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Preface 

Although the t o t a l  amount o f  water on ea r th  i s  genera l ly  assumed t o  have remained v i r t u a l l y  
constant, the r a p i d  growth of populat ion,  together w i t h  t he  extension of i r r i g a t e d  a g r i c u l t u r e  
and i n d u s t r i a l  development, are s t ress ing  the q u a n t i t y  and q u a l i t y  aspects o f  the n a t u r a l  
system. Because o f  t h e  i nc reas ing  problems, man has begun t o  r e a l i z e  t h a t  he can no longer 
fo l l ow  a "use and discard" phi losophy--ei ther w i t h  water resources o r  any other n a t u r a l  
resource. As a r e s u l t ,  t h e  need f o r  a consis tent  p o l i c y  o f  r a t i o n a l  management o f  water 
resources has become evident.  

Rat ional  water management, however, should be founded upon a thorough understanding o f  
water a v a i l a b i l i t y  and movement. Thus, as a c o n t r i b u t i o n  t o  t h e  s o l u t i T x r o f - t h e  wor ld 's  water 
problems, Unesco, i n  1965, began the  f i r s t  world-wide programme o f  s tud ies  o f  t he  hyd ro log i ca l  
cycle--the I n t e r n a t i o n a l  Hydro log ica l  Decade ( IHD) . The research programme was complemented by 
a major e f fo r t  i n  the  f i e l d  of  hyd ro log i ca l  education and t r a i n i n g .  The a c t i v i t i e s  undertaken 
during the  Decade proved t o  be of great  i n t e r e s t  and value t o  Member States. By the  end o f  
t h a t  per iod,  a m a j o r i t y  of Unesco's Member States had formed IHD Na t iona l  Conmiittees t o  ca r ry  
out  re levan t  n a t i o n a l  a c t i v i t i e s  and t o  p a r t i c i p a t e  i n  r e g i o n a l  and i n t e r n a t i o n a l  co-operation 
w i t h i n  the IHD programme. The knowledge o f  the wor ld 's water resources had s u b s t a n t i a l l y  
improved. Hydrology became widely  recognized as an independent p ro fess iona l  op t i on  and 
f a c i l i t i e s  f o r  t he  t r a i n i n g  o f  hyd ro log i s t s  had been developed. 

Conscious of  t he  need t o  expand upon the  e f f o r t s  i n i t i a t e d  during the  I n t e r n a t i o n a l  
Hydro log ica l  Decade and, f o l l ow ing  the recommendations o f  Member States, Unesco, i n  1975, 
launched a new long-term intergovernmental  programme, the  I n t e r n a t i o n a l  Hydro log ica l  Programnie 
(IHP), t o  f o l l o w  the  Decade. 

Although the IHP i s  b a s i c a l l y  a s c i e n t i f i c  and educat ional  programme, Unesco has been 
aware f r o m  the  beginning o f  a need t o  d i r e c t  i t s  a c t i v i t i e s  toward the p r a c t i c a l  so lu t i ons  Of 

the wor ld 's very r e a l  water resources problems. Accordingly, and i n  l i n e  w i t h  t he  
recommendations of  the 1977 Uni ted Nations Water Conference, t h e  ob jec t i ves  of t h e  
I n t e r n a t i o n a l  Hydro log ica l  Programme have been g radua l l y  expanded i n  order t o  cover no t  on ly  
hyd ro log i ca l  processes considered i n  i n t e r r e l a t i o n s h i p  w i t h  t he  environment and human 
a c t i v i t i e s ,  but a l s o  the s c i e n t i f i c  aspects o f  mult i-purpose u t i l i z a t i o n  and conservat ion of  
water resources t o  meet the  needs of economic and s o c i a l  development. Thus, wh i l e  mainta in ing 
IHP' s s c i e n t i f i c  concept, t he  ob jec t i ves  have s h i f t e d  p e r c e p t i b l y  towards a m u l t i d i s c i p l i n a r y  
approach t o  the assessment, p lanning, and r a t i o n a l  management o f  water resources. 

AS p a r t  of Unesco's c o n t r i b u t i o n  t o  the ob jec t i ves  o f  t he  IHP, two p u b l i c a t i o n  se r ies  are 
issued: "Studies and Reports i n  Hydrology" and "Technical Papers i n  Hydrology. I n  a d d i t i o n  
t o  these publ icat ions,  and i n  order t o  expedi te exchange o f  i n fo rma t ion  i n  the  areas i n  which 
i t  i s  most needed, works o f  a p r e l i m i n a r y  nature are issued i n  the form o f  Technical  Documents- 

The purpose o f  t h e  con t inu ing  se r ies  "Studies and Reports i n  Hydrology" t o  which t h i s  
volume belongs, i s  t o  present  data co l l ec ted  and t h e  main r e s u l t s  o f  hyd ro log i ca l  studies, as 
w e l l  as t o  prov ide i n fo rma t ion  on hyd ro log i ca l  research techniques. The proceedings o f  
symposia are a l so  sometimes included. I t  i s  hoped t h a t  these volumes w i l l  f u r n i s h  m a t e r i a l  of 
both p r a c t i c a l  and t h e o r e t i c a l  i n t e r e s t  t o  water resources s c i e n t i s t s  and a l s o  t o  those 
involved i n  water resources assessments and t h e  p lanning f o r  r a t i o n a l  water resources 
management. 
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Joseph F. Poland o f  U.S. Geological  Survey stands near bench mark S661 southwest of  Mendota i n  
the  San Joaquin Val ley,  C a l i f o r n i a .  The bench na rk  s i t e  subsided 9m from 1925 t o  1977, because 
o f  i n t e n s i v e  wi thdrawal o f  ground water. Signs on the power p o l e  i n d i c a t e  the  respect ive posi-  
t i o n s  o f  the l and  surface i n  1925, 1955, and 1977. 
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Part I 
Manual. 
The occurrence, measurement, mechanics, prediction, and 
control of subsidence 



1 
Hydrological Programme 

Introduction, by Working Group 8.4, International 

1.1 BACKGROUND INFORMATION 

The increas ing e x p l o i t a t i o n  o f  ground water, espec ia l l y  i n  basins f i l l e d  w i t h  unconsol idated 
a l l u v i a l ,  l acus t r i ne ,  o r  shal low marine deposits, has as one o f  i t s  consequences t h e  s i n k i n g  o r  
set t lement o f  t he  l and  surface--land subsidence (see Glossary, Appendix D). 

The occurrence o f  major l a n d  subsidence due t o  the  wi thdrawal o f  ground water i s  r e l a t i v e l y  
comon i n  h i g h l y  developed areas. Case s tud ies on l a n d  subsidence and on remedial  measures 
taken w i l l  be u s e f u l  f o r  developing areas f a c i n g  s i m i l a r  problems i n  t h e  fu ture.  

The problems o f  l a n d  subsidence were i nc luded  i n  t h e  programme o f  t h e  I n t e r n a t i o n a l  
Hydro log ica l  Decade. During t h e  Decade the  major a c t i o n  w i t h  respect t o  l a n d  subsidence was 
the organizat ion o f  t h e  I n t e r n a t i o n a l  Symposium on Land Subsidence h e l d  i n  Tokyo i n  1969. The 
subject  has a l s o  been r e t a i n e d  under t h e  framework of t h e  I n t e r n a t i o n a l  Hydro log i ca l  Programe 
and inc luded i n  the work p l a n  f o r  the f i r s t  phase o f  t he  Programme (1975-1980) as IHP 
subproject  8.4. 

I n  A p r i l  1975, t h e  Intergovernmental Counci l  f o r  t he  I n t e r n a t i o n a l  Hydro log ica l  Programme, 
a t  i t s  f i r s t  session i n  Par is,  estab l ished a Working Group f o r  coo rd ina t i on  o f  IHP subproject  
8.4, " I nves t i ga t i on  on l a n d  subsidence due t o  ground-water exp lo i t a t i on . "  The Working Group 
members are l i s t e d  below. I n  addi t ion,  A. I. Johnson, Vice Pres ident  o f  t h e  I n t e r n a t i o n a l  
Associat ion o f  Hydro log ica l  Sciences, was the  designated l i a i s o n  from t h a t  i n t e r n a t i o n a l  
organizat ion.  

UNESCO Working Group on Land Subsidence 

Due t o  Ground-water Withdrawal 

M r .  Joseph F. Poland, Chairman 
U.S. Geological  Survey 
Fùn. W-2528, Federal  B u i l d i n g  
2800 Cottage Way 
Sacramento, C a l i f o r n i a  95825 

M r .  A. I van  Johnson 
Representative o f  IAHS 
Woodward-Clyde Consul tants 
2909 West 7 t h  Avenue 
Denver, Colorado 80204 

Mr.  German Figueroa Vega Mr .  Soki  Yamamoto 
Comision de Aguas de V a l l e  de México Rissho U n i v e r s i t y  
Balderas No. 55-20. Piso. 4-2-16 Osaki, Shingawa-ku 
Mexico 1, D.F. Tokyo 141, Japan 

MS. Laura Carbognin 
Nat ional  Research Counci l  
1364 San Polo 
Venice, I t a l y  30125 

1.2 PURPOSE AND SCOPE OF GUIDEBOOK 

The group was asked t o  prepare a guidebook on subsidence due t o  ground-water withdrawal, pay ing  
p a r t i c u l a r  a t t e n t i o n  t o  measures t o  c o n t r o l  and a r r e s t  subsidence, t he  use o f  a r t i f i c i a l  re -  
charge, and the  repressur ing o f  aqui fers .  The goal  was t o  produce a guidebook t h a t  w i l l  serve 
as a guide t o  engineers, geologists,  and hyd ro log i s t s  faced w i t h  the problem o f  l a n d  subsidence, 
p a r t i c u l a r l y  i n  developing countr ies.  They may be asked t o  answer the quest ions o f  whether l a n d  
subsidence i s  occurr ing,  i f  so, where and a t  what ra te,  t h e  cause o r  causes, and what can be 
done t o  s top i t  o r  a t  l e a s t  slow i t  down. The guidebook should be o f  assistance i n  p lanning 
and undertaking the  f i e l d  studies.  

3 
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The f i r s t  session o f  t he  Working Group was h e l d  i n  December 1976 i n  connection w i t h  t h e  
Second IAHS-UNESCO I n t e r n a t i o n a l  Symposium on Land Subsidence i n  Anaheim, C a l i f o r n i a .  A t  t h a t  
meeting t h e  group d r a f t e d  the  general  o u t l i n e  o f  t h e  guidebook and decided on t h e  d i s t r i b u t i o n  
o f  work. 

The guidebook i s  organized i n  two pa r t s .  Pa r t  I i s  a manual o f  seven chapters on t h e  
occurrence, measurement, mechanics, p red ic t i on ,  and c o n t r o l  o f  l a n d  subsidence due t o  ground- 
water withdrawal. 

P a r t  II i s  a se r ies  o f  i n v i t e d  case h i s t o r i e s  o f  l a n d  subsidence due t o  ground-water 
withdrawal, prepared by i n d i v i d u a l  authors. The f i r s t  chapter i n  P a r t  II (Chapter 8 )  i s  a 
b r i e f  d iscussion o f  o t h e r  types O €  l and  subsidence w r i t t e n  by Ms. A l i c e  Al len.  Subsidence may 
occur from many other  causes than withdrawal o f  ground water. Some occurrences are due t o  
n a t u r a l  causes and some are the work o f  man. Anyone i n v e s t i g a t i n g  subsidence due t o  ground- 
water wi thdrawal should have a t  l e a s t  an elementary knowledge o f  other types o f  subsidence and 
the  geologic environments i n  which they are l i k e l y  t o  occur. Although the  present d iscuss ion by 
Ms. A l l e n  i s  b r i e f ,  i t  conta ins 62 references, which should prove very h e l p f u l  t o  t h e  reader who 
wishes t o  l e a r n  more about any p a r t i c u l a r  subsidence process. 

