v e l y  i n  one rock  type. Therefore, such s t ruc tu res  as 

f a u l t s ,  f o lds ,  o r  j o i n t s ,  which poss ib l y  cou ld  be s i g n i f i c a n t  i n  t he  

design and s t a b i l i t y  o f  CAES caverns, may be found i n  any rock  mass. These 

fea tures  are  discussed i n  more d e t a i l  i n  t he  f o l l o w i n g  subsect ions. 

2.2.1 Relevant S t r u c t u r a l  Features 

2.2.1.1 Bedding Planes 

The most impor tan t  pr imary s t r u c t u r a l  f e a t u r e  i s  bedding, o r  t he  

planes t h a t  separate the  same o r  d i f f e r e n t  l i t h o l o g i e s  i n  a rock  mass. 

They a r e  formed dur ing  depos i t i on  o f  sediment, which then consol idates 

t o  form sedimentary rock. Such bedding i s  ev ident  i n  most sedimentary 

rocks, and remnant bedding may remain i n  metamorphic rocks. Bedding 

thicknesses range from on ly  several mi 11 imeters (laminae) t o  hundreds o f  

meters. Bedding planes a r e  s i g n i f i c a n t  t o  underground s t ruc tu res  i n  

t h a t  they a r e  o f t e n  planes o f  weakness i n  a rock  mass along which f a i l u r e  

may occur. I n  add i t i on ,  bedding planes may a c t  as hyd rau l i c  conduits,  

and, when deformed, may increase o r  decrease the  hyd rau l i c  c o n d u c t i v i t y  

o f  a rock  mass. F igure  5 i l l u s t r a t e s  how undeformed sedimentary beds 

may o v e r l i e  igneous rock. 



B E D D I  

BED 

FIGURE 5. Sequence of Undeformed Sedimentary Rock Beds and Bedding Planes 
Overlying an Igneous Rock Mass (Port-Keller and Gnirk 1981) 

2.2 .1 .2  Folding and Faulting 

Major secondary structural features include folds ,  f au l t s ,  and 

joints .  Folds a re  warps or flexures i n  the ea r th ' s  c rus t ,  and may occur 

on a broad regional scale  of many kilometers or on a local scale of 

several centimeters. Folds may occur singularly, or in fold systems 

which may or may not be associated w i t h  f a u l t  development. Figure 6 shows 

a single fold i n  sedimentary and igneous rocks. 

Folding in a rock mass i s  potentially s ignif icant  i n  underground 

construction because i t  may indicate a region of high horizontal i n  s i t u  

s t ress .  Folding, especially when "t ight"  and accompanied by faul t ing 

may also tend to  undermine the in tegr i ty  of a rock mass by producing 

zones of weakness. Finally, folding may produce extremely complex 

subsurface s t ructure i n  which mapping of the contacts between different  



FIGURE 6. Simple Fo ld  i n  Sedimentary Rock Formation Over ly ing  an Igneous 
Rock Mass ( P o r t - K e l l e r  and Gn i rk  1981) 

rock  types i s  d i f f i c u l t .  Fo ld ing  may be so i n tense  and compl icated t h a t  

a competent rock  mass may be " s p l i t "  i n t o  severa l  sec t ions  too  small 

t o  be o f  i n t e r e s t  as a CAES cavern host.  

F a u l t s  a r e  f rac tu res  o r  f r a c t u r e  zones i n  t h e  e a r t h ' s  c r u s t  a long 

which t h e r e  has been displacement o f  t h e  s ides r e l a t i v e  t o  one another 

and p a r a l l e l  t o  t h e  f r a c t u r e .  As i n  t h e  case o f  f o l d s ,  displacement i n  

f a u l t s  may be many k i lometers  o r  o n l y  severa l  cent imeters,  and f a u l t s  

may occur s i n g u l a r l y  o r  i n  f a u l t  systems. F igu re  7 shows a s i n g l e  

"normal" f a u l t  d i s p l a c i n g  sedimentary and igneous rock. Fau l t s  may o r  

may n o t  be associated w i t h  o the r  s t r u c t u r a l  events such as f o l d i n g  o r  

emplacement o f  igneous p lu tons .  

The area between f a u l t  b locks ( t h e  masses o f  rock  t h a t  have moved 

r e l a t i v e  t o  one another)  may be f i l l e d  w i t h  some s o r t  o f  unconsol idated 

ea r thy  m a t e r i a l  ( f a u l t  gouge), such as c l a y  o r  f i n e l y  ground rock  ma te r i a l  



FAULT ZONE 

FIGURE 7. Normal F a u l t  D isp lac ing  Igneous and Sedimentary Rock Formations 
(Po r t - Ke l l  e r  and Gnr i  k  1981 ) 

formed du r ing  f a u l t i n g .  F a u l t  zones may a l s o  be subsequently f i l l e d  by 

o the r  minera ls  such as c a l c i t e  o r  metal  s u l f i d e s .  The so c a l l e d  f a u l t  

"plane" i s  r a r e l y  a  t r u e  smooth plane, b u t  i s  more l i k e l y  a  zone of 

va ry ing  curva ture  and th ickness.  

Fau l t s  and f a u l t  zones a r e  p o t e n t i a l  areas o f  weakness i n  rock  

masses. Because o f  such zones and t h e  l i k e l i h o o d  o f  acce lera ted  weathering 

and water movements w i t h i n  them, rock  masses a r e  sub jec t  t o  f a i l u r e  

a long such planes. These zones a l s o  o f t e n  increase the  h y d r a u l i c  c o n d u c t i v i t y  

o f  rock  masses. F i n a l l y ,  f a u l t s  may i n d i c a t e  an a c t i v e  seismic s i t u a t i o n .  

2.2.1.3 J o i n t s  

J o i n t s  a r e  a l s o  c l a s s i f i e d  as f r a c t u r e s  i n  t he  e a r t h ' s  c r u s t ,  b u t  

u n l i k e  f a u l t s ,  no apprec iab le  displacement has' occurred i n  t h e i r  format ion.  

J o i n t s  a r e  p o t e n t i a l l y  t h e  most s i g n i f i c a n t  geologic  s t r u c t u r a l  f e a t u r e  

r e l a t e d  t o  t h e  s t a b i l i t y  o f  underground excavations, f o r  t h ree  reasons: 



They a r e  a much more localized fea ture  than a r e  e i t he r  f a u l t s  or  

fo lds ,  and occur much more frequently. 

They provide planes of weakness along which f a i l u r e  i s  most l ike ly  

t o  occur in  a rock mass. 

They a c t  as  hydraulic conduits, which increases the  permeability of 

a rock mass. 

The j o i n t  charac te r i s t i cs  generally of most i n t e r e s t  i n  underground 

construction a r e  aperture o r  opening w i d t h ,  or ien ta t ion ,  continuity,  and 

frequency of occurrence. The length of a j o i n t  plane may range from 

about one meter t o  several hundred meters, and the spacing may vary from 

a few centimeters t o  tens of meters. Very closely spaced jo in t s  a r e  

often termed f rac ture  cleavage. Generally , aperture w i d t h  and frequency 

of j o in t s  decrease with depth in a rock mass. Jo in t s  in more competent 

rocks, such a s  grani tes  and quar tz i t es ,  usually have greater  aperture 

width a t  depth than do j o in t s  in sandstones o r  shales.  

Most j o in t s  a r e  r e l a t i ve ly  plane surfaces,  b u t  some a r e  curved. Most 

o r ig ina te  a s  t i g h t  f rac tures ,  b u t  often they may be "opened" by weathering 

o r  tec tonic  forces.  Jo in t s  may a l so  be f i l l e d  by such minerals as clay 

o r  c a l c i t e .  The degrees of weathering and f i l l i n g  a re  re la ted to  rock 

type, hydrological regime and nearness t o  surface.  

Jo in t s  may occur a t  any a t t i t ude ,  i . e . ,  ve r t i c a l ,  horizontal ,  or  

inclined a t  any angle. Most of ten,  a large  number of j o in t s  a r e  pa r a l l e l .  

A j o i n t  s e t  i s  a group of more o r  l e s s  paral le l  jo in t s ,  whereas a j o in t  

system consis ts  of two o r  more j o i n t  s e t s  with a cha rac t e r i s t i c  mutual 

or ienta t ion.  

Several kinds of primary j o in t s  a r e  common in hard rock, par t i cu la r ly  

igneous rock. Columnar and transverse jo in t s  a r e  caused by t e n s i l e  

s t resses  t h a t  develop d u r i n g  the  cooling and c ry s t a l l i z a t i on  of an 

igneous rock mass. They most often occur within the igneous body i t s e l f ,  

b u t  may a l so  appear i n  the  adjacent country rock (Lahee 1961) as  shown in 

Figure 8. The columnar j o in t s  c rea te  hexagonal blocks ( typical  of basa l t )  



. B L O C K  

COIJNTRY ROCK 

FIGURE 8. Columnar and Transverse Joints  i n  an Igneous Rock Mass (Port- 
Kel l e r  and G n i r k  1981 ) 

whereas the transverse joints  a re  para1 1 el t o  the country rock/igneous 

rock contact. 

Other primary joints  include cross jo in ts ,  tension jo in ts ,  and 

marginal f issures .  Figure 9 depicts such joints  i n  an igneous rock 

mass. Note t h a t :  

Cross jo in ts  occur roughly a t  r i g h t  angles to  igneous flow l ines  

(tension or ig in) .  

Tension jo in ts  are  cross joints  a t  depth i n  a' rock mass where flow 

l ines  may not be evident. 

. Marginal f issures  occur in the steep border regions of the intrusions 

and d i p  into the igneous body a t  angles between 20' and 45". 

Both cross jo in ts  and marginal f issures  may transect the intrusive- 

country rock contact. 



COUNTRY ROCK CROSS JOINT 

FLOW STRUCTURE 

INTRUSION 

FIGURE 9. Joint  System Associated w i t h  an Intrusive Rock Mass as a 
Consequence of Flow Structure (Port-Kel l e r  and Gnirk 1981 ) 

Sheet joints  develop in granite and other massive rocks. They are  

roughly parallel  t o  the surface of the ground and divide the rock into 

f l a t  sheets, as i l lus t ra ted  i n  Figure 10. Such joints  are  believed to  

resu l t  from pressure re l ie f  caused by erosion (or quarrying) of overlying 

rock and subsequent rock expansion i n  a nearly vertical  direction. 

In sedimentary and metamorphic rocks, joints may occur in a l l  

directions. Usually, however, a large proportion can be grouped into 

two or more d i s t inc t ,  or conjugate, se t s .  Figure 11 i l l u s t r a t e s  two 

geometries of conjugate joints .  Joint  se t s  tend to  be approximately 

perpendicular to  each other and to  intersect  the direction of compression 

a t  about 45". 



FIGURE 10. Sheet Joints in a Massive Rock Mass (Port-Keller and Gnirk 1981) 

HORIZONTAL COrlPRESS I ON 

S INGLE  J O I N T  

(NOTE:  ARROWS S I G N I F Y  D I R E C T I O N  OF COIIPRESSION) 

HORIZONTAL COHPRESSI0I.I 

F IGURE 1 1 .  Conjugate Sets of Compression Joints (Port-Keller and Gnirk 1981) 



The above d iscuss ion  considers on l y  a  few major types o f  j o i n t s .  

J o i n t i n g  i n  any rock  mass i s  a f f e c t e d  by the  l o c a l  and reg iona l  geologic  

h i s t o r y .  The i n v e s t i g a t i o n  and cha rac te r i za t i on  o f  any p o t e n t i a l  host 

rock  must necessar i l y  i nc lude  la rge- sca le  d e t a i l e d  mapping, poss ib l y  o f  

every j o i n t  s e t  v i s i b l e  i n  t h e  rock. 

2.2.2 I n  S i t u  Stress S ta te  

The i n  s i t u  s t ress  s t a t e  i n  a  rock  mass i s  de f ined as t h a t  s t a t e  o f  

s t ress  t h a t  e x i s t s  before d is turbance o f  t h e  rock  by excavat ion (Gnirk  

and P o r t - K e l l e r  1978). Th is  na tu ra l  s t a t e  o f  s t ress ,  i n  con junc t ion  

w i t h  the  s t reng th  and s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  the  rock,  i s  important  

i n  determin ing the  o r i e n t a t i o n ,  geometric shape, and dimensions o f  an 

underground excavation. General ly,  t h e  i n  s i  t u  v e r t i c a l  s t ress  i s  taken 

t o  be t h a t  induced by the  weight  o f  t h e  overburden, bu t  i t  may be per turbed 

by reg iona l  o r  l o c a l  t e c t o n i c  fea tures .  As i n d i c a t e d  i n  F igure  12, t h e  

average v e r t i c a l  s t ress  t o  a  depth o f  3  km i s  o f  t he  order  o f  0.025 MPa/m 

(Hainison 1978) t o  0.027 MPa/m (Brown and Hoek 1978) which corresponds t o  
3  

an average bu l k  dens i t y  o f  2,550 t o  2,755 kg/m (1  59 t o  172 1  b / f t
3

) .  

The approximate l i m i t s  g iven i n  F igu re  12 as deduced from the  compi la t ion  

o f  worldwide pub l ished data by Brown and Hoek (1978) a r e  i n d i c a t i v e  o f  

v a r i a t i o n s  i n  t h e  overburden dens i t y  f o r  d i f f e r e n t  rock  types and o f  t h e  

i n f l u e n c e  o f  t e c t o n i c  features.  

The r a t i o  of t he  i n  s i t u  ho r i zon ta l  s t ress  t o  the  i n  s i t u  v e r t i c a l  

s t ress  i s  known as t h e  c o e f f i c i e n t  o f  l a t e r a l  e a r t h  s t ress .  F igure  13 

i l l u s t r a t e s  t h a t  t h i s  c o e f f i c i e n t  va r i es  from l e s s  than one t o  g reater  

than th ree  a t  depths o f  a  few hundred meters. For depths o f  several 

k i lometers,  t he  c o e f f i c i e n t  ranges from about one- th i rd  t o  one. L i m i t i n g  

curves due t o  Haimson (1 978) obta ined from hyd ro f rac tu r i ng  data i n d i c a t e  

t h a t  t he  two orthogonal s t resses i n  t h e  ho r i zon ta l  plane a r e  n o t  necessar i l y  

equal. The curves by Brown and Hoek (1978) a re  upper and lower "average" 

l i m i t s  deduced from t h e  l i t e r a t u r e .  The i n  s i t u  p r i n c i p a l  s t resses may n o t  

be a l i gned  w i t h  t h e  v e r t i c a l  and ho r i zon ta l  d i r e c t i o n s  because of t he  
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FIGURE 12. Vertical In  Situ Stress as a Function of Depth (Gnirk and 
Port-Kel l e r  1978) 



FIGURE 13. Coefficient of Lateral Earth Stress as a Function of Depth 
(Gnirk and Port-Kell er 1978). 

influence of tectonic features. No generalization can be assumed valid 

for in situ stress; it must be implied from onsite data or preferably 

measured at depth. 

2.3 HYDROLOGICAL REQUIREMENTS 

The literature survey of hydrology and case studies of various 

underground facilities, including underground storage and mines, suggests 

important hydrological considerations and criteria to be met for CAES 

hard rock cavern siting (Gnirk and Port-Kel ler 1978). Primary consideration 

must be given to such factors as the hydraulic characteristics of the 



host  rock, ground water d i s t r i b u t i o n  and behavior, and ground water 

chemistry.  These f a c t o r s  a re  descr ibed and discussed below. 

2.3.1 Hydrau l ic  Charac te r i s t i cs  (a 

The impor tan t  hyd rau l i c  c h a r a c t e r i s t i c s  o f  a  rock mass i n c l u d e  

pr imary and secondary po ros i t y ,  pe rmeab i l i t y  and hyd rau l i c  c o n d u c t i v i t y .  

P o r o s i t y  i s  t h e  present  volume a v a i l a b l e  t o  conta in  f l u i d s  such as a i r  

and water. P o r o s i t y  due o n l y  t o  pores o r  vo ids w i t h i n  the  rock  m a t r i x  

i s  s a i d  t o  be pr imary, whereas p o r o s i t y  due t o  f rac tu res ,  f i s s u r e s ,  

f a u l t s ,  o r  j o i n t s  i s  s a i d  t o  be secondary. L ikewise pe rmeab i l i t y ,  t he  

a b i l i t y  o f  a  rock  t o  t ransmi t  f l u i d s ,  may be e i t h e r  pr imary o r  secondary. 

Primary pe rmeab i l i t y  depends on e f f e c t i v e  po ros i t y ,  t h e  assemblage o f  

connected v o i d  spaces t h a t  a l l o w  f l u i d  f low.  Secondary pe rmeab i l i t y  

cons i s t s  o f  through-going d i s c o n t i n u i t i e s  i n  a  rock  mass. Low p o r o s i t y ,  

and more impor tan t l y ,  low pe rmeab i l i t y  a re  essen t i a l  i n  CAES host  rock  

masses t o  1  ) minimize ground water i n f l o w  du r ing  cavern c o n s t r u c t i o n  and 

operat ion,  and 2) min imize a i r  leakage from the  cavern du r ing  opera t ion  

(Gni r k  & Port-Kel  1  e r  1978). 

Table 1  summarizes t h e  magnitudes o f  po ros i t y ,  pe rmeab i l i t y  and 

hydraul i c  c o n d u c t i v i t y  general l y  found i n  var ious rock  types (Gni r k  and 

Port-Kel l e r  1978). Igneous i n t r u s i v e s ,  some igneous ex t rus i ves  ( p a r t i c u l a r l y  

f l o w  basal t s ,  r h y o l  i tes, o r  t rachy tes )  , h igh  grade metamorphics, and 

( a ) ~ n t r i n s i c  permeab i l i t y ,  i n  u n i t s  o f  l e n g t h  squared, L', i s  g iven by 

where q i s  t h e  s p e c i f i c  discharge ( f l u x )  (LT-1) 
v  i s  t h e  k inemat ic  v i s c o s i t  ( L Z T - ~ )  

R i s  t h e  l e n g t h  (L )  

1 j i s  t h e  f l u i d  p o t e n t i a l  ( L  T-2) 

Hydrau l ic  c o n d u c t i v i t y  i n  u n i t s  o f  l eng th  d i v i d e d  by t ime, L T - ' ,  i s  g iven by 

where h  i s  t he  s t a t i c  head (L)  
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some 1  imestones and do1 omi t e s  ( those devoid of k a r s t  f ea tu res )  have t h e  

most f avo rab le  p e r m e a b i l i t i e s  f o r  op t ima l  CAES cavern operat ion.  Most 

e x t r u s i v e  v e s i c u l a r  igneous rocks, some q u a r t z i t e s  and marbles, and most 

c l a s t i c  rocks  have g e n e r a l l y  unacceptable pe rmeab i l i t i es .  

The p e r m e a b i l i t i e s  of massive h i g h- q u a l i t y  igneous i n t r u s i v e  and 

metamorphic rocks  a r e  u s u a l l y  low. The pr imary  p o r o s i t i e s  o f  g r a n i t i c  

i n t r u s i v e  rocks  a r e  l e s s  than 2% because o f  t h e i r  o r i g i n s  from t h e  

c o o l i n g  and s o l i d i f i c a t i o n  o f  magmas i n t r u d e d  i n t o  t he  e a r t h ' s  c r u s t .  

Because o f  h igh- con f i n ing  pressures and c r y s t a l  in te rgrowths ,  very  

l i t t l e  v o i d  space i s  developed i n  t h e  rocks  du r i ng  s o l i d i f i c a t i o n  (General 

E l e c t r i c  Co. 1976; Aamodt e t  a1 1975). However, secondary permeabi 1  i t y  

i s  developed i n  g r a n i t i c  rocks  as f rac tu res ,  j o i n t s ,  and f a u l t s  t h a t  

o r i g i n a t e  f rom s t resses  c rea ted  du r i ng  c r y s t a l  1  i zat ion ,  phase change and 

t e c t o n i c  deformat ion (Wal i a  and McCreath 1977; Aamodt e t  a1 1975; Bergman 

1977; Re in ius  1977). I n  con t ras t ,  1  imestones and dolomi tes may con ta in  

secondary s o l u t i o n  channels (Aamodt e t  a1 1975; Ga l ley  e t  a l .  1968). 

Secondary p e r m e a b i l i t y  can cause severe a i r  leakage i f  i n te rconnec ted  

f r a c t u r e s  and j o i n t s  a r e  d ra ined o f  ground water.  Ground water e n t e r i n g  

t h e  mined opening must be c l o s e l y  moni tored t o  ensure s u f f i c i e n t  s a t u r a t i o n  

o f  t h e  rock  mass d u r i n g  a l l  stages o f  CAES development. Drained d i s c o n t i n u-  

i t i e s  w i l l  serve as condu i ts  f o r  a i r  du r i ng  CAES opera t ion .  Some s e a l i n g  

procedures may be r e q u i r e d  i n  excavated hard rock  cavern CAES systems. 

Leakage through t h e  f r a c t u r e d  rock  can be ha1 t e d  i n  some s i t u a t i o n s  by 

spec ia l  g rou ts  t h a t  a r e  e f f e c t i v e  under a  v a r i e t y  o f  temperatures and 

pressures. I n j e c t e d  water  c u r t a i n s  i n s t a l l e d  and operated i n  t h e  rock  

mass t h a t  surrounds t h e  storage cavern p r i o r  t o  any excavat ion w i l l  prevent  

f u t u r e  1  eakage. 

Caverns should be excavated a t  a  depth where t h e  h y d r o s t a t i c  pressure 

o f  ground water  equals o r  s l i g h t l y  exceeds t h e  pressure o f  t h e  s to red  

a i r .  Leakage o f  s to red  a i r  may s t i l l  occur  i f  ground water  does n o t  

have a  downward f 1 ow toward t h e  r e s e r v o i r  (Aberg 1977). 



Komada e t  a1 (1980) have performed numerical studies of the effects  

of natural and a r t i f i c i a l  ground water pressures on storage caverns. A 

substantial decline in ground water level was predicted for  a rock mass 

with permeability of 1 m/sec based on 20 years of operation. 

Permeability Cri ter ia  

Because of i t s  low viscosity,  a i r  will leak through a rock mass of 

relat ively 1 ow permeabi 1 i ty (Wal i a  and McCreath 1977). Saturated rock 

masses with hydraul i c  conductivities of more than m/sec may require 

improvement measures t o  prevent excessive future a i r  leakage due to  

desaturation of the rock mass by water inflow into the storage cavern 

during the construction phase. Current techniques for  measuring in s i t u  

rock permeabilities for  water are  not capable of defining hydraulic 

conductivities less  than loe8 m/sec. When the rock i s  excavated for  

CAES, the permeability could prove to  be higher than predicted from 

laboratory measurements on core specimens because permeability i s  largely 

due to  secondary joints  not present in core samples (Walia and McCreath 

1977). 

Massive igneous pl utonic and metamorphic rocks, and selected 1 imestones 

and dolomites, are  l ikely t o  meet these low permeability requirements. 

Secondary permeability derived from jo in ts ,  fractures,  and other f issures  

in the rocks can be controlled by constructing the storage chamber a t  

a depth where the surrounding rock i s  saturated with water (Weinstein 

e t  a1 1978). An acceptable a i r  loss may be up to  2% of the total  contained 

volume of a i r  per day. 

2.3.1.2 Physical Influences on the Hydraulic Conductivity of Joints 

In s i t u  hydraulic conductivities of rock masses decrease with 

increasing depth and s t r e s s .  From limited f i e ld  data for  igneous and 

metamorphic rocks t o  depths of about 300 m ,  t h i s  decrease i s  nonlinear, 

and extrapolations to  1,000 m indicate conductivities of the order of 

1 0 ~  to 1 0  s e c  Based on observations in hard rock mines, sustained 

ground water seepage below 1,000 m i s  character is t ical ly  absent. Extra- 

polation of water yield data from wells in crystal l ine rock to  a depth 



o f  1  km p r o j e c t s  i n f l o w s  o f  perhaps 40 t o  400 R/day/m (Por t - Ke l l e r  and 

Gnirk 1981). 

Based on increas ing i n  s i t u  s t ress  w i t h  depth, t he  above data and 

observat ions i n d i c a t e  t h a t  t h e  hydraul i c  c o n d u c t i v i t y  o f  rock i s  re1 ated 

t o  t h e  s t ress  s ta te :  Data from labo ra to ry  experiments conf i rm t h i s  

supposit ion, b u t  a re  genera l l y  inadequate fo r  development o f  f u n c t i o n a l  

r e l a t i o n s h i p s  f o r  var ious rock  types. I n  c r y s t a l l i n e  rock masses, 

j o i n t s  are  t h e  predominant condui ts  fo r  water. Hence, a  r e l a t i o n s h i p  

between hydraul i c  c o n d u c t i v i t y  and s t ress  s t a t e  must i nc lude  j o i n t  

spacing, o r i e n t a t i o n ,  and aper ture  width. L im i ted  experimental evidence 

i n d i c a t e s  t h a t  t h e  reduc t ion  o f  pe rmeab i l i t y  o f  f rac tu res  w i t h  increas ing 

s t ress  a l s o  depends upon the  pr imary pe rmeab i l i t y  o f  t h e  rock mass 

(Port-Kel 1  e r  and Gni r k  1981 ) . 

Data f o r  t h e  hyd rau l i c  c o n d u c t i v i t i e s  o f  rock  t h a t  a re  subjected t o  

c y c l i c  s t ress,  o r  t h a t  experience d i l a t a n c y  near t h e  f r a c t u r e  s t ress  

l i m i t ,  a re  a l s o  inadequate. L im i ted  l abo ra to ry  data suggest t h a t  t he  

f i r s t  load ing c y c l e  causes the  most s i g n i f i c a n t  decrease i n  permeabi l i t y ,  

and t h i s  occurs before t h e  onset o f  d i l a tancy .  However, i n  the  event . 

t h a t  t h e  d e v i a t o r i c  s t ress  i s  s u f f i c i e n t  t o  i n i t i a t e  d i la tancy ,  pe rmeab i l i t y  

w i l l  be increased. Low-cycle f a t i g u e  could lead t o  eventual d i l a t a n c y  

and enhancement o f  permeabi l i t y ,  p a r t i c u l a r l y  i n  some j o i n t e d  rock 

niasses (Por t- Ke l l  e r  and Gnirk 1981 ) . 

Increas ing temperature w i l l  l ead t o  an i n i t i a l  increase i n  pe rmeab i l i t y  

o f  a  rock, and subsequently t o  a  decrease. Generally, t h i s  phenomenon 

i s  r e v e r s i b l e  when t h e  temperature i s  decreased. App l icab le  i n fo rma t ion  

on the  e f f e c t s  o f  c y c l i c  thermal o r  c y c l i c  thermal/mechanical load ing on 

rock pe rmeab i l i t y  i s  l i m i t e d ,  w i t h  pr imary data a v a i l a b l e  from CAES 

s p e c i f i c  s tudies.  

The o v e r r i d i n g  pe rmeab i l i t y  f a c t o r s  i n  rocks genera l ly  considered 

favorab le  f o r  CAES are  t h e  dimensions and frequencies o f  d i s c o n t i n u i t i e s  

o f  a l l  types. As i n d i c a t e d  i n  Figures 14 and 15, t h e  l i t e r a t u r e  suggests 

general reduct ions  o f  pe rmeab i l i t y  (caused by a combination o f  l esse r  
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frequency and closing of discontinuities under pressure) with depth, and 

with confining pressure i n  laboratory experiments. The permeability- 

depth relation i s  not yet  well defined for  variations of rock types. 

Witherspoon e t  a1 (1981 ) described a "void" and "asperity" model 

to  predict fracture influence upon mechanical and hydrological properties. 

The fractional contact area of a fracture a t  an applied s t r e s s  of 20 MPa 

was only about 0.15. Under th i s  condition the fraction i s  def ini te ly 

"open" t o  allow f lu id  transport even though Young's modulus becomes 

almost identical t o  tha t  of in tac t  rock. Very h i g h  normal s t resses  

on the order of 200 to  300 MPa may be required to  completely prevent 

hydraulic flow. 

2.3.2 Ground Water Distribution and Behavior 

The saturated zone i s  the region beneath the water table in which 

voids and f issures  a re  f i l l e d  w i t h  water under hydrostatic pressure. 

The optimal conditions fo r  successful cavern operation are: 1 )  the 

cavern i s  located ent i re ly  within the saturated zone a t  a depth providing 

adequate hydrostatic head, and 2 )  a s table  phreatic surface (upper boundary 

of the saturated zone) ex is t s  a f t e r  possible fluctuations due to  i n i t i a l  

construction disturbances. Water-filled voids and cap i l l a r i ty  should 

effectively retard cavern a i r  leakage, while low permeability and disconti- 

nui t ies  would prevent excessive water inflow to  the cavern. 

Generalizations about ground water s t a b i l i t y  are  d i f f i cu l t  because 

of the s i t e  specif ic  nature of subsurface water distribution. Available 

l i t e ra tu re  does not permit the prediction of s t a b i l i t y  on the basis of 

rock type. Other factors ,  external t o  rock type and to the cavern 

s i tuat ion,  include precipitation, runoff, and withdrawal for  consumption 

(Port-Keller and Gnirk 1981). 

During e i ther  construction or operation of CAES systems, water 

inflow could be so great tha t  mining or operation would be impossible. 

Conversely, in a r id  terranes or  within the saturated zone, absence of 

both capillary water and water a t  hydrostatic head may preclude storage 

of compressed a i r  within a mined cavern. 



I t  i s  essen t i a l  t o  CAES operat ions t h a t  the  ground water n o t  be 

complete ly  d ra ined o u t  o f  t he  f i s s u r e  system (Aberg 1977), as water-  

f i l l e d  f i s s u r e s  and voids a r e  necessary t o  help r e t a r d  a i r  leakage. 

2.3.3 Ground Water Chemistry 

Ground water  chemist ry  may a f f e c t  cavern opera t ion  (Gn i rk  and Por t -  

K e l l e r  1978). Chemical changes caused by presence of oxygen o r  water o r  

by temperature f l u c t u a t i o n s  w i t h i n  t h e  cavern cou ld  cause acce lera ted  

degradat ion of t he  r o c k  mass and subsequent cavern i n s t a b i l i t y ,  i .e. ,  

e i t h e r  undes i rab le  s u r f i c i a l  w a l l  e f f e c t s  o r  gross s t r u c t u r a l  i n s t a b i  1 i ty. 

I n  add i t i on ,  undes i rab le  chemical c o n s t i t u e n t s  occu r r i ng  n a t u r a l l y  i n  

t h e  ground water cou ld  h inder  successful  equipment o p e r a t i  on. 

Chemical changes i n  ground water depend l a r g e l y  on rock  type. 

Limestones, dolomites, and marbles a r e  more so lub le  than igneous, metamorphic, 

o r  nonchemical sedimentary rocks, p r i m a r i l y  because carbonates d i s s o l v e  

more r e a d i l y  than s i l i c a t e s .  Ground water i n  noncarbonate te r ranes 

genera l l y  has low i o n  concentrat ions unless o the r  m i n e r a l i z a t i o n  i s  

present,  such as s a l i n e  o r  s u l f i d e  minera ls .  Temperature changes due t o  

CAES cavern ope ra t i on  can i n f l u e n c e  ground water chemistry.  

2.3.4 Surface Requirements 

S i t e  s e l e c t i o n  depends upon t h e  p r a c t i c a l  i t y  o f  cons t ruc t i ng  a 

sur face r e s e r v o i r  t o  p rov ide  water f o r  t h e  pressure compensation sha f t .  

I n i t i a l  f i l l  and make-up water must be a v a i l a b l e  from sur face lakes  o r  

r i v e r s  o r  f rom shal low aqu i fe rs .  A r e l a t i v e l y  impervious r e s e r v o i r  

bottom and adequate n a t u r a l  o r  a r t i f i c i a l  l a t e r a l  containment a r e  needed; 

bo th  cond i t i ons  imp ly  an impervious overburden above competent rock  o r  

a s p e c i a l l y  engineered r e s e r v o i r  l i n e r .  

2.4 THERMALIMECHANICAL ROCK PROPERTIES AND TESTING 

Thermal /mechanical rock  p r o p e r t i e s  a re  compi 1 ed i n  Tab1 e 2 (Gni r k  

and P o r t - K e l l e r  1978). The p r o p e r t i e s  a re  1 i s t e d  i n  terms o f  ranges o f  

values, and a re  i n d i c a t i v e  o f  t he  r e l a t i v e  s t reng th  and thermal 
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c h a r a c t e r i s t i c s  of t he  var ious  gener ic  rock  types, w i thou t  d i f f e r e n t i a t i o n  

f o r  competency. I n  general, t he  data fo r  j o i n t e d  rock under cond i t i ons  

o f  e leva ted temperature and confinement s t ress  a re  inadequate f o r  cavern 

s t a b i l i t y  eva lua t ions .  

Rock thermal f a t i g u e  i s  e s s e n t i a l l y  a  type of weathering process. 

C y c l i c  heat ing  o f  a  rock  i n  t h e  presence of mo is tu re  genera l l y  causes 

some d i s i n t e g r a t i o n  by decomposit ion o f  se lec ted  minera ls  and leach ing  

o f  r e a c t i o n  products. The companion processes of thermal s p a l l i n g  and 

thermal c rack ing  a l s o  cause d i s i n t e g r a t i o n .  Thermal s p a l l i n g  and/or 

c rack ing  o f  a  rock  sur face occur when heat ing  induces thermoelas t ic  

s t resses above the  f r a c t u r e  s t reng th  of t he  rock.  Spa l ls  a re  r e l a t i v e l y  

t h i n ,  u s u a l l y  curved p ieces o f  rock  broken from the  rock  sur face du r ing  

o r  a f t e r  heat ing, and may be several  meters long o r  microscopic i n  

s i ze .  Thermal c rack ing  r e s u l t s  i n  t h e  product ion  of rock  f r a c t u r e s ,  

o f t e n  microscopic i n  width.  

Many parameters a f f e c t  t h e  s u s c e p t i b i l i t y  t o  f a t i gue ,  s p a l l i n g ,  and 

c rack ing  (Gn i rk  and Port-Kel l e r  1978). They i nc lude  rock  type (composi t ion 

and f a b r i c ) ,  maximum temperature change, r a t e  o f  temperature change, 

presence o f  f l u i d s ,  composit ion o f  f l u i d s ,  and frequency o f  c y c l i c  

temperature and mois ture  changes. Thermal f a t i g u e  e f f e c t s  i n  a  CAES 

cavern cou ld  conceivably cause severe leach ing  o f  compounds, which cou ld  

a l t e r  ground water chemistry,  make cavern water unsu i tab le  f o r  e f f e c t i v e  

equipment operat ion,  and cause e l a s t i c  and s t reng th  p rope r t i es  o f  t h e  

rock  mass t o  change. Major s p a l l i n g  ef fects cou ld  a l s o  produce gross 

cavern i n s t a b i l i t y ,  w h i l e  m i c r o s p a l l i n g  cou ld  produce s i g n i f i c a n t  q u a n t i t i e s  

o f  p a r t i c u l a t e  ma t te r  i n  t h e  cavern a i r  t h a t  cou ld  have d e s t r u c t i v e  

e f f e c t s  on t u r b i n e  operat ion.  Thermal c rack ing  cou ld  r e s u l t  i n  i r r e v e r s i b l e  

changes i n  rock  e l a s t i c  modulus, f r a c t u r e  s t rength ,  po ros i t y ,  and perme- 

a b i l i t y .  

More l a b o r a t o r y  s tudy i s  needed t o  q u a n t i f y  thermal e f f e c t s  i n  

rocks, p a r t i c u l a r l y  w i t h  regard  t o  t h e  c o n t r i b u t i o n  o f  each f a c t o r  

1  i s t e d  above t o  long- term rock  mass i n s t a b i l i t y .  Thermal e f f e c t s  combined 



w i t h  moisture e f f e c t s  a re  more degenerat ive than thermal e f f e c t s  alone. 

Abundant " rn ic ro f i  ssu r i za t i on"  promotes more d i  s i n t e g r a t i o n  (Aires-Barros 

1975) as does h igher  p o r o s i t y  and h igher  permeabi 1  i t y .  

Carbonates such as l imestones and dolomites may be much more 

suscept ib le  t o  thermal and moisture ef fects than igneous rocks (Mai 1  he 

e t  a1 1977). Igneous rocks w i t h  abundant mica minera ls  and calc ium 

p lag ioc lase  fe ldspa r  may be more suscept ib le  than o ther  igneous rocks 

(A i  res-Barros 1975). 

A CAES cavern i s  a  major underground s t r u c t u r e  t h a t  w i l l  be subjected 

t o  cond i t i ons  never be fore  encountered by l a r g e  rock  masses (Fossum 

1982). The response of t h e  rock  mass t o  the  associated induced st resses 

i s  of utmost concern and an accurate assessment i s  requ i red  o f  n o t  on l y  

t he  u n i a x i a l  compressive s t reng th  b u t  a l s o  o f  t he  t r i a x i a l  s t reng th  

under t h e  p e r t a i n i n g  cond i t ions .  I n  add i t i on ,  t he  e l a s t i c  p rope r t i es  

under known app l i ed  s t ress  cond i t ions  w i l l  be requ i red  as i n p u t  f o r  

design analyses. An experimental program, descr ibed below, was i n s t i t u t e d  

t o  determine which p r o p e r t i e s  a r e  s i g n i f i c a n t ,  what t e s t s  should and can 

be performed, and what k i n d  o f  r e s u l t s  can be expected. RE/SPECy Inc. ,  

o f  Rapid C i t y ,  South Dakota, conducted t h i s  program, emphasizing CAES- 

s p e c i f i c  cond i t i ons  as they a f f e c t  hard rock. 

Operat ing cond i t i ons  i n  a  CAES cavern w i l l  l i k e l y  i nc lude  maximum 

a i r  pressures of 7.35 t o  8.33 MPa, r e q u i r i n g  a  f a c i l i t y  depth o f  750 t o  

850 m, a i r  temperatures on the  order  o f  30°C t o  80°C, and water temperatures 

from j u s t  above 0°C t o  30°C. The s i g n i f i c a n t  rock  p rope r t i es  i nc lude  

physical ,  hydro log ica l ,  geochemical, and thermomechanical p rope r t i es .  

General ly  speaking, t h e  g rea tes t  inadequacies i n  phys ica l ,  hydro log ica l ,  

and mechanical p rope r t i es  data e x i s t  i n  t he  areas o f  l abo ra to ry  and i n -  

s i t u  values f o r  non in tac t  rock  t e s t i n g  a t  nonanibient cond i t ions .  Some 

types o f  data f o r  i n t a c t  rock  a t  ambient and nonambient cond i t ions  a r e  

a1 so marginal t o  somewhat inadequate (Fossum November 1980). 

I t  was found t h a t  s a t i s f a c t o r y  r e s u l t s  cou ld  be obta ined from 

composite ma te r i a l  mechanics f o r  est imates o f  upper and lower bounds of 



thermal c o n d u c t i v i t y  b u t  t h a t  1  ess s a t i s f a c t o r y  r e s u l t s  cou ld  be expected 

f o r  p r e d i c t i n g  thermal expansion c o e f f i c i e n t s .  

2.4.1 Tes t  Program Desc r ip t i on  

Tes t  specimens inc luded gran i te ,  g r a n i t e  gneiss, q u a r t z i t e ,  and 

dolomi te.  Tests were conducted a t  room and e levated temperatures w i t h  

d r y  and sa tura ted  mois ture  cond i t ions .  These inc luded t e s t s  o f  i n d i r e c t  

tension,  unconf ined conipression, t r i a x i a l  compression, a n i s o t r o p i c  

t r i a x i a l  compression, mechanical ly cyc led  fat igue,  t he rma l l y  cyc led  

fa t i gue ,  and thermal conduc t i v i t y .  The t e s t s  were designed 1 )  t o  determine 

t h e  amount o f  s t reng th  and s t i f f n e s s  reduc t i on  caused by the  non-ambient 

cond i t i ons  associated w i t h  CAES, 2)  t o  determine i f  t he  methods f o r  

es t ima t ing  t h e  shear strength-normal s t reng th  r e l a t i o n s h i p  a r e  adequate 

over pressure ranges appropr ia te  t o  CAES, 3) t o  determine i f  t he  methods 

f o r  es t ima t ing  thermal c o n d u c t i v i t y  a r e  adequate, and 4)  t o  e s t a b l i s h  

t h e  amount and type o f  t e s t i n g  needed t o  adequately d e f i n e  t h e  p r o p e r t i e s  

o f  t h e  rock  f o r  CAES a p p l i c a t i o n .  

2.4.2 Resul ts  and Conclusions 

The t e s t i n g  program revealed t h a t  rocks, represent ing  the  rock  types 

t y p i c a l  o f  those t h a t  w i l l  be ,se lec ted  f o r  CAES development, w i l l  experience 

t e n s i l e  and conipressive s t reng th  reduct ions  caused by t h e  expected CAES 

cavern environment. Mean t e n s i l e  s t reng th  reduct ions  o f  13 t o  35% were 

observed a f t e r  t he  rock  specimens were sa tura ted  w i t h  water (Fossum 1982). 

Th is  s t r e n g t h  degradat ion i s  a t t r i b u t e d  t o  a  weakening o f  bonding s t reng th  

o f  t h e  rock  s t r u c t u r e  and occurs regardless o f  t he  i n i t i a l  degree o f  s a t u r a t i o n  

o r  pore-water pressure. The angles o f  i n t e r n a l  f r i c t i o n  and cohesion, 

however, appeared t o  be unaf fec ted  by water. 

Temperatures f rom 50" t o  150°C had n e g l i g i b l e  e f f e c t  on t h e  s t reng th  

p r o p e r t i e s  of a l l  rocks tested.  However, i t  was found t h a t  when a  rock  

was heated and then quenched i n  c o l d  water, a  s i g n i f i c a n t  reduc t i on  was 

observed i n  t h e  r o c k ' s  cohesion. A f t e r  t he  f i r s t  thermal shock, no 

subsequent damage was no t i ceab le  upon a d d i t i o n a l  thermal c y c l i n g .  In 

add i t i on ,  no s i g n i f i c a n t  d i f f e r e n c e  was apparent between the  cohesive 



s t reng th  o f  rock  specimens cyc led  between 0" and 50°C and those cyc led  

between 0" and 100°C o r  between 0" and 150°C. A f t e r  t he  f i r s t  thermal 

cyc le,  t he  angle o f  i n t e r n a l  f r i c t i o n  e i t h e r  remained unchanged o r  

increased s l i g h t l y .  The l o s s  i n  cohesion was about 30 t o  50%. F igure  16 

shows t h e  Mohr f a i l u r e  envelope f o r  Mi lbank Gran i te  a f t e r  one thermal 

cyc le  between 0" and 50°C together  w i t h  the  f a i l u r e  envelope obta ined 

a t  ambient cond i t ions .  F igure  17 shows s i m i l a r  r e s u l t s  f o r  Sioux 

Q u a r t z i t e .  Note t h a t  because t h e  f r i c t i o n  angle e i t h e r  remains constant  

o r  'increases, t he  percentage o f  shear s t reng th  reduct ion  decreases w i t h  

i nc reas ing  c o n f i n i n g  pressure. 

Mechanical f a t i g u e  t e s t i n g  showed tha t ,  f o r  l oad ing  t h a t  a l t e r n a t e s  

between tens ion  and compression, over 50% o f  t he  t e n s i l e  s t reng th  cou ld  

be l o s t  w i t h i n  10,000 cycles, corresponding t o  a  CAES cavern l i f e  o f  

approximately 30 years. The damage appears t o  occur i n  t h e  t e n s i l e  

p o r t i o n  o f  t h e  cyc le  (Fossum 1982). F igure  18 shows cyc l  i c  s t ress-  

s t r a i n  curves f o r  Mi lbank g r a n i t e  cyc led  between - + 62% o f  i t s  t e n s i l e  

s t rength .  Damage from micro- cracking can be seen by the  change i n  

Young's modulus i n  t he  t e n s i l e  reg ion  o f  t he  s t r e s s- s t r a i n  p l o t  o f  

c y c l e  2500 (F igure  18).  F igure  19 shows how t h i s  modulus decays w i t h  

cyc l i ng .  F igure  20 shows S ( s t reng th )  - N ( cyc les )  p l o t s  f o r  Mi lbank 

g r a n i t e  cyc led  i n  tension-compression, tension- tension, and compression- 

compression l oad ing  modes. 

.Regardless o f  t he  mode o f  loading,  t h e  rock  was weakened by repeated 

c y c l i n g  even though the  magnitudes o f  load ing  were l e s s  than those 

necessary t o  cause s t a t i c  f a i l u r e .  The most favorab le  type o f  c y c l i c  

l oad ing  from the  standpoint  o f  f a t i g u e  s t reng th  was compression- 

compression. Over the  p ro jec ted  l i f e t i m e  o f  a  CAES cavern (about 

10,000 cyc les)  t h i s  rock  would l ose  approximately 16% o f  i t s  compressive 

s t reng th  f o r  t h i s  type o f  loading.  
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FIGURE 16. Mohr F a i l u r e  Envelopes f o r  M i l  bank Gran i te  (Fossum 1982) 
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FIGURE 18. Cyclic Stress-Strain Curves for Milbank Granite (Fossum 
1982 

I 

STRESS 6- - 
(M Pa) 

LI 

z 

MODULUS DECAY CURVE - 

- 
I 

fn 
b - 

TENSION-COMPRESSION 
FATIGUE 

46 I I I I I 

0 I 2 3 4 5 

I I I 

TENSION - COMPRESION 
FATIGUE - 

LOG OF NUMBER OF CYCLES 

FIGURE 19. Modulus Decay Curve for Mil bank Granite (Fossum 1982) 

- 

MICRO -STRAIN 

- 

Y 

- -6 - - 
I I I I 



COMPRESSION - COMPRESSION 

FATIGUE 

MILBANK 

GRANITE 

TENSION -TENSION 
FATIGUE 

2 G=, 
In z 
Z W 
u I- 
C 

r L  7 0  
- 

;g 3 0 

i k s o -  

8 

5 0  
0 I 2 3 4 5 6 

6 
LOG OF NUMBER OF CYCLES 

r I I I I I 

- Do4 TENSION- COMPRESSION 
FATIGUE 

- E W -  
- 

-11 -- - 

3 
-a: 70- 

- 
3 i  

Y -af a- - - 

LOG OF NUMBER OF CYCLES 

LOQ OF NU- OF ClCLES 

- 50- 

40 

FIGURE 20. S (strength) - N (Cycles) Plots for Mil bank Granite Cycled 
in Tension-Compression, Tension-Tension, and Compression- 
Compression Loading Modes 

e e  8 

I I I I 1 

0 I 2 3 4 5 



Planes of fol ia t ion in a rock mass have a pronounced ef fec t  on 

ultimate strength, reminiscent of jointed rock behavior as shown in 

Figure 21. When the direction of the major principal s t ress  i s  oriented 

a t  30" to 50" from the fol ia t ion plane, the strength can be reduced by 

as much as 50% as  compared to  tha t  fo r  orientations of 0" and 90" (Fossum 

1982). 

Strength reductions can be expected in the tens i le  and compressive 

strengths on rock masses subjected to  a CAES cavern environment. The 

loss of tens i le  strength i s  not a major concern, as th i s  strength i s  

generally quite low t o  begin with. For design purposes, i t  would be 

wise to  assume tha t  the host rock has no tens i le  strength (Fossum 1982), 

because an already low tens i le  strength will be reduced by moisture, 

fatigue, and thermal shock. The nearly 50% loss of cohesion caused by 

S Y K E S V I L L E  
GNEISS 

I NORMAL STRESS (MPa) 

FIGURE 21. Variation of Strength Envelope of Sykesville Gneiss with 
Foliation Angle (Fossum 1982) 



t he  presence o f  mo is tu re  and thermal shock i s  tempered by the  f a c t  t h a t  

t h e  f r i c t i o n a l  c o e f f i c i e n t  remains r e l a t i v e l y  constant.  Thus, the  

percentage l o s s  o f  f a i l u r e  s t reng th  o f  t he  rock  decreases w i t h  i nc reas ing  

mean s t ress .  Most o f  t h e  damage w i l l  be caused i n  the  f i r s t  few cyc les.  

For  design purposes, i t  i s  adv isab le  t o  assume t h a t  t he  angle o f  

i n t e r n a l  f r i c t i o n  does n o t  increase and t h a t  t he  cohesion i s  reduced by 

50%. I n  l i g h t  o f  t h e  experimental  r e s u l t s  of t h i s  program, t h i s  assuniption 

would be conserva t ive  (Fossum 1982). 

I f  t h e  rock  i s  f o l i a t e d  o r  j o i n t e d ,  t h e  o r i e n t a t i o n  o f  t he  cavern 

w i t h  respect  t o  t h e  angles o f  j o i n t i n g  o r  o f  f o l i a t i o n  planes must be 

d u l y  considered. The shear s t reng th  o f  t h e  rock  i s  a  s t rong f u n c t i o n  o f  

t h e  o r i e n t a t i o n  o f  t h e  p o t e n t i a l  planes o f  weakness w i t h  respect  t o  t h e  

p r i  n c i  pa l  s t resses.  

Over t h e  c o n f i n i n g  pressure and temperature ranges o f  i n t e r e s t  t o  

CAES app l i ca t i on ,  t h e  f a i l u r e  envelopes were l i n e a r  f o r  t h e  s t ronger  

hard rocks and p a r a b o l i c  f o r  dolomite. Because t h e  f r i c t i o n  c o e f f i c i e n t  

was n o t  i n f l uenced  by t h e  nonambient cond i t ions ,  f u t u r e  reasonable 

est imates o f  t h e  f a i l u r e  envelopes cou ld  be made w i t h  i n d i r e c t  tens ion  

and unconf ined u n i a x i a l  compression t e s t s .  A f t e r  the  f a i l u r e  envelope 

has been es tab l ished,  i t  would be adv isab le  t o  t runca te  the  t e n s i l e  

p o r t i o n  o f  t h e  envelope t o  zero, because an a l ready  low t e n s i l e  s t reng th  

w i l l  be reduced by mechanical f a t i g u e  and thermal shock. 

The RE/SPEC t e s t i n g  program has demonstrated t h a t ,  a l though the  

compressive and t e n s i l e  s t rengths  a r e  adversely  i n f l uenced  by a  CAES 

cavern environment, t h e  reduced f a i l u r e  s t reng th  o f  i n i t i a l l y  i n t a c t  

hard rocks i s  s u f f i c i e n t l y  h igh  t o  i n d i c a t e  t h a t  a  CAES p l a n t  cou ld  be 

operated s a t i s f a c t o r i l y  (Fossum 1982). The program a1 so demonstrated 

t h a t  f o l  i a t e d  and/or j o i n t e d  rock  masses r e q u i r e  spec ia l  a t t e n t i o n ;  

assessment o f  s t r e n g t h  requirements and s t reng th  values become q u i t e  

s i t e - s p e c i f i c .  



The results of this program and other PNL sponsored programs were 

used to establish stability and design criteria. These conclusions are 

incorporated within Section 6. 

2.4.3 Creep of Jointed Rock Material 

One thermo-mechanical property not tested by RE/SPEC is rock creep, 

the continuing movement of rock with time under relatively constant stress. 

This can be a significant engineering problem whenever large loads must 

be sustained for long durations. As is true in almost all rock engineering 

phenomena, the creep of rock masses in situ will be governed primarily 

by the behavior of the discontinuities--the bedding planes, faults, and, 

in particular, joints. However, nearly all previous research on rock 

creep has been aimed at determining the form of the creep law for small , 
unjointed laboratory specimens. Although this essential first step has 

defined the mechanisms and variables for the intact rock case -- which 
will also be some of the mechanisms and variables for the jointed rock 

case.-- it is not sufficient to develop a comprehensive quantitative 

creep model for rock masses (Schwartz and Koll uru 1981 ) . 

Time-dependent deformations of rock can be categorized as either 

1 ) creep (often called "squeezing" in tunneling) , which most generally 
refers to any time-dependent rock behavior but which in practice usually 

connotes time-varying, primarily shear deformations, or 2) consolidation 

and/or swelling, more restrictive terms referring to purely volumetric 

time-dependent deformations. These two types of behavior involve fundamentally 

different mechanisms in the rock. Consolidation/swelling is usually 

associated with the flow of water out of or into the rock pores or 

geochemical response of the rock to changed environment. Creep, on the 

other hand, is primarily the product of time-dependent microfracturing 

of the rock: if the rock is dilatant, this microfracturing will produce 

both shear and volumetric strains. 

Time-dependent mi crofracturing is the dominant, but not the only, 

mechanism in rock creep. Other secondary mechanisms include 1 ) twinning 

and translation gliding in individual mineral crystals, 2) recrystal 1 ization, 



especially a t  h i g h  temperatures, 3)  dislocations a t  grain boundaries, 

and 4 )  viscoelast ic i ty  of the matrix material in aggregated rocks (e .g . ,  

sandstone, shale) .  However, the microfracturing mechanism has been most 

thoroughly investigated. 

Limited laboratory comparisons of creep in jointed and in tac t  rock 

show tha t  instantaneous s t ra ins  for  jointed specimens exceed the in t ac t  

rock creep deformations by several orders of magnitude. This indicates 

tha t  rock creep must be evaluated on the basis of jointed rock mass 

behavior. In s i t u  f i e l d  evaluation will be required fo r  any candidate 

CAES s i t e .  



CAVERN STABILITY 

All aspects of cavern stability known to have potential effects on 

compressed air storage are treated in this section. Mechanisms of 

instabil i ty, numerical model ing, cavern excavation, and precedent stabi 1 i ty 

considerations are included. 

3.1 TYPES OF INSTABILITY 

Three types of CAES cavern instability have been suggested by Gnirk 

and Port-Kel ler (1 978) : 

general rock instability - identified by massive roof falls, wall 
slabbing, and floor heave, leading to the loss of structural integrity 

of the cavern or its entrance, or both 

local rock instability - identified by localized thermomechanical 
spalling and thermochemical disintegration of the rock over the 

cavern periphery, leading to particulate transport during compressed 

air withdrawal to the turbine system 

air leakage instability - identified by unacceptable air leakage 
from the cavern during compressed air injection and storage (due to 

greatly enhanced hydraulic conductivity as a result of drained 

discontinuities or induced fracturing or joint dilation). 

In practice, we may define the time periods of instability concern 

for a system of CAES caverns as 1 ) excavation, 2) operation, and 3) 

decommissioning. Both general and local rock instability apply to the 

excavation and decommissioning periods, whereas all three instability 

concerns apply to the operational period. 

3.2 MECHANISMS OF INSTABILITY 

Clearly, the development of stability criteria involves the specifi- 

cation of limits on the thermal mechanical/hydrological behavior of the 



rock mass, such tha t  s t a b i l i t y  ex is t s  when the l imits are  not exceeded. 

T h u s ,  a thorough understanding of the mechanisms and modes of each 

ins t ab i l i t y  type i s  of primary importance. 

3.2.1 General Rock Ins tab i l i tv  

General rock ins t ab i l i t y  may be caused by any of four mechanisms: 

b r i t t l e  f racture,  duct i le  f racture,  creep rupture, and fatigue fracture 

(Gnirk 1979). Each i s  described below. 

In b r i t t l e  f racture in i t i a t ion ,  the required magnitude of d i f fe rent ia l  

s t r e s s  character is t ical  ly  

increases with increasing confinement s t r e s s ,  commonly i n  a l inear  

fashion fo r  compressive mean s tresses  up to  about 50 MPa 

. increases w i t h  an increasing r a t e  of deviatoric s t r e s s  application 

decreases w i t h  increasing temperature, often exponentially 

decreases with decreasing effect ive s t r e s s  (difference between the 

confinement s t r e s s  and the pore pressure) 

decreases with increasing percentage of water saturation 

may be 10 to  20 times greater in uniaxial compression than i n  

uniaxial tension. 