The second chapter i n  P a r t  II (Chapter 9 )  cons i s t s  o f  1 5  case h i s t o r i e s  o f  subsidence due 
t o  ground-water withdrawal, prepared by i n d i v i d u a l  authors. These case h i s t o r i e s  cover a wide 
range o f  condi t ions and magnitudes o f  subsidence. O f  t he  occurrences described, 1 2  are areas 
o f  ground-water wi thdrawal f o r  use and 3 represent condi t ions where ground water i s  withdrawn 
as a s tep i n  ob ta in ing  a resource. These are Latrobe Val ley,  A u s t r a l i a  (wi thdrawal  t o  pe rm i t  
mining brown coa l ) ,  N i igata,  Japan (wi thdrawal t o  o b t a i n  n a t u r a l  gas), and Wairakei, New Zealand 
(wi thdrawal o f  ho t  water f o r  geothermal power). 

It has been prepared as a j o i n t  e f f o r t  o f  t he  Working Group members. 

1.3 OCCURRENCE OF SUBSIDENCE 

The c h i e f  source o f  i n fo rma t ion  on areas o f  l a n d  subsidence due t o  ground-water wi thdrawal i s  
the Questionnaire on Land-Subsidence Occurrence, Research, and Remedial Work t h a t  was d i s t r i -  
buted worldwide i n  1975-78 by A. I. Johnson, then President o f  t h e  I n t e r n a t i o n a l  Commission of 
Subsurface Water o f  IAHS. The r e s u l t s  o f  t h i s  survey a re  being compiled f o r  p u b l i c a t i o n  by 
UNESCO and IAHS. Other sources o f  data are (1) t h e  1 5  case h i s t o r i e s  i n  Par t  II o f  t h i s  case- 
book, ( 2 )  the Proceedings o f  the 1 s t  I n t e r n a t i o n a l  Symposium on Land Subsidence h e l d  i n  Tokyo, 
Japan, i n  September 1969, and ( 3 )  t he  Proceedings o f  t he  2nd I n t e r n a t i o n a l  Symposium on Land 
Subsidence h e l d  i n  Anaheim, C a l i f o r n i a ,  i n  December 1976. 

Table 1.1, based on t h e  i n fo rma t ion  l i s t e d  above, summarizes in format ion on 42 subsidence 
areas worldwide, o f  which 18 are i n  the Uni ted States and 10 are i n  Japan (Figure 1.1). 
Actual ly ,  Japan has t h e  l a r g e s t  number o f  subsiding areas o f  any country. According t o  
Yamamoto (1977, p. 9 and Figure 21,  t he  number o f  subsiding areas i n  Japan has reached 40 and 
i s  s t i l l  increasing. Most o f  t he  subsidence i s  due t o  ground-water wi thdrawal from t h i c k l y  
populated topographica l ly  low areas border ing the  ocean. O n l y  the 1 0  c h i e f  subsidence areas i n  
Japan due t o  ground-water wi thdrawal are repor ted i n  Table 1.1 and shown i n  Figure 1.1. A l l  of 
these border the ocean. 

I n  terms o f  v e r t i c a l  magnitude, the subsiding areas l i s t e d  i n  Table 1.1 range from 
repor ted  minor casing p r o t r u s i o n  i n  Bangkok, Thailand, and 0.15 m o f  subsidence i n  Venice, 
I t a l y ,  t o  1 5  m i n  the  Cheshire d i s t r i c t  o f  Great B r i t a i n  where rock s a l t  has been mined by 
s o l u t i o n  s ince Roman times. As a r e s u l t  o f  man-induced sinkhole development i n  carbonate 
ter rane i n  Alabama, we even have a repor ted maximum of 37 m. The a r e a l  ex ten t  o f  subsidence, 
worldwide, ranges from 10 km2 i n  the San Jac in to  Va l l ey  t o  13,500 km2 i n  the  San Joaquin 
Val ley,  both i n  C a l i f o r n i a  (USA). 

F igure 1.2 shows the  geographic l o c a t i o n  o f  t he  1 7  areas i n  the Uni ted States (exc lus ive 
o f  t he  Alabama s inkhole area) on a map o f  conterminous Uni ted States. Subsidence of t he  land 
surface i n  t h e  1 7  areas ranges from 0.3 m a t  Savannah, Georgia t o  9 m on t h e  west s ide o f  the 
San Joaquin Val ley (Los Banos-Kettleman C i t y  area) i n  C a l i f o r n i a  (F igure 1.3). Subsidence 
exceeding 1 metre occurs i n  fou r  States: Texas, Arizona, Nevada, and C a l i f o r n i a .  The a r e a l  
extent  ranges from 1 0  km2 i n  San Jac into Val ley,  Ca l i f o rn ia ,  t o  13,500 km2 i n  the  San 
Joaquin Val ley.  C a l i f o r n i a  i s  t h e  State rank ing number one f o r  the dubious honor o f  having the 
l a r g e s t  area o f  subsidence--about 16,000 km2. Close behind i s  Texas w i t h  12,000 km2; and 
Arizona i s  th i rd  w i t h  2,700 km2. 
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Figure 1.1 Chief subsidence areas i n  Japan. 
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Figure 1 . 2  Areas o f  land subsidence from ground-water withdrawal, USA. 
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Figure 1.3 Magnitude of land subsidence from ground-water withdrawal, USA (number i n  column 
represents area i n  square ki lometres).  
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I n  troàuc tion 

1 . 4  GEOLOGICAL ENVIRONMENTS OF OCCURRENCE 

Subsidence due t o  ground-water withdrawal develops p r i n c i p a l l y  under two contrasting environ- 
ments and mechanics. One environment i s  that  of  carbonate rocks over la in  by unconsolidated 
deposits, or o l d  sinkholes f i l l e d  wi th  unconsolidated deposits, tha t  receive buoyant support 
from the ground-water body. When the water table  i s  lowered, the buoyant support removed, and 
the hydraulic gradient increased, the unconsolidated mater ia l  may move downward i n t o  openings 
i n  the underlying carbonate rocks, sometimes causing catastrophic collapses o f  the roof.  I n  
Alabama, according t o  J. G. Newton (1977 and Chapter 9.11), an estimated 4,000 man-induced sink- 
holes have formed since 1900 i n  contrast t o  less than 50 na tura l  collapses. I n  the United 
States manmade sinkhole occurrence i s  common i n  carbonate terranes from F lor ida  t o  Pennsyl- 
vania, numbering many thousands. The ind iv idua l  sinkhole area i s  small, however, the diameter 
usually ranging from 1 t o  100 m ( S t r i n g f i e l d  and Rapp, 1 9 7 7 ) .  Carbonate terrane susceptible t o  
sinkhole formation when the water table  i s  lowered occurs i n  many par ts  o f  the world. I n  
populated areas the formation o f  sinkholes can produce a var ie ty  of problems re la ted  t o  the 
maintenance o f  manmade structures and the p o l l u t i o n  of water supplies. Newton discusses some 
of  these problems i n  Chapter 9.11. The o v e r a l l  subject i s  broad and beyond the scope o f  t h i s  
guidebook . 

The other environment and by f a r  the most extensive occurrence i s  tha t  o f  young unconsoli- 
dated or semiconsolidated c l a s t i c  sediments of  high porosity l a i d  down i n  a l l u v i a l ,  lacustr ine ,  
or shallow marine environments. Almost a l l  the subsiding areas included i n  Table 1.1 are  under- 
l a i n  by semiconfined or confined aquifer systems containing aquifers of  sand and/or grave l  o f  
high permeabil i ty and low compressibil i ty,  interbedded wi th  clayey aquitards o f  low v e r t i c a l  
permeabil i ty and high compressibil i ty under v i r g i n  stresses. A l l  the compacting deposits were 
normally loaded, or  approximately so, before man applied stresses exceeding preconsolidation 
stress. These aquifer systems compact i n  response t o  increased e f f e c t i v e  stress caused by 
artesian-head decline i n  the coarse-grained aquifers and time-dependent pore-pressure reduction 
i n  the fine-grained compressible aquitards, causing land-surface subsidence. 

O f  the p r i n c i p a l  c lay  minerals--montmorillonite, i l l i t e ,  and kaolinite--montmoril lonite i s  
the most compressible. Montmorillonite i s  the predominant c lay  mineral i n  the compacting 
aquifer systems i n  southwestern United States--California (Meade, 1967), south-central Arizona 
(Poland, 1968), and Texas (Cor l iss  and Meade, 1964)--also i n  Mexico C i t y  (Marsal and Mazari, 
1959). Montmorillonite comprises 60 t o  80 per cent of the clay-mineral assemblage i n  each o f  
these areas. I l l i t e  i s  the chief  c lay  mineral i n  the Taipei  basin (Hwang and Wu, 1969), and i n  
the Quaternary deposits i n  Tokyo (Tokyo Metropolitan Govt., 1969). 

Another occurrence of subsidence due t o  ground-water withdrawal tha t  i s  not represented i n  
Table 1.1 has developed a t  many s i t e s  i n  Sweden and Norway and probably i n  other g lac iated areas 
of similar geologic and hydrologic environments. According t o  Broms, Fredriksson, and Carlsson 
(1977),  most o f  the bedrock i n  Sweden i s  c r y s t a l l i n e  rock, favorable for construction o f  under- 
ground structures, especia l ly  tunnels, because of high strength and because loose and weathered 
par ts  have been removed by the g lac ia t ion .  Af ter  the l a t e s t  g lac ia t ion ,  c lay  and s i l t  were 
deposited on a t h i n  layer  of  t i l l  or sand and gravel  rest ing on the bedrock surface, especia l ly  
i n  bedrock depressions that  commonly are ind ica t ive  of tectonic zones deepened by the ice.  The 
areas covered wi th  c lay  are small but the urban regions are mostly i n  these areas. Deep tunnels 
cut t ing through tectonic zones ac t  as drains, lowering the pore-water pressure f i r s t  i n  the 
pervious bottom layers  (confined aqui fers) ,  and then gradually (over a period of years) i n  the 
overlying c lay  layer.  Broms and others (1977) describe damages cause by t h i s  type o f  Subsidence 
and steps tha t  can be taken t o  mi t iga te  or prevent the subsidence. They can be summarized as 
follows : 

1. Before the construction o f  a tunnel, by avoiding areas which can be af fected by 
subsidence : 

2. During the construction, by pregrouting; 

3. After the construction, by grouting, i n  order t o  reduce the leakage or by a r t i f i c i a l  
i n f i l t r a t i o n  of  water t o  maintain the pore pressure i n  the compressible layers .  

Moreover i t  i s  o f ten  possible t o  decrease the subsidence i n  s o f t  clays by preloading. I t  i s  
also possible t o  preload the compressible layers  i n  advance by temporarily lowering the ground- 
water l e v e l  by pumping from deep wells.  
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1.5 PROBLEMS AND REMEDIAL STEPS 

P r i n c i p a l  problems caused by the subsidences l i s t e d  i n  Table 1.1 are (1) d i f f e r e n t i a l  changes i n  
e leva t ion  and gradient  o f  stream channels, drains, and water-transport structures, (2 )  f a i l u r e  
o f  water-well casings due t o  compressive stresses generated by compaction o f  aquifer systems, 
( 3 )  t i d a l  encroachment i n  lowland coastal  areas, and (4) i n  areas o f  intensive Subsidence, 
development o f  tensional  or  compressional s t r a i n  i n  engineering structures. Addit ional d e t a i l s  
on problems are discussed i n  the case h i s t o r i e s  of  Chapter 9. 