In general, the magnitude of s t r a in  a t  the in i t i a t ion  of duct i le  

fracture: 

increases w i t h  increasing confinement s t r e s s  

. increases w i t h  increasing temperature 

. decreases with increasing r a t e  of deviatoric s t r e s s  application 

. decreases with decreasing effect ive s t r e s s  

. decreases w i t h  increasing percentage of water saturation. 

Constitutive laws of rock f a i lu re  a re  commonly used to  evaluate 

conditions of potential f racture or flow in rock mechanics analyses of 



underground structures (Gnirk 1979). However, these laws do not include 

time-dependence and cannot predict e i ther  creep rupture or fatigue 

fracture resul t ing from accumulated rock degradation. 

Rock creep under constant s t r e s s  and temperature i s  characterized 

by three consecutive stages of deforniati on: 

. transient creep-decreasing s t ra in  ra te  

. steady s t a t e  creep-constant s t ra in  ra te  

. t e r t i a ry  creep-increasing s t ra in  r a t e  leading to  rupture or fracture.  

In general, creep i s  increased with increasing shear s t r e s s ,  temperature, 

and moisture content and retarded with increasing mean s t ress  and decreasing 

effect ive s t ress .  For confinement s t resses  and temperatures over the 

ranges of 0 to  100 MPa and 25 to  150°C, the amount of creep deformation 

in most dense intact  hard rocks will be small, i . e . ,  about 0.1% to  0.2% 

before rupture (Gnirk 1979). 

Fatigue fa i  l ure involves cycl i c different ial  s t r e s s  that  progressively 

weakens the rock until  f racture occurs. In a CAES cavern the rock i s  

subjected t o  cyclic s t r e s s  and temperature perturbations. The notion of 

"time t o  fai lure" must be adjusted to  include the number of cycles to  

fa i lure .  The mechanism of fatigue fracture under cyclic temperature i s  

related to  the different ial  thermal expansion of the mineral constituents 

of the rock mass. This mechanism would tend to  weaken the rock relat ively 

rapidly i f  the temperature during a cycle varied extensively. As in the 

case of creep rupture, the fatigue strength of a rock i s  increased with 

increasing confinement s t ress .  Of considerable in te res t ,  however, i s  

the observation tha t  the fatigue strength of rock subjected t o  alternating 

compression-tension cycles i s  considerably less  than that  for  purely 

cyclic tension. Limited data suggest that  mechanically stronger rocks 

have a higher fatigue strength than weaker rocks ( G n i r k  1979). 

Applicable generic rock types for  CAES caverns include igneous 

intrusive (granites,  granodiori t e s ,  gabbros) , certain metaniorphic 

(quartzi tes  and gnei sses) , and a few sedimentary (dolomites, and 1 imestones 



and sandstones of low porosity and high re la t ive  strength) rocks. 

Within the ranges of s t resses  and temperatures anticipated for  CAES 

caverns, the predominant mode of general ins tab i l i ty  will be characterized 

by loss of cohesion along joint  planes or b r i t t l e  fracture of in tac t  

rock. Planes of weakness ( i  .e. , jo in t  systems and bedding planes) i n  

rock masses will strongly influence the generation and orientation of 

fractures.  In f a c t ,  the global strength of a rock mass with planes of 

weakness, i . e . ,  a nonintact rock, will be substantially less  than tha t  

of the in t ac t  rock. The strength obviously depends upon the orientation 

of the major deviatoric s t r e s s  with respect to  the plane of weakness. 

In e f f ec t ,  the s i tuat ion may be compared to  that  of anisotropy, where 

the strength i s  a function of direction. 

For b r i t t l e  and duct i le  f racture,  the influence of joints  can be 

incorporated into the constitutive f a i lu re  conditions. This procedure 

permits evaluation of the potential for  global ins tab i l i ty  in the rock 

mass around a cavern fo r  quasi- stat ic  loading conditions. However, the 

data a re  not generally available for  calculations of the potential for  

fatigue fracture i n  jointed rock in even a broad generic sense. 

3.2.2 Local Rock Ins tab i l i ty  

Local rock ins t ab i l i t y  of a cavern involves spall.ing and degradation 

of the rock along the periphery (Gnirk 1979). The main consideration 

i s  whether or not i t s  occurrence will detrimentally a f fec t  the storage 

and use of compressed a i r .  Detrimental e f fec ts  could be anticipated i f  

rock par t ic les  were entrained i n  the compressed a i r  stream during withdrawal 

t o  the surface turbine system. For conditions of wet cavern walls and 

relat ively low a i r  stream veloci t ies ,  par t ic le  entrainment seems unlikely, 

except fo r  perhaps extremely f ine  par t ic les  of dust s ize.  Local in s t ab i l i t y  

i s  important, however, i f  i t  cornpromi ses the global s t a b i l i t y  of the 

cavern, or contributes to  blockage of the cavern entrance. 

The primary mode of local i n s t ab i l i t y  will probably be thermally- 

induced fracturing of the.microstructure w i t h  associated weakening of 

the rock by weathering l ike  processes. Thermally-induced fracturing 



will probably be res t r ic ted  t o  rock surfaces in d i rec t  contact with the 

compressed a i r .  Conversely, both the exposed rock surfaces and any open 

planes of weakness will be subjected to  degradation by alternating water 

and hot a i r  contact. General quantitative evaluation of e i ther  phenomenon, 

or the i r  coupled influence on local rock ins t ab i l i t y ,  will be d i f f i cu l t  

because experimental data and appropriate consti tutive 1 aws are 1 acki ng . 
Thermally-induced fracturing and weathering are  l ikely to  be s i t e -  

specific.  

3.2.2.1 Thermal Spalling 

Thermal spalling occurs when a rock surface i s  subjected to  a 

substantial temperature change. Air temperatures as low as 60°C could 

conceivably i n i t i a t e  spalling. The abrupt heating of a polycrystalline 

rock surface gives r i s e  t o  a nonhomogeneous f i e ld  of thermal expansion 

caused by the contrasting differences in expansion coefficients of the 

mineral constituents (Gnirk 1979). The induced s t a t e  of s t ress  in the 

plane of the rock surface i s  highly compressive. Because the outward 

displacement of the rock surface i s  effectively unrestrained, the s t r e s s  

s t a t e  i s  analogous t o  tha t  of an extension t e s t .  Fracture i s  in i t ia ted  

in the rock parallel  t o  the heated surface, resulting in a planar fragment 

or  spal l .  The spall thickness i s  a function of the magnitude and duration 

of the heat flux on the surface and the thermal/mechanical properties of 

the rock. The thickness of spa l l s  may range from 1 to  3 cm, with maximum 

la te ra l  dimensions of 0.1 to  0.6 m.  Fracture surfaces aVe determined 

primarily by the thermal s t r e s s  pattern rather than by the rock structure.  

To evaluate thermal spalling potential in a CAES cavern, the transient 

s t a t e  of induced thermoelastic s t r e s s  in a rock surface could be calculated 

by conventional finite-element procedures. By use of the potential 

f a i lu re  index evaluation an assessment could be made of spalling for  

given temperature hi s tor ies  a t  the f l  uid-rock interface.  The strength 

parameters in the f a i lu re  c r i t e r i a  must re f lec t  the resul ts  of t r iax ia l  

extension t e s t s  for  particular generic rock types. This procedure would 

not r e f l ec t  any dynamic character is t ics  of the spalling phenomenon, b u t  

should provide some l imits  on the ra te  of spall ing with time (Gnirk 1979). 



Hood (1 979) discussed possible mechanisms for  thermal deterioration 

of rock. These include: 1 ) dehydration of clay minerals, 2 )  different ial  

thermal expansion of individual crystal  1 ine units,  and 3) gross rock 

f a i lu re  which i s  probably s t r e s s  related. Witherspoon e t  a1 (1980) 

reported thermal decrepitation of vertical  borehole walls near 300°C. 

3.2.2.2 Weathering 

Rock on the cavern periphery i s  weathered or degraded by the cyclic 

action of water and hot a i r  a t  high re la t ive  humidity. The weathering 

mechanism i s  chemical in nature, and accelerated with increasing temperature. 

Essentially, certain mineralogical components of a rock, especially 

parallel  to  planes of permeability within a rock mass, may be susceptible 

t o  dissolution, hydration, and leaching. The net effect  i s  a gradual 

weakening of rock micro- and/or macrostructure, which leads to  a reduction 

in fracture strength (Gnirk 1979). 

Relatively high s t r e s s  perturbations in the rock around the periphery 

of a cavern, and the cyclic water-warm a i r  contact, may accelerate weathering. 

Materials f i l l i n g  jo in t  planes or other planes of weakness in igneous 

and metamorphic rocks will also be subjected to  weathering. Currently, 

quantitative evaluation of the r a t e  of weathering under CAES cavern 

conditions does not seem possible. However, standard weathering t e s t s  

fo r  aggregate use in pavements and concretes may apply. 

3.2.3 Air Leakage Ins tab i l i ty  

Air leakage ins t ab i l i t y  i s  defined as e i ther  an unacceptable pressure 

decline in uncompensated CAES caverns, or an unacceptable a i r  volume 

loss in compensated CAES caverns (Gnirk 1979). The mode of in s t ab i l i t y  

i s  the outward migration of a i r  from the cavern into the surrounding 

rock mass through fractures ,  f issures ,  jo in ts ,  f au l t s ,  and connected 

pores or voids. If  these conduits a re  water-saturated, the a i r  must 

e i ther  migrate upward as bubbles, dissolve within the cavern water, o r  

displace the water. 



The pe rmeab i l i t y  o f  a  rock  o r  rock  mass i s  a  measure o f  i t s  capac i ty  

f o r  t r a n s m i t t i n g  a  f l u i d .  Permeab i l i t y ,  when referenced t o  the  o r i g i n a l  

pores and voids o f  a  rock, i s  designated as being pr imary; and, secondary 

when referenced t o  subsequent f rac tu res ,  j o i n t s ,  and o ther  d i s c o n t i n u i t i e s  

o r  planes o f  weakness. I n  general, pr imary pe rmeab i l i t y  i s  a  c h a r a c t e r i s t i c  

f e a t u r e  o f  sedimentary rocks, and secondary permeabi 1  i ty i s  more representa-  

t i v e  o f  metamorphic and igneous rocks. However, sedimentary rocks are  

a l s o  f requen t l y  j o in ted ,  c o n t r i b u t i n g  t o  secondary permeab i l i t y .  The 

hyd rau l i c  c o n d u c t i v i t y  o f  a  rock  o r  rock  mass i s  b a s i c a l l y  a  measure o f  

t h e  r a t e  a t  which water  i s  t ransmi t ted ,  and invo lves  a  combination o f  

po ros i t y ,  permeabi 1  i ty, and f l u i d  v i s c o s i t y .  Laboratory and f i e 1  d  

data demonstrate t h a t  rock  mass pe rmeab i l i t y  

. decreases w i t h  i nc reas ing  depth 

. decreases w i t h  i nc reas ing  compressive s t ress  

. genera l l y  decreases w i t h  increas ing  temperature 

. increases as t h e  l e v e l  o f  t he  f r a c t u r e  s t ress  i s  approached and 

volume d i l a t a t i o n  o f  the  rock  i s  augmented. 

NUMERICAL MODELING OF CAVERN STABILITY 

Cavern s t a b i l i t y  i s  a f f e c t e d  by cavern design, post-excavat ion 

s t ress  fac to rs ,  c y c l i c  thermal pene t ra t i on  o f  t he  cavern w a l l s  and 

cavern c a p a b i l i t y  t o  con ta in  compressed a i r .  A thorough assessment o f  

these f a c t o r s  i s  necessary i n  determin ing the  s u i t a b i l i t y  o f  a  cavern 

f o r  CAES app l i ca t i ons .  Laboratory measurements o f  rock  p rope r t i es  under 

cavern i n  s i t u  and CAES cond i t i ons  w i l l  be needed t o  determine mechanical 

and geochemical changes f o r  var ious rock  types. 

SPECTROM, a  bank o f  computer programs f o r  geotechnical analyses 

assembled by REISPEC o f  Rapid C i t y ,  South Dakota, i s  p a r t i c u l a r l y  app l i cab le  

t o  problems i n  rock  mechanics, i n v o l v i n g  d i s c r e t e  o r  coupled phenomena 

i n  the  thermal, mechanical, and hydro log ica l  realms o f  rock  behavior. 

These programs use isoparametr ic  elements, w i t h  c a p a b i l i t i e s  f o r  handl ing 



nonlinear and anisotropic  material proper t ies ,  time-independent and 

time-dependent nonlinear material response through post- fa i lure ,  and two- 

and three-dimensional geometries. Each code within the s e r i e s  has been 

extensively validated with closed-form analyt ical  solutions and ava i lab le  

commercial f ini te- element codes on CDC C Y B E R N E T ,  and w i t h  laboratory and 

i n  s i t u  (o r  f i e l d )  case his tory  data where available.  The SPECTROM codes 

were used t o  numerically model CAES cavern s t a b i l i t y  fac tors .  

3.3.1 Cavern Design 

Parametric analyses of the  excavation phase of CAES caverns produced 

a catalogue of s t r e s s  concentration fac tors  f o r  s ing le  and multiple 

caverns with d i f f e r en t  shapes and extract ion r a t i o s  under a range of 

i n i t i a l  i n  s i t u  s t r e s s  s t a t e s  (Brandshaug and Fossum 1980). (A conceptual 

drawing of underground CAES caverns i s  shown in Figure 2 2 . )  This information 

was re la ted  t o  case his tory  data t o  determine a r t i f i c i a l  support requirements 

f o r  caverns s i tua ted  a t  a depth of 750 m i n  igneous rock. An exa.mple of 

such a guide i s  given i n  Figure 23.  Quant i t a t ive ly  i t  was found t h a t  
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FIGURE 22. Compensated CAES Caverns 





t h e  rock  around a s i n g l e  cavern experiences h igher  s t resses than those 

induced i n  t h e  rock  around p a r a l l e l  caverns u n t i l  t h e  e x t r a c t i o n  r a t i o  

i s  l e s s  than 20%. For  e x t r a c t i o n  r a t i o s  l ess  than 20% percent a m u l t i p l e  

cavern a r r a y  behaves as a s i n g l e  cavern. 

The a i r  and water temperatures assumed i n  t h e  thermal analyses were 

40°C and 10°C, respec t i ve l y .  It was found t h a t  a f t e r  50 opera t iona l  

cyc les,  t h e  rock  temperatures approached a steady o s c i l l a t o r y  behavior  

w i t h i n  t h e  f i r s t  meter i n t o  t h e  cavern wa l l s .  Because both the  r o o f  and 

t h e  f l o o r  were mainta ined a t  constant  temperatures o f  40°C and 10°C 

respec t i ve l y ,  t h e  temperature g rad ien t  extended much f a r t h e r  i n t o  the  

rock  a t  these two l o c a t i o n s  than i n t o  the  wa l l s .  F igure  24 shows the  

temperature isotherms around a CAES cavern f o r  d i f f e r e n t  opera t iona l  

cyc les.  R e l a t i v e l y  h igh  thermal g rad ien ts  e x i s t  i n  t he  rock  a l l  around 

the  cavern. The thermal g rad ien ts  i n  t he  r o o f  and the  f l o o r  d im in i sh  as 

opera t ion  cont inues; however, t he  g rad ien t  i n  the  w a l l s  does n o t  change 

s u b s t a n t i a l l y  f rom t h e  i n i t i a l  stage o f  operat ion.  

The o s c i l l a t o r y  behavior  o f  t he  temperatures i n  t he  cavern w a l l s  

leads t o  o s c i l l a t o r y  behavior o f  t he  st resses as w e l l .  F igure  25 shows 

th ree  types o f  c y c l i c  behavior t h a t  can r e s u l t ,  namely tension- tension,  

tension-compression, and compression-compression c y c l  i n g  (Brandshaug and 

Fossum 1981 ).  For mu1 t i p l c  caverns, e x t r a c t i o n  r a t i o s  were found f o r  

which the  tension- tension,  and tension-compression c y c l i n g  cou ld  be 

e l im ina ted.  

I n  t he  f a i l u r e  analyses performed f o r  t h e  excavat ion phase, i t  was 

found t h a t  caverns cou ld  be l oca ted  i n  a competent igneous rock  a t  750 m 

w i t h o u t  f a i l u r e  f o r  a wide range o f  i n i t i a l  i n  s i t u  s t ress  r a t i o s  and 

cavern he igh t- to- wid th  r a t i o s .  However, when two se ts  o f  j o i n t s  were 

in t roduced s i t u a t e d  a t  - + 45" t o  the  ho r i zon ta l ,  j o i n t  f a i l u r e  cou ld  

occur as shown by t h e  shaded regions i n  F igure  26. Decreasing the  depth 

t o  500 m decreased t h e  f a i l u r e  zone t o  t h a t  shown i n  F igure  27. When 

t h e  cavern o f  F igure  26 was pressur ized,  corresponding t o  a s t a t i c  head 
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FIGURE 24. Isotherms ("C) and Temperature Distribution into a Single- 
Cavern Wall for Various Cycles (Brandshaug and Fossum 1981) 
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FIGURE 25. Principal Stress Trajectories Around a Single CAES Cavern 
After 49.5 and 50 Cycles (Brandshaug and Fossum 1981) 

of water of 750 m ,  joint  fa i lure  was limited to  the zones shown i n  

Figure 28. Thus, the cavern pressurization i s  an unloading process. 

The fa i lu re  analyses performed for  the operational phase showed 

tha t  multiple caverns could be located in a competent igneous rock a t  

750 m depth without f a i lu re ,  even a f t e r  substantial strength reductions 

caused by fatigue o r  thermal shock were simulated. However, for  the 

cases considered, no tens i le  s t resses  had developed. 



FIGURE 26. F a i l u r e  Zones Around CAES Caverns A f t e r  I n i t i a l  Excavat ion. 
Depth 750 m, H/W = 2.0, I n  S i t u  S t ress  Ra t i o  = 1.5 (Brandshaug 
and Fossum 1980) 

FIGURE 27. F a i l u r e  Zones Around CAES Caverns A f t e r  I n i t i a l  Excavat ion. 
Depth = 500 m, H/W = 2.0, I n  S i t u  S t ress  R a t i o  = 1.5 (Brandshaug 
and Fossum 1980) 



FIGURE 28. F a i l u r e  Zones Around CAES Caverns Dur ing Operation. Depth = 
750 m, H/W = 2.0, I n  S i t u  S t ress  Ra t io  = 1.5 (Brandshaug and 
Fossum 1980) 

Rock b o l t s  a r e  used p r i m a r i l y  t o  support  b locks o r  p ieces o f  rock  

a t  i n t e r s e c t i n g  j o i n t s .  Th i s  mainta ins s u f f i c i e n t  f r a c t u r e  confinement t o  

prevent  f a i l u r e  by propagation. However, s imu la t ions  of  re inforcement  

measures i n d i c a t e d  t h a t  a r t i f i c i a l  support  such as rock  b o l t s  prov ided 

l i t t l e  o r  no increase i n  s t r u c t u r a l  s t i f f n e s s  o r  s t rength .  

A i r  leakage s imu la t ions  performed us ing  stress-dependent pe rmeab i l i t y  

r e l a t i o n s h i p s  showed t h a t  a l though the  i n  s i t u  s t ress  r a t i o  had o n l y  

minor  in f luence on t h e  volume o f  a i r  leakage, t he  l o c a t i o n  o f  leakage i n  

t h e  cavern was s t r o n g l y  dependent on t h i s  r a t i o ,  w i t h  h igher  values 

g i v i n g  r i s e  t o  a grea te r  l o s s  o f  a i r  through the  cavern wa l l s .  



3.3.2 Post-Excavation Cavern S t a b i l i t y  

The in f luences o f  cavern geometry and spacing and c o e f f i c i e n t  o f  

l a t e r a l  e a r t h  s t ress  on t h e  s t a b i l i t y  of caverns were evaluated (Gnirk  

e t  a1 1979). The computed s t ress  f i e l d s  i n  t h e  rock  mass f o l l o w i n g  

excavat ion a r e  app l i cab le  s t r i c t l y  t o  an e l a s t i c  medium t h a t  i s  devoid 

o f  j o i n t s  o r  o the r  s t r u c t u r a l  d i s c o n t i n u i t i e s .  When i n e l a s t i c  deformation 

o f  t he  medium i s  n o t  considered, o r  does n o t  occur, t he  s t ress  pe r tu rba t i on  

i s ,  f o r  a l l  p r a c t i c a l  purposes, independent o f  t he  excavat ion sequence. 

I n  add i t i on ,  t he  s o l u t i o n s  a r e  s t r o n g l y  s t a t i c a l l y  determinate, imp ly ing  

negl  i g i  b l  e  dependence on e l  a s t i  c  p rope r t i es  . 

The cavern excavat ion was assumed t o  be s i t u a t e d  a t  a  f l o o r  depth 

of 760 m, and the  v e r t i c a l  i n  s i t u  s t ress  g rad ien t  was taken t o  be 

0.0269 MPa/m. Considerat ion was g iven t o  s i n g l e  caverns w i t h  he igh t- to-  

w id th  r a t i o s  ranging from 0.5 t o  3.0, and t o  a  sequence o f  t h ree  caverns 

i n  p a r a l l e l  w i t h  he igh t- to- wid th  r a t i o s  o f  1, 1.5, and 2 and e x t r a c t i o n  

r a t i o s  o f  20, 40, and 60%. I n  a l l  instances, t h e  cavern w id th  was 

chosen as a  constant  10 m, w i t h  t h e  r a d i i  o f  the  arched crown and r i b -  

f l o o r  i n t e r s e c t i o n s  10% o f  t h e  cavern he igh t  and 5% o f  t he  s t ress  algebra- 

i c a l  l y  p o s i t i v e .  

3.3.2.1 S ing le  Caverns 

F igure  29 i 11 u s t r a t e s  t h e  i n f l u e n c e  o f  he igh t- to- wid th  r a t i o  (H/W) 

and i n  s i t u  s t ress  r a t i o  (KO) on t h e  s t ress  concent ra t ion  fac tor  i n  t he  

c e n t r a l  r i b  boundary ( s i d e  w a l l )  o f  a  s i n g l e  cavern (Gnirk  e t  a1 1979). 

The s t ress  concent ra t ion  f a c t o r  i s  de f ined as the  r a t i o  o f  t he  tangen t ia l  

( i n  t h i s  case, v e r t i c a l )  s t ress  i n  t h e  r i b  and the  i n  s i t u  (pre-mining) 

v e r t i c a l  s t ress .  C lear ly ,  as both H/W and KO increase, t h e  v e r t i c a l  

s t ress  i n  t he  r i b  changes from compression t o  tension.  ( a )  For h igh  

I a ' ~ s  a  p o i n t  of q u a l i t a t i v e  v a l i d a t i o n  o f  t he  r e s u l t s  g iven i n  F igure  29 
as regards caverns s t a b i l i t y ,  we draw a t t e n t i o n  t o  the  Flygmotor CAES 
caverns i n  Sweden which have a  he igh t  t o  w id th  r a t i o  o f  approximately 
0.3 and a r e  s i t u a t e d  a t  a  depth o f  about 90 m (Bergnian e t  a1 . 1979). 
For t he  genera l l y  h igh  ho r i zon ta l  i n  s i t u  s t resses -a t  t h a t  depth the  
r i b s  o f  t h e  caverns have remained excep t i ona l l y  s t a b l e  over many years 
o f  d a i l y  operat ion.  The temperature f l u c t u a t i o n s  i n  the  caverns a re  
nominal. For t h i s  case h i s t o r y  s i t u a t i o n ,  t h e  boundary s t ress  concent ra t ion  
i n  t h e  r i b  i s  probably compressive, b u t  o f  r e l a t i v e l y  low magnitude. 
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FIGURE 29. Boundary Stress Concentrat ion i n  t he  R ib  o f  a S i n g l e  Cavern 
f o r  a Range o f  Height- to-Width (HIM) and I n  S i t u  Stress (KO) 
Rat ios  (Gnirk  e t  a1 1979) 



values of KO,  the  induced arching action above and below the cavern tends t o  

"s t re tch"  t he  rib. This s t re tching action will  give r i s e  t o  zones of 

predominant a i r  leakage in  the  r i b  sections of the  cavern. 

Figure 30 i l l u s t r a t e s  the  application of the  e l a s t i c  s t r e s s  r e su l t s  

t o  pract ical  design considerations i n  terms of need f o r  a r t i f i c i a l  

support. We have plotted the  r a t i o  of the  niaximum compressive boundary 

s t r e s s  i n  the  cavern roof and the  uniaxial compressive strength of a 

competent igneous rock (200 MPa) to  KO fo r  a range of values of H / W .  

Superimposed on t h i s  p lo t  a r e  the  a r t i f i c i a l  support needs, as  deduced 

from corre la t ions  by Hoek (1979) based on extensive case history data. 

For an H/W r a t i o  of 1.5 t o  2, which i s  of i n t e r e s t  t o  CAES cavern 

design, the  i n  s i t u  s t r e s s  r a t i o  must be l e s s  than 1.3 t o  1.5 in order 

t o  avoid the  use of heavy a r t i f i c i a l  roof support,  such as  blocked s tee l  

s e t s  and concrete arches. 

This may be a f a i r l y  conservative assessment as  there  a re  many 

s t ab l e  openings i n  t h i s  range having only l i g h t  support. A CAES s i t e  

should not be eliminated on the  basis  of t h i s  assessment; however, support 

requirements may be s ign i f ican t ,  and will be determinable only through 

s i t e - spec i f i c  study. 

3.3.2.2 Multiple Caverns 

Figure 31 i l l u s t r a t e s  the influences of extraction r a t i o  and i n  

s i t u  s t r e s s  r a t i o  on the  ver t i ca l  s t r e s s  concentration i n  the rib of the  

centra l  cavern i n  a three-cavern array,  f o r  a cavern height-to-width 

r a t i o  of 2 (Gnirk e t  a1 1979). For extraction r a t i o s  of 20 t o  40% and a 

range of KO from 1 t o  2, the  ver t ica l  p i l l a r  s t r e s s  i s  compressive and 

on the order of 50 t o  140% of the  i n  s i t u  ver t ica l  s t r e s s .  For extremely 
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FIGURE 31. Boundary S t r e s s  Concentrations in t h e  P i l l a r  Rib  of t h e  
Central Cavern i n  a Three-Cavern Array (Gnirk e t  a1 1979) 
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FIGURE 32. Post-Excavat ion S t a b i l i t y  o f  an Ar ray  o f  Three Caverns i n  
Competent Igneous Rock a t  a Depth o f  760 m (Gn i rk  e t  a1 1979) 



h igh  ho r i zon ta l  stresses, such as may occur a t  shal low depth, one could 

a n t i c i p a t e  a v e r t i c a l  t e n s i l e  s t ress  i n  t he  p i l l a r  r i b .  (a 

F igure  32 combines t h e  r e s u l t s  f o r  t he  s t ress  concentrat ions i n  

the  cavern r o o f s  w i t h  t h e  u n i a x i a l  compressive s t reng th  o f  a competent 

igneous rock  t o  i l l u s t r a t e  t h e  need f o r  a r t i f i c i a l  roof  support f o r  

ranges o f  H/W and KO and a constant  e x t r a c t i o n  r a t i o  o f  40%. The 

a r t i f i c i a l  support needs have been deduced, as before, from case h i s t o r y  

c o r r e l a t i o n s  by Hoek (1979). For  an H/W of 1 t o  2, on l y  l i g h t  support 

i n  t he  form o f  rock  b o l t s  and w i r e  mesh i s  requ i red  t o  main ta in  cavern 

r o o f  s t a b i l i t y  a f t e r  excavat ion, f o r  a value o f  KO between 1.25 and 

1.75. 

The preceding r e s u l t s  c l e a r l y  i n d i c a t e  the  need f o r  s i  t e - s p e c i f i c  

i n  s i t u  s t ress  data f o r  t h e  design o f  CAES caverns. A s l i g h t  a l t e r a t i o n  

i n  cavern geometry i n  r e l a t i o n  t o  t h e  a r t i f i c i a l  support needs can be 

perhaps an economic t rade- o f f ,  and deserves thought fu l  a t t e n t i o n  from 

t h e  v iewpoints o f . r o c k  s t a b i l i t y  and a i r  leakage. I n  general, t h e  

r e s u l t s  i n d i c a t e  t h a t  enhanced rock  s t a b i l i t y  can be achieved w i t h  an 

a r r a y  o f  caverns as compared t o  a s i n g l e  cavern, a t  l e a s t  from the  

v iewpoints o f  pre- operat ional  cons idera t ions  f o r  CAES i n  hard rock. 

3.3.3 Thermal Penet ra t ion  I n t o  Cavern Wall 

To i n v e s t i g a t e  t h e  c y c l i c  thermal e f f e c t s  i n  the  rock  du r ing  CAES 

operat ion,  a cavern was chosen w i t h  a he igh t  and w id th  o f  20 m and 10 m, 

r e s p e c t i v e l y  (Gnirk  e t  a1 1979). The compensated cavern was considered 

t o  be i n i t i a l l y  f u l l  o f  water a t  10°C. The top  2 m were assumed t o  

( a ) ~ s  a p o i n t  o f  q u a l i t a t i v e  v a l i d a t i o n ,  we draw a t t e n t i o n  t o  the  case 
h i s t o r y  described by A n t t i  koski  and Saraste (1977) f o r  t h ree  o i l  s torage 
caverns i n  p a r a l l e l  near He ls ink i .  The caverns have a H/W o f  2 and an 
e x t r a c t i o n  r a t i o  o f  30 t o  40%, and a r e  s i t u a t e d  i n  an i n  s i t u  h o r i z o n t a l  
s t ress  f i e l d  o f  about 15 MPa (K = 10 t o  15).  Through a combination o f  
f i e l d  observat ion and f i n i t e  elgment analys is ,  they concluded t h a t  
perhaps 60 t o  90% o f  t he  p i l l a r s  were i n  a s t a t e  o f  tens ion  and the  
cavern r o o f s  were h e a v i l y  s t ressed i n  compression. The format ion o f  
ho r i zon ta l  f r a c t u r e s  across the  p i l l a r s  was deduced from the  adjustment 
o f  o i l  l e v e l s  between adjacent  caverns t o  a common e leva t i on .  
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FIGURE 33. Temperature D i s t r i b u t i o n  i n  a CAES Cavern Wall i n  Igneous 
Rock Dur ing t h e  Compression Cycle (Gn i rk  e t  a1 1979) 
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FIGURE 34. Temperature Distribution in a CAES Cavern Wall in Igneous 
Rock During the Generation Cycle (Gnirk et a1 1979) 



con ta in  compressed a i r  a t  a l l  t imes and t h e  bottom 0.5 m t o  conta in  

water a t  a l l  t imes. Thus, t h e  opera t iona l  he igh t  o f  t he  cavern over t h e  

compression and generat ion cyc les  was 17.5 m. The cyc le  t ime was taken 

t o  be one day, w i t h  the  compression and generat ion cyc les  separated i n t o  

a l t e r n a t i n g  12-hour per iods.  The a i r / w a t e r  i n t e r f a c e  was supposed t o  

move a t  a constant  v e l o c i t y  over t h e  opera t iona l  he igh t  o f  t h e  cavern. 

Compressed a i r  i n l e t  temperatures o f  75°C and 150°C were considered. 

The cavern was assumed t o  be 750 m deep and t h e  geothermal g rad ien t  was 

taken t o  be 25"C/km. F i n a l l y ,  t h e  rock  type was chosen t o  be igneous, 

w i t h  the  f o l l o w i n g  t y p i c a l  thermal p rope r t i es :  thermal c o n d u c t i v i t y  = 
2 

2.9 W/mK; s p e c i f i c  heat = 935 J/kgK; thermal d i f f u s i v i t y  = 1.3 E-06 m /s. 

F igures 33 and 34 i l l u s t r a t e  the  temperature d i s t r i b u t i o n s  a long a 

h o r i z o n t a l  l i n e  i n t o  t h e  rock  7.5 m from the  crown o f  the  cavern. The 

cavern w a l l  (depending on e l e v a t i o n )  i s  de f ined t o  be a t  t h e  water 

temperature (10°C) o r  t h e  compressed a i r  temperature (75°C o r  150°C) 

throughout t h e  compression and generat ion c y c l e  per iods.  The temperature 

i n  the  f i r s t  meter o f  t h e  cavern w a l l  i s  seen t o  r i s e  s u b s t a n t i a l l y  

w i t h i n  t h e  f i r s t  f i v e  cyc les  o f  cavern operat ion.  The reg ion  beyond one 

meter i s  r e l a t i v e l y  unperturbed by t h e  c y c l i c  temperature boundary on 

the  cavern w a l l  and undergoes continuous heat ing. The temperature r i s e s  

between the  t w e n t i e t h  and f i f t i e t h  cyc les  a re  much less .  A t  t he  f i f t i e t h  

cyc le,  temperature increases a re  q u i t e  smal l  and the  f i r s t  meter o f  t h e  

cavern w a l l  i s  near  a steady. o s c i l l a t o r y  temperature d i s t r i b u t i o n  w i t h  

smal l  temperature increases. 

I f  t he  i n i t i a l  temperature o f  t he  m a t e r i a l  i s  t he  same as the  mean 

o f  t h e  o s c i l l a t o r y  sur face temperature, t he  temperature d i s t r i b u t i o n  

reaches a steady o s c i l l a t o r y  mot ion much more r a p i d l y  than i f  t he  

i n i t i a l  temperature o f  t h e  medium i s  above o r  below the  mean o f  t he  

harmonic sur face temperature. For t he  CAES system discussed above, the  

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

w i l l  c o n t r i b u t e  t o  thermal o s c i l l a t i o n  w i t h i n  f i v e  meters o f  the  cavern 



wall fo r  the l i f e  of the cavern. However, the niajority of the t ransient  

i s  damped w i t h i n  the f i r s t  100 cycles. 

One of the more important aspects of th i s  simulation i s  the location 

and magnitude of the thermal gradients. The largest thermal gradients 

occur early in time and within the f i r s t  meter of the cavern wall, 

indicating that  t h i s  region will be the most c r i t i ca l  in terms of thermally 

induced s t resses  (Brandshaug and Fossum 1981). High cyclic thermal 

gradients pers i s t  i n  the cavern walls as operation continues. I t  appears 

tha t  only the f i r s t  meter into the cavern wall will experience osci l la t ing 

temperatures. The osci l la t ing temperatures approach a steady behavior 

a f t e r  50 compression/generation cycles. Thermal gradients in the roof 

and f loor  diminish as operation continues. For the time span analyzed 

(50 days), the thermal response of the rock i s  similar for  a single 

cavern and an array of three caverns. 

For the single CAES cavern the thermally-induced s tresses  i n  the 

wall show a cyclic tension-compression behavior w i t h  t ens i le  s t resses  

approaching the tens i le  strength of igneous rock. For the array of 

three caverns no t ens i l e  s t resses  occurred. Although cyclic s t resses  

are  present also in the case of multiple caverns, the s t a t e  of s t r e s s  i s  

cyclic compression-compression,' a s t a t e  tha t  i s  preferable to  tension- 

compression w i t h  regard to  fatigue fa i lure .  Thus, from a s t ab i l i t y  

standpoint, a multiple cavern layout i s  preferred. The cyclic temperature- 

induced s tresses  appearing i n  the cavern walls may cause degradation of 

the rock, affecting i t s  strength t o  a degree tha t  may compromise the 

structural integri ty  of the caverns. Any structural fa i lure  i s ,  of 

course, dependent on the i n i t i a l  rock quality and may be eliminated or 

contained w i t h i n  l imits  by choosing a host rock possessing an acceptable 

s t ructure and suff ic ient  strength. 

For the conditions modeled, the analysis predicting ine las t ic  
* 

behavior or rock fa i lure  shows that  such fa i lure  develops s t r i c t l y  along 

joints and i s  fu l ly  developed upon completion of the i n i t i a l  cavern 

excavation. Even substanti a1 strength reduction of the rock because of 



f a t i g u e  o r  thermal shock du r ing  opera t ion  does n o t  a l t e r  o r  add t o  t h e  

f a i l u r e  a l ready  e x i s t i n g  a f t e r  cavern excavat ion. The i n t e r n a l  cavern 

pressure du r ing  opera t ion  has the  a b i l i t y  t o  unload the  rock s t r u c t u r e  

surrounding t h e  caverns. Th is  exp la ins  why f a i l u r e  du r ing  opera t ion  

does n o t  progress beyond t h a t  p red i c ted  a f t e r  i n i t i a l  cavern excavat ion. 

Rock f a i l u r e  p red i c ted  around caverns loca ted a t  500 m depth i s  

approximate ly  h a l f  o f  t h a t  experienced a t  750 m depth, a l l  o the r  cond i t i ons  

being equal. Rock f a i l u r e  increases as t h e  c o e f f i c i e n t  o f  l a t e r a l  e a r t h  

s t ress  decreases. Lowering t h e  cavern he igh t- to- wid th  r a t i o  from two t o  

one has t h e  e f f e c t  o f  decreasing t h e  f a i l u r e  zones, ? s p e c i a l l y  around t h e  

o u t e r  caverns. 

3.3.4 A i r  Leakage 

A i r  leakage s imu la t ions  us ing  stress-dependent pe rmeab i l i t y  r e l a t i o n s h i p s  

showed t h a t  t h e  c o e f f i c i e n t  o f  l a t e r a l  e a r t h  s t ress  had o n l y  minor 

i n f l u e n c e  on t h e  volume o f  a i r  leakage. However, t he  l o c a t i o n  o f  leakage 

i n  the  cavern i s  s t r o n g l y  dependent. on t h e  i n  s i t u  s t ress  r a t i o  w i t h  t h e  

h igher  va lue g i v i n g  r i s e  t o  a  g rea te r  l o s s  o f  a i r  through the  cavern 

wa l l s .  

3.3.4.1 Eva1 u a t i o n  Procedures 

The assessment o f  a i r  leakage from, o r  water i n f l o w  i n t o ,  a  CAES 

cavern i s  commonly based on the  theory  o f  f l u i d  f l o w  i n  porous o r  f i s s u r e d  

media, w i t h  i n v a r i a n t  rock  and f l u i d  p rope r t i es .  For f i s s u r e d  media, 

t h e  aper tu re  w i d t h  and spacing o f  t h e  f i s s u r e s  must be spec i f i ed .  These 

types o f  data a r e  c l e a r l y  s i t e - s p e c i f i c ,  which imp l i es  t h a t  a  f i s s u r e d  

medium f o r  gener ic  purposes must be t r e a t e d  from the  v iewpoint  o f  an 

equ iva len t  permeable medium. I n  t h i s  respect ,  t he  hyd rau l i c  c o n d u c t i v i t y ,  

K, o f  t h e  medium can be expressed i n  terms o f  s t ress ,  and the  f l u i d  

v i s c o s i t y  i n  terms o f  temperature: 



where 

K = hydrau l i c  c o n d u c t i v i t y  

j~ = f l u i d  v i s c o s i t y  ( f u n c t i o n  o f  temperature) 

a = s t ress  ( f u n c t i o n  o f  temperature) 

k  = i n t r i n s i c  pe rmeab i l i t y  

p = dens i t y  

g  = g r a v i t a t i o n a l  constant  

v = kinematic v i s c o s i t y .  

By developing a  f u n c t i o n a l  form o f  t he  equat ion from labo ra to ry  and 

f i e l d  data, one can evaluate t h e  pe r tu rba t i on  i n  t he  rock mass pe rmeab i l i t y  

a r i s i n g  from excavat ion and c y c l i c  temperatures i n  a  CAES cavern (Gnirk  

1979). 

The development o f  t h e  f u n c t i o n a l  form o f  t h e  equat ion i s  based on 

i n  s i  t u  hyd rau l i c  c o n d u c t i v i t y  t e s t s  over a  range o f  depths i n  boreholes, 

and a  knowledge o f  t h e  i n  s i t u  s t ress  s t a t e  and j o i n t  s e t  o r i e n t a t i o n  

i n  a  p a r t i c u l a r  l o c a l i t y .  I n  general, t he  ho r i zon ta l  pe rmeab i l i t y  o f  

a  rock  mass, measured i n  f i e l d  t e s t s  w i t h  v e r t i c a l  boreholes, decreases 

w i t h  i nc reas ing  depth. Th i s  phenomenon may a l s o  be incorpora ted  i n t o  

t h e  f u n c t i o n  form o f  t h e  hyd rau l i c  c o n d u c t i v i t y  r e l a t i o n s h i p .  Add i t i ona l  ly ,  

a  v e r t i c a l  hyd rau l i c  c o n d u c t i v i t y  r e l a t i o n s h i p  can be developed i n  

s i  t u a t i  ons where i n c l  i ned borehol es a r e  used. 

The h y d r a u l i c  c o n d u c t i v i t y  o f  t he  rock  mass f o l l o w i n g  cons t ruc t i on  

o f  the  CAES cavern and du r ing  opera t ion  can be assessed i n  the  above 

manner. However, t he  amount o f  a i r  leakage cannot be evaluated w i thou t  

cons idera t ion  of t h e  degree o f  s a t u r a t i o n  o f  t h e  rock  mass. 

For an uncompensated cavern t o  be a i r - t i g h t ,  t he  undisturbed surrounding 

rock  mass p r i o r  t o  cons t ruc t i on  must be sa tura ted  w i t h  water a t  h igher  

pressure than the  opera t ing  a i r  pressure w i t h i n  t h e  cavern, c r e a t i n g  water 

f l o w  toward the  cavern. Th is  c o n d i t i o n  may r e q u i r e  use o f  a  water 

cu r ta in .  I n  a  water-compensated cavern t h e  h y d r o s t a t i c  heads o f  the  

water column and the  sa tura ted  zone w i l l  be n e a r l y  i d e n t i c a l .  



3.3.4.2 Enhancement o f  Cavern Tightness 

A i r  leakage from a CAES cavern can be s u b s t a n t i a l l y  reduced by: 

1 )  implementat ion o f  a water c u r t a i n  i n  t he  rock  mass over the 'cavern ;  

2)  g r o u t i n g  of d i s c o n t i n u i t i e s  i n  t h e  rock  mass surrounding t h e  cavern; 

The f i r s t  technique i nvo l ves  a method f o r  ensur ing cont inued s a t u r a t i o n  

o f  t he  rock  mass du r ing  CAES cavern cons t ruc t i on  and operat ion.  The 

second procedure e f f e c t i v e l y  reduces the  gross permeabi 1 i t y  o f  t he  rock  

mass du r ing  CAES cavern cons t ruc t i on  and operat ion. The f i r s t  technique 

was used i n  an underground Swedish LPG f ac i  1  i t y  (Lindblom 1977). 

3.4 CAVERN EXCAVATION 

Adequate in fo rmat ion  i s  a v a i l a b l e  t o  design an underground opening w i t h  

t h e  s ize ,  shape, and depth requ i red  o f  a CAES cavern w i t h  regard t o  i t s  

excavat ion and cons t ruc t ion ,  based on a combination o f  numerical modeling 

and precedent cons idera t ions  (Brandshaug and Fossum 1980). The design 

methodology used i n  t h e  referenced study f o r  t he  excavat ion phase o f  a 

CAES cavern can prov ide  a guide i n  t he  eva lua t i on  o f  support requirements 

f o r  caverns o f  d i f f e r e n t  shapes when excavated i n  a rock  mass w i t h  

r e l a t i v e l y  w e l l  q u a n t i f i e d  rock  p r o p e r t i e s  and geotechnical c h a r a c t e r i s t i c s .  

Since experience i s  non- ex is ten t  o r  l i m i t e d  on the  behavior o f  l a r g e  

rock  masses subjected t o  the  opera t ing  cond i t i ons  o f  CAES caverns, i t  i s  

recommended t h a t  numerical methods be used i n  combination w i t h  i n  s i t u  

t e s t s  i n  developing a cavern design methodology. 

The method of excavat ion /cons t ruc t ion  i s  i n f l uenced  by a combination 

of economics, geotechnical  considerat ions,  and con t rac to r  a v a i l a b i l i t y .  

The underground l a y o u t  and cavern shape a r e  a l s o  i n f l uenced  by cos t  

f a c t o r s .  I n  convent ional  heading and benching operat ions,  excavat ion 

of  headings i s  more c o s t l y  than excavat ion o f  benches. Thus, from t h i s  

s tandpoint ,  cavern he igh t- to- wid th  r a t i o s  should be as l a r g e  as poss ib le .  

Also, a s i n g l e  cavern may be more economical than m u l t i p l e  caverns of the 

same volume. However, a d d i t i o n a l  cons idera t ion  must be g iven t o  t h e  

l eng th  of haulageways, v e n t i l a t i o n  requirements, u t i l i t y  l oca t i ons ,  and 

schedule l ead ing  t o  an opt imal  design. 



3.4.1 Excavat ion S t a b i l i t y  

We s h a l l  assume t h a t  t h e  geotechnica l  and thermal/mechanical p rope r t i es  

of a  rock  mass f o r  a  p o t e n t i a l  CAES s i t e  can be p r o p e r l y  charac ter ized  

and q u a n t i t a t i v e l y  de f i ned  (Gnirk  and P o r t - K e l l e r  1978). For a  choice 

o f  cavern depth, shape dimensions, and spacing, we may compute, by say 

t h e  f i n i t e- e lemen t  method, t h e  s t a t e  o f  s t r e s s  i n  t h e  rock mass du r i ng  a  

s imulated excavat ion. The app rop r i a te  c r i t e r i o n  f o r  eva lua t i ng  t h e  

surrounding s t a b i l i t y  o f  t h e  excavat ion i s  t h e  Mohr-Coulomb f a i l u r e  c r i t e r i o n .  

Th is  c r i t e r i o n ,  which mathemat ica l ly  r e l a t e s  t h e  t e n s i l e  and compressive 

s t rengths  o f  a  rock  t o  a  s t a t e  o f  app l i ed  s t ress ,  permi ts  eva lua t i on  o f  

t he  p o t e n t i a l  f o r  i n c i p i e n t  rock  f a i l u r e .  S p e c i f i c a l l y ,  i f  t h e  s t a t e  o f  

s t ress  a t  some l o c a t i o n  around t h e  excavat ion v i o l a t e s  the  Mohr-Coulomb 

c r i t e r i o n ,  f a i l u r e  w i t h i n  t h e  rock  mass i s  i nd i ca ted .  The c r i t e r i o n  i s  

a p p l i c a b l e  t o  both t h e  i n t a c t  rock  and t h e  j o i n t s ,  w i t h  app rop r i a te  

c h a r a c t e r i z a t i o n  o f  t h e  s t reng th  p r o p e r t i e s  i n  each case, and t o  a  

f a i l e d  rock  mass i n  t h e  sense o f  r e s i d u a l  s t rength .  By a l t e r i n g  t h e  

cavern geometry and dimensions, and t h e  sequence o f  excavat ion, t he  

cavern s t a b i l i t y  may be e f f e c t i v e l y  op t im ized f o r  a  g iven rock  mass and 

s t a t e  o f  i n  s i t u  s t ress .  

The ac tua l  measure o f  i n s t a b i l i t y  r e s u l t i n g  f rom some amount o f  

f a i l u r e  must be q u a n t i f i e d  i n  terms o f  l o s s  o f  cavern s e r v i c e a b i l i t y .  

Regions o f  f a i l u r e  w i t h i n  t h e  rock  mass around t h e  per iphery  o f  t he  

cavern, as i n d i c a t e d  by f i n i t e - e l e m e n t  modeling, do n o t  necessa r i l y  

imp ly  general i n s t a b i l i t y  i f  t h e  reg ions  a re  l o c a l i z e d  and reasonably 

disconnected, o r  can be "hardened" by use o f  a r t i f i c i a l  support .  Thus, 

a  c e r t a i n  degree o f  "contained" rock  f a i l u r e  may be acceptable i n  t he  

sense t h a t  t h e  f u t u r e  s e r v i c e a b i l i t y  o f  t h e  cavern i s  n o t  impaired. 

The maximum p iece  o f  r o c k  t h a t  must be s t a b i l i z e d  i n  t h e  crown o f  

an underground opening depends d i r e c t l y  on the  na tu re  and o r i e n t a t i o n  o f  

t h e  d i s c o n t i n u i t i e s  and t h e  rock  pressure across them. As i l l u s t r a t e d  

i n  F igu re  35, a  b lock  o f  rock  w i l l  n o t  f a i l  i f  t h e  rock  pressure normal 

t o  t h e  poss ib le  f a i l u r e  p lane i s  g rea t  and t h e  sun1 o f  t h e  f r i c t i o n  

values ( i n  degrees) i s  g rea te r  than t h e  angle inc luded between the  
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FIGURE 35. Rock-Wedge S t a b i l i t y  (adapted from Cording e t  a1 1971) 

planes (Cording e t  a1 1971 ) .  (Asper i t i es  w i l l  enhance t h e  s t a b i  1 i t y .  ) 

Rockbolts must be designed accordingly.  A t  shal low depths, o r  where t h e  

rock  pressure normal t o  t h e  d i s c o n t i n u i t y  planes i s  low, f r i c t i o n  w i l l  

n o t  s t a b i l i z e  t h e  b lock,  regardless o f  i t s  value. 

Wall s t a b i l i t y  a l s o  depends on the  o r i e n t a t i o n  and s t rength  o f  t he  

d i s c o n t i n u i t i e s ,  and on t h e  tangen t ia l  and r a d i a l  s t resses around t h e  

opening. Stereographic, p lanar  f a i l u r e ,  and three-dimensional wedge 

analyses-- techniques developed f o r  sur face v e r t i c a l  cuts--are app l i cab le  

t o  v e r t i c a l  cu ts  underground i f  t he  blocks are bounded by d i s c o n t i n u i t i e s  

a t  t he  top  and on t h e  sides. 

The general rock  s t a b i l i t y  o f  a CAES cavern may be enhanced by a 

number o f  cons t ruc t i on  techniques, i nc lud ing :  c o n t r o l l e d  excavat ion 

methods such as smooth b l a s t i n g  and p r e s p l i t t i n g ;  re inforcement methods 

such as rock  b o l t i n g ;  and opera t iona l  shakedown. 



Clearly, the fractures generated i n  the solid rock d u r i n g  blasting 

ac t  as planes of weakness and resul t  i n  increased rock permeability and 

decreased rock mass strength (Gnirk 1979). Smooth blasting involves the 

use of an explosive with low charge concentration and a large number of 

closely spaced blastholes. This technique reduces back-break into the 

solid rock. Time-spread among ignitions along each row of holes should 

be minimized. In prespl i t t ing,  cracks for  the final contour are created 

by blasting prior to  the d r i l l i ng  of the r e s t  of the holes fo r ' t he  blast  

pattern. 

Operational shakedown of a CAES cavern i s  a relat ively novel idea 

that  appears to  have no published precedence. Basically, the procedure 

involves i n i t i a l  cavern pressurization w i t h  a i r  injection over extremely 

1 ong cycles of temperature (conipensated and uncompensated) and pressure 

(uncompensated). The cycle time i s  gradual ly increased to  the desired 

operational cycle. The purpose of t h i s  procedure i s  to  gradually s t ra in-  

harden the rock over time and, in e f fec t ,  to  s t i f f en  the structure before 

ful l- scale  operation (Gnirk 1979). 

Fracture control procedures can reduce the number of perimeter 

holes as compared with smooth blasting while maintaining equivalent or 

bet ter  control of overbreak and improved preservation of the structural 

integri ty  of the remaining rock (McKown and Thompson 1981). Geologic 

features such as jo in ts ,  f au l t s ,  or bedding planes can influence the 

perimeter control achieved with fracture control by arresting , diverting, 

or  bifurcating the driven crack or by venting the explosive gases. 

3.4.2 The Q-System in Design Decisions 

Estimates o f  support are  required a t  three stages i n  a project: for  

the f eas ib i l i t y  studies,  fo r  the detailed planning and design, and f ina l ly  

during excavation i t s e l f  (Barton e t  a1 1980). In view of the potential 

economic importance of support costs the support estimates should be as 

accurate as possible fo r  a l l  three stages. The accuracy will depend 

partly on the effectiveness of the geological investigations, and partly 



on the  a b i l i t y  t o  ex t rapo la te  pas t  experiences of support performance t o  

new rock  mass environments. Underground excavat ions a re  cons t ruc ted  

w i t h  some conf idence p r i m a r i l y  because o f  a l l  t h e i r  successful  predecessors. 

A p r a c t i c a l  method of e x t r a p o l a t i n g  pas t  experiences o f  support  

performance t o  new rock  mass environments i s  the  Q-system (Barton e t  a1 

1980). Several years experience by a  number o f  users have shown i t  t o  

be a  useful  a i d  i n  making design decis ions.  It has been used du r ing  

f e a s i b i l i t y  and d e t a i l e d  p lann ing  work, and p a r t i c u l a r l y  du r ing  cons t ruc t i on .  

The Q-system i s  e s s e n t i a l l y  a  we igh t ing  process i n  which the  p o s i t i v e  

and negat ive  aspects o f  a  rock  mass a r e  assessed q u a n t i t a t i v e l y  by 

eva lua t i ng  s i x  f a c t o r s :  rock  q u a l i t y  designat ion,  number o f  j o i n t  sets,  

j o i n t  roughness, type o f  c l a y  f i l l i n g s ,  water in f low,  and s t ress  l e v e l s .  

Experience i n  200 cases was used t o  f i n d  the  most appropr ia te  support 

measures, t a k i n g  i n t o  account t h e  rock  mass q u a l i t y ,  t h e  excavat ion 

dimensions (span o r  he igh t ) ,  and t h e  s a f e t y  requirements. 

3.4.3 Decommissioning S t a b i l i t y  

A f t e r  CAES cavern opera t ion  ceases, cons idera t ion  must be g iven t o  

t h e  eventual co l l apse  o f  t h e  c a v i t y ,  l ead ing  t o  poss ib le  sur face subsidence. 

It would appear t h a t  an appropr ia te  eva lua t i on  o f  " long- term" s t a b i l i t y  

would i n v o l v e  cons ide ra t i on  o f  a  creep r u p t u r e  c r i t e r i o n  i n  con junc t ion  

w i t h  t h e  s t r e s s  s t a t e  around t h e  cavern. 

3.5 PRECEDENT STABILITY CONSIDERATIONS 

Th is  sec t i on  t r e a t s  cavern s t a b i l i t y  w i t h  respect  t o  1  ) recogn iz ing  

f a c t o r s  t h a t  a f f e c t  r o o f  spans and 2 )  min imiz ing  the  impacts o f  j o i n t s  

and i n  s i t u  s t ress .  

3.5.1 Cavern Roof Span Determinat ion 

I n  1976, a  Symposium on Exp lo ra t i on  f o r  Rock Engineering was h e l d  

i n  Johannesburg; one session was devoted t o  the  r e l a t i o n s h i p  between 

t h e  g loba l  s t a b i l i t y  o f  an underground cavern and t h e  q u a l i t y  of t h e  

hos t  rock  mass. The q u a l i t y  o f  a  rock  mass i s  r a t e d  on a  combination 



of geological, mechanical, and ground water factors.  Each factor i s  

numerically weighted according t o  a quantitative scale based on a range 

of favorable to  unfavorable character is t ics .  The importance of a scale 

and i t s  subdivisions i s  generally based on the experience and judgment 

of the particular author. Two papers re la te  to  the dependence of the 

span ( w i d t h )  of an underground cavern on rock quality.  This approach 

permits one to  establish a reference with which to  compare the resul ts  

of numerical modeling ef for t s  (Gni rk 1979). 