Remedial or pro tec t ive  measures o f  some sort  have been taken i n  10 of the 1 5  case-history 
areas and 30 o f  the 4 2  areas l i s t e d  i n  Table 1.1. The various steps t h a t  have been taken t o  
cont ro l  or ameliorate subsidence w i l l  be discussed i n  Chapter 7. The methods employed and the 
r e s u l t s  a t ta ined  should be o f  i n t e r e s t  t o  anyone facing a subsidence problem due t o  water-level 
decl ine from overpumping. I n  Par t  I o f  t h i s  guidebook, frequent reference w i l l  be made t o  
per t inent  case h is tor ies .  
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2 Field measurement of deformation, by Joseph F. 
Poland, Soki Yamamoto, and Working Group 

2.1 INTRODUCTION 

Decline o f  t h e  water l e v e l  i n  we l l s  causes increase i n  e f f e c t i v e  s t ress-- that  i s ,  increase i n  
the p a r t  o f  t he  overburden load  t h a t  i s  supported by the  sediments be ing stressed. The 
r e s u l t i n g  s t r a i n  i s  p r i m a r i l y  expressed as a v e r t i c a l  shortening o r  compaction o f  t he  stressed 
sediments and consequent subsidence o f  the l a n d  surface. Hor i zon ta l  displacement a l s o  occurs 
but i n  a lesser  amount. 

In  t h i s  chapter we w i l l  describe b r i e f l y  the methods used f o r  measuring v e r t i c a l  d isplace- 
ment o f  t he  l a n d  surface (subsidence o r  u p l i f t ) ,  v e r t i c a l  displacement o f  subsurface deposi ts 
(compaction o r  expansion), h o r i z o n t a l  displacement o f  the l and  surface, and h o r i z o n t a l  d is-  
placement o f  subsurface deposits. 

2.2 VERTICAL DISPLACEMENT 

2.2.1 Precise l e v e l i n g  by s p i r i t  l e v e l i n g  

The e leva t i on  o f  bench marks a t  l and  surface commonly i s  determined by p rec i se  l eve l i ng ,  us ing  
an engineer 's l e v e l  and a l e v e l  rod. This i s  t h e  most p r a c t i c a l  method f o r  measuring v e r t i c a l  
displacement o f  bench marks i n  moni tor ing subsidence. Equipment and procedures are descr ibed 
b r i e f l y  i n  most engineer's handbooks and i n  d e t a i l  i n  "The Manual o f  Geodetic Level ing"  
(Rappleye, 1948). Once a network o f  bench marks has been establ ished and surveyed by p rec i se  
l eve l i ng ,  a second survey a t  some l a t e r  date w i l l  show whether v e r t i c a l  movement has occurred, 
where, and how much. 

The bench-mark ne t  should be designed t o  cover the area known o r  suspected t o  be subsiding, 
and t o  extend i n t o  a broader reg iona l  network a t  two o r  t h ree  reference bench marks assumed t o  
be s tab le  because they are on bedrock o r  f o r  some other  reason. The bench-mark n e t  can be t i e d  
t o  a t i d a l  bench mark i f  the  subsiding area i s  near the  seacoast. Spacing o f  bench marks i n  t h e  
ne t  i s  normal ly i n  the range of 400 t o  1,000 m, but may be much c lose r  i n  areas o f  s p e c i a l  i n -  
t e r e s t ,  such as t i e s  t o  s t ructures,  o r  a c l o s e l y  spaced se t  o f  bench marks t o  de f i ne  movement on 
surface f a u l t s .  Bench marks should be p laced where danger o f  des t ruc t i on  i s  minimal. They are 
i n s t a l l e d  as permanent marks t h a t  i n  the  pas t  u s u a l l y  have consis ted o f  a brass cap, s u i t a b l y  
i d e n t i f i e d ,  and grouted i n t o  a concrete b lock o r  post,  i n t o  bedrock, o r  at tached securely t o  
the  t o p  o f  a p ipe  o r  rod. As the need f o r  greater  accuracy and f o r  e l i m i n a t i n g  s u r f i c i a l  
disturbances has increased , "deep-seated" bench marks are being i n s t a l l e d  i n  inc reas ing  
numbers. They cons is t  o f  rods 5 t o  1 0  m long, d r i v e n  i n t o  t h e  ground and p ro tec ted  by an outer  
sleeve through the top  3-4 m, the zone o f  s u r f i c i a l  disturbances (such as frost-heave, 
dessicat ion,  swel l ing,  ox idat ion,  r o o t  growth, and animal burrowing). This type o f  cased-rod 
bench mark i s  p a r t i c u l a r l y  w e l l  s u i t e d  f o r  use i n  moni tor ing areas o f  present o r  p o t e n t i a l  l a n d  
subsidence where annual e leva t i on  changes o f  a few mm may be o f  i n t e r e s t  i f  they represent 
e l a s t i c  response o f  an aqu i fe r  system, but should be e l iminated i f  they represent s u r f i c i a l  
disturbance. 

To reduce vandalism, a mark t h a t  i s  l e s s  obvious than a brass cap should be used. A 
convex-headed b o l t  o r  pin, p r o j e c t i n g  a few nun above t h e  concrete o r  pipe-cap, o r  a carr iage 
b o l t  w i t h  a nut on the embedded end can be used. The bench-mark designat ion can be sc r ibed  i n  
the concrete before i t  hardensa l  

D e t a i l  on i n s t a l l a t i o n  and p r o t e c t i n g  o f  bench marks i s  ava i l ab le  i n  a p u b l i c a t i o n  o f  t he  
Nat ional  Oceanic and Atmospheric Admin is t ra t ion (NOAA). Rockv i l l e  , MD, USA 20852. E n t i t l e d  
Geodetic bench marks, by R. P. Floyd, i t  i s  NOM Manual NOS NGS1, 1978, 50 pages. 
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Near-surface deposi ts may con ta in  organic ma te r ia l s  subject  t o  b a c t e r i a l  decomposition and 
consequent set t lement o f  the l and  surface when the water t a b l e  i s  lowered i n  order t o  grow 
crops. Such cond i t i ons  e x i s t  i n  the  pea t  beds o f  t h e  Fens i n  England, i n  t h e  F l o r i d a  Everglades 
(Stephens and Johnson, 1951), and i n  t h e  Sacramento-San Joaquin De l ta  i n  C a l i f o r n i a  (Weir, 
1950). I n  such areas, bench marks i n s t a l l e d  t o  measure change i n  e leva t i on  of subjacent 
deposi ts  should be rods or  p ipes d r i v e n  f i r m l y  i n t o  the  subjacent deposi ts and p re fe rab ly  pro-  
t e c t e d  from change i n  the  thickness o f  t h e  o v e r l y i n g  organic deposi ts by an ou te r  p i p e  sleeve. 
Furthermore, s t ruc tu res  t h a t  extend down t o  t h e  subjacent deposits, such as b r idge  p i e r s  o r  
t i d a l  gages, can serve as s i t e s  f o r  t he  establ ishment o f  a d d i t i o n a l  bench marks. 

F igu re  2.1 shows the network o f  l e v e l  l i n e s  establ ished by the Uni ted States Coast and Geo- 
d e t i c  Survey (now Na t iona l  Geodetic Survey) i n  the  subsidence area o f  t he  Santa Clara Val ley i n  
no r the rn  C a l i f o r n i a .  Th is  network, which i s  400 km long, was f i r s t  l eve led  i n  1934 and has 
been re leve led  11 t imes since then. Note t h a t  three transverse l i n e s  extend southwest i n t o  
consol idated rock and across the  well-known San Andreas f a u l t ,  and three extend east across the 
Hayward f a u l t .  Both f a u l t s  are act ive.  

I n  bench-mark surveys o f  subsiding areas, t he  l e v e l i n g  may be o f  f i r s t  o r  second order. 
F i r s t  order c lass  I l e v e l i n g  i s  double run and requi res t h a t  t h e  a l lowable discrepancy between 
dup l i ca te  l i n e s  does n o t  exceed 3 f i  mm where K i s  t he  l eng th  o f  t he  bench-mark l i n e  i n  
k i lometres.  Second order c lass  I l e v e l i n g  requ i res  a c losure o f  n o t  t o  exceed 6 f l  mm and 
costs  h a l f  t o  two- th i rds as much per  k i l omet re  as f i r s t  order c lass I. P a r t l y  because o f  the  
d i f f e r e n c e  i n  cost  between f i r s t - o r d e r  l e v e l i n g  and second-order l eve l i ng ,  i t  i s  common 
p r a c t i c e  i n  resurvey ing a network i n  a subsiding area t o  se lec t  p r i n c i p a l  l i n e s  f o r  f i r s t - o r d e r  
r e l e v e l i n g  and secondary l i n e s  fo r  second-order re leve l i ng .  It i s  extremely important t h a t  
t i e s  t o  "s tab le"  ground, t o  consol idated rock, o r  t o  t i d a l  gages, should be inc luded i n  the  
f i r s t - o r d e r  l eve l i ng .  

Figure 2.1 Map showing network o f  l e v e l  l i n e s  i n  the  San Jose subsidence area, Santa Clara 
Va.lley, C a l i f o r n i a  (modif ied a f t e r  Nat ional  Geodetic Survey; numbers i d e n t i f y  l e v e l  
l i n e s ) .  
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The r e l e v e l i n g  p a t t e r n  a t  N i i ga ta ,  Japan, i s  i l l u s t r a t e d  i n  Figure 2.2. The p r i n c i p a l  
f i r s t -o rde r  l e v e l i n g  l i n e s  are i d e n t i f i e d  by the l a r g e r  c i r c l e s  ( “ F i r s t  Class Bench”) and those 
f o r  second-order l e v e l i n g  by the smaller c i r c l e s .  Furthermore, t he  network i s  d i v ided  i n t o  
three zones based on r a t e  o f  subsidence and the economic s ign i f i cance  o f  subsidence: the 
coas ta l  area northeast o f  Uchino i s  re leve led  every h a l f  year, the zone northeast o f  Yahiko 
once a year, and the i n land  zone n o r t h  o f  Nagaoka every two years. 

Saving t ime i s  another reason f o r  us ing second-order l e v e l i n g  on the secondary l i n e s  i n  a 
subsiding area. The second-order l e v e l i n g  w i l l  cover the distance about twice as f a s t  as f i r s t -  
order leve l ing.  I n  an area t h a t  i s  subsiding 15 t o  30 cm per year, a j u n c t i o n  p o i n t  could 
s e t t l e  1 t o  3 cm by the t ime a loop i s  closed. Any procedures t h a t  reduce loop c los ing  t ime are 
bene f i c ia l .  The t ime o f  year when the  l e v e l i n g  i s  done i s  important i n  a heav i l y  pumped basin, 
f o r  example, one where the annual f l u c t u a t i o n  of  a r tes ian  head i s  10-30 m. Commonly the  water 
l e v e l  i n  w e l l s  i s  drawn down i n  the spr ing and summer and r i s e s  i n  the autumn and winter  when 
withdrawal i s  less.  Hence, e f f e c t i v e  stresses are much greater  i n  the summer than i n  the w in te r  

Figure 2.2 D i s t r i b u t i o n  o f  bench marks i n  N i i ga ta ,  Japan. 
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and t h e  f u l l  annual compaction of t he  a q u i f e r  system may occur i n  5 t o  6 months (see Lofgren, 
1968, Figure 3). I n  such areas, l e v e l i n g  should be accomplished during o r  immediately f o l l o w i n g  
the  p e r i o d  of r i s i n g  water l e v e l  when compaction and subsidence are minimal. 

A l l  t he  subsidence maps i n  the case h i s t o r i e s  o f  Pa r t  II were prepared from change i n  t h e  
e l e v a t i o n  of bench marks surveyed a t  two d i f f e r e n t  t imes by t h e  l e v e l i n g  procedure. I f  t h e  
bench-mark n e t  has been r e l e v e l e d  severa l  t imes , the  magnitude and d i s t r i b u t i o n  o f  subsidence 
along a l i n e  o f  bench marks can be shown as a se r ies  o f  p r o f i l e s ,  one f o r  each re leve l i ng ,  
r e f e r r e d  t o  a common base. Figure 9.14.4 i s  an example o f  a s e r i e s  o f  10  subsidence p r o f i l e s  
drawn from surveys from 1919 t o  1967, a l l  r e f e r r e d  t o  a 1934 base. 1934 was t h e  f i r s t  year t h a t  
t h e  e n t i r e  l i n e  o f  bench marks was surveyed. 