As i l lus t ra ted  in Figure 36, Bieniawski (1976) u t i l izes  s ix  factors 

to  classify a rock mass from a geomechanics viewpoint: 

1 .  uniaxial compressive strength 

2. d r i l l  core qual i t y  ( R Q D )  

3. joint  spacing 

4. jo in t  condition 

5. ground water conditions 

6. jo in t  orientation 

The upper and lower bounds of the relationship between the unsupported 

span width of a cavern and standup time (or period of s t a b i l i t y )  of the 

roof section are  presented in Figure 37 for  various ranges of rock 

qual i t y ,  Q. The graph also includes case history resul ts  from Austria 

and South Africa, as well as the bounds of similar relationships that  

, were developed in Austria and Scandinavia. In essence, Figure 37 indicates 

tha t  a cavern span of 4 to  20 m will stand unsupported for  one to  20 

years i n  a vir tual ly  dry rock mass tha t  exhibits joints  with rough 

surfaces, apertures less  than 1 mm, a generally favorable orientation, 

and a compressive strength, R Q D ,  and joint  spacing i n  excess of 100 MPa, 

75%, and 1 m ,  respectively. In s i t u  s t ress  i s  not included, b u t  probably 

reflected to  some extent i n  the case history data points. 

Barton (1976) uses basically the same parameters as described above 

for  evaluating rock quality,  as well as a s t r e s s  reduction fac tor ,  

which i s  defined as the r a t io  of the unconfined compressive s t ress  to  

the major principal in s i tu  s t ress .  The parameters are combined as 
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STAND UP TIME. h o u r s  

FIGURE 37. Unsupported Span o f  an Underground Opening as a  Funct ion o f  
Standup Time i n  Re la t i on  t o  Various Geomechanics C l a s s i f i c a t i o n  
Systems ( a f t e r  Bieniaws k i  1976) 

p a i r s  i n t o  th ree  f a c t o r s  t h a t  i n v o l v e  crude measures o f  r e l a t i v e  b lock  

s ize,  i n t e r b l o c k  shear s t rength,  and a c t i v e  s t ress .  The product  o f  

these f a c t o r s  prov ides a  measure o f  rock  q u a l i t y ,  Q. F igure  38 i l l u s t r a t e s  

t h e  r e l a t i o n s h i p s  between unsupported span w id th  o f  a  cavern, standup 

time, and rock  q u a l i t y .  A q u a n t i t a t i v e  comparison o f  Bar ton 's  r e l a t i o n s h i p  

w i t h  t h a t  o f  Bieniawski  i s  d i f f i c u l t ,  except t o  observe t h a t  the  p r e d i c t i o n s  

by the  l a t t e r  au tho r ' s  procedure appear t o  be more conservat ive. 



ROCK MASS QUALITY ( Q ) 

Unsupported Span as Funct ion o f  Rock Mass Q u a l i t y .  C i r c l e s  represent  man- 
made openings and squares represent  na tu ra l  openings from Car l  sbad, NM. 
Curved envelope i s  an e s t i m a t e o f  t he  niaximum design span w id th  f o r  permanently 
unsupported man-made openings. 

ROCK M A S S  QUALITY (Q) 
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Standup Time o f  Unsupported Openings as a Funct ion o f  Rock Mass Q u a l i t y .  
Envelopes represent  a p r e l i m i n a r y  at tempt t o  p r e d i c t  reduc t i on  i n  standup 
t ime when span i s  increased beyond maximum design span. 
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FIGURE 38. Unsupported Span o f  an Underground Opening and Standup Time as 
Funct ions o f  Rock Mass Qua1 i t y  ( a f t e r  Barton 1976) 
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Wal i a  and McCreath (1 977) have employed Barton ' s  rock mass qua1 i t y  

ra t ing  system t o  define cavern spans and heights f o r  CAES. For Q > 100, 

which t yp i f i e s  massive igneous and metamorphic rocks w i t h  r e l a t i ve ly  few 

j o i n t s  and minor water inflow, they suggest cavern heights of 30 m and 

spans of 15 t o  21 m. For l e s s  favorable j o i n t  proper t ies  and water 

inflow cha rac t e r i s t i c s ,  a s  may be exhibited by limestones and dolomites 

(1 5 < Q < l oo ) ,  they propose cavern heights t o  20 m and spans of 10 t o  

15 m. 

3.5.2 Influence of Horizontal S t r e s s  on Cavern Design 

The influence of a r e l a t i v e l y  high horizontal s t r e s s  on cavern 

s t a b i l i t y  i s  discussed by Anttikoski and Saras te  (1977) i n  a case his tory  

f o r  a region near Helsinki. Three oi  1 s torage caverns, each w i t h  a 
3 height of 28 m ,  a w i d t h  of 14 m ,  and a capacity of about 83,000 m , were 

constructed i n  1972-73 a t  a depth ( f l o o r )  of approximately 48 t o  55 m i n  

migmatitic bedrock. The bedrock i s  composed of a l t e rna t ing  layers  of 

gneiss-amphi boli t e  and g ran i te  w i t h  a dip  of about 75'. Horizontal 

f i s s u r e s  a r e  present, a s  well a s  a s e t  of incl ined in te r sec t ing  j o in t s  

w i t h  dips of 45 t o  50°. The caverns were oriented nearly para l le l  t o  

the  s t r i k e  of the bedrock (which para l le led  the  s t r i k e  of the  inclined 

j o i n t s ) ,  and excavated downward in  one o r  two benches from a p i l o t  

heading. 

During excavation of the  f i na l  bench, and par t i cu la r ly  near the  . 

in te r sec t ion  w i t h  a cross- cut  tunnel, horizontal f i s su r e s  appeared 

i n  the  p i l l a r s ,  along w i t h  some ver t ica l ly- or iented f rac tu res  i n  the roof 

and local ized minor rock bursts .  In situ s t r e s s  measurements indicated 

a maximum horizontal s t r e s s  of about 15 MPa i n  the  bedrock, w i t h  an 

or ienta t ion t h a t  was almost perpendicular t o  the  longitudinal ax i s  of 

the  cavern system. Through a combination of f i e l d  observation and f i n i t e -  

element analys is ,  i t  was f i n a l l y  concluded t h a t  perhaps 60 t o  90% 

of a p i l l a r  between caverns was i n  a s t a t e  of tension,  while the cavern 

roofs were heavily s t ressed  in  compression. 



In sp i t e  of the high horizontal s t r e s s ,  the structural rock s t a b i l i t y  

of the cavern system was not compromised, even a f t e r  an operational 

period of some f ive  years. However, the fracturing i n  the p i l l a r s  

d i d  noticeably enhance the leakage of water into the caverns. The rock 

mass around the caverns was grouted, which reduced the water inflow 

by about 50%. Grouting was more effect ive in reducing water leakage 

from the p i l l a r  regions (tension zones), than from the cavern roof 

regions (compression zones). During use of the cavern system fo r  o i l  

storage, o i l  levels between adjacent caverns tend to  adjust  t o  a 

comnon elevation, indicating communication along open horizontal f issures  

in the p i l l a r .  

This case history i l l u s t r a t e s  a rather severe consequence of high 

horizontal in s i t u  s t resses .  The in s i t u  s t r e s s  r a t io  was about an order 

of magnitude greater than normal for  a depth of 700 to 1200 m .  The 

primary r e su l t  was enhancement of water leakage through the tension 

induced horizontal f issures .  

3.5.3 Design Based on in Situ Stress and Jo in t  Orientation 

The general design procedures used by Norwegian engineering geologists, 

as summarized by Selnier-Olsen and Broch (1977), provide some interest ing 

guidelines fo r  the design of s table  caverns i n  hard rock. With regard 

to  cavern orientation, they recommend tha t  the longitudinal axis be 

oriented: 

. along the l i n e  that  bisects the maximum intersection angle between 

the directions of the tyo dominating jo in t  s e t s  (including bedding 

planes and fol ia t ion partings),  b u t  not para1 le l  to  the direction 

of the third or  fourth minor s e t  (see Figure 39) 

. a t  an angle of a t  l eas t  25" from steeply dipping jo in t  planes tha t  

a re  e i the r  smooth or  f i l l e d  w i t h  clay 

. a t  an angle of 15 to  30" t o  the horizontal projection of the major 

in s i t u  s t r e s s  
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J o i n t  Rosette I l l u s t r a t i n g  the  O r i e n t a t i o n  o f  the  Long i tud ina l  
Ax is  o f  an Underground Cavern f o r  Min imiza t ion  o f  S t a b i l i t y  
Problems ( a f t e r  Selmer-01 sen and Broch 1977) 

a t  a  maximum angle, and a t  l e a s t  3 5 O ,  t o  t he  s t r i k e  o f  t he  planes 

of f o l i a t i o n  o r  bedding when t h e  major i n  s i t u  s t ress  d i r e c t i o n  

p a r a l l e l s  t he  s t r i k e .  

From the  v iewpo in t  o f  t h e  c ross- sec t iona l  shape o f  a  cavern, Selmer- 

Olsen and Broch (1977) suggest t h ree  gu ide l i nes  based on Norwegian 

experience and rock  mass cond i t i ons  (general l y  igneous and metamorphic) : 

1. f o r  t he  caverns a t  shal low and in te rmed ia te  depths, unsupported 

r o o f  spans o f  up t o  10 m may be used i f  t he  bedding th ickness 

between pa r t i ngs  i s  a t  l e a s t  1  m o r  more and o r i e n t a t i o n  w i t h  

respect  t o  j o i n t  p lane d i r e c t i o n s  i s  p rope r l y  considered 

2. f o r  t h e  cond i t i ons  o f  1  ) above and a  bedding th ickness o f  l ess  than 

0.5 rn, the  r o o f  i s  normal ly  p r o f i l e d  w i t h  a  h igh  arch 

3. f o r  greater  depths, smal l  curva ture  r a d i i  i n  t he  per iphery  o f  t he  

cavern should be avoided. 



Figure 40 i l l u s t r a t e s  preferred cavern shapes for  various in s i t u  s t r e s s  

directions and re la t ive  s t r e s s  levels.  Selmer-olsen and Broch also 

note t h a t  steeply dipping discontinuities in rock masses par t icular ly 

influence the s t a b i l i t y  of cavern walls, while horizontally s i tuated 

discontinuities a re  of concern to  roof s t ab i l i t y .  

FIGURE 40. Design Principles for  Qual i ta t ive Determination of Cavern 
Shape for  Varying Stress Levels and Varying Directions of the 
Maximum In Situ Stress When the Direction of th i s  Stress i s  
Oriented Perpendicular to  the Longitudinal Axis of the Cavern 
( a f t e r  Selmer-01 sen and Broch 1977). 
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4.0 SITE QUALIFICATION 

The depth a t  which a CAES cavern i s  excavated depends upon operating 

pressure, water table depth, lithology, and hydrostatic compensation 

requirements. The cavern walls must remain s table  under the tens i le  

hoop s tresses  imposed by the conipressed a i r  (Howel 1s 1977). Because of 

turbine machinery l imitations and pressure losses during the generation 

cycle, a maximum a i r  pressure of about 7.0 to  7.5 MPa i s  required. This 

operating pressure i s  reached a t  approximate depths of 715 to 765 m 

(Brandshaug and Fossum 1980; Gnirk and Fossum 1980). Because leakage to  

the surface in water-saturated rock i s  less  than in dry rock, no lowering 

of the ground water table  should be allowed (Electr ic  Power Research 

Ins t i tu t e  1975). 

S i t e  qualification must begin with regional evaluation and selection 

of areas for  detailed f i e ld  study. 

Field mapping and seismic surveying are  to  be followed by d r i l l i ng ,  

coring, and laboratory analysis to  define geologic conditions in the 

overburden and host rock. Rock mechanical properties and near region 

ground water character is t ics  must be determined. I t  i s  important to  

recognize zones of weathering, 1 eachi ng, jointing, fracturing, and 

faulting. The frequency, dis t r ibut ion,  extent, and orientation of these 

zones of weakness will strongly influence s i t e  qualification. 

The high costs associated with development of a CAES cavern demand 

comprehensive geotechnical evaluation of the host rock. Ground conditions 

must be determined precisely enough so that  unexpected conditions 

encountered during excavation will be of minor consequence (Hansen and 

Lachel 1980). Ground conditions a re  a major influence on excavation 

cost. For example, shafts cost less  to  sink in t i gh t ,  dry ground than 

in highly pervious ground below the water table,  a l l  other factors 

being equal. The appropriate mining method also depends on the ground 

conditions. 



Engineering design requ i res  t h a t  parameters o f  ground s t rength ,  

deformabi l i ty, and permeabi 1  i ty be determined, i n  a d d i t i o n  t o  t h e  1  oads 

t h a t  w i l l  be app l i ed  du r ing  mining. The degree o f  accuracy requ i red  

i n  determin ing each parameter depends on t h e  i n d i v i d u a l  case. For 

example, t h e  s t reng th  o f  massive rock  i n  which openings o f  smal l  cross-  

sec t i ona l  area a r e  t o  be d r i v e n  a t  shal low depths needs t o  be reso lved 

o n l y  w i t h i n  several  MPa. I n  such a  case, t he  rock  s t reng th  i s  u n l i k e l y  

t o  be o f  g r e a t  economic importance unless t h e  rock  i s  veryweak.  Large 

openings a t  g r e a t  depths r e q u i r e  much more accurate appra isa ls  o f  rock  

s t reng th  and deformat ion c h a r a c t e r i s t i c s .  Ground water cond i t i ons  a r e  

impor tan t  a t  any depth (Hansen and Lachel 1980). 

The ground c o n d i t i o n  eva lua t i on  must i nc lude  determinat ion  o f  t he  

engineer ing p r o p e r t i e s  o f  t h e  hos t  format ion.  Th is  i nvo l ves  d e s c r i p t i o n  

o f  t h e  s t r u c t u r a l  geology as i t  r e l a t e s  t o  rock  s t rength ,  i .e . ,  t he  

frequency, ex ten t ,  and o r i e n t a t i o n s  o f  d i s c o n t i n u i t i e s  such as f a u l t s ,  

shear zones, j o i n t s ,  and bedding planes. 

Geotechnical parameters a l so  must be es tab l ished f o r  use i n  phys ica l  

and mathematical min ing  model s tudies.  The goal of geotechnical  eva lua t i on  

i s  t o  p r e d i c t  ground behavior du r ing  excavat ion and du r ing  CAES operat ions.  

Gross features, such as major f o lds ,  a r e  de f ined f i r s t ;  then a  

se r ies  of i n c r e a s i n g l y  d e t a i l e d  inves t iga t ions  i s  conducted. S p e c i f i c a l l y ,  

t he  geology study should s t a r t  w i t h  techniques such as remote sensing, 

topographic map i n t e r p r e t a t i o n ,  and geo log ic  mapping. A f t e r  t he  gross 

fea tu res  have been del ineated,  t h e  s-tudies a re  turned toward d e f i n i n g  

the  more d e t a i l e d  elements o f  j o i n t i n g ,  rock  st rength,  ground water hydrology, 

and o the r  c h a r a c t e r i s t i c s .  F i n a l l y ,  a l l  o f  t he  i n fo rma t ion  i s  i n t e g r a t e d  

i n  an assessment o f  t h e  rock  behavior i n  r e l a t i o n  t o  the  types o f  openings, 

excavat ion methods, and support requirements t h a t  a re  appropr ia te  f o r  t h e  

rock  cond i t i ons  (Hansen and Lachel 1980). 



4.1 INITIAL SCREENING 

In i t i a l  screening will be based upon geological and hydrological 

information drawn from surface mapping, water and exploratory well 

d r i l l i ng ,  geophysical mapping, mining experience,and other sources. The 

candidate s i t e s  must have acceptable depth, structural soundness, 

horizontal continuity, and hydrostatic containment. Proposed s i t e s  

showing evidence of active f au l t s  or regionally act ive seismicity, 

and recent volcanic provinces would be eliminated during the i n i t i a l  

screening. Si tes  characterized by coniplex structural geology and high 

horizontal in s i t u  s t r e s s  would also l ikely be discounted a t  t h i s  time. 

Remote sensing techniques may have supplied data about faulting i n  

the region of interest .  These include aer ial  photography, side-looking 

airborne radar (SLAR), false-color infrared (IR) photography, thermal IR 

imaging, and multispectral scanning from s a t e l l i t e s  or high a l t i t ude  

a i r c r a f t  (Hansen and Lachel 1980). These imaging techniques a re  used 

principally in 1ocati.ng lineaments and determining the i r  lengths and . 

orientations. Lineaments located by remote sensing must always be 

verified on the ground because the reasons fo r  the i r  occurrence are  not 

necessarily associated w i t h  rock structure.  If  the lineaments prove to  

be f au l t s  or other structural features,  they must be considered i n  the 

s t a b i l i t y  assessment, along with structural features found in l a t e r  

studies. Black and white aer ial  stereo photography i s  undoubtedly the 

single most useful type of imagery; i t  should be secured for  every 

mining project. Sophisticated imagery from such techniques as SLAR, 

thermal IR, and multispectral scanning must be programmed and analyzed 

by trained personnel; otherwise i t  should not be obtained. 

The most comprehensive source of remote sensing imagery i s  the 

federal government. The Department of Agri cul ture (Forest Service, 

Soil Conservation Service, and the Bureau of Land Management), and the 

Department of Defense (Air Force and Army Corps of Engineers) are  

potential sources of imagery i n  the United States.  Some commercial 

firms also obtain imagery ta i lored to  individual needs, or have photos 



o f  a  p a r t i c u l a r  area a l ready  i n  t h e i r  f i l e s .  A reg iona l  p lann ing  agency 

i s  u s u a l l y  aware o f  t he  a v a i l a b i l  i t y  of such imagery (Hansen and Lachel 

1980). 

4.2 ROCK CHARACTERIZATION 

M e r r i  tt and Baecher (1 981 ) have prepared an excel 1  en t  overview o f  

s i t e  c h a r a c t e r i z a t i o n  i n  rock  engineering. They descr ibe s i t e  c h a r a c t e r i z a t i o n  

as an evo lu t i ona ry  process t y p i c a l l y  beginning w i t h  a e r i a l  photographic 

ana lys i s  and geo log ic  mapping du r ing  p r e - f e a s i b i l i t y  s tud ies  and progressing 

through exp lo ra to ry  borings, pe rmeab i l i t y  measurements, l a b o r a t o r y  t e s t i n g ,  

and perhaps l a rge- sca le  i n  s i t u  rock  mechanics t e s t s  du r ing  the  f e a s i b i l i t y  

and design phases of t he  p r o j e c t .  The purpose i s  t o  develop an ope ra t i ona l  

concept o f  t he  geology o f  a  s i t e ,  t o  ob ta in  f i e l d  data f o r  engineer ing 

ana lys is ,  and t o  i d e n t i f y  geo log ic  f ea tu res  t h a t  cou ld  adversely  a f f e c t  

cons t ruc t i on  o r  f a c i l i t y  performance. The s i t e  c h a r a c t e r i z a t i o n  process 

must cont inue throughout  t he  cons t ruc t i on  phase because no e x p l o r a t i o n  

program can complete ly  cha rac te r i ze  a l l  p a r t i c u l a r s  of  t he  geology. 

The successfu l  design and cons t ruc t i on  o f  a i r  s torage chambers i s  

dependent on knowledge o f  subsurface cond i t ions .  To avo id  c o n s t r u c t i o n  

problems o r  t o  so lve  them economically, a  d e t a i l e d  e x p l o r a t i o n  program 

should i nc lude  ana lys i s  o f  t he  f o l l o w i n g  geologic  cond i t i ons  (Selmer- 

01 sen and Broch 1977): 

. l i t h o l o g y  and mineralogy; mechanical and chemical p rope r t i es ;  

u n i f o r m i t y ,  a rea l  ex ten t  and depth o f  rock  mass; and a l t e r a t i o n  

c h a r a c t e r i s t i c s  

s t r u c t u r e  - f a u l t s ,  shear zones, f rac tu res ,  j o i n t s ,  s t r a t i f i c a t i o n ,  

f o l i a t i o n ;  seismic r i s k ;  and i n  s i t u  s t ress  cond i t i ons  and s t a b i l i t y  

hydrology - sur face water drainage, water tab le ,  zone o f  sa tu ra t i on ,  

l o c a t i o n s  o f  aqu i fe rs ,  and hydrothermal sources 

. depth o f  weathered zone 

. f ea tu res  o f  engineer ing geology a f f e c t i n g  excavat ion. 



A multiphased core-dril l ing and geophysical data-gathering program 

i s  necessary to  allow reasonable confidence 1 imits on the su i t ab i l i t y  of 

a specific s i t e  for  CAES applications. 

Major l imitations ex is t  in the predictive tools that  will enable 

the geologist and engineer to  assess the local hydrology and in s i t u  

s t resses  in a rock mass and to  design economic excavation methods. Direct 

rec t  geologic investigations a re  restr ic ted to  accessible rock exposures 

or to  the borehole. Current methods for coring and core analysis a re  

inadequate to  obtain a representative sample of the structural character- 

i s t i c s  of a rock mass reservoir and other rock properties (Einstein e t  

a1 1977). High-pressure logging and telemetry devices need to  be developed 

to  furnish information on lithology, porosity, permeability, fracture 

systenis, f lu id  content, and movement in rock masses. Instrumentation 

fo r  monitoring rock s t a b i l i t y  and containment i n  the storage cavern over 

a long period and under adverse conditions also should be developed 

(U  .S. National Committee 1978). 

4.3 DRILLING AND IN SITU TESTING 

The d r i l l i ng  program will delineate the host rock l a t e ra l ly  and 

vert ical ly ,  provide core samples to  enable determinations of jo in t  

orientation, permeability, and mineralogy, and will enable measurement 

of hydrostatic heads. Horizontal i n  s i tu  s t r e s s  measurements should be made 

a t  the projected depth of the CAES cavern. Core specimens supplied 

to  a rock mechanics laboratory will be tested for  strength and permeability. 

The host formation will be evaluated for  excavation s t a b i l i t y  and cost. 

The d r i l l i ng  program will evaluate the stratigraphy of overlying 

formations, including the unconsolidated uppermost zone i f  present. 

Cores taken near the surface will be analyzed for  rock su i t ab i l i t y  to  

surface reservoir construction. Sim~rltaneously, the ground water regime 

will be evaluated. 



The most common methods o f  measuring an i n  s i t u  modulus i n c l u d e  seismic 

o r  sonic  v e l o c i t y  t e s t s  w i t h  t h e  c a l c u l a t i o n  o f  a dynamic modulus, 

borehole measurements us ing a d i la tometer ,  and l a r g e r  sca le  p l a t e - j a c k  

t e s t s  w i t h  l oad ing  p l a t e s  of vary ing  s izes.  I n  assessing these methods, 

t he  dynamic modulus o f  e l a s t i c i t y  i s  almost always h igher  than corresponding 

s t a t i c  values and the re fo re  must be reduced by an amount be l ieved t o  

vary w i t h  rock  type, r o c k  q u a l i t y ,  and perhaps w i t h  a f a c t o r  depending 

upon t h e  v e l o c i t y  o f  t he  wave propagation o f  seismic versus sonic o r  

u l t r a s o n i c  tes t s .  Common reduc t i on  f a c t o r s  o f  dynamic t o  s t a t i c  modul i  

may vary  from 4 t o  8 o r  even greater .  Only i n  t h e  most massive homogeneous 

m a t e r i a l  may t h e  dynamic and s t a t i c  modul i  be considered approximately 

equal (Mer r i  tt and Baecher 1981 ) .  

The borehole d i l a tomete r  can r a p i d l y  determine an i n  s i t u  deformat ion 

modulus, b u t  i s  severe ly  l i m i t e d  by i t s  small t e s t  area w i t h  respec t  t o  

t he  geologic  f ea tu res  t h a t  c o n t r o l  t h e  rock  modulus. I t s  use i s  j u s t i f i e d  

by many rock  mechanics engineers on the  bas is  o f  the  l a r g e  number o f  

values obtained. The l e v e l  o f  conf idence i n  t he  r e s u l t s  i s  g r e a t  o n l y  

i f  t h e  rock  mass i s  r e l a t i v e l y  homogeneous. 

The p l a t e  j a c k  t e s t  i s  considered by p r a c t i c i n g  rock  engineers t o  

p rov ide  t h e  most r e l i a b l e  values o f  i n  s i t u  modul i  o f  deformat ion p r i n c i p a l l y  

because o f  t he  l a r g e r  area o f  t he  loaded surface. It a l s o  most c l o s e l y  

s imulates t h e  d i r e c t i o n  o f  load ing  i n  a pressure tunnel ,  and measures 

t h e  i n f l u e n c e  o f  t h e  de-stressed zone around the  tunnel per imeter .  The 
2 

l oad ing  sur face can be o f  any s i z e  bu t  p l a t e s  o f  a t  l e a s t  1 m a r e  o f t e n  

pre fer red .  I n  t h e  case o f  pressure tunnels,  f o r  example, t he  rock  

should be loaded t o  opera t ing  st resses and cyc led  several t imes. I f  t he  

rock  i s  excess ive ly  j o i n t e d  o r  weathered o r  i s  otherwise a low s t reng th  

ma te r ia l ,  long- term t e s t s  should be r u n  t o  most c l o s e l y  s imu la te  ac tua l  

opera t ing  cond i t ions .  

Measurements o f  rock  displacement a r e  best  made us ing  extensometers 

p laced a t  va ry ing  depths behind the  bear ing p la te .  Surface measurements 



alone a r e  n o t  adequate because the  modulus genera l l y  increases w i t h  

depth behind the  s u r f i c i a l  s t ress- re l i eved  zone and s u r f i c i a l  values 

a r e  of ten too  low and there fore  n o t  appropr ia te  f o r  design purposes. 

The hydro f rac tur ing  method of s t ress  determinat ion i s  un ique ly  app l i cab le  

t o  any reasonably p r a c t i c a l  depth, p a r t i c u l a r l y  i n  excess o f  500 m, 

a n d  i s  used w ide ly  f o r  proposed deep i n s t a l l a t i o n s  such as r a d i o a c t i v e  

containments and deep pumped storage p lan ts .  Comparisons o f  these t e s t s  

and overcor ing methods have shown s a t i s f a c t o r y  c o r r e l a t i o n s  (Haimson 

1980, 1981). 

4.4 GEOPHYSICAL METHODS 

The geophysical methods genera l l y  most use fu l  i n  assessing ground 

cond i t i ons  a r e  seismic r e f r a c t i o n  and r e f l e c t i o n ,  e l e c t r i c a l  r e s i s t i v i t y ,  

magnetic i n t e n s i t y ,  and g r a v i t y  meter ing. The degree o f  r e s o l u t i o n  o f  

each method depends on the  adjacent  rock  u n i t s  possessing h i g h l y  c o n t r a s t i n g  

values o f  t he  p rope r t i es  being measured. I n  o the r  words, t he  g rea te r  

t he  cont ras t ,  t he  g rea te r  t he  r e s o l u t i o n  (Hansen and Lachel 1980). 

The accuracies o f  t h e  geophysical i n v e s t i g a t i o n s  depend a l s o  on 

t h e  v a l i d i t y  o f  t h e  bas ic  assumptions made i n  t h e  mathematical model. 

For example, t he  seismic r e f r a c t i o n  method requ i res  t h a t  t he  seismic 

v e l o c i t i e s  o f  t h e  var ious  rock  and s o i l  u n i t s  increase w i t h  depth. 

No r e f r a c t i o n  occurs i f  a  low- ve loc i  t y  r e f r a c t o r  under1 i e s  a  h igh- ve loc i  t y  

r e f r a c t o r .  I f  r e f r a c t i o n  does occur i n  such a  case, t h e  ca l cu la ted  

depth t o  the  nex t  h i g h- v e l o c i t y  r e f r a c t o r  below t h e  lowest  v e l o c i t y  

l a y e r  w i l l  be i n  e r r o r ,  unless t h e  e f f e c t s  o f  t he  l ow- ve loc i t y  l a y e r  

have been taken i n t o  account. 

The u l t i m a t e  r e s u l t s  o f  t h e  geophysical surveys a r e  i n t e r p r e t a t i o n s  

of t h e  r e l a t i o n s h i p s  between t h e  geology and the  p rope r t i es  measured. 