Leve l i ng  i s  a labor- in tens ive procedure, and as a r e s u l t  t h e  cos t  has doubled i n  recent  
years. The cos t  o f  cons t ruc t i ng  a p i p e  extensometer t h a t  extended t o  t h e  base o f  t h e  f r e s h  
ground-water r e s e r v o i r  o r  t o  the  depth tapped by t h e  deepest water w e l l s  m i g h t  w e l l  be l e s s  than 
the cos t  o f  one r e l e v e l i n g  o f  an extensive bench-mark network 300 t o  600 km i n  length.  A n  
extensometer p laced near the  center  o f  a subsidence area could f u r n i s h  a continuous reco rd  o f  
land-surface p o s i t i o n  and thus would be a subsidence monitor, prov ided t h a t  ( 1 )  no compaction 
o f  sediments occurred a t  depths beneath the  extensometer foo t i ng ,  and ( 2 )  no v e r t i c a l  t e c t o n i c  
movement developed. As a subsidence monitor, i t  would fu rn i sh  i n fo rma t ion  needed t o  decide 
when t o  r e l e v e l  the bench-mark net. Furthermore, under such circumstances, t he  t o p  o f  t h e  
i n n e r  p i p e  o f  a p i p e  extensometer (see Figure 2.5B) would be a reference bench mark o f  constant 
e leva t i on  and hence a f i x e d  t i e  f o r  r e l e v e l i n g  the  net. Such a constant reference bench mark 
near the center  o f  a bench-mark ne t  could e l im ina te  the need f o r  r e l e v e l i n g  t o  a r e g i o n a l  
reference bench mark many k i lometres d i s t a n t .  

A gu ide l ines manual f o r  surface moni tor ing o f  geothermal areas (Van T i l ,  1979) was prepared 
r e c e n t l y  t o  serve as a guide t o  moni tor ing t h e  magnitude and d i r e c t i o n  o f  land-surface movements 
p r i o r  to,  during, and f o l l o w i n g  withdrawal o f  geothermal f l u i d s  from t h e  ground. This manual 
n o t  on l y  discusses the  design o f  systems and procedures f o r  moni tor ing subsidence but a l s o  
describes the  c a p a b i l i t i e s  and l i m i t a t i o n s  o f  instruments ava i l ab le  f o r  moni tor ing purposes. 
Anyone concerned w i t h  t h e  design o r  operat ion o f  a subsidence mon i to r i ng  system should f ind  the  
Van T i l  manual very  h e l p f u l .  Table D-1 from t h i s  manual, summarizing instrument c a p a b i l i t i e s  
f o r  measuring land-surface displacements, i s  i nc luded  as Appendix A i n  t h i s  guidebook. 

2.2.2 Other techniques f o r  measuring land-surface displacement 

Other instruments u t i l i z e d  i n  measuring o r  moni tor ing d i f f e r e n t i a l  v e r t i c a l  displacement a t  l a n d  
surface are the  t h e o d o l i t e  w i t h  r e t r o r e f l e c t i v e  targets ,  capable o f  measuring v e r t i c a l  angles t o  
1 second o f  arc  o r  b e t t e r ,  manometers f o r  moni tor ing sett lement o f  s t ruc tu res  o r  l and  surface, 
and t i l t m e t e r s  f o r  measuring, ground tilt. Van T i l  (1979) has summarized i n  tabu la r  form the  
a v a i l a b i l i t y ,  performance cha rac te r i s t i cs ,  accuracy, and i n s t a l l a t i o n  and operat ing 
requirements o f  8 types o f  manometers and 6 types o f  t i l t m e t e r s  used f o r  moni tor ing v e r t i c a l  
displacements a t  l a n d  surface (see Appendix A ) .  Tide gage records, f l o a t  measurement on water 
bodies, and changes i n  drainage p a t t e r n  a l so  can be very h e l p f u l  i n  d e f i n i n g  d i f f e r e n t i a l  
e leva t i on  changes o r  t i l t i n g .  

2.2.3 Extensometer w e l l s  

2.2.3.1 S ing le and double p i p e  extensometers 

Extensometer we l l s  t h a t  have been developed t o  measure v e r t i c a l  movement o r  change i n  th ickness 
o f  sediments o r  rocks are s i m i l a r  i n  p r i n c i p l e  but vary i n  d e t a i l .  Japanese s c i e n t i s t s  
pioneered i n  the  development o f  t h i s  type o f  observation we l l .  I n  the  e a r l y  1930's they 
i n s t a l l e d  the  "s ing le  p i p e  w e l l "  (a l so  c a l l e d  "s ing le  tube w e l l " )  a t  several  s i t e s  i n  Japan. 

The s i n g l e  p i p e  w e l l  (F igure 2 . 3 A ) ,  i f  i n s t a l l e d  t o  a shal low depth and passing through 
s o f t  c l a y  t o  an a q u i f e r  o f  sand o r  gravel, may accurately record by increased p ro t rus ion  o f  t h e  
p i p e  a t  l and  surface the  amount o f  compaction t h a t  has occurred i n  the  s o f t  c lay.  However, a t  
depths greater than 50 t o  100 m, the weight o f  the ove r l y ing  sediments develops subs tan t i a l  
l a t e r a l  pressure on t h e  pipe. This  pressure, which increases w i t h  depth, increases t h e  
f r i c t i o n a l  res is tance t o  movement and hence enhances the tendency f o r  t he  p ipe  t o  move 
v e r t i c a l l y  i n  accord w i t h  the surrounding sediments. Thus, as the depth t o  the compacting 
i n t e r v a l  increases, t he  percentage o f  the compaction t h a t  w i l l  appear as increased p i p e  
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Single Pipe Well Double Pipe Well 

A 

Figure 2.3 Diagram of  Japanese extensometers. A, Single pipe wel l ;  B, Double pipe w e l l  (from 
Tokyo Metropol i tan Gov't ,  1969, Fig.  18). 

protrusion above land surface decreases and compressional shortening o f  the pipe a t  depth 
increases. Therefore, although increased protrusion o f  a single pipe w e l l  above the land 
surface i s  an indicator  of subsidence, i t  should not be considered a r e l i a b l e  measure o f  the 
magnitude of compaction for  depths greater than 30 t o  60 metres. 

As demand for  ground water increased i n  Japan and water we l ls  were d r i l l e d  t o  greater  
depths, Japanese sc ient is ts  designed a "double pipe we l l "  (Figure 2.3B) t o  measure compaction 
accurately. A double pipe w e l l  was i n s t a l l e d  a t  Osaka i n  1938. The double pipe w e l l  consists 
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o f  two concentr ic  i r o n  o r  s t e e l  pipes, i n s e r t e d  i n t o  a v e r t i c a l l y  bored hole. The inne r  p i p e  
i s  i s o l a t e d  from the  sediments by the  outer  pipe, and i s  centered w i t h i n  t he  ou te r  p i p e  by 
cen te r ing  devices ( c e n t r a l i z e r s ) .  The apparent r i s i n g  o f  the i nne r  p ipe  i nd i ca tes  the  r e l a t i v e  
downward displacement o f  t he  I-beam based on t h e  land surface w i t h  respect t o  the t o p  of t h e  
i nne r  pipe. Thus, the amount o f  compaction o f  the sediments between the  l and  surface and t h e  
bottom o f  t he  i n n e r  p i p e  can be recorded. The water l e v e l  i n  the  outer  p i p e  represents t h e  
pore-water l e v e l  o r  a r t e s i a n  pressure of t h e  aqui fer ,  t ransmi t ted through the screen sec t i on  
i n s t a l l e d  i n  the  outer  pipe. This  water l e v e l  i s  r e g i s t e r e d  by a f loat -operated water- leve l  
recorder when the  space between p ipes permits.  

Note (F igure 2.3B) t h a t  t he  outer  p i p e  i s  suspended i n  the wel l ,  w i t h  a s l i d a b l e  sleeve o f  
overs ize casing hanging on the  base o f  t he  ou te r  p ipe  and r e s t i n g  on the  w e l l  bottom. By t h i s  
means, t he  weight o f  the outer  p i p e  i s  removed from the w e l l  bottom and suspended a t  the l and  
surface. 

A t  t he  Funabashi-2 w e l l  i n  Chiba (Figure 2.4) the diameter o f  the outer  tube t o  60 m depth 
i s  350 mm t o  accommodate a water- leve l  f l o a t ,  but below t h a t  depth i s  reduced t o  200 mm. The 
diameter o f  t he  i nne r  tube i s  80 uun. The annulus between the  outer tube and the hole w a l l  i s  
cemented a t  60 m and 75 m depth. The bottom p a r t  o f  t he  outer  tube has t h e  s l i d i n g  sleeve 
( "cas ing tube")  attachment t o  prevent loading o f  the w e l l  bottom by t h e  weight o f  t he  outer  
tube. The sleeve, c losed on the  bottom w i t h  a bear ing p la te ,  i s  landed on a s o l i d  sandy l a y e r  
and supports the  i nne r  tube. Thus, t h e  outer  tube can move independently from the  i nne r  tube 
and t h e  sleeve. Figure 2.4 a l s o  shows t h e  design o f  t he  cen t ra l i ze r - - the  device cen te r ing  the  
i nne r  tube i n  the outer tube (BI--and d e t a i l s  o f  the inst rumentat ion f o r  record ing compaction 
( o r  subsidence) and water- leve l  f l u c t u a t i o n  ( C l .  I f  the  double tube extensometer w e l l  extends 
through and beneath the base o f  the compacting sediments, the extensometer records gross 
compaction, which equals l and  subsidence i f  no tec ton i c  movement con t r i bu tes  t o  t h e  change i n  
land-surface e levat ion.  However, i f  the bottom o f  the w e l l  i s  w i t h i n  t he  compacting i n t e r v a l ,  
t he  extensometer records campaction--a p a r t i a l  component o f  t he  l and  subsidence. 

The v a l i d i t y  o f  the extensometer record depends on the  s t a b i l i t y  o f  the base o f  the i nne r  
tube w i t h  respect t o  the geologic formation, t he  s t a b i l i t y  o f  t he  instrument p l a t f o r m  w i t h  
respect  t o  l a n d  surface, t he  degree i n  which f r i c t i o n  between the outer  and inne r  tubes can be 
minimized, and the  accuracy o f  t h e  measuring apparatus. 

The weight o f  t he  capped sleeve i s  composed o f  i t s  dead weight and the weight o f  t h e  i nne r  
tube. I n  the  Funabashi-2 we l l ,  a t  t he  bottom p l a t e  o f  t he  sleeve, t he  l oad  on the  sand-gravel 
l a y e r  i s  about 2.9 me t r i c  tons. Meyerhof (1956) der ived a formula t o  evaluate an u l t i m a t e  
bear ing  res is tance R, by the number o f  blows on the sampling spoon during performance o f  a 
standard pene t ra t i on  t e s t :  

where i s  t he  average of N blows per  f o o t  i n  a depth i n t e r v a l  between 1.0 d downward and 4.0 d 
upward from the  base of t he  tube, Ap i s  t he  area o f  t he  base o f  t h e  tube, and d i s  t he  
diameter o f  t he  p i l e .  The diameter o f  the s l i d i n g  sleeve (casing tube) i n  the Funabashi w e l l  
i s  225 nun (Figure 2.4). I n  general, t h e  N value o f  the  sand laye r  i n  
the Di luv ium (Ple is tocene)  i s  more than 30. Considering the  l a rge  fac to r  o f  sa fe ty  we can use 
a reduced formula o f  

Thus, % = 0.040 m2. 

R, = 3 0  fi% = 3 0  x 30 x 0.040 m2 = 36 tons. 

Then i n  t h i s  case w i t h  0.040 m2 base area, t he  s t e e l  tube o f  t h e  w e l l  can bear about a 36-ton 
load. According t o  the  above ca l cu la t i on ,  the Funabashi-2 w e l l  w i l l  not  s ink  i n t o  the  
sand-gravel layers.  Di f ferences between the  r e s u l t s  o f  compaction recorders and d i a l  gauges 
and a l s o  d i f f e rences  between the  r e s u l t s  o f  water- leve l  recorders and taped measurement are 
very small .  Hence, i t  i s  concluded t h a t  extensometer we l l s  having the same cons t ruc t i on  as the 
Funabashi-2 w e l l  should f u r n i s h  a good record o f  compaction or  subsidence, prov ided down hole 
f r i c t i o n  i s  minimal ( the  w e l l  bore i s  c lose t o  v e r t i c a l ) .  

2.2.3.2 Anchored-cable and p i p e  extensometers 

The Uni ted States Geological  Survey (USGS) has developed extensometers (compaction recorders)  
of two types, anchored-cable and free-pipe, bo th  o f  which are i l l u s t r a t e d  i n  Figure 2.5. The 
anchored-cable extensometer ( A )  was f i r s t  i n s t a l l e d  i n  1955 i n  an unused i r r i g a t i o n  w e l l  620 m 
deep on the  west s ide o f  t he  San Joaquin Val ley.  The extensometer consis ts  o f  a heavy anchor 
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p a n v a a  basket 

y Cemented t o p  
Centering fitting1 

Metal  p e r d  basket 
I n n e r  tube( BOmm 4 1 - - 

Screen t- 
Outer tube( 200m 9 )  G--- 
S l i d i n g  apparatus 

U Bottom o f  casing tube 

Figure 2.4 Structure o f  minabashi observation w e l l  (double-tube type) A, Sectional view; B, 
Cent ra l i zer  d e t a i l ;  C,  Recorder d e t a i l .  
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Figure 2.5 Recording extensometer i n s t a l l a t i o n s .  A, Anchored-cable assembly; B, p i p e  assembly. 

(subsurface bench mark) emplaced i n  the format ion beneath the  bottom o f  a w e l l  casing; the 
anchor i s  at tached t o  a cable t h a t  passes over sheaves a t  t he  land surface and i s  counter- 
weighted t o  mainta in  constant tension. The cable i s  connected t o  a recorder t h a t  suppl ies a 
time-graph o f  the movement o f  t he  l and  surface w i t h  respect t o  the  anchor--the compaction o r  
expansion o f  the sediments w i t h i n  t h a t  depth range. The inked curve on t h e  recorder cha r t  
commonly i s  a m p l i f i e d  1 O : l  by s u i t a b l e  gear combinations. The accuracy o f  t he  anchored-cable 
extensometer depends on t h e  plumbness and the  s t ra ightness o f  t he  w e l l  casing, t h e  d u r a b i l i t y  
and s t r e t c h  c h a r a c t e r i s t i c s  o f  t he  downhole cable, and espec ia l l y  on t h e  success o f  minimizing 
cable-casing f r i c t i o n .  As  po in ted  ou t  by Lofgren (1969), t he  cable must remain a t  constant 
l eng th  du r ing  the  p e r i o d  o f  record.  I f  the  l eng th  changes due t o  temperature changes, f a t i g u e  
elongat ion,  o r  untwis t ing,  t h e  l e n g t h  change i s  i nd i s t i ngu ishab le  from t h e  record o f  compaction. 
The cable now used i s  a 1/8-inch (3.175 nun) diameter preformed s ta in less  s t e e l ,  1 x 19 strand, 
reverse- lay " a i r c r a f t "  cable. I n  order t o  minimize f r i c t i o n a l  drag o f  t h e  surface sheaves, a 
" tee te r  bar"  on a knife-edge fulcrum (Figure 2.5A and Lofgren, 1969, Figure 8 )  was designed. 
Changes as smal l  as 0.1 t o  0.2 mm i n  the  thickness of an aqu i fe r  system can be recorded w i t h  
t h i s  equipment. 

This type o f  extensometer i s  being used i n  C a l i f o r n i a ,  Nevada, and Arizona i n  w e l l s  as much 
as 700 m deep. De ta i l ed  t e s t s  o f  t he  accuracy o f  a s i m i l a r  cable-type extensometer have been 
made a t  the Groningen gas f i e l d  i n  The Netherlands (de LOOS, 1973). 

For reasons o f  economy, most cable extensometers have been i n s t a l l e d  i n  unused i r r i g a t i o n  
wel ls,  a f t e r  c leaning o u t  t he  casing and deepening t h e  hole about 1 0  m below the  casing shoe. 
The anchor weight o f  roughly  100 ki lograms i s  then lowered i n t o  the  open hole i n  t h e  sediments 
severa l  metres below and independent o f  the w e l l  casing. 

To e l im ina te  much o f  t h e  cable-casing f r i c t i o n  problem and thus improve t h e  accuracy o f  
t he  extensometer record t h e  USGS has i n s t a l l e d  s ince 1966 about 3 0  f ree-pipe extensometers i n  
Ca l i f o rn ia ,  Arizona, Louisiana, and Texas, t o  depths as great  as 1,000 m. These p i p e  extenso- 
meters (Figure 2.5B) are s i m i l a r  i n  p r i n c i p l e  t o  the  Japanese double p i p e  we l l .  However, they 
d i f f e r  i n  some features.  The i n s i d e  diameter o f  t h e  w e l l  casing (ou te r  p i p e )  commonly i s  4 t o  
5 inches ( 1 0  t o  13  cm) and the outs ide diameter o f  t he  couplings on t h e  i nne r  (extensometer) 
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pipe ranges from 2 t o  3.4 inches ( 5 . 1  t o  8.6 cm). Thus, the  space between the  casing and the 
extensometer p ipe  couplings i s  only about 2 inches ( 5  cm); hence, casing c e n t r a l i z e r s  have not  
been used t o  center the extensometer pipe. Central izers have been used, however, i n  the 
annulus between the  casing and the borehole w a l l ,  t o  center the  casing, espec ia l ly  when the  law 
requires cement t o  be placed i n  t h i s  annulus t o  pro tec t  the  ground water o f  good q u a l i t y  from 
contamination by water o f  poor q u a l i t y  a t  greater  depth. Cent ra l i zers  usua l ly  are spaced 15 t o  
30 m apart.  

I n  about h a l f  the i n s t a l l a t i o n s ,  a bearing p l a t e  on the bottom o f  the extensometer p ipe  i s  
landed on the surface of a cement p lug  (placed i n  the open ho le  before the  casing i s  run) .  I n  
the remainder o f  the i n s t a l l a t i o n s ,  the extensometer p ipe  i s  cemented i n  p lace  i n  a pocket 
d r i l l e d  below the casing shoe. I n  e i t h e r  case, the top o f  the  cement p l u g  i s  placed a t  l e a s t  
three m below the bottom o f  the casing shoe so t h a t  the dead weight o f  the casing does not  
stress the extensometer footing. mirthermore, t h i s  procedure minimizes the  p o s s i b i l i t y  t h a t  
increasing downward loads, r e s u l t i n g  from continuing compaction a t  shallower depths , w i l l  be 
transmitted through the casing t o  the  extensometer footing. I f  the  cementing o f  the  extenso- 
meter footing i s  accomplished a f t e r  t h a t  p ipe  has been run i n t o  the open-hole pocket, the  cement 
s l u r r y  can be pumped i n t o  the pocket d i r e c t l y  through the  extensometer pipe. Care must be 
exercised, however, i n  ca lcu la t ing  (1) the  quanti ty  o f  cement s l u r r y  needed t o  f i l l  the desired 
i n t e r v a l  o f  the pocket, and ( 2 )  the  quanti ty  o f  followup water needed t o  displace most o f  the 
s l u r r y  from the pipe i n t o  the pocket without thinning the s l u r r y  w i t h  water. I f  the p i p e  i s  
ra ised  several metres as soon as the followup water has been pumped i n t o  the pipe,  the water 
pressure i n t o  the pipe and casing can be equalized and the p ipe  can then be lowered again t o  
r e s t  i n  the hardening slurry.  

Three free-pipe extensometers have been operated since 1975 a t  a s i t e  w i t h i n  a subsiding 
area i n  Baton Rouge, Louisiana. These extensometers record compaction o f  the  sediments and 
water-level change w i t h i n  each o f  the three depth zones. The extensometer pipes extend t o  
depths o f  254, 518, and 914 m. The i n s t a l l a t i o n s  and t h e  record obtained through 1979 have 
been described by Whiteman (1980). The deepest extensometer ind ica tes  an annual land-surface 
f luc tuat ion  o f  about 4 cm, apparently an e l a s t i c  response. 

The conversion o f  an abandoned o i l - t e s t  ho le  a t  Westhaven, C a l i f o r n i a ,  i n t o  a dual  extenso- 
meter and a dual water-level observation w e l l  i s  described i n  t h i s  guidebook because such 
abandoned o i l - t e s t  holes are ava i lab le  i n  many countries, and the  cost o f  conversion i s  only a 
smal l  f r a c t i o n  o f  the cost o f  d r i l l i n g  and completing one o r  more new extensometer wel ls .  
Figure 2.6 i s  a diagrammatic sketch o f  the converted wel l .  This summary o f  the conversion i 3  

condensed c h i e f l y  from Poland and I r e l a n d  (1965).  When the  o i l - t e s t  hole was d r i l l e d ,  a 
surface s t r i n g  of 11-3/4 inch (29.84 cm) casing was i n s t a l l e d  from land surface t o  611 m. 
Cement was pumped i n t o  the annular space around the casing, from t h e  bottom shoe t o  land 
surface, providing a continuous sea l  t o  pro tec t  the fresh ground water. On abandonment a 
cement plug was placed i n  the w e l l  between 1930 and 2030 f e e t  (588 and 619 m).  

The blank casing was converted t o  a dual  water-level observation w e l l  i n  A p r i l  1958. The 
11-3/4 inch casing was gun perforated a t  two depth i n t e r v a l s ,  near the  top and base o f  the 
confined aquifer  system (see Figure 2.6). To obtain hydraul ic  separation o f  the two per fora ted  
in terva ls ,  a 4-inch diameter pipe w i t h  a packer f lange a t  i t s  base was run t o  a depth o f  860 
f e e t  (262 m); a cement plug was then placed on top o f  the packer, thus seal ing the  annulus 
between the two casings. I n i t i a l l y ,  the inner p ipe  was suspended i n  tension by a casing hanger 
r e s t i n g  on the top o f  the 11-3/4 inch casing. Four months a f t e r  the  inner p ipe  was i n s t a l l e d ,  
the hanger appeared t o  be r i s i n g  o f f  the top o f  the 11-3/4 inch  casing, i n d i c a t i n g  shortening 
o f  the casing between land surface and the cemented packer. Beginning i n  August 1963 the  
shortening o f  the f u l l  length o f  casing above the basal  cement plug was measured by lowering an 
anchor weight on top o f  the cement p l u g  and counterweighting the  cable a t  land surface (see 
Figure 2.6) .  Thus the conversion o f  the o i l - t e s t  hole provided two water-level observation 
wel ls  and two extensometers: a pipe-type t o  845 f e e t  (258 m) and a cable-type t o  1,930 f e e t  
(588 m) below land surface. 

Monthly measurements from 1964 t o  the end o f  1970, inc lus ive ,  ind ica ted  compaction from 
0-845 f t  (0-258 m) was 1.94 f t  (0.59 m), and from the  land surface t o  1,930 f t  (0-to-588 m) was 
3.57 ft  (1.09 m). 