The a r t  o f  geophysical i n t e r p r e t a t i o n  l i e s  i n  r e l a t i n g  the  f i e l d  

nieasurements t o  the  s i t e  geology. Geophysical inst ruments do n o t  

measure the  geology d i r e c t l y ,  so t h e  i n t e r p r e t a t i o n s  must be v e r i f i e d  

by o the r  means such as d r i l l  holes, t e s t  p i t s ,  and trenches. 



Geophysical surveying, which i s  re lat ively inexpensive, i s  a good 

way to  extend the interpretations made from the d r i l l i ng  and mapping 

program. Such surveys can guide exploration by locating anomalies to  

be checked by d r i l l i ng ,  resulting in a greater geological understanding 

with less  cost in time and money. Table 3 l i s t s  the most common geophysical 

methods, with t h e i r  uses, l imitations,  and costs (Hansen and Lachel 1980). 

Down-hole geophysical logging i s  an important supplement to  visual 

and laboratory examination of core. Among the most effect ive logs for  

distinguishing changes in lithology are  gamma ray-neutron, spontaneous 

potential - r e s i s t iv i ty ,  three-dimensional velocity, and computer processed 

logs for  e l a s t i c  properties, interval and integrated travel time, and 

poros i ty  . 

4.5 JOINT SURVEYS 

Knowledge of jointing i s  c r i t i c a l  t o  the technical f eas ib i l i t y  of 

CAES implementation because joint  systems influence both cavern s t a b i l i t y  

and a i r  leakage. 

Surveys of minor discontinuities and joints  have been emphasized 

in recent years (Merrit t  and Baecher 1981). Attempts to  place jo in t  

surveys on a firm sampling theory foundation have met with some success 

and stochastic descriptions of joint  patterns are  being studied. 

. The most corr~monly measured geometric properties of jointing are  

spacing, t race length, and orientation. The dis t r ibut ion of spacings 

between joints  along a sampling l ine  i s  usually well modeled by an 

exponential density function. This dis t r ibut ion corresponds to  random 

and independent location of joints .  Because the exponentia1.densit.y i s  

defined by one parameter, a simple relationship exis ts  between RQD and 

average jo in t  spacing for  hard unweathered rocks, 

RQD = 1001 - ( " . ' )X  [(O.l )h+l] 

where 

X = average spacing in meters. 
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The exponent ia l  assumption i s  i napp rop r ia te  f o r  c e r t a i n  c lasses o f  j o i n t s ,  

e.g., bedding p lane j o i n t s .  

Reported d i s t r i b u t i o n s  of j o i n t  t r a c e  l eng th  a re  l e s s  cons i s ten t  

than those fo r  spacing, perhaps because biases a re  imp1 i c i t  i n  sampl i n g  

p lans and i n  data grouping before  ana lys is .  Log normal d i s t r i b u t i o n s  

a re  t h e  most f requent ly  reported. 

Measurement of t he  shear res i s tance  of j o i n t s  o r  o the r  d i s c o n t i n u i t i e s  

has a l s o  been a  sub jec t  o f  renewed i n t e r e s t ,  bu t  bas ic  problems o f  

mechanics need t o  be reso lved before  in fe rences o f  parameter values f o r  

ana lys i  s  can be p laced on a  r i go rous  bas is  (Mer r i  tt and Baecher 1981 ) . 
The in f luence o f  ground water i s  impor tan t  because f l o w  o.ccurs p r i m a r i l y  

a long j o i n t  planes. 

4.6 PERMEABILITY MEASUREMENT 

Permeabil i ti es measured i n  t h e  l a b o r a t o r y  have been o f  1  i ttl e  use 

i n  establ i ,sh ing rock  mass p e r m e a b i l i t i e s  because o f  the  importance o f  

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

l a r g e  specimens f o r  l abo ra to ry  t e s t i n g .  Th i s  means t h a t  most t e s t i n g  f o r  

p e r m e a b i l i t y  i s  done i n  s i t u .  The advantages o f  i n  s i t u  t e s t i n g  a r e  

t h a t  i t  lessens sample disturbance, t e s t s  a  rep resen ta t i ve  volume o f  

rock  mass, and may be more economical than l abo ra to ry  t e s t i n g .  The 

disadvantages a r e  t h a t  boundary cond i t i ons  a re  usua l l y  complex, and t h a t  

s t rong v a r i a t i o n s  i n  s t resses,  s t r a i n s ,  and heads may e x i s t  across the  

rock  mass affected by t h e  t e s t  ( M e r r i t t  and Baecher 1981). 

I n  s i t u  t e s t s  c u r r e n t l y  i n  use a re  based on one o f  f o u r  p r i n c i p l e s :  

1 )  i n j e c t i o n  f low r a t e s  a r e  measured i n  a  bo r ing  o r  o the r  opening a t  

constant  i n t e r n a l  pressure ( i n j e c t i o n  t e s t s )  ; 2)  recovery o f  pressure o r  

head i s  measured i n  a  bo r ing  a f t e r  a d d i t i o n  o r  removal o f  a  known volume 

o f  f l u i d  (pu lse  t e s t )  ; 3)  f l o w  o f  dyes o r  t r a c e r s  i s  measured between 

two o r  more bor ings w h i l e  ho ld ing  pressure o r  head g rad ien t  constant  

( t r a c e r  t e s t )  ; 4) t r a n s m i s s i v i  t y  d i s t r i b u t i o n s  i n  space a r e  i n f e r r e d  

from t h e  d i s t r i b u t i o n  o f  observed p o t e n t i a l  s  ( i nve rse  problem) (Mer r i  tt 

and Baecher 1981 ) . 



Injection t e s t s  pressurize an interval of boring isolated by 

impermeable packers. The t e s t  was originally proposed for  grout- 

take predictions and provides only poor accuracy or r e l i a b i l i t y  for  

measurements of permeability. Flows into a boring are  often nonlinearly 

related to  applied pressures, possibly due to turbulence and opening 

of fra'ctures, and often change with time. Nonradial flows a t  the 

packers and other uncontrolled boundary conditions make the nieasurements 

d i f f i c u l t  to  interpret .  Results a re  generally e r r a t i c ;  variations of 10- 

to  100-fold in measured water inflows are not uncommon for  fractured 

rock. Of course, t h i s  erraticism may be due to  actual variations of the 

rock mass (e.g., f ractur ing) ,  and may be used as boring water loss i s  

used to  identify geologic structure.  

Well pumping t e s t s ,  i n  which drawdowns are  held constant, possibly 

have less  e f fec t  than injection t e s t s  on fracture apertures. However, 

they are  less  easi ly  directed a t  individual zones within a boring, and 

require more time to  perform. Clusters of borings instal led with piezometers 

about a pumping well allow larger volumes of rock t o  be tested, as well 

as to  t e s t  for  anisotropy, b u t  are  correspondingly more expensive. 

Pulse t e s t s  have become increasingly popular in recent years, b u t  

share most of the advantages and limitations of injection t e s t s .  They 

require 1 ess conipl icated instrumentation than injection t e s t s ,  particularly 

in low permeability formations. On the other hand, interpretation of 

the i r  resul ts  i s  complicated by the influence of equipment compliance on 

pressure decay (Merri tt and Baecher 1981 ) . 

Tracer t e s t s  a re  less  common than injection or pulse t e s t s ,  i n  part  

because of the d i f f icu l ty  and expense of performing them. They require 

two or more borings and instrumentation for  measuring t racer  concentrations 

in well f luids .  A signif icant  advantage of t racer  t e s t s  i s  tha t  they 

allow measurement of dispersion parameters and t r a n s i t  times. A 

disadvantage, particularly in fractured media, i s  tha t  the actual flow 

between borings may not be known, and may be extremely tortuous (Merritt 

and Baecher 1 981 ) . 



Back c a l c u l a t i o n  of s p a t i a l  d i s t r i b u t i o n s  o f  t r a n s m i s s i v i t y  i s  

made poss ib le  by t h e  development of numerical modeling c a p a b i l i t i e s ,  

no tab l y  f i n i t e  element methods. Having measurements o f  t r a n s m i s s i v i t y  

and storage a t  each node p o s i t i o n ,  and est imates o f  boundary cond i t i ons ,  

p r e d i c t i o n s  o f  heads a t  each node can be made. By t r i a l  and e r r o r  

adjustment, model parameters can be changed u n t i l  p red i c ted  and observed 

head pa t te rns  a r e  s i m i l a r .  More recent  work has focused on s t a t i s t i c a l  

methods f o r  es t ima t ing  parameters from heads. T y p i c a l l y  these i n v o l v e  

l i n e a r  o r  quadra t i c  programming. One d i f f i c u l t y  o f  t he  i nve rse  approach 

i s  t h a t  t r a n s m i s s i v i t i e s  cannot be c a l c u l a t e d  from heads alone. A t  

l e a s t  one value o f  t r a n s m i s s i v i t y  must be known along each s t reaml ine  

o f  f l o w  t o  determine t r a n s m i s s i v i t y  a l l  along the  l i n e .  This  means 

t h a t  t r a n s m i s s i v i t y  must be known along one curve ( o r  sur face)  w i t h i n  t h e  

f l o w  domain. 

A second problem i s  t h a t  small e r r o r s  i n  measured heads a r e  unimportant  

f o r  p r e d i c t i n g  f lows,  b u t  very impor tan t  f o r  back c a l c u l a t i n g  t r a n s m i s s i v i t i e s .  

A small  e r r o r  i n  head, g iven the  small g rad ien ts  i n  ground water f low,  

induces l a r g e  e r r o r s  i n  g rad ien ts  t h a t  a r e  c o e f f i c i e n t s  i n  t h e  equat ion 

t o  be solved f o r  t r a n s m i s s i v i t y .  

4.7 OVERBURDEN THICKNESS LIMITATION 

Proposed CAES s i t e s  should be assessed f o r  unfavorable geo log ic  

and hydro log ic  cond i t ions .  I n v e s t i g a t i o n s  should i nc lude  data from 

water w e l l  d r i l l i n g  and boreholes. 

Shafts can be sunk i n  areas where t h e  overburden i n  incompetent o r  

h e a v i l y  water-bearing, b u t  o n l y  a t  increased grout ing ,  1  i n i n g ,  and 

f r e e z i n g  costs.  These measures have a  p r a c t i c a l  depth l i m i t  o f  about 

50 m (Wal ia and McCreath 1977). H igh l y  spec ia l i zed  and c o s t l y  measures 

a r e  requ i red  t o  s i n k  sha f t s  t o  a  depth below 50 m i n  areas where ground 

water and overburden cond i t i ons  a r e  unfavorable. The a d d i t i o n a l  c o s t  

may be as much as 1% o f  t he  t o t a l  cos t  o f  t he  CAES f a c i l i t y .  



S p e c i f i c  s h a f t  cons t ruc t i on  s tud ies  should be undertaken f o r  each 

CAES s i t e .  I f  an abso lu te  l i m i t  on s h a f t  depth can be determined, t h i s  

i n fo rma t i on  can be used i n  screening a l l  p o t e n t i a l  CAES s i t e s .  



5.0 OPERATIONAL ISSUES 

During the operation of a CAES cavern, the rock i s  subjected to  

cyclic variations in applied pressure and temperature (Gnirk and Port- 

Kel l e r  1978). These conditions induce thermomechanical s t r e s s  perturbations 

in the surrounding mass which may degrade the rock strength and lead to  

progressive general and local i n s t ab i l i t i e s .  Such ins t ab i l i t i e s ,  in t u r n ,  

create the potential for  other geologic and hydrologic phenomena to 

occur. Cavern operating parameters and the i r  l ikely impacts are  discussed 

in t h i s  section. Techniques for  monitoring the effects  of reservoir 

operation are  also described. 

5.1 INJECTION PARAMETERS 

Cavern injection parameters include temperature, pressure, humidity, 

cycle duration and migration of the air/compensating water interface. 

The i n l e t  a i r  temperature will f luctuate  between 30 and 80°C. Compensating 

water may f luctuate  between 0 and 30°C, depending upon surface temperature, 

conduit/rock temperature, and compressed a i r  temperature. 

The maximum a1 lowabl e reservoir pressure wi 11 be determined by the 

height of the water compensation column. For pure water the pressure i s  

9.81 kPa/m of depth. Maximum charging pressure should not exceed hydrostatic 

pressure by much more than the pressure different ial  required to  displace 

aquifer water. Maximum charging pressure probably should not exceed 

12 kPa/m of depth, i . e . ,  about 20% over hydrostatic pressure. 

Humidity of the injected a i r  a t  temperature and pressure has not 

been specified. Humidity will be a function of ambient a i r  humidity and 

the i  ntercool ing, aftercool ing system used in the compressor t ra in .  The 

interaction between reservoir a i r '  and the compensating water column wi 11 

tend t o  increase the humidity. The injection/withdrawal cycle duration 

may reach 24 hours on weekdays and exceed 24 hours on weekends. During 

typical weekday operation, u p  t o  12 hours of e lectr ical  generation may 

be provided. The air/compensating water interface may migrate between 

the floors and the ceil ings of the cavern array. Because of water 

compensation, pressure fluctuations within the cavern wi 11 be relatively 

small. 



The system design w i l l  prevent  r a p i d  cavern depressur iza t ion  caused 

by t h e  champagne e f f e c t .  A d e t a i l e d  d iscussion o f  t h i s  design i s  beyond 

t h e  scope o f  t h i s  document. 

5.2 POTENTIAL IMPACTS WITHIN THE HOST ROCK 

The cavern i n j e c t i o n  and opera t ing  parameters w i l l  have a  v a r i e t y  

o f  impacts depending on the  na ture  o f  t h e  host  rock. These p o t e n t i a l  

impacts a re  d e t a i l e d  i n  the  f o l l o w i n g  subsect ions. 

5.2.1 Appl ied  St ress  

Laboratory s tud ies  of t h e  e f f e c t s  of app l i ed  s t ress  on p e r m e a b i l i t y  

and p o r o s i t y  p rov ide  use fu l  i n fo rma t ion  t h a t  may be used t o  p r e d i c t  t he  

hydro log ic  c h a r a c t e r i s t i c s  o f  rock  a t  depth, as w e l l  as behavior o f  

c e r t a i n  s t r u c t u r e s  (Po r t - Ke l l  e r  and Gni r k  1981 ) . Because o f  petro leum 

i n d u s t r y  needs, many s tud ies  have concentrated on porous i n t a c t  sedimentary 

rocks. Less ex tens ive  work has been accomplished on pressure e f f e c t s  i n  

i n t a c t  metamorphic and igneous rocks. F i n a l l y ,  s tud ies  o f  pressure 

e f f e c t s  on secondary hydro log ic  p r o p e r t i e s  (due t o  f rac tu res ,  e t c .  ) a r e  

o n l y  beginning t o  c l a r i f y  s t ress- f l ow  behavior.  

The e f fec t  of app l i ed  s t ress  on hyd rau l i c  c o n d u c t i v i t y  o f  rocks and 

rock  masses has been approached by at tempt ing t o  de f i ne  f i r s t  t he  

s t r e s s / f i s s u r e  opening r e l a t i o n s h i p  and subsequently t he  f i s s u r e  opening/ 

c o n d u c t i v i t y  r e l a t i o n s h i p .  The e f f e c t s  o f  d i f f e r e n t  modes o f  a p p l i e d  s t ress ,  

r a t e s  o f  loading,  and l oad ing  h i s t o r y  o f  samples make pe rmeab i l i t y  

measurements under s t ress  h i g h l y  va r i ab le .  N a t u r a l l y ,  v a r i a t i o n  i s  a l s o  

p a r t i c u l a r l y  s i g n i f i c a n t  between i n t a c t  and non in tac t  rock.  Attempts 

t o  numer ica l l y  model such s t ress- f l ow  behavior have taken var ious  

approaches. 

W i  therspoon and Gale (1 977) have ex tens i ve l y  reviewed s tud ies  o f  

mechanical and hydro log ic  p r o p e r t i e s  o f  f r a c t u r e d  rocks and t h e i r  

r e l a t i o n s h i p s .  Some s i g n i f i c a n t  general f i n d i n g s  and rep resen ta t i ve  

l abo ra to ry  data a r e  discussed below. F igu re  41 i l l u s t r a t e s  the  hyd rau l i c  
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FIGURE 41. Hydraulic Conductivity of Granite Core Specimens as a Function 
of Normal S t ress  f o r  Constant-Head Tests (Witherspoon and Gale 
1977) 

conductivity of a s ing le  j o i n t  a s  a function of s t r e s s  applied normal t o  

the  j o in t  plane. Figure 42 plots  rock mass permeability as a function 

of normal s t r e s s  f o r  several values of j o i n t  spacing. Some experimental 

data points a r e  a l so  included. Figures 43 and 44 show a general decrease 

in permeability w i t h  increased normal s t r e s s .  

The app l icab i l i ty  of calculated s t ress / f low functions t o  actual rock 

mass behavior i s  highly questionable. Theoretical calculat ions usually 

assume planar j o in t s  of consis tent  width and regular spacing. The 

occurrence and spa t ia l  dimensions of real  j o in t s  a r e  not homogeneous 

w i t h  respect  t o  aperture width, frequency, length,  and or ienta t ion.  

Thus, actual stress- flow behavior wi 11 probably be highly variable.  
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FIGURE 42. Hydraulic Conductivity of a Jointed Crystalline Rock Mass 
as a Function of Normal Stress for Various Joint Spacings 
(Port-Kell er and Gnirk 1981 ) 
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Fracture J1 in Granite (Port-Keller and Gnirk 1981) 



Tests on larger laboratory and f i e l d  samples have shown that  

volumetric flow ra tes  decrease with increased applied s t r e s s .  However, 

these t e s t s  have a lso  shown that  such flow rates tend to  reach a minimum 

and then remain f a i r l y  constant. Thus, the joints  appear to  never 

actual ly  close completely. Figures 43 (laboratory) and 44 ( f i e l d )  

i 11 us t ra te  t h i s  phenomenon. Other investigators (Shehata in Sharp and 

Maini 1972 and Jones in Nelson and Handin 1977) also indicate tha t  rock 

mass fractures  never completely close t o  f lu id  flow. 

The ef fec t  of confining pressure on permeability of in tac t  rock has 

also been studied. Figure 15 plots hydraulic conductivity as a function 

of to ta l  average normal s t ress .  

5.2.2 Dilatancy Effects and/or Cyclic Mechanical Loading Effects 

The subject of dilatancy effects  and/or cyclic mechanical loading 

ef fec ts  on the permeability of both in tac t  and nonintact rock i s  not 

ye t  we1 1 understood (Port-Kel 1 e r  and Gni rk 1981 ) . Depending on several 

factors--notably, percentage of f racture strength to  which a specimen 

i s  loaded, number and r a t e  of applied loading cycles, and rock type-- 

permeability may increase or decrease. 

Zoback and Byerl ee (1 975) have measured the permeabi 1 i ty  of Westerly 

granite deformed under constant confining pressure and constant pore 

pressure a t  75 t o  95% of in tac t  f a i lu re  strength. Figures 45 and 46 

give data fo r  samples tha t  were previously loaded to  high different ial  

s t r e s s  over 20 times. The figures present vol umetric s t ra in  (compression 

i s  posit ive) as a function of different ial  s t r e s s  (difference between 

axial s t r e s s  and confining pressure). As a sample was i n i t i a l l y  s t ressed,  

permeability s l ight ly  decreased; however, with further increase in 

different ial  s t r e s s ,  the samples became di 1 atant  and permeabi 1 i ty  increased. 

As d i f fe rent ia l  s t r e s s  was removed from samples, permeabi 1 i ty  remained 

qui te  high until  almost a l l  load was removed (Zoback and Byerlee 1975). 
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FIGURE 45.. Vo lumet r i c  S t r a i n  and P e r m e a b i l i t y  as a Func t ion  o f  D i f f e r e n t i a l  
S t ress  f o r  Wester ly  G r a n i t e  a t  a Con f i n i ng  Pressure o f  50 MPa 
(Zoback and Byer lee  1975) 
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FIGURE 46. Volumetr ic  S t r a i n  and Pe rmeab i l i t y  as a  Funct ion o f  D i f f e r e n t i a l  
S t ress  f o r  Wester ly  Gran i t e  a t  a  Conf in ing  Pressure o f  25 MPa 
(Zoback and Byer lee 1975) 



Brace (1977) repeated measurements s i m i l a r  t o  Zoback and Byer lee 

and r e p o r t s  s i m i l a r  r e s u l t s  (see F igu re  47).  H i s  samples had been 

p r e v i o u s l y  s t ress- cyc led,  and t h e  f r a c t u r e  s t r e s s  was assumed t o  be 

520 MPa. 

F i n a l l y ,  t h e  e f f ec t  o f  shear deformat ion on p e r m e a b i l i t y  o f  rock  

masses i s  a l s o  n o t  c l e a r l y  understood. I nc reas ing  shear s t ress  and 

deforniat ion appear t o  cause bo th  i nc reas ing  (Sharp and Main i  1972) and 

decreasing (Jouanna 1972) permeabi 1  i ty. Behavior may depend upon 

d i l a tancy ,  which occurs predominant ly a f t e r  peak s t r e n g t h  i s  reached 

(Witherspoon and Gale 1977). Sharp and Main i  (1972) i n d i c a t e  t h a t  

an i n v e s t i g a t i o n  by Main i  (1971) shows a  marked inc rease i n  p e r m e a b i l i t y  

w i t h  shear s t ress ;  however, they  a l s o  s t a t e  t h a t  t h e  l a r g e  amount o f  

d i l a t i o n  probably  occurred as a  r e s u l t  o f  low normal s t ress  and t h a t  such 

a  l a r g e  e f f e c t  m igh t  n o t  be observed i n  an ac tua l  rock  mass. 
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FIGURE 47. E f f e c t  o f  St ress on the  Pe rmeab i l i t y  o f  Wester ly Gran i t e  
(Brace 1977) 



I t  i s  c lear  tha t  dilatancy ef fec ts  and the effects  of cyclic mechanical 

loading are  not thoroughly understood, particularly under the special 

loading conditions that  would be encountered in the CAES cavern s i tuat ions.  

Cavern design should avoid niaximum rock s t r e s s  conditions during cycling 

t o  prevent the onset of dilatency. 

Temperature 

The ef fec t  of temperature change on the hydrologic properties of 

rocks and rock masses may also be a  s ignif icant  factor in CAES concepts, 

b u t  i t  i s  not a  thoroughly understood phenomenon (Port-Keller and Gnirk 

1981 ) . Studies of temperature e f fec ts  have originated within the petroleum 

industry. 

Local different ial  thermal s t r e s s  can resu l t  from temperature 

gradients, mineral inhomogeneities, anisotropy of expansion coefficients 

for individual minerals, and different ial  thermal expansion between 

matrix and granular constituents. If  different ial  s t resses  a t  grain 

boundaries a re  suf f ic ien t ,  microcracking may cause dislocation or 

fragmentation of grains. However, prel iminary laboratory ventilation 

experiments on quartzose sandstones using dry a i r  a t  elevated temperatures 

and pressures indicated no s ignif icant  changes i n  the microstructural 

fabric  of these rocks (Pincus 1979). 

5.2.4 Air Slaking and Rock Spalling 

Air slaking or  spalling of rock surfaces i n  e i ther  compensated or 

uncompensated storage caverns may occur as a  resu l t  of humidity variations 

(General Electr ic  1976; Lee and Klym 1977). Hence, CAES chambers should 

not be constructed i n  rock masses w i t h  closely spaced discontinuities 

such as jo in ts ,  f ractures ,  f au l t s ,  thin bedding, cleavage, and fol ia t ion.  

These s t ruc tura l ly  weak zones would be subject t o  decay or a l terat ion 

under variable moisture, pressure, and temperature conditions. The 

cyclic wetting and drying of clays in shear and weathered zones will 

cause swelling and disintegration. 



The s lake  d u r a b i l i t y  ( res i s tance  of rocks  t o  w e t t i n g  and d r y i n g )  

must be s tud ied  as a  p a r t  o f  t h e  engineer ing geo log ic  research t o  be 

conducted f o r  each p o t e n t i a l  s i t e .  Because pre- cons t ruc t ion  geo log ica l  

surveys a r e  inadequate f o r  t h i s  purpose, i t  w i l l  n o t  be poss ib le  t o  

complete ly  assess and e l i m i n a t e  a l l  zones o f  poor d u r a b i l i t y  p r i o r  t o  

excavat ion. Also, rocks  exposed du r i ng  excavat ion a r e  subjected t o  a  

new geo log ica l  environment (Weinstein e t  a1 1978). Zones deemed suscep t i b le  

t o  s l a k i n g  and s p a l l i n g  can be t r e a t e d  by g rou t ing ,  sho tc re t i ng ,  rock  

b o l t i n g ,  and w i r e  mesh re inforcement  i n  var ious  combinations. 

5.2.5 A i r  Leakage Experiments 

Bawden and Roegiers (1980) have performed experiments t o  s tudy two- 

phase countercur ren t  f l o w  through s imulated rock  f r a c t u r e s  w i t h  va ry ing  

ape r tu re  and o r i e n t a t i o n  r e l a t i v e  t o  t h e  pressur ized  c a v i t y .  Various . 

entrance geometries were s imu la ted  t o  examine t h e i r  importance i n  bubble 

o r  s l u g  i n i t i a t i o n .  S e n s i t i v e  pressure t ransducers were used t o  de tec t  

smal l  v a r i a t i o n s  i n  t h e  pressure f i e l d  du r i ng  bubble propagat ion. 

Deformations and volumes o f  bubbles were photographed. 

Gas escape v i r t u a l l y  never occurs i f  t h e r e  i s  v i s i b l e  water f l o w  

i n t o  t h e  cavern. Gas escape gene ra l l y  occurs s h o r t l y  a f t e r  water i n f l o w  

ceases. Gas escape occurs i n i t i a l l y  as lobes o r  tongues o f  a i r  pene t ra t i ng  

w a t e r - f i l l e d  aper tures.  As would be expected, gas escape through l a r g e r  

aper tu res  i s  much f a s t e r  than through f i n e  aper tures.  With l a r g e  aper tures 

o n l y  two o r  t h r e e  lobes occur. Each l obe  i s  wide w i t h  a  mdderately 

l a r g e  r a d i u s  olF cu rva tu re  a t  t h e  nose. For  f i n e r  aper tu res  t i l e  i c i t i  11 

gas escape forms a  d e n d r i t i c  p a t t e r n  o f  t h i n  branching lobes w i t h  much 

smal le r  nose curvatures.  Fo l low ing  t h e  i n i t i a l  l obe  o r  tonguing escape, 

t h e  lobes expand and t h e  ape r tu re  even tua l l y  becomes complete ly  dewatered. 

Gas escaped from a  square cavern a t  pressures about 20% below those f o r  

a  ho r i zon ta l  e l l i p t i c a l  cavern. The escape always i n i t i a t e d  a t  t h e  

square corners. Escape i s  a l s o  r e l a t e d  t o  aper tu re  d i p  angle w i t h  steep 

angles f a v o r i n g  bouyant escape through water. F rac tu re  roughness, 

con tac t  areas and f r a c t u r e  i n t e r c o n n e c t i v i t y  a re  s i g n i f i c a n t ,  a l though 

unstudied, parameters. 



5.3 CAES RESERVOIR MONITORING 

Reservo i r  mon i to r i ng  w i l l  de tec t  l o c a l  rock  i n s t a b i l i t y ,  general 

rock  i n s t a b i l i t y ,  a i r  leakage i n s t a b i l i t y  and behavior o f  t he  compensating 

water column. I n s t a b i l i t i e s  due t o  rock  s t r a i n  and f a i l u r e  should be 

detec tab le  by mon i to r i ng  compression and shear waves o r i g i n a t i n g  w i t h i n  

cavern wa l l s ,  by mon i to r ing  t i l t i n g  and subsidence, and by separa t ing  

and examining s o l i d s  from withdrawn compressed a i r .  A i r  leakage r a t e s  

can be determined by measuring the  he igh t  of t he  h o r i z o n t a l  w a t e r - a i r  

i n t e r f a c e  as a f u n c t i o n  o f  t ime. A simple record ing  f l o a t  device can be 

used. Temperature and pressure w i t h i n  t h e  cavern can be cont inuous ly  

moni tored a t  var ious  l oca t i ons .  (Cur ren t l y  a v a i l a b l e  inst ruments may be 

inadequate f o r  1 ong du ra t i on  mon i to r ing .  ) 

Microseismic d is turbances may d i v u l g e  and l o c a t e  r o o f  f a l l s  o r  

s labb ing  f rom t h e  w a l l s .  Two sensors a t  d i f f e r e n t  l o c a t i o n s  a r e  needed 

t o  determine t h e  source. T i l t m e t e r s  and p rec i se  l eve l - reco rd ing  inst ruments 

w i  11 revea l  minute degrees o f  subsidence (Thoms 1978). 

A f t e r  a cavern has been completed, a shu t- in  pressure t e s t  may be 

used t o  prove a i r  containment s t a b i  1 i t y  (Golder Associates 1979). 

Pressure would be moni tored f o r  24 hours. I f  depressur iza t ion  were 

detected attempts cou ld  be made t o  c o r r e l a t e  i t  w i t h  microseisms o r i g i n a t i n g  

w i t h i n  t h e  cavern wa l l s ,  which cou ld  s i g n i f y  rock f a i l u r e .  Longer term 

pressure t e s t i n g  may be necessary t o  achieve meaningful r e s u l t s .  

The two most impor tan t  devices used t o  mon i to r  deformations above a 

r o o f  a r e  extensometers, which measure deformations p a r a l l e l  t o  t h e  a x i s  

o f  t he  borehole, and inc l inometers ,  which sense deforniations normal t o  

t h e  d i r e c t i o n  o f  t h e  borehol e (Golder Associates 1979). 

Methods a v a i l a b l e  f o r  mon i to r ing  t h e  cavern wa l ls ,  r o o f ,  f l o o r ,  and 

compensating water column may n o t  be adequate f o r  a l l  opera t iona l  

requirements. Continuous mon i to r ing  a t  depths near 800 m, a t  temperatures 

up t o  80°C and over  t h r e e  decades i s  a s t rong chal lenge. 



5.4 CHAMPAGNE EFFECT 

The champagne e f f e c t  i s  a two-phase f l o w  i n s t a b i l i t y  t h a t  cou ld  

occur i n  a hydraul i ca l  l y  compensated compressed a i r  r e s e r v o i r  (Gi ramonti 

and Smith 1981). This  e f f e c t  r e s u l t s  from the  f u n c t i o n a l  r e l a t i o n s h i p  

between a i r  so lub i  1 i t y  i n  water and system pressure. As a i r - sa tu ra ted  

water r i s e s  i n  t he  compensating water shaft, t he  s o l u b i l i t y  decreases 

causing the  exso lu t i on  o f  a i r  as bubbles. This  two-phase medium i s  l e s s  

dense than t h e  s i n g l e  phase medium, causing a pressure imbalance between 

the  water s h a f t  and the  a i r  s torage cavern. 

A thorough understanding o f  t he  dynamics i s  needed t o  enable i nven t i on  

of countermeasures. Many organ iza t ions  have conducted p re l im ina ry  

a n a l y t i c a l  and experimental modeling o f  t h i s  e f f e c t .  Although these 

e f f o r t s  have n o t  produced d e f i n i t i v e  designs t o  prevent  t he  champagne 

e f f e c t ,  a number o f  p o t e n t i a l l y  promis ing c o n t r o l  schemes have been 

i d e n t i f i e d .  These methods attempt t o  c o n t r o l  t he  phys ica l  mechanisms 

governing t h i s  hyd rau l i c  i n s t a b i l i t y .  These methods can be c l a s s i f i e d  

as those t h a t  attempt t o  1 )  r e s t r i c t  t he  r a t e  a t  which cavern a i r  i s  

d issolved,  2)  reduce the  buoyancy e f f e c t s  due t o  bubbles i n  t he  shaf t ,  

3 )  minimize o r  balance t h e  pressure d i f f e r e n t i a l  which tends t o  acce lera te  

t h e  f l u i d ' s  r a t e  o f  r i s e ,  4) i n t roduce  geometric cons t ra in t s  which tend 

t o  reduce acce le ra t i on  o f  t h e  f l u i d ,  and 5) combine any o f  t he  above. 

P o t e n t i a l  s o l u t i o n s  t o  t h e  champagne e f f e c t  problem i n v o l v e  

gebtechni c a l  eval  uat ion.  They i n c l  ude contour ing  the  cavern t o  minimize 

. t h e  a i r /wa te r  i n t e r f a c e  area; ove rs i z ing  the  cavern t o  prevent  blowout; 

and cons t ruc t i ng  a U-bend water seal between the  r e s e r v o i r  f l o o r  and the  

water s h a f t  t o  balance t h e  buoyant head and overcome the  i n e r t i a  of t he  

c o l  umn . 

5.5 DISCUSSION 

The s p e c i f i c a t i o n  o f  CAES caverns i n  hard rock  immediately i d e n t i f i e s  

as candidates igneous ( g r a n i t i c )  , poss ib l y  metamorphi c, and c e r t a i n  

sedimentary (1 imestones , marbles, dolomi tes)  rocks. A t  t he  pressures 



and temperatures mentioned above, these rocks behave i n  a b r i t t l e  manner 

i n  which the  modes o f  i n e l a s t i c  behavior a re  microcracking and f r i c t i o n a l  

s l i d i n g  on f i s s u r e  surfaces. This  type o f  behavior i s  dominant f o r  

near sur face c r u s t a l  cond i t i ons  as opposed t o  at- depth cond i t i ons  where 

t h e  pressure- temperature regime i s  conducive t o  d u c t i l e  rock  behavior 

i n v o l v i n g  d i s l o c a t i o n  processes. Thus, cons idera t ion  must be g iven t o  

t h e  i n f l u e n c e  o f  j o i n t s  o r  planes o f  weakness, permeab i l i t y ,  and ground 

water presence. 

The general i n s t a b i l i t y  o f  t h e  cavern must be evaluated by use o f  

t h e  Mohr-Coulomb c o n d i t i o n  of rock  f a i l u r e  w i t h  temperature-dependent 

p rope r t i es .  The s t reng th  of t he  rock  w i l l  be p rog ress i ve l y  reduced w i t h  

t h e  number o f  l oad ing  cyc les.  

The h y d r a u l i c  c o n d u c t i v i t y  o f  t h e  rock, a func t ion  o f  s t ress  and 

temperature, w i  11 be per tu rbed by t h e  i n i t i a l  excavat ion, and subsequently 

per tu rbed by t h e  c y c l i c  pressure and temperature loadings.  F a i l u r e  o f  

t h e  i n t a c t  rock  and/or j o i n t s  w i l l  a l s o  p e r t u r b  the  hyd rau l i c  c o n d u c t i v i t y .  

The l o c a l  rock  i n s t a b i l i t y  o f  t h e  cavern per iphery  i s  r e l a t e d  t o  

t h e  s p a l l i n g  and n i i c r o f r a c t u r i n g  c h a r a c t e r i s t i c s  o f  the  rock  under 

c y c l i c  pressure/temperature l oad ing  and a i r l w a t e r  i n t e r a c t i o n .  The 

l i m i t  o f  acceptable rock  d i s i n t e g r a t i o n  must be es tab l ished w i t h  respect  

t o  degradat ion r a t e s  over  t he  cavern l i f e t i m e  and from t h e  v iewpo in t  o f  

poss ib le  p a r t i c u l a t e  t r a n s p o r t  t o  t he  t u r b i n e  system du r ing  compressed 

a i r  withdrawal . 

The i n i t i a l  shearing deformation caused by min ing i s  l i k e l y  t o  

exceed t h e  peak s t reng th  o f  t h e  rock.  A l l  subsequent s t ress  changes 

must f a l l  w i t h i n  t h e  e l a s t i c  range o f  t h e  rock. When compressed a i r  i s  

in t roduced i n t o  t h e  storage cavern, some o f  t he  o r i g i n a l  s t a b l e  compressive 

st resses w i l l  be res tored.  However, t h e  i n t e r n a l  pressure c rea ted by 

t h e  compressed a i r  represents o n l y  a f r a c t i o n  o f  t he  unbalanced overburden 

pressure due t o  t h e  deformation o f  rock  by mining. The s i t u a t i o n  i s  

f u r t h e r  complicated i f  t h e  o r i g i n a l  s t ress  f i e l d  i s  n o t  i s o t r o p i c  (Howells 

1977). 



Substantial  temperature r i s e s  can be permitted, b u t  the  extent  t o  

which compressed a i r  entering t he  cavern a t  high temperature can be 

cooled i s  l imited by the  a b i l i t y  of the  rock walls t o  withstand compressive 

s t r e s s e s .  A drop in a i r  temperature cools the surrounding rock, creat ing 

t e n s i l e  s t resses .  Temperature t ranspor t  by the  pressure compensating 

water column will  a l s o  a f f e c t  the  cavern temperature regime. Fatigue 

wil l  influence the  permissible temperature range in the  cavern. 

Information and too l s  f o r  determining the  fa t igue  process in jointed 

rock a r e  l imited.  Documentation of fa t igue  f o r  varying operational 

scenarios would be very useful.  This should be done i n  conjunction with 

ear ly  CAES developments t o  es tab l i sh  fu tu re  cons t ra in t s  on operational 

parameters (Weinstein e t  a1 1978). 

5.6 SUMMARY OF CAES OPERATING ENVIRONMENT 

The CAES operating environment of primary i n t e r e s t  includes the  

following (Fossum August 1979, Port-Keller and Gnirk 1981): 

I n i t i a l  ve r t i ca l  and horizontal i n  s i t u  s t r e s s e s  and hydraulic 

pressures corresponding t o  cavern depths of 500 t o  1,000 m.  (Vert ical  

s t r e s s  gradients  range from 0.0282 MPa/m f o r  metamorphic rocks t o  

0.0247 MPa/m f o r  sedimentary rocks with an intermediate value of 

0.0269 MPa/m f o r  igneous rocks).  In general ,  f o r  these depths, the  

maximum horizontal i n  situ s t r e s s  may be subs tan t ia l ly  g rea te r  than 

the  ver t i ca l  in  s i t u  s t r e s s ,  by a f a c to r  of up t o  1.5. The water 

pressure may be taken a s  0.01 MPa/m. 

I n l e t  a i r  temperatures from 30 t o  80°C. 

Compensating water temperatures from 0 t o  30°C. 

I n i t i a l  rock temperatures from 20 t o  60°C. (The geothermal gradient  

va r ies  from region t o  region w i t h  an average value of approximately 

2g°C/Km). 

. A useful 1 i f e  of approximately 10,000 cycles,  o r  30 years.  



6.0 GUIDELINES AND STABILITY CRITERIA 

The guide1 ines  and s t a b i l i t y  c r i t e r i a ,  c u r r e n t l y  a v a i l a b l e  t o  the  

CAES cavern designer, a r e  presented i n  Table 4. Categories i nc lude  

general geo log ica l  environment, hydrology, hos t  rock  c h a r a c t e r i s t i c s ,  

s t r u c t u r a l  c h a r a c t e r i s t i c s ,  o the r  geo log ica l  c h a r a c t e r i s t i c s ,  design 

parameters, and opera t ing  parameters. 

I n  eva lua t i ng  a  p a r t i c u l a r  s i t e ,  t he  minimum acceptable design 

should be compared w i t h  t h e  known geology be fore  recommending p re l im ina ry  

exp lo ra t i on .  Factors t h a t  should be considered i n  t h i s  comparison i nc lude  

h y d r o s t a t i c  pressure; sur face water a v a i l a b i l i t y ;  host  rock depth, 

th ickness and competence; hos t  rock  s t r u c t u r e  and ho r i zon ta l  s t ress ;  and 

nature  o f  t h e  geo log ica l  province. 



TABLL4. GUIDELINES AND STABILITY CRITERIA 

Category 

General Geolog ica l  Environment 

Hydro1 ogy 

a. H y d r o s t a t i c  pressure 

b. Ground water  chemist ry  

Requi remen t Qua1 i f i c a t i o n  

Hard rock  fo rmat ion  w i t h  adequate depth, Ana lys is  o f  e x i s t i n g  geo log ica l  
geometry, 1  i tho logy  , s t r u c t u r a l  i n f o rma t i on .  Geophysical survey- 
i n t e g r i t y ,  ground water  s a t u r a t i o n  i ng , exp lo ra to r y  d r i  1  1  i n g  , core 
and absence o f  nega t i ve  environmental  ana l ys i s ,  f r a c t u r e  p a t t e r n  mapping 
fea tu res ,  e.g., h i gh  l a t e r a l  s t r ess  geophysical  logging,  i n  s i t u  per-  
f i e l d .  m e a b i l i t y  and s t r ess  measurements. 

Hyd ros ta t i c  pressure w i t h i n  t h e  hos t  rock  Depth o f  r e s e r v o i r  beneath a s t a b l e  
equals t h e  pressure o f  s t o red  a i r .  water  t a b l e  would t y p i c a l l y  be a t  

l e a s t  700 m. Th is  corresponds t o  
6.86 MPa a t  a  h y d r o s t a t i c  g rad ien t  
o f  9 .8  kPa/m. 

Ground water  i n  con tac t  w i t h  hos t  rock i s  Surface compensating water  and 
e s s e n t i a l l y  i n  chemical e q u i l i b r i u m  w i t h  ground water  wi 11 be commingled 
t h e  hos t  over  t h e  range o f  CAES i n j e c -  and analyzed f o r  p r e c i p i t a t i o n  
t i o n l w i  thdrawal a i r  temperatures and a t  and change i n  pH. 
CAES pressure. The ground water  chemist ry  
i s  n o t  per tu rbed  by commingling w i t h  t h e  
compensating water  column . 

c. Sur face water  a v a i l a b i l i t y  . Surface water  supply  must be ample t o  Sur face lakes ,  r i v e r s  o r  shal low 
p rov i de  compensating column and makeup aqu i f e r s  wi 11 be eva lua ted  from 
water .  I n  add i t i on ,  a  s i t e  f o r  a  su r face  avai  1  ab le  hyd ro l og i ca l  i n f o rma t i on  
r e s e r v o i r  must be i d e n t i f i a b l e  i n  t h e  on volumes, l e v e l  f l u c t u a t i o n s ,  
immediate v i c i n i t y  o f  t h e  candidate r u n o f f ,  pumping r a t es ,  e t c .  Topo- 
cavern s i t e .  graphy, overburden and near- sur face 

bedrock w i l l  be eva lua ted  f o r  
su i  t a b i  1  i ty as a r e s e r v o i r  con ta in-  
ment. 



Category 

Host Rock C h a r a c t e r i s t i c s  

a. L i t h o l o g y  

b. S o l u b i l i t y  

c. Thermal s t a b i l i t y  

d. Permeabi 1  i t y  

e. Rock s t r e n g t h  

f. Rock competence 

Requirement 

Candidate rock  types i nc l ude  g r a n i t e  , 
g ranod io r i  t e ,  d i o r i  t e ,  gabbro, p e r i d o t i  t e  
massive basa l t ,  welded t u f f ,  q u a r t z i t e ,  
marble, massive gneiss, do lomi te  and 
dense 1  imestone. Homogeneous 1  i tho1 ogy 
i s  p re fe r r ed .  

I f  a  l imestone o r  do lomi te  hos t  rock  i s  
se lected,  i t s  s o l u b i l i t y  i n  ground water  
and compensating wa te r  must n o t  compromise 
the  cavern over  i t s  des ign l i f e .  

The r e s e r v o i r  must be s t a b l e  w i t h i n  t h e  
t he  temperature range imposed by CAES, 
i .e . ,  4 t o  80°C. 

Host rock  hydgau l i c  c o n d u c t i v i t y  must be 
l ess  than  10- m/sec f o r  water .  

Unconfined compressive s t r e n g t h  i s  t o  
exceed 25 MPa over  t h e  c y c l i n g  l i f e .  

Host rock  must be competent enough t o  
sus ta i n  mined o u t  caverns suppor ted 
by r e s i d u a l  p i l l a r s  and w a l l s  w i t h  minimum 
rock improvement measures. 

Q u a l i f i c a t i o n  

E x i s t i n g  geo log ica l  i n f o rma t i on .  
Sur face mapping. Geophysical 
survey ing.  Exp lo ra to r y  d r i  11 i ng 
and core ana l ys i s .  

Na tu ra l  o r  a r t i f i c i a l  s a t u r a t i o n  
o f  ground water  and compensating 
water  w i t h  carbonate and mainte-  
nance o f  a  h i gh  pH may s u f f i c e  t o  
lower  s o l u t i o n  r a t es .  

Labora to ry  experiments wi 11 
i n d i c a t e  hos t  rock  behavior .  

Host rock  d r i l l  core samples w i l l  
be t e s t e d  a t  va r ious  l o c a t i o n s  and 
i n  va r ious  o r i e n t a t i o n s .  Specia l  
i n  s i  t u  eva lua t ions  o f  secondary 
pe rmeab i l i t y  w i l l  be made w i t h  pump 
t e s t s .  

Laboratory  examinat ion o f  r e p l i c a t e  
specimens f rom severa l  o r i e n t a t i o n s  
wi  11 qual  i f y  t h e  hos t  rock.  An 
i n i t i a l  s t r e n g t h  o f  50 MPa o r  more 
i s  des i r ab l e .  

Rock competence can be judged by 
measurement o f  " rock qual  i t y "  , 
numerical  model ing and experimental. 
de te rmina t ions  o f  e l a s t i c ,  p l a s t i c  
and f a t i g u e  behaviors .  



Category 

g. Rock response 

S t r u c t u r a l  Cha rac te r i s t i c s  

a. J o i n t s  and f r a c t u r e s  

b. F a u l t i n g  

c. P r o x i m i t y  t o  geo log ic  
con tac ts  

Requi rement Qua1 i f i c a t i o n  

Host rock  must n o t  undergo s l ak i ng ,  Numerical 1  abora to ry  and f i e 1  d 
spa1 1 i ng , geochemical a1 t e r a t i  on, thermo- s t ud i es  w i l l  be c a r r i e d  ou t  t o  
mechanical f a t i g u e  o r  mechanical d i s -  assure cavern s t a b i l i t y  and a i r  
l o c a t i o n  s u f f i c i e n t  t o  cause l o c a l  o r  containment. Economical rock 
general  a i r  leakage i n s t a b i l i t y .  improvement measures may be 

necessary i n  some rock  environments 
o r  i n  areas o f  t h e  underground 
system, such as i n t e r s e c t i o n s  and 
man i fo l  ds. Wi th  adequate hydro- 
l o g i c  cond i t i ons  , s l a k i n g  and 
s p a l l i n g  w i l l  n o t  cause a i r  
1  eakage. 

P lanar  openings must be w ide l y  spaced Exp lo ra to r y  d r i  11 i ng wi  11 produce 
and r e l a t i v e l y  t i g h t  w i t h  d i s c o n t i n u i t i e s  o r i e n t e d  cores t o  measure j o i n t  
r a re .  Heavi l y  f r ac tu red ,  j o i n t e d  o r  a t t i t u d e s  , spacings and fo rmat ion  
f a u l t e d  rocks w i l l  be excluded f rom contacts .  
cons idera t ion .  Zones o f  weather ing 
o r  m i n e r a l i z a t i o n  a re  undesi rab le .  

No h i s t o r i c a l  l y  a c t i v e  normal , reverse Ava i l ab l e  geo log ic  f i e l d  i n f o rma t i on  
o r  h o r i z o n t a l  displacement f a u l t  w i  11 and se ismic da ta  w i l l  probably  su f f i ce .  
be i d e n t i f i a b l e  w i t h i n  t h e  immediate V e r t i c a l  o r  i n c l i n e d  boreholes 
hos t  rock  fo rmat ion  o r  w i t h i n  near may i d e n t i f y  a  f a u l t  p lane and i t s  
assoc ia ted format ions.  a t t i t u d e .  

The underground r e s e r v o i r  should n o t  Regional mapping and subsurface map- 
t r a n s e c t  s i g n i f i c a n t  geo log ic  con tac ts  p i ng  by d r i l l i n g  and geophysical  
such as angular  uncon fo rmi t ies ,  o t h e r  methods w i l l  de l i nea te  bo th  f l a t -  
e ros ion  sur faces,  o r  igneous lcoun t ry  l y i n g  and s teep ly- d ipp ing  con tac ts .  
rock con tac ts .  The neares t  major  con tac t  
should be n o t  c l o s e r  than 100 m. However, 
a  change i n  t h e  geology should n o t  
e l i m i n a t e  a s i t e  i f  t h e  eng ineer ing  
and hydrogeol og i  c  requirements a re  
s a t i s f a c t o r i l y  met. 



Category Requ i remen t Q u a l i f i c a t i o n  

d. Ho r i zon ta l  i n  s i t u  s t r e s s  I n  s i t u  s t r e s s  i s  n o t  t o  exceed v e r t i c a l  
s t r ess  by more than a  f a c t o r  o f  1.5. 
The l i m i t  i s  0.037 MPa/m o f  depth f o r  
sedimentary rock,  0.040 MPa/m f o r  
igneous rock,  and 0.042 MPa/m f o r  
metamorphic rock.  

e. Complex geology Areas w i t h  s i g n i f i c a n t  t e c t o n i c  deformat ion 
o r  o t he r  c r u s t a l  a c t i v i t y  e x h i b i t e d  by 
t i g h t  f o l d i n g ,  f a u l t i n g ,  se ismic a c t i v i t y ,  
volcanism, excess ive subsurface d i s s o l u t i o n  
o r  subsidence wi  11 r e q u i r e  ext remely  
c a r e f u l  c h a r a c t e r i z a t i o n  and s h a l l  be 
avoided i f  poss i b l e .  

iG 
f. O r i e n t a t i o n  o f  caverns'  . along t h e  l i n e  t h a t  b i s e c t s  t h e  maximum 

1  ongi t u d i n a l  axes w i t h  respect  i n t e r s e c t i o n  angle between t h e  two domi - 
t o  s t r u c t u r a l  d i s c o n t i n u i t i e s  n a t i n g  se t s  o f  s t r u c t u r a l  d i s c o n t i n u i t i e s  
and i n  s i t u  s t r e s s  s t a t e  ( j o i n t s ,  bedding planes, f o l i a t i o n  p a r t -  

i ngs ) ,  b u t  n o t  p a r a l l e l  t o  t h e  d i r e c t i o n  
o f  a  t h i r d  o r  f o u r t h  m inor  se t ;  

a t  an angle o f  a t  l e a s t  25" from s teep l y  
d i pp i ng  s t r u c t u r a l  d i s c o n t i n u i t i e s  t h a t  
e x h i b i t  smooth sur faces o r  a re  f i l l e d  
w i t h  c l ay ;  

a t  an angle o f  15 t o  30" t o  t h e  d i r e c t i o n  
of t h e  maximum i n  s i  t u  s t r e s s  i n  t h e  
h o r i z o n t a l  p lane  ( o r  p a r a l l e l  i f  r equ i r ed  
by o t h e r  cond i t i ons  a r i s i n g  f rom t h e  
o r i e n t a t i o n  of t h e  s t r u c t u r a l  d iscon-  
t i n u i  t i e s )  ; 

V e r t i c a l  s t r ess  g rad i en t s  range from 
0.0282 MPa/m f o r  metamorphic rocks 
t o  0.0247 MPa/m f o r  sedimentary 
rocks.  Igenous rocks show an 
in te rmed ia te  v e r t i c a l  s t r e s s , g r a d i e n t  
a t  0.0269 MPa/m. I n  s i t u  s t resses  
w i l l  be measured by more than one 
dev ice i f. poss ib le .  Hyd rau l i c  f r a c -  
t u r i n g  may be t h e  o n l y  p r a c t i c a l  
method. 

Rout ine 1 i t e r a t u r e  search ing and 
geo log i ca l  survey ing wi 11 revea l  
such areas v i a  t h e i r  complex outcrops 
water t a b l e  d is turbances,  se ismic 
events o r  gaseous emanations. 
D e t a i l e d  e x p l o r a t i o n  o f  pr ime s i t e s  
w i l l  be r equ i r ed  t o  assure c o s t  
e f f e c t i v e  and p r e d i c t a b l e  design. 

F i e l d  and subsurface mapping and 
i n  s i  t u  s t r e s s  measurements. 



Category 

f. (cont inued)  

Other Geolog ica l  Cha rac te r i s t i c s  

a. Incompetent overburden 

b. S e i s m i c i t y  and volcanism 

A 

N 
G) c. M i n e a b i l i t y  

Design Parameters 

a. Cavern des ign 

Requi rement 

. a t  a maximum angle, and a t  l e a s t  35' 
t o  t h e  s t r i k e  o f  d i pp i ng  f o l i a t i o n  o r  
bedding planes when t h e  d i r e c t i o n  o f  
t h e  maximum h o r i z o n t a l  i n  s i t u  s t r e s s  
p a r a l l e l s  t h e  s t r i k e .  

S i t e s  beneath more than 50 m o f  incom- 
pe ten t  water- bear ing overburden should 
be e l im ina ted .  

Areas w i t h  h i s t o r i c a l  moderate t o  s t r ong  
s e i s m i c i t y  o r  v o l  canism wi  11 be d i s -  
q u a l i f i e d .  

The hos t  rock  s h a l l  be mineable by 
s tandard procedures w i t h  reasonable 
economy. 

Temperature, pressure and humid i t y  c yc l es  
a re  t o  be accommodated by t h e  cavern 
des i  gn . 

Qua1 i f i c a t i o n  

f. (cont inued)  

S i nk i ng  o f  s h a f t s  through thicknesses 
g rea te r  than 50 m may be excess ive ly  
c o s t l y .  Shal low d r i l l i n g  w i l l  
eva lua te  overburden competency. 

A c t i v e  f a u l t s  and vo l can i c  emanations, 
p y r o c l a s t i c  e j e c t i o n s  o r  l a va  f lows  
w i t h i n  a geo log ic  p rov i nce  w i l l  
e l i m i n a t e  s i t e s  w i t h i n  a r ad i us  o f  
p o t e n t i a l  i n f l uence .  

M in ing  exper ience i n  t h i s  rock  t ype  
i s  t o  be i nves t i ga ted .  S i m i l a r  
m in ing  ventures wi  11 enable accurate 
c o s t  es t imat ing .  

Experiments i n v o l v i n g  exposure o f  
hos t  rock  specimens t o  c y c l i c  phys ica l  
CAES cond i t i ons  w i l l  i n v e s t i g a t e  
geochemical r eac t i ons  and thermo- 
phys i ca l  f a t i g u e .  
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Category 

e. Depth t o  cavern r o o f  

f. Excava t i  on methods 

g. A i r  l o s s  r a t e  

Req u  i remen t 

750 t o  8 5 9 , ~ ~  depending on t h e  tu rbo-  
machinery 

Excavat ion i s  t o  be performed t o  min imize 
c o s t  and p reserve  fo rmat ion  i n t e g r i t y  . 

A i r  l o s s  i s  n o t  t o  exceed one percen t  
du r i ng  t h e  d a i l y  s to rage  per iod .  

h. Compensated vs. uncompensated The r e s e r v o i r  w i l l  be water-compensated. 

i. Champagne e f f e c t  

Q u a l i f i c a t i o n  

A t  750 and 850 m, pressures of com- 
pensat ing water  columns w i l l  be 7.36 
and 8.34 MPa, r espec t i ve l y .  The 
h y d r o s t a t i c  head o f  t he  compensating 
water  column w i l l  determine t he  
ope ra t i ng  pressure.  

F ie1 d  exper ience wi  11 determine 
excava t ion  methods, e.g., smooth 
b l a s t i n g ,  bo r ing ,  e t c .  