These observations a t  the Westhaven s i t e  ind ica te  t h a t  even heavy o i l - w e l l  casing encased 
i n  a cement jacket  i s  too weak t o  r e s i s t  the compressional force o f  the compacting sediments. 
m e n  i n  the shallow depth i n t e r v a l  from land  surface t o  845 f t  (258 m), the increased protrusion 
i n  seven years was only equal t o  1 2  per  cent o f  the subsurface shortening i n  t h a t  i n t e r v a l .  It 
i s  concluded t h a t  i n  an area subsiding because o f  sediment compaction due t o  decrease i n  f l u i d  
pressure, the top o f  a w e l l  casing i s  not  a stable reference bench mark, even i f  t h e  casing 
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Figure 2.6 Diagrammatic sketch o f  wel ls  used f o r  measuring water l e v e l s  and compaction: we l ls  
20/18-1102 and 1103 (from Poland and Ireland,  1965). 

extends below the compacting sediments. Also,  the evidence i s  c lear  tha t  increased protrusion 
of a casing above the land surface, even though an indicator of land subsidence, i s  not a 
r e l i a b l e  measure o f  e i t h e r  compaction or  subsidence. B u l l  (1975, p. 41-45) c i t e s  add i t iona l  
evidence concerning the minor amount o f  casing protrusion compared t o  subsurface casing 
compression i n  we l ls  on the west side o f  the San Joaquin Valley. 

I n  Mexico C i t y ,  however, observed protrusion of some water-well casings has been about the 
same magnitude as the subsidence. Poland and Davis (1969, p. 225-228 and p l .  6) show graphic 
pictures taken by Ing. R. Marsa1 i n  1954 of the protrusion of casings of two wel ls  d r i l l e d  about 
1923. They were d r i l l e d  t o  a depth o f  about 100 m but most o f  the compaction occurs i n  the 
highly compressible lake  clays i n  the top 50-60 m. The subsidence a t  the w e l l  s i t e s  from 1891 
t o  1959 was 5.9 m. I n  1954, one casing protruded 5.45 m and the second 4 . 5  m. The protrusion 
o f  5.45 by 1954 i s  about equal t o  the subsidence by 1954, proving t h a t  essent ia l ly  a l l  the 
compaction a t  the w e l l  s i t e  i s  occurring i n  the top 100 m o f  sediments, and probably mostly i n  
the top 60 m. The l a t e r a l  pressure t o  t h i s  depth may not be great  enough t o  compress the outer 
casing as compaction occurs. However, the excessive protrusion i s  believed t o  bC? due i n  p a r t  
t o  the f a c t  tha t  we l ls  are d r i l l e d  using more than one casing size.  

I n  evaluating the character is t ics  o f  cable and pipe extensometers, the following factors 
should be considered: 

1. I f  a cased w e l l  i s  avai lable,  the cable extensometer costs less t o  i n s t a l l  than the 
pipe extensometer, c h i e f l y  due t o  the lower u n i t  cost o f  the cable compared t o  the 
pipe. 
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4.  

5.  

The cable extensometer has minimal cable-casing f r i c t i o n  when the  w e l l  cas ing i s  of  
l a r g e  diameter (30-40 cm); the f r i c t i o n  increases when t h e  w e l l  cas ing i s  o f  smal l  
diameter (10-15 cm), a l l  o ther  f a c t o r s  be ing equal. 
I n  contrast ,  t he  p i p e  extensometer has minimal pipe-casing f r i c t i o n  when the  w e l l  
casing i s  o f  smal l  i n s i d e  diameter (10-15 cm) and the  o v e r a l l  space between p i p e  o r  
p ipe  coupl ings and w e l l  casing i s  i n  t h e  range o f  4-6 cm. A l te rna te l y ,  i f  the  w e l l  
casing i s  o f  l a r g e  diameter, use o f  p i p e  c e n t r a l i z e r s  spaced 15 t o  30 m apar t  
between cas ing and pipe, as i s  done i n  the  Japanese double p i p e  w e l l s  (F igure 2.3B), 
may produce a record as good as t h a t  obtained w i t h  t h e  pipe- in-smal l -casing 
design. So f a r  as known, no comparative t e s t  has been made. 
The p i p e  extensometer commonly gives a more accurate reco rd  than t h e  cable extenso- 
meter, a l l  o the r  cond i t i ons  being equal. 
I f  a w e l l  can be d r i l l e d  so plumb and s t r a i g h t  t h a t  t he  departure f rom v e r t i c a l i t y  
a t  t he  base does n o t  exceed the  i n s i d e  diameter o f  t h e  casing, t h e  cable can be 
pos i t i oned  t o  avoid any downhole cable-casing f r i c t i o n .  Under such circumstances 
the cable extensometer i s  more f r i c t i o n l e s s  than the  p i p e  extensometer. However, a 
w e l l  d r i l l e d  t o  a depth o f  50 m and w i t h  a casing diameter ( i n s i d e )  of  0.3  m would 
have a departure o f  0.3 m from v e r t i c a l i t y  a t  t he  bottom i f  t h e  d r i f t  from 
v e r t i c a l i t y  was 0 ' 2 0 ' .  For a w e l l  1 0 0  m deep, a departure f rom v e r t i c a l i t y  o f  0.3 m 
a t  the bottom would r e q u i r e  t h a t  t he  d r i f t  be h e l d  t o  0'10'. Thus, i t  would appear 
t h a t  t he  chances o f  d r i l l i n g  a w e l l  more than 1 0 0  m deep t h a t  i s  s u f f i c i e n t l y  plumb 
t o  e l im ina te  any cable-casing f r i c t i o n  are remote. The above d iscuss ion does n o t  
consider poss ib le  cable-casing f r i c t i o n  caused by the  tendency o f  rotary-bored holes 
t o  develop a s p i r a l  pat tern.  

A cable extensometer a t  the USGS Cantua s i t e  i n  the  San Joaquin Val ley,  C a l i f o r n i a ,  
i n s t a l l e d  t o  a depth of 610 m i n  a w e l l  w i t h  10  cm cas ing t o  595 m, had so much cable-casing 
f r i c t i o n  t h a t  t he  equipment recorded no compaction even when as much as 7.6 cm o f  compaction 
had occurred during the p r i o r  month. A t  t h e  t ime o f  t h e  monthly v i s i t  t o  se rv i ce  t h e  equipment, 
the cable was stretched-- that i s ,  t h e  counterweight was pushed down about 3 0  cm and then a l lowed 
t o  r i s e  gent ly.  This operat ion t r i g g e r e d  enough down-hole s l ippage o f  t h e  cable a t  f r i c t i o n  
p o i n t s  (cable-casing f r i c t i o n )  t o  pe rm i t  t he  cable t o  move upward and reco rd  t h e  approximate 
compaction t h a t  had occurred since the l a s t  monthly v i s i t .  B u l l  (1975, p. 32 and Figure 2 5 )  
has discussed the  problem and reproduced a p a r t  o f  t h e  s ta i rs tepped f i e l d  r e c o r d  f rom the  exten- 
someter. This extensometer equipment was i n s t a l l e d  i n  a corehole. When d r i l l e d ,  t h e  plumbness 
o f  t he  hole was surveyed a t  30-metre i n t e r v a l s  w i t h  a d r i f tme te r .  The d r i f t  from v e r t i c a l  was 
1 degree a t  90 m depth and ranged from 5 t o  6 degrees between 244 and 580 m depth. I n  s p i t e  o f  
the n o n v e r t i c a l i t y  o f  t he  ho le  (and o f  t he  casing),  an i n t e r p o l a t e d  cumulat ive compaction curve 
drawn through the low p o i n t s  o f  t he  stepped r e c o r d  produced a reasonably accurate long-term 
compaction curve f o r  t he  deep Cantua s i t e  extensometer. The compaction p l o t  f o r  w e l l  N1 i n  
Figure 9.P.8 i s  t he  13-year reco rd  o f  3.4 m shor ten ing f o r  sediments between l a n d  sur face and a 
depth o f  610 m. 

A t  t h e  Terra B e l l a  s i t e  on the  Fr iant-Kern Canal i n  the San Joaquin Val ley,  casing o f  
10-5/8 i n c h  ( 2 7  cm) diameter was placed i n  a w e l l  t o  a depth o f  377 m and an extensometer p ipe  
o f  1 -1 /2  i n c h  (3.8 cm) diameter was i n s e r t e d  and landed a t  a depth o f  381 m. No Cen t ra l i ze rs  
were used. Most o f  t h e  record i n  the  f i e l d  compaction cha r t s  f o r  t h i s  extensometer i s  composed 
of a se r ies  o f  s t a i r - s t e p  adjustments w i t h  i n d i v i d u a l  v e r t i c a l  displacements o f  0.15 t o  0.3 mm 
(1.5 t o  3 mm a t  t he  1 O : l  magni f icat ion) .  The o v e r a l l  space between the  w e l l  cas ing and t h e  
extensometer pipe-couplings i s  nea r l y  20 cm, p e r m i t t i n g  t o o  much f l e x i n g  o f  t h e  i n n e r  p i p e  and 
t o o  many f r i c t i o n  po in ts .  The compaction reco rd  a t  t h i s  s i t e  probably could be improved by 
adding c e n t r a l i z e r s  t o  center t h e  i nne r  p i p e  i n  the  casing, by i nc reas ing  t h e  s i z e  o f  t h e  i nne r  
pipe, o r  by use o f  a l e v e r  and counterweight system a t  l a n d  surface t o  remove a s u b s t a n t i a l  p a r t  
o f  the dead weight o f  t he  extensometer pipe. This l a s t  procedure should produce t h e  greatest  
reduct ion i n  pipe-casing f r i c t i o n .  

Under most favourable condi t ions,  t he  p ipe  extensometer as descr ibed i n  t h i s  manual w i l l  
f unc t i on  s a t i s f a c t o r i l y  t o  depths o f  750 t o  1,000 m. The most favourable cond i t i ons  would 
requ i re  s t r a i g h t  holes--holes d r i l l e d  w i t h  d e v i a t i o n  from t h e  v e r t i c a l  o f  l e s s  than 1 / 2  degree-- 
and a combination o f  w e l l  cas ing and extensometer p i p e  sizes, o r  use o f  c e n t r a l i z e r s ,  t h a t  
minimizes pipe-to-casing f r i c t i o n .  

The cable extensometer w i l l  supply approximate measurements t o  depths o f  600 t o  850 m, but 
the  r e s u l t s  are l e s s  accurate, i n  general, than w i t h  t he  p i p e  extensometer. 
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The depth t o  which the  p i p e  extensometer equipment i s  operative--750 t o  1,000 m--is 
adequate f o r  s tud ies o f  subsidence due t o  ground-water wi thdrawal i n  most o f  t h e  world. Much 
ground water i s  pumped from aqu i fe rs  l e s s  than 300 m deep and most from aqu i fe rs  l e s s  than 600 
m deep. However, improvement i n  t h e  accuracy o f  compaction measurements a t  depths greater  than 
300 m i s  highly desirable.  Furthermore, i n  connection w i t h  t h e  study o f  subsidence due t o  other  
causes, o r  subsidence due t o  other  types o f  f l u id  withdrawal, such as geothermal o r  o i l f i e l d  
f l u i d s ,  t he re  i s  need f o r  improvement o f  extensometer design t o  increase t h e  depth o f  u s e f u l  
measurements. For example, much o r  nea r l y  a l l  o f  t he  dead weight o f  t h e  i n n e r  extensometer 
p i p e  can be removed by use o f  a l e v e r  and counterweight system a t  l and  surface. Most o f  t he  
p i p e  would then be i n  tens ion and the f r i c t i o n a l  s t ress  between p i p e  and cas ing should be 
g r e a t l y  lessened a t  the t ime o f  compression ( o r  expansion) o f  t h e  w e l l  casing. This method has 
been a p p l i e d  by Ben E. Lofgren ( o r a l  communication, December 1975) t o  an extensometer 317 m deep 
i n  I m p e r i a l  Val ley,  C a l i f o r n i a ,  where more than two- th i rds o f  t h e  p i p e  weight has been removed 
by a counterweighted l e v e r  designed w i t h  a 10-to-1 mechanical advantage. Also, one h i g h l y  
s e n s i t i v e  extensometer was r e c e n t l y  constructed i n  Arizona t o  a depth o f  380 m u s i n g  t h i s  method 
(F. S.  Ri ley,  o r a l  commun., July 1979). I n  t h i s  i n s t a l l a t i o n  the  upper 75 pe r  cent  o f  t h e  ex- 
tensometer p i p e  was p laced i n  tens ion  wh i l e  the  lower 25 per  cent  remained i n  compression. The 
n e u t r a l  p o i n t  was pos i t i oned  a t  a major bend i n  t h e  casing, as determined by a borehole a l i n e -  
ment survey. Before i n s t a l l a t i o n  o f  t he  l e v e r  and counterweight t h i s  i n s t a l l a t i o n  had severe 
f r i c t i o n  problems and produced a record character ized by i n t e r m i t t e n t  s t a i r - s t e p  movements. 
A f t e r  counterweight ing t h e  instrument produced a smooth reco rd  o f  continuous compaction. 

Research i s  needed t o  determine t h e  accuracy o f  such a l e v e r  and counterweight system 
through a wide span o f  unloading o f  t he  extensometer pipe, say from 25 per  cent t o  90 per  cent. 
Comparison o f  simultaneous compaction records from a normal ly loaded p i p e  extensometer and a 
nearby counterweighted extensometer o f  the same depth and construct ion,  i n  an area o f  a c t i v e  
subsidence, would be very i n s t r u c t i v e .  Several stages o f  unloading cou ld  be a p p l i e d  t o  the  
counterweighted extensometer. 

Another way i n  which t h e  weight o f  the p i p e  i n  a f ree-pipe extensometer can be reduced i s  
by i n s t a l l i n g  a tapered p i p e  assembly. For example, t he  bottom th i rd  o f  t h e  p i p e  cou ld  be 2-1/2 
inch, t h e  middle t h i rd  2-inch, and the  upper th i rd 1-1/2 inch; o r  t he  assembly could be 2-inch, 
1-1/2 inch, and 1-inch. For an extensometer 750 m deep, a f r e e  p i p e  o f  2-1/2 i n c h  constant 
diameter would weigh 6,580 kg. But i f  the  p i p e  was i n s t a l l e d  w i t h  equal  lengths (250  m) o f  
2-1/2 inch, 2-inch, and 1-1/2 i n c h  pipe, t he  weight on t h e  bottom j o i n t  o f  t h e  2-1/2 i n c h  would 
be decreased about 30 per  cent  (neglect ing buoyancy e f f e c t s ) .  The decrease i n  weight should 
decrease the cos t  o f  t he  i n s t a l l a t i o n ,  and s i m p l i f y  t he  a d d i t i o n  o f  a l e v e r  and counterweight a t  
l a n d  surface, i f  desired. 

2.2.3.3 S l i p  j o i n t s  

When extensometer o r  observat ion w e l l s  are be ing i n s t a l l e d  i n  an area t h a t  i s  subsiding a t  a 
r a p i d  ra te ,  i t  i s  advisable t o  consider the  need f o r  i n s t a l l i n g  a se r ies  o f  s l i p  j o i n t s  i n  the 
casing during construct ion.  When extensometers were being i n s t a l l e d  on the  west s i d e  o f  t he  San 
Joaquin Va l l ey  o f  C a l i f o r n i a  i n  1958-62, t h e  ground-water rese rvo i r  was compacting as r a p i d l y  
as 30 cm pe r  year. Under such circumstances, i t  was a n t i c i p a t e d  t h a t  t he  casings o f  deep exten- 
someters would l a s t  longer under severe compressive forces i f  s l i p  j o i n t s  were i n s e r t e d  i n  the 
w e l l  casing. Accordingly, a t  t he  Cantua s i t e ,  f o r  example, e i g h t  s l i p  j o i n t s  were p laced a t  
60-metre i n t e r v a l s  i n  the  I - i n c h  casing 595 metres deep. Figure 2.7 shows d e t a i l s  o f  t h e  s l i p  
j o i n t .  Each s l i p  j o i n t  has about 0.9 m o f  p l a y  between the  open and c losed pos i t i on .  Since 
i n s t a l l a t i o n  i n  1958, t h i s  extensometer has shortened about 3.5 m. Without s l i p  j o i n t s ,  t he  
e l a s t i c  compression o f  t he  4-inch ( 1 0  cm) casing from f u l l  t ens ion  when f i r s t  suspended i n  the  
w e l l  t o  the  e l a s t i c  l imit i n  compression would have been about 1.2 m. The a d d i t i o n a l  shortening 
o f  2.3 m beyond t h e  e l a s t i c  l i m i t  o f  the  casing must have r e s u l t e d  from compressional f a i l u r e  of 
t h e  cas ing o r  shor ten ing o f  t h e  s l i p  j o i n t s ,  o r  both. Because t h i s  equipment i s  s t i l l  funct ion- 
ing as an extensometer, we conclude t h a t  a major p a r t  o f  t he  3.5 m o f  shor ten ing must have 
occurred through shortening o f  s l i p  j o i n t s .  

2.2.3.4 Telescopic extensometer 

An experimental te lescopic  extensometer, designed by Ignacio Sainz O r t i z ,  was i n s t a l l e d  i n  
Mexico C i t y  t o  a depth o f  60 m i n  1953. Figure 2.8 shows t h a t  i n  the  6-year p e r i o d  1953-59, 36 
c m  o f  shortening occurred i n  the  60-metre th ickness o f  near-surface deposi ts.  I n  the f i r s t  
20-30 m below t h e  l a n d  surface l a t e r a l  stresses against  t h e  casing are small. Nevertheless, 
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Figure 2.7 Diagram o f  s l i p  j o i n t .  

considering the f l e x i b i l i t y  o f  the telescopic construction, the l a t e r a l  stress should develop 
enough skin f r i c t i o n  t o  cause the casing t o  shorten i n  accord wi th  the surrounding sediments, 
even a t  the shallow depth range involved. 

2.2.3.5 Extensometer records 

P lo ts  of  cumulative compaction against time obtained from extensometer records are becoming 
f a i r l y  common i n  the published record, i n  connection wi th  f i e l d  research on land subsidence due 
t o  ground-water withdrawal. For example, i n  Japan, Miyabe (1967, p. 2-3) published compaction 
p l o t s  obtained from extensometers i n  Tokyo and Hirono (1969) showed p l o t s  o f  compaction from 
extensometers i n  Ni igata .  I n  the United States, extensometers have been operated for more than 
20 years i n  the San Joaquin and Santa Clara  Valleys, Ca l i fo rn ia .  Computer p l o t s  o f  cumulative 
compaction through 1970 a t  30 s i tes ,  together with water-level f luctuat ions,  change i n  applied 
stress, and subsidence a t  most of these s i tes ,  have been published (Poland, Lofgren, I re land ,  
and Pugh, 1975, Figures 53-78). 

I n  the case h istory  f o r  subsidence i n  the Santa Clara Valley, Ca l i fo rn ia ,  Figure 9.14.5 
contains time p l o t s  of compaction f o r  15  years f o r  two depth i n t e r v a l s  a t  the San Jose exten- 
someter s i t e .  I n  Figure 9.14.6 the measured compaction i s  p l o t t e d  i n  annual increments t h a t  
present a more quant i ta t ive  p i c t u r e  of  the annual change i n  amount o f  compaction than does the 
cumulative p l o t .  

If two or more compaction recorders (extensometers) are i n s t a l l e d  i n  adjacent we l ls  o f  
d i f fe rent  depths, the record from the multiple-depth i n s t a l l a t i o n  w i l l  indicate  the magnitude 
and ra te  o f  compaction (or expansion), not only €or t o t a l  depths of ind iv idua l  extensometers but 
a lso for the depth in terva ls  between w e l l  bottoms. Figure 9.13.8, discussed i n  the case h is tory  
of the San Joaquin Valley, Cal i forn ia ,  i s  a good example o f  the record from a multiple-depth 
i n s t a l l a t i o n ,  and i s  one of  s ix multiple-depth s i tes  i n  the va l ley .  

2.2.4 Other techniques o f  subsurface measurement 

2.2.4.1 General 

I n  addit ion t o  the pipe-type (double pipe) and anchored-cable extensometers described e a r l i e r  i n  
t h i s  chapter, a number of instruments u t i l i z i n g  s imi lar  pr inc ip les  but d i f f e r i n g  i n  measurement 
techniques are  being manufactured commercially. O'Rourke and Ranson (1979) have made a summary 
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Figure 2.8 Sketch o f  t e lescop ic  extensometer and 6-year record o f  shor ten ing (compaction o f  
deposi ts) .  Redrawn from the  Comision Hydrologica de l a  Cuenca d e l  V a l l e  de Mexico, 
1961, B o l e t i n  de Mecanica de Suelos, no. 3,  p. 55 .  

appra i sa l  o f  the c a p a b i l i t i e s  o f  e x i s t i n g  instruments f o r  moni tor ing subsurface v e r t i c a l  d i s -  
placement, examined w i t h  respect  t o  a v a i l a b i l i t y ,  performance cha rac te r i s t i cs ,  and i n s t a l l a t i o n  
and operat ing requirements. The summary, reproduced as Appendix B o f  t h i s  guidebook, describes 
c a p a b i l i t i e s  o f  6 wire-type and 6 rod-type extensometers; 1 pipe-type extensometer ( the  USGS 
t y p e ) ;  2 m u l t i p l e  base l e n g t h  extensometers w i t h  sensors and anchors o r  magnet markers: 1 chain- 
type extensometer w i t h  anchored sensor case; and 6 sonde-type extensometers, i nc lud ing  the  
cas ing-co l lar  l o c a t o r  and the  gamma-ray logger. For d e t a i l s  on t h e  var ious wire-type and rod- 
type extensometers f o r  measuring subsurface v e r t i c a l  displacement, t h e  reader i s  r e f e r r e d  t o  
Appendix B. 

The techniques o f  cas ing-co l lar  l ogg ing  and gamma-ray logging w i t h  rad ioac t i ve  b u l l e t  
markers requ i re  the  use o f  spec ia l i zed  and expensive equipment. Normally t h i s  se rv i ce  would be 
prov ided by o i l  w e l l  se rv i ce  companies. In  subsidence s tud ies o f  most ground-water basins, 
however, the cos t  o f  u t i l i z i n g  such expensive equipment on a repeat bas i s  probably would no t  be 
economical ly j u s t i f i e d  i n  most cases, when costs  were compared w i t h  o ther  study techniques. 
However, because such repeat  l ogg ing  has the  decided advantage o f  i n d i c a t i n g  t h e  depth range, 
ra te ,  and magnitude o f  compaction o r  expansion o f  the sediments, a b r i e f  statement o f  t he  two 
techniques fo l lows.  