I n i t i a l  a i r  i n j e c t i o n  experiments 
w i l l  q u a l i f y  t h e  cavern o r  d i s c l ose  
g l oba l  a i r  leakage i n s t a b i l i t y .  
Cavern boundaries may r e q u i r e  
s p e c i f i c  1  oad sea l i ng  o f  1  a rger  
s ca l e  f i s s u r e s  o r  o t h e r  permeable 
zones. 

Economics o f  excava t ion  r equ i r es  
minimum design volume. 

Uncon t ro l l ed  t r a n s i e n t s  r e s u l t i n g  f rom 
r a p i d  e v o l u t i o n  o f  d i s so l ved  a i r  i n  t h e  
compensating wa te r  column must be 
prevented. A U-bend below t h e  cavern 
bot tom whose depth equals  13% o f  t h e  
r e s e r v o i r  depth i s  one proposed s o l u t i o n .  

Numerical and exper imenta l  s tud ies  
a re  eva lua t i ng  t h e  magnitude of 
t h i s  e f f e c t .  Design countermeasures 
can be i nco rpo ra ted  i f  necessary. 
The c r i t i c a l  parameter i s  t he  concen- 
t r a t i o n  o f  a i r  i n  t h e  compensating 
water .  D a i l y  opera t ions  a re  no t  
l i k e l y  t o  be a f f ec ted .  Programmed 
opera t ions  a f t e r  l ong  a i r - charged  
shutdowns can p reven t  t h e  t r a n s i e n t  
behavior .  

'al~ecause o f  c u r r e n t  machinery l i m i t a t i o n s  and pressure losses d u r i n g  wi thdrawal ,  a  maximum pressure o f  7.61 MPa i s  
des i r ab l e .  Th i s  would r e q u i r e  a  cavern depth o f  777 m. 



Category 

j . Rock improvement measures 

k. Cavern l i f e  

1. Loca t ion  o f  genera t ion  
f a c i  1  i ty  

m. Charging pressure 

Operat ing Parameters 

a. Operat ing pressures 

Requirement 

L im i t ed  rock  improvement measures may 
i nc l ude  g rou t i ng ,  sho t c re t i ng ,  rock  
b o l t i n g  and rock  n e t t i n g .  

Cavern ope ra t i ng  1 i f e  i s  t o  be 30 years  
o r  longer ,  i .e. , about 10,000 cyc les .  

Cavern i s  t o  be l o c a t e d  w i t h i n  f e a s i b l e  
d is tance  o f  t h e  su r face  p l a n t .  

Q u a l i f i c a t i o n  

Rock improvement cos ts  may s e r i o u s l y  
impact CAES economics i f  rock  
qua1 i t y  r equ i r es  medium t o  heavy 
suppor t .  

Numerical and l a b o r a t o r y  t e s t s  o f  
t h e  hos t  rock  and cavern geometry 
should s imu la te  10,000 cyc les  t o  
v e r i f y  t h i s  l i f e .  

Ca l cu l a t i ons  o f  two-way p i pe  f r i c -  
t i o n ,  heat  l o ss ,  plumbing cos ts  wi 11 
a f f e c t  t h e  maximum h o r i z o n t a l  
d i s tance .  Ac tua t ion  t ime delay may 
be impor tan t .  

Maximum charg ing  pressure wi 11 be 12.0 The l e a s t  1  j t h o l o g i c  v e r t i c a l  
kPa per  meter o f  depth. Th is  number i s  pressure g rad i en t  w i l l  be 22.63 kPa 
determined by t h e  d i f f e r e n c e  between pe r  meter o f  depth. The h y d r o s t a t i c  
cavern and compensating r ese r vo i  r e l  eva- head w i l l  be about 10 kPa pe r  meter 
t i o n s  w i t h  al lowance f o r  system pressure o f  depth. 
drop, i n e r t i a l  displacement o f  water ,  and 
con t r o l  losses.  

Operat ing pressures wi  11 be n e a r l y  cons tan t  Design o f  su r face  p l a n t  t u rb i nes  w i l l  
f o r  a  p a r t i c u l a r  cavern, i .e., about 7.35 r e q u i r e  n e a r l y  cons tan t  pressure. 
t o  8.33 MPa f o r  r espec t i ve  cavern depths Maximum storage pressure wi  11 be 
o f  750 and 850 m. about 10.0 kPa pe r  meter o f  depth, 

which i s  equal t o  t h e  h y d r o s t a t i c  
pressure f o r  s l i g h t l y  s a l i n e  water.  



Category 

b. Opera t i  ng humi d i  ty 

Requi remen t 

Operat ing hum id i t y  wi 11 be determined by 
t h e  i n i t i a l  hum id i t y  o f  t h e  compressed 
a i r  and t h e  secondary added humid i t y  
caused by evapora t ion  o f  t h e  compensating 
water .  Th is  w i l l  be near  s a t u r a t i o n .  

c. I n l e t  a i r  temperature I n l e t  a i r  can vary  i n  temperature from 
30 t o  80°C. 

d. Compensating water  temperature Compensating water  may f l u c t u a t e  between 
0 and 30°C. 

A 

N e. I n j e c t i o n - w i  thdrawal c yc l e  Weekdays - up t o  24 hours o f  i n j e c t i o n  
and w i thdrawa l .  Weekend cyc les  may be 
somewhat longer .  W i l l  p rov i de  up t o  
12 hours o f  e l e c t r i c i t y  genera t ion  pe r  
weekday f o r  a  t y p i c a l  peaking cyc le .  

f. Compressive vs. t e n s i l e  Cavern design should ensure compressive 
s t resses  tangent  t o  t h e  cavern boundaries. 

g. Despressur i za t ion  O r d i n a r i l y  t h e  r e s e r v o i r  can n o t  be 
sub jec t  t o  r a p i d  depressur i za t ion .  

Q u a l i f i c a t i o n  

No s p e c i f i c  l e s s e r  humidi  t y  r equ i r e-  
ment has been i d e n t i f i e d .  

Temperature can be con t inuous ly  and 
redundant ly  measured a t  t h e  cavern 
crowns. 

Compensating water  temperature w i  11 
be determined by su r face  temperature, 
condui t / r o c k  temperature and CAES 
temperature. Temperature should be 
con t inuous ly  moni tored a t  severa l  
l e v e l s .  

Determined by e l e c t r i c a l  1 oad. 

Stressmeters and s t ra inmete rs  should 
be u t i l i z e d  a t  key l o c a t i o n s .  

Rapid dep ressu r i za t i on  cou ld  endanger 
cavern i n t e g r i t y .  I n  a  compensated 
cavern a i r  removal i s  accompanied by 
water  en t r y .  I n  t h e  event  o f  water  
exc lus ion ,  depressur i za t ion  should 
n o t  exceed 1 MPa pe r  hour.  



Category Requi rement 

h. Acci  den ta l  overcharg ing o r  Cavern s torage volumes must be s u f f i c i e n t  
over  decharg i  ng t o  meet t h e  p l a n t ' s  energy s to rage  r e q u i r e -  

ment w h i l e  a t  t h e  same t ime  p r o v i d i n g  
both a i r  and water  b u f f e r  volumes. B u f f e r  
a i r  and water  volumes must be s u f f i c i e n t l y  
l a r g e  t o  keep a i r  and water  v e l o c i t i e s  t o  
l e ss  than 1  mls.  

Qua1 i f i c a t i o n  

These volumes should be l a r g e  enough 
t o  keep water  and a i r  v e l o c i t i e s  t o  a  
minimum t o  1) preven t  e ros i on  o f  t h e  
cavern f l o o r  and subsequent p lugg ing  
o f  connect ing water  sha f t s ,  and 2 )  
p reven t  t h e  water  f rom be ing  churned 
such t h a t  water  p a r t i c l e s  become 
suspended i n  t h e  a i r  and c a r r i e d  
t o  t h e  t u r b i n e .  P o s i t i v e  water  
l e v e l  i n s t r umen ta t i on  w i l l  be 
p rov ided  . 
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CASE HISTORIES OF CAVERN AIR STORAGE 

The Flygmotor CAES cavern system near Trol lhat ten ,  Sweden is  used 

t o  supply compressed a i r  f o r  wind tunnel t e s t i ng  of a i r c r a f t  engines 

(Bergman, Lundberg, and Windelhed 1979). The system was excavated in a 

b i o t i t e  gneiss ic  rock mass a t  a depth of about 90 m during 1949-51 and 
3 

has a volume of approximately 12,000 m of usable storage.  The system 

i s  water-compensated and, due t o  the  low (3.8 m )  height of the  individual 

caverns, e s s en t i a l l y  provides a constant  a i r  pressure source. The 

cavi ty  i s  normally charged f i v e  t o  s i x  times a day and has experienced 

approximately 30,000 unload-load cycles s ince  construction.  

Following cav i ty  excavation, a t ightness  t e s t  was performed i n  

September 1951. The cavern was pressurized t o  830 kPa without water 

compensation and the  pressure drop was monitored f o r  24 hours. This 

t e s t  was repeated twice; the  r e s u l t s  a r e  1 i s t ed  below. 

Test No. Pressure Drop Air Leakage 
kPa/day %/day 

1 29.4 3.6 

2 27.0 3.3 

3 39.2 4.8 

A1 though these  a i r  leakage r a t e s  a r e  high and might we1 1 be unacceptable 

i n  most CAES appl ica t ions ,  they were acceptable t o  Flygmotor. 

An a i r  leakage niodel was developed and used t o  simulate the  a i r  

t ightness  t e s t  of the  Flygmotor CAES cavern system (Brandshaug and 

Fossum 1981 ). Quant i t a t ive ly ,  the  r e s u l t s  f o r  leakage were somewhat 

g rea te r  than ac tua l ly  occurred during the  t e s t s .  However, coef f i c ien t s  

of l a t e r a l  ea r th  s t r e s s  could not be obtained and had t o  be assumed 

based on typical  measured values i n  hard rock a t  a depth of about 100 m. 

Also, two values of permeability were avai lable .  The empirical perme- 

ab i l  i t y l s t r e s s  re la t ionsh ip  was derived w i t h  a bias toward the greater  



va lues  o f  permeabi 1  i ty. Q u a n t i t a t i v e l y ,  a i r  1  eakage s i m u l a t i o n s  made 

w i t h  t h e  use of  stress-dependent p e r m e a b i l i t y  r e l a t i o n s h i p s  showed t h a t  

t h e  c o e f f i c i e n t  of l a t e r a l  e a r t h  s t r e s s  had o n l y  m inor  i n f l u e n c e  on t h e  

volume of a i r  leakage. However, t h e  l o c a t i o n  of leakage i n  t h e  cavern 

i s  s t r o n g l y  dependent on t h e  i n  s i t u  s t r e s s  r a t i o ,  w i t h  t h e  h i ghe r  va lue  

g i v i n g  r i s e  t o  a  g r e a t e r  l o s s  o f  a i r  th rough  t h e  cavern w a l l s .  

Aberg (1977) and Lindblom e t  a1 (1977) have descr ibed  Swedish 

exper ience i n  s t o r i n g  LPG and a i r  i n  excavated r e s e r v o i r s .  Rock caverns 

must be t i g h t e r  f o r  LPG s to rage  than  f o r  compressed a i r  s torage.  Even 

so, a  l a r g e  number of  excavated compressed a i r  energy s to rage  chambers 

c o u l d  be used f o r  o n l y  s h o r t  t imes because o f  excess ive leakage. However, 

those  t h a t  had connec t ing  d r i f t s  as w e l l  as concre te  p lugs  t i g h t e n e d  

w i t h  water  l o c k s  c o u l d  be used t o  s t o r e  a i r  w i t h  pressures rang ing  f rom 

0.7 t o  1.2 MPa. The volumes o f  these  chambers ranged f rom 1000 t o  5000 
3 

m . The leakage f rom chambers cons t ruc ted  i n  t h i s  manner has been 

smal l ,  p rov ided  t h a t  t h e  sur round ing  r o c k  mass was n o t  d ra i ned  o f  water  

o r  app rec iab l y  a f f e c t e d  by t h e  m in ing  procedures. For  example, c a r e f u l  
3 

measurement o f  t h e  leakage o f  a  5000-m compressed a i r  chamber i n  t h e  

Z inkgruvan mine showed leakage o f  0.11% pe r  day a t  pressures rang ing  

f rom 0.7 t o  0.75 MPa. 

A r e c e n t l y  cons t ruc ted  Swedish underground s to rage  p l a n t  f o r  LPG 

was equipped w i t h  a  "water  c u r t a i n " ,  a  spec ia l  t i g h t e n i n g  arrangement 

us ing  w a t e r - f i l l e d  d r i l l h o l e s  above t h e  chamber r o o f s .  A l l  c racks  and 

pores i n  t h e  r o c k  mass surrounding the .cavern  a r e  f i l l e d  w i t h  wate r  a t  

a  p ressure  h i g h e r  than  t h e  gas p ressure  o f  t h e  s to rage  chamber. The 

f l o w  o f  wa te r  i n  t h e  r o c k  mass must be toward t h e  s to rage  chamber w i t h  a  

h y d r a u l i c  g r a d i e n t  g r e a t e r  than  1 .  To p reven t  d r a i n i n g  t h e  sur round ing  

r o c k  o f  wa te r  d u r i n g  excavat ion,  systems o f  d r i l l h o l e s  and d r i f t s  a r e  

ar ranged above and around t h e  chamber p r i o r  t o  b l a s t i n g .  T h i s  i n j e c t i o n  

system must then  be kep t  p ressu r i zed  w i t h  water .  

The gas t i g h t n e s s  o f  t h i s  s to rage  p l a n t  was t e s t e d  by p r e s s u r i z i n g  

i t  w i t h  a i r  and measuring t h e  pressure, temperature,  and hum id i t y  as a 



f u n c t i o n  o f  t ime. With t h e  use of these measurements, t h e  leakage r a t e s  

f o r  a 24-hour pe r i od  were c a l c u l a t e d  f o r  a i r  pressures o f  360, 500, and 

700 kPa. These leakage r a t e s  were determined t o  be 0.0059%, 0.0066%, and 

0.0071 % per  day, r e s p e c t i v e l y .  
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APPENDIX B 

POTOMAC ELECTRIC POWER COMPANY FEASIBILITY STUDY 

The f ind ings  o f  a major study, sponsored and f inanced j o i n t l y  by 

t h e  U.S. Department o f  Energy and the  E l e c t r i c  Power Research I n s t i t u t e  

(EPRI) , i n t o  the  techn ica l ,  economic and environmental f e a s i  b i  1 i t y  o f  

underground energy storage were presented by W i  11 e t t  and C u r t i s  (1  980). The 

program, undertaken under the  general d i r e c t i o n  o f  t h e  Potomac E l e c t r i c  

Power Company o f  Washington, D.C., was concerned w i t h  two energy storage 

concepts, underground pumped hydro (UPH) storage and compressed a i r  

energy storage (CAES). Both concepts r e q u i r e  l a r g e  caverns excavated i n  

rock  a t  depths ranging up t o  1500 m (5000 f t )  below ground 1 eve1 . 
T y p i c a l l y ,  t he  most economic pressures a t  which t o  s t o r e  the  a i r  l i e  

between 4.8 and 7.6 MPa (600 and 1100 p s i  ) .  A t  6.9 MPa (1000 p s i  ) t he  

volume o f  a i r  requ i red  t o  p rov ide  10,000 MW hours o f  s torage (1000 MW 
3 3 

f o r  10 h rs )  amounts t o  approximately 690,000 m (900,000 y d  ) . 

SITE INVESTIGATION 

The s i t e  i n v e s t i g a t i o n  program undertaken t o  assess the  subsurface 

cond i t i ons  was completed i n  two phases. The f i r s t  phase inc luded 10 

shal low boreholes t o  depths l e s s  than 30 m (100 f t )  and two a d d i t i o n a l  

boreholes completed t o  depths o f  150 m (500 f t ) .  The second phase 

comprised a s i n g l e  deep borehole t o  t h e  proposed cavern depth w i t h  

coni inuous core  recovery and logging,  determinat ion o f  phys ica l  and 

mechanical p r o p e r t i e s  o f  t h e  rock, geophysical logging,  pe rmeab i l i t y  

measurements, and i n - s i t u  s t ress  determinat ion us ing hyd rau l i c  f r a c t u r i n g  

(Wi l  l e t t  and C u r t i s  1980). 

The shal low d r i l l i n g  phase showed t h e  S y k e s v i l l e  boulder gneiss t o  

be o v e r l a i n  by 6 t o  23 m (20 t o  75 f t )  o f  r e s i d u a l  s o i i .  The upper 

zone o f  t h i s  cons i s t s  o f  medium-grained dense sandy s i l t  o v e r l y i n g  a 

h i g h l y  deconiposed rock  zone w i t h  gradual t r a n s i t i o n  t o  the  under ly ing  



Sykesv i l l e .  Rock cores (NX s i z e )  obta ined from the  two 152 m (500 f t )  

boreholes were o f t e n  ex t rac ted  i n  lengths  o f  3  m (10 f t )  and showed RQDs 

o f  75 t o  100%. I n  most areas below the  upper 30 m (100 f t )  o f  weathering 

t h e  h y d r a u l i c  c o n d u c t i v i t y  was measured t o  be t o  1  o - ~  cm/sec. The 

boulder  gneiss i s  i n t e n s e l y  f o l i a t e d  w i t h  the  plane o f  f o l i a t i o n  d ipp ing  

a t  between 60" and 70" t o  the  northwest.  

The pr imary  ob jec t i ves  of t he  deep borehole were t o  conf i rm the  

. ex is tence of t h e  Sykesv i l  l e  format ion t o  a  depth o f  1523 m (5000 f t )  and 

t o  determine t h e  s u i t a b i l i t y  o f  t h e  S y k e s v i l l e  f o r  t he  UPH o r  CAES 

f a c i l i t y .  Because of t h e  l i m i t e d  funds a v a i l a b l e  f o r  t h e  exp lo ra to ry  

program w i t h i n  t h e  terms of re fe rence o f  t he  o v e r a l l  study, i t  was 

decided t o  l i m i t  t h e  f i n a l  cored s i z e  o f  t h e  d r i l l  ho le t o  the  minimum 

requ i red  f o r  t h e  use o f  geophysical l ogg ing  and hydro f rac  equipment. A 

borehole diameter n o t  l e s s  than 75 mm (2.98 i n )  was t h e r e f o r e  se lec ted  

a f t e r  ex tens ive  d iscussions w i t h  d r i l l i n g  companies and geophysical 

equipment supp l i e rs .  However, d i f f i c u l t i e s  i n  main ta in ing  v e r t i c a l  

a l ignment  r e s u l t e d  i n  t e rm ina t i on  o f  t h e  ho le  a t  998 m (3274 f t )  measured 

a long the  borehole w i t h  a  d e v i a t i o n  o f  53" from v e r t i c a l .  This  corresponds 

t o  a  v e r t i c a l  d is tance o f  780 m (2556 f t )  below the  surface. 

Geophysical l ogg ing  was performed i n  the  uncased sec t i on  o f  t he  

borehole w i t h  measurement o f  r e l a t i v e  densi ty ,  na tu ra l  gamma r a d i a t i o n ,  

temperature, ho le  diameter and three-dimensional sonic  v e l o c i t y .  E l a s t i c  

p r o p e r t i e s  c a l c u l a t e d  f rom the.geophysica1 l ogg ing  shows a  modulus o f  

f rom 66 t o  83 MPa (9.5 t o  12 k s i )  and Poisson's  Rat io  o f  from 0.28 t o  

0.31. The temperature a t  t h e  base o f  t h e  ho le  was 23°C (73°F) w i t h  a  

thermal g rad ien t  o f  1.8"C/100 m ( l°F/lOO f t ) .  

Hyd rau l i c  f r a c t u r i n g  i n d i c a t e d  t h a t  t he  minimum s t ress  i n  the  p lane 

perpend icu la r  t o  t h e  borehole was 1.1 t imes the  weight o f  t he  overburden 

(yz)  and was o r i e n t e d  p a r a l l e l  t o  t h e  s t r i k e .  I n  t h e  same plane t h e  

maximum s t ress ,  perpend icu la r  t o  t h e  s t r i k e ,  was measured as 1.8 yz. 

A t  t h e  l o c a t i o n  o f  t h e  hyd rau l i c  f r a c t u r i n g  t e s t s ,  t he  borehole i s  

approximate ly  perpend icu la r  t o  t h e  p lane o f  f o l i a t i o n ,  so i t  i s  considered 



t h a t  t he  st resses measured a re  two of t he  p r i n c i p a l  s t resses w i t h  the  

t h i r d  l oca ted  p a r a l l e l  t o  t he  borehole. Ca lcu la t i on  o f  t h i s  minimum 

p r i n c i p a l  s t ress  us ing  t h e  assumption t h a t  the  v e r t i c a l  s t ress  i s  equal 

t o  t he  overburden pressure leads t o  a  negat ive  value. This  i s  obv ious ly  

n o t  t he  c o r r e c t  i n t e r p r e t a t i o n .  A more reasonable assumption would be 

t h a t  the  minimum p r i n c i p a l  s t ress  i s  equal t o  o r  somewhat l ess  than the  

in te rmed ia te  s t ress .  

I n i t i a l  t e s t i n g  o f  rock core from the  two 152-111 ( 5 0 0- f t )  boreholes 

showed h i g h l y  a n i s o t r o p i c  s t reng th  p rope r t i es .  Subsequently, the  t e s t i n g  

program was expanded t o  i nc lude  several t r i a x i a l  t e s t s  a t  var ious con f i n ing  

pressures and angles o f  confinement. The unconf ined compressive s t reng th  

ranged f rom a  low o f  57 MPa (8300 p s i )  w i t h  the  f o l i a t i o n  i n c l i n e d  a t  an 

angle o f  45" w i t h  t h e  maximum p r i n c i p a l  s t ress  t o  a  h igh  o f  100 MPa 

(14,600 p s i )  w i t h  an angle o f  f o l i a t i o n  o f  0  o r  90". 

GEOTECHNICAL CONSIDERATIONS 

For bo th  the  UPH and CAES schemes, t he  cavern arrangement cons is ts  

o f  a  se r ies  o f  l a r g e  p a r a l l e l  caverns connected a t  opposi te ends by 

water and a i r  c o l l e c t o r  tunnels. The p a r a l l e l  caverns a re  o r i en ted  i n  

t h e  most favorab le  d i r e c t i o n  geotechn ica l l y ,  which has been determined 

t o  be i n  a  northwest-southeast d i r e c t i o n .  These caverns w i l l  be p a r a l l e l  

w i t h  t h e  maxinium h o r i z o n t a l  s t ress .  Thus, s t ress  concentrat ions around 

t h e  caverns w i l l  be due t o  t h e  minimum ho r i zon ta l  s t ress  and v e r t i c a l  

s t ress  which a c t  i n  t h e  p lane o f  t h e  cross sec t ion .  A d d i t i o n a l l y ,  t he  

caverns w i l l  be perpendicular  t o  t h e  s t r i k e  ( o f  t h e  f o l i a t i o n ) ,  which i s  

genera l l y  considered t o  be t h e  opt imal  o r i e n t a t i o n  f o r  cons t ruc t i on  

(Wi 11 e t t  and C u r t i s  1980). 

Because t h e  l a r g e  caverns a r e  i n  t he  most favorab le  d i r e c t i o n  w i t h  

respect  t o  t h e  i n  s i t u  s t resses as w e l l  as the  f o l i a t i o n ,  t he  c o l l e c t o r  

tunnels w i l l  consequently be i n  t h e  l e a s t  favorab le  d i r e c t i o n  w i t h  respect  

t o  these two f a c t o r s .  Because of t h i s ,  and because t h e  several i n t e r s e c t i o n s  



will be located along the collector tunnels, these tunnels have been 

designed to  be smaller than the main para1 le l  storage caverns. 

A t  intersections there will be minimal confining s t ress  in the 

walls together w i t h  large s t r e s s  concentrations; therefore, s t a b i l i t y  

will very l ikely be a problem. These areas will require considerable 

support. The use of a few relat ively large caverns will reduce the 

number of intersections necessary. 

The quantity of a i r  leakage from the CAES caverns will be direct ly  

related t o  the rock mass permeability and will increase operational 

costs fo r  each system. As an example, a 2% per day a i r  leakage ra te  

would resu l t  in an additional annual levelized compression power cost in 

excess of $1,000,000. A 1  though re la t ive  to  permeability the Sykesvil l e  

should be considered a fractured medium on a global basis,  calculations 

can be based on the equivalent permeability of a homogeneous medium. 

The permeability tes t ing from the deep d r i l l i ng  program indicated an 
2 

average permeability less  than cm (hydraulic conductivity equals 
7 

lo-' cmlsec). Using these values of permeability, four models were used 

to  estimate the a i r  leakage ra te .  Leakage rates  ranged from a low of 

0.02% of the cavern volume per day, assuming one-dimensional flow, to  a 

high of 1.5% of the cavern volumes per day assuming three-dimensional 

flow with each cavern acting independently. These rates are considered 

acceptable without major remedial action. However, the cost estimate 

included provision fo r  grouting of any open joints that  may be found 

d u r i n g  excavation. 

Construction of the CAES scheme i s  estimated to  require 4-112 years. 

The en t i r e  underground cavern system could be completed in 4 years. 

I t  i s  estimated tha t  1-314 years will be required for  shaft  sinking and 

2-114 years for  cavern excavation. The cost of l ive  storage exclusive 

of shaft  costs i s  estimated to  be $53/m3 ($411yd3). All costs are  

quoted in June 1979 U.S. dollars (Willett  and Curtis 1980). 



NUMERICAL MODELING 

Brandshaug and Fossum (1981 ) modeled t h e  Potomac E l e c t r i c  Power 

Company (PEPCO) caverns us ing  bo th  i s o t r o p i c  and a n i s o t r o p i c  p r o p e r t i e s  

t o  c o n f i r m  t h e  a r c h i t e c t - e n g i n e e r i n g  r o c k  mechanics design. The use o f  

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

t h e  caverns s i g n i f i c a n t l y  compared t o  t h a t  i n v o l v i n g  i s o t r o p i c  e l a s t i c  

p r o p e r t i e s .  

A p p l i c a t i o n  of  a  gu ide  f o r  r e q u i r e d  a r t i f i c i a l  suppor t  ( t h a t  

cons iders  t h e  e l a s t i c  s t r e s s  s t a t e  o n l y )  suggested no suppor t  would be 

needed f o r  t h e  cavern wa l l s ;  l i g h t  suppor t  such as r o c k  b o l t s ,  w i r e  mesh, 

and s h o t c r e t e  would be r e q u i r e d  f o r  t h e  cavern r o o f .  

T h i s  requi rement  was conf i rmed by t h e  r e s u l t s  o f  t h e  f a i l u r e  analyses, 

which showed l i m i t e d  f a i l u r e  a long  j o i n t s  i n  t h e  r o o f  and t h e  f l o o r .  

The t he rmoe las t i c  a n a l y s i s  r evea led  no t e n s i l e  s t resses .  

The o v e r a l l  PEPCO a n a l y s i s  s t r o n g l y  i n d i c a t e s  t h a t  cavern s t a b i l i t y  

can be ma in ta ined  w i t h  a  minimum requi rement  o f  a r t i f i c i a l  suppor t  bo th  

be fo re  and d u r i n g  CAES opera t ions .  

I n  genera l ,  t h i s  program showed t h a t  adequate i n f o r m a t i o n  i s  

a v a i l a b l e  t o  enable des ign  o f  an underground opening w i t h  t h e  s ize,  

shape, and depth r e q u i r e d  o f  a  CAES cavern. T h i s  i n f o r m a t i o n  i s  based 

on a  combinat ion o f  numer ica l  model ing and precedent  cons idera t ions .  

The des ign  methodology can p r o v i d e  a  gu ide  t o  suppor t  requi rements f o r  

caverns o f  d i f f e r e n t  shapes. The des ign  assumes excava t ion  i n  a  r o c k  

mass w i t h  r e l a t i v e l y  w e l l - q u a n t i f i e d  r o c k  p r o p e r t i e s  and assoc ia ted  

geo techn ica l  c h a r a c t e r i s t i c s .  
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