2.2 .4 .2  Casing-col lar  l ogg ing  

A t  Long Beach, C a l i f o r n i a ,  i n  the Wilmington o i l  f i e l d ,  changes i n  th ickness o f  compacting zones 
have been measured success fu l l y  by running a magnetic c o l l a r  l o c a t o r  p e r i o d i c a l l y  i n  the  same 
w e l l  t o  determine t h e  change i n  the  distance between casing c o l l a r s  between surveys. According 
t o  A l l e n  (19691, t he  f i r s t  " c o l l a r  counting" was i n  1949 and more than 200 m u l t i p l e  t raverse 
runs have been made t o  depths of as much as 1,800 m. These c o l l a r  logs can be used t o  measure 
change i n  l e n g t h  o f  i n d i v i d u a l  j o i n t s  compared t o  j o i n t  l eng th  when placed i n  the  w e l l  o r  since 
a p r i o r  logging. They a l s o  i n d i c a t e  the depth range, ra te ,  and magnitude o f  compaction o f  the 
sediments i f  i t  i s  assumed t h a t  t he  casing o r  cement a t  every point moves i n  exact accord w i t h  
contiguous sediments as a r e s u i t  o f  s k i n  f r i c t i o n  produced by l a t e r a l  stresses. The f i e l d  
evidence a t  Wilmington from var ious sources genera l ly  supports t h i s  assumption f o r  depths 
greater than 600 m. C o l l a r  surveys run f i v e  times from 1949 t o  1960 i n  an i n d i v i d u a l  w e l l  
(F igure 2.9) g r a p h i c a l l y  i n d i c a t e  the depth range, ra te ,  and magnitude o f  compaction o f  three 
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Figure 2.9 Casing c o l l a r  surveys o f  a t y p i c a l  w e l l  i n  t h e  Wilmington o i l  f i e l d .  Survey on 
date i n d i c a t e d  compared t o  cas ing t a l l y  o f  9-26-45; elongat ion due t o  tens ion  shown 
t o  l e f t  o f  zero reference, shortening due t o  compression shown t o  r i g h t  (shaded); 
l eng th  o f  casing j o i n t s  12.5 t o  13.4 m., i n  general  (data courtesy o f  Long Beach 
Harbor Dept. ) . 

o i l  zones--the Tar, Ranger, and Upper Terminal. The cumulative compaction o f  these t h r e e  zones 
from 1945 t o  1960 was 17.6  f e e t  (5 .4  m) as summed from t h e  shor ten ing o f  t h e  cas ing  j o i n t s  by 
1960 compared t o  t h e i r  measured leng th  i n  1945.  A l i e n  and Mayuga (1969,  Figure 1 3 )  a l s o  showed 
t h a t  c o l l a r  logs can be used t o  measure o i l -zone expansion i n  an area o f  rebound by p l o t t i n g  
c o l l a r - l o g  surveys o f  we l l s  producing from o i l  zones t h a t  are r e c e i v i n g  i n j e c t i o n  water. 
According t o  A l l e n  ( o r a l  commun. , 1977 ) , recent  developments i n  cas ing-co i iar  l ogg ing  a t  
Wilmington prov ided an accuracy o f  9 mm 88.5 per cent  o f  t he  t ime f o r  j o i n t  lengths o f  12.5  t o  
13.4  m, measured th ree  times. The maximum degree o f  instrument e r r o r  i s  est imated t o  be 30 nmi 

f o r  each j o i n t  length.  
Casing-col lar  logs a l s o  have been made i n  the o i l  f i e l d s  on t h e  eastern shore o f  Lake 

Maracaibo i n  Venezuela where maximum subsidence has been about 4 m (Nunez and Escoj ido, 1977) .  

2.2.4.3 Radioact ive-bul le t  l ogg ing  

A t  Wilmington, Ca l i f o rn ia ,  a t  t h e  Lake Maracaibo o i l  f i e l d s  i n  Venezuela, a t  t he  methane gas and 
b r i n e  rese rvo i r s  o f  Ni igata,  Japan, and a t  t h e  Groningen gas f i e l d  i n  The Netherlands, rad io -  
a c t i v e  b u l l e t s  have been shot i n t o  t h e  format ion a t  known depths, and t h e i r  p o s i t i o n s  resurveyed 
l a t e r  by gamma-ray detectors  t o  measure compaction o r  expansion. The accuracy o f  t he  
rad ioac t i ve -bu l l e t  logging equipment used a t  Wilmington i s  repor ted by A l l e n  t o  be about 3 cm 
per  distance between b u l l e t s  ( a t  Wilmington 6.1 m) when logg ing  a t  7.6 m p e r  minute. 

Schoonbeek (1977)  r e p o r t s  improvement i n  the  accuracy o f  measurement a t  t h e  Groningen gas 
f i e l d .  The sandstone r e s e r v o i r  depth i s  about 2900 m, and t h e  average th ickness about 150 m. 
Radioactive b u l l e t s  were shot i n t o  the format ion a t  10-m i n t e r v a l s ;  r e l a t i v e  displacement was 
measured w i t h  a g a m - r a y  sonde con ta in ing  t h r e e  detectors.  A f t e r  considerable improvement o f  
technique, t he  mean e r r o r  of measurements determined by s t a t i s t i c a l  ana lys i s  was repo r ted  t o  be 
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1 cm i n  100 m o f  measured i n t e r v a l .  To achieve t h i s  accuracy, however, t h e  l ogg ing  t ime had t o  
be slowed t o  about 20 m per  hour. CeLoos (1973) has described i n  d e t a i l  t he  development and 
t e s t i n g  o f  l ogg ing  equipment. 

A t  N i igata,  Japan, the  r a d i o a c t i v e  b u l l e t  technique was r e f i n e d  by experiments i n  1959-60 
and t h e  cons t ruc t i on  o f  two observat ion w e l l s  (Figure 2.10). According t o  sano (19691, the  
f i r s t  observat ion w e l l  (Yamanoshita) was completed i n  1960 t o  a depth o f  650 m. Four s i zes  of 
cas ing were used, each stage from bottom t o  t o p  being o f  l a r g e r  diameter than t h e  preceding 
one. The base o f  each stage was grouted t o  t h e  contiguous s t r a t a  and overlapped t h e  head o f  
t h e  stage below it. Sano (1969) s ta tes  t h a t  i t  was intended t h a t  t he  increase i n  t h e  over- 
lapped leng th  o f  each stage should represent the  shrinkage between the  s t r a t a  t o  which the  
cas ing was grouted. The system was unsuccessful because the  cas ing contracted w i t h  t he  
shrinkage o f  t h e  formation. 

The second w e l l  (Uchino) was completed i n  1961 t o  a depth of 950 m. It was const ructed 
w i t h  a conductor p i p e  100 m l o n g  cemented t o  t h e  surrounding s t r a t a  through i t s  f u l l  length.  
The main casing 5-1/2 inches i n  diameter was suspended i n  the  conductor p ipe.  I n  e f f e c t ,  t h i s  
observat ion w e l l  was the  s i n g l e  p i p e  type. 

I n  both observat ion wel ls,  r a d i o a c t i v e  b u l l e t s  were shot i n t o  t h e  formation every 40 m and 
r a d i o a c t i v e  reference p e l l e t s  were at tached t o  t h e  casing every 20 m (Figure 2.10). Special  
logging equipment was designed t o  improve accuracy. Logging a t  about 1-year i n t e r v a l s  from 
1961 t o  1966, when the  deeper w e l l  f a i l e d ,  apparent ly was reasonably successful  i n  determining 
l o c a t i o n  and general magnitude o f  compaction. 
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Figure 2.10 St ructure o f  the observat ion w e i i s  i n  Ni igata,  Japan ( a f t e r  Sano and Kayana, 1966, 
Figure 2) .  
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2.3 HORIZONTAL DISPLACEMENT 

2 .3 .1  Land-surface displacement 

I n  areas o f  subsidence due t o  f l u i d  withdrawal, hor izonta l  displacement o f  the land surface has 
been measured a t  only a few places. One of  those i s  the Wilmington o i l  f i e l d  i n  Los Angeles 
County, Ca l i fo rn ia ,  which has experienced as much as nine metres o f  subsidence. The v e r t i c a l  
subsidence has been accompanied by hor izonta l  movement d i rected inward toward the center o f  
subsidence. This hor izonta l  movement has been measured by surveys o f  a t r iangula t ion  network 
of  the Los Angeles County Engineer's o f f i c e .  I n  1951, when subsidence a t  the center was 4.9 m, 
hor izonta l  movement since 1937  had been as much as 1.9 m (Grant, 1954, Figure 1). By 1962, 
some points on the east end o f  Terminal Is land had moved as much as 2.7 m, according t o  the 
Long Beach Harbor Department. 

A t  Wairakei, New Zealand, Bix ley  reports tha t  both hor izonta l  and v e r t i c a l  movements have 
occurred along the steam mains route (see case h istory  9.9).  Maximum movement i s  near bench 
mark A 9 7  (Figure 9.9.5)  , where hor izonta l  movement i s  about 75  mm/year and v e r t i c a l  moement 130 
mm/year. 

U n t i l  recently,  short distances were measured by s t e e l  tape and longer distances by 
t r iangulat ion.  Triangulation involves the measurement o f  the angles o f  a t r iang le ,  c a r e f u l  
measurement o f  the length o f  one side, ca l led  the base l i n e ,  and ca lcu la t ion  o f  the lengths o f  
the other two sides. The process can be extended through angular measurement o f  many 
addi t ional  t r iangles.  

Within the l a s t  decade, however, extremely accurate means have been developed for  measur- 
ing hor izonta l  distances between points.  E lectronic  Distance Measurement (EDM) equipment 
permits l ine-of-sight distance measurement, both rapid ly  and precise ly .  Thus, the locat ion  o f  
points can now be determined by t r i l a t e r a t i o n ,  whereby a network o f  t r iang les  i s  constructed 
from one or more known points,  wi th  the length o f  a l l  sides determined d i r e c t l y  by use o f  the 
EDM equipment. Distance measurements by t r i l a t e r a t i o n  have la rge ly  replaced measurements by 
tr iangulation, especial ly where extreme accuracy i s  needed. 

The general distance c a p a b i l i t i e s  and accuracy of  three types of  EDM equipment are  as 
f ollows : 

1. Geodolite, capable of 1 u n i t  i n  l o 7  un i ts  ( l a s e r ) ,  30 km; 
2. Electronic EDM, capable of 2 un i ts  i n  106 ( l a s e r ) ,  1 2  km; 
3. Distance meter, capable of 1 u n i t  i n  l o 5  ( i n f r a r e d ) ,  3 km. 

More information on EDM instruments and other types of  equipment t o  monitor hor izonta l  
displacements a t  land surface are summarized by Van T i l  (1979, table  D-1). Van T i l ' s  summary, 
reproduced i n  t h i s  guidebook as Appendix A, includes a l i s t i n g  o f  instrument c a p a b i l i t i e s  o f  
s t e e l  tapes, EDM instruments, and hor izonta l  extensometers t o  measure ground s t r a i n  or  crack 
movement. The appraisal was made wi th  respect t o  a v a i l a b i l i t i y ,  performance character is t ics ,  
and i n s t a l l a t i o n  and operation requirements. 

2 .3 .2  Subsurface displacement 

Instruments current ly  avai lable  for  the measurement of  hor izonta l  displacement a t  depth are  
sonde-type borehole inclinometers. Oi l -wel l  service companies have equipment t o  measure both 
the d r i f t  angle (angle o f  departure from v e r t i c a l )  and the t rue  compass bearing a t  desired 
depth in terva ls  t o  depths as great  as 6 km. Most other sonde-type inclinometers have been 
developed for  near-surface geotechnical studies and i n  general have depth ranges l i m i t e d  t o  
200-300 m. The a v a i l a b i l i t y ,  operating pr inc ip les ,  accuracy, and p r i n c i p a l  i n s t a l l a t i o n  and 
operation features o f  10 sonde-type borehole inclinometers and 3 f ixed  borehole inclinometers 
are summarized i n  Appendix B. 
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3 Mechanics of land subsidence due to fluid 
withdrawal, by Joseph F. Poland and Working Group 

3 . 1  INTRODUCTION 

The three types o f  f l u i d  wi thdrawal by man t h a t  have caused no t iceab le  subsidence under favor-  
ab le geologic cond i t ions  are (1) the  withdrawal o f  o i l ,  gas, and associated water, ( 2 )  the  
wi thdrawal o f  h o t  water o r  steam f o r  geothermal power, and ( 3 )  the wi thdrawal o f  ground water. 
Each o f  t h e  three types o f  wi thdrawal has produced maximum subsidence o f  t he  same order o f  
magnitude. For example, t h e  best  known example o f  o i l - f i e l d  subsidence i s  t he  Wilmington o i l  
f i e l d  i n  Los Angeles County, Ca l i f o rn ia ,  which has experienced 9 metres o f  subsidence (Mayuga 
and Al len,  1969); the  wi thdrawal o f  h o t  water f o r  geothermal power a t  Wairakei, New Zealand, 
has produced 6-7 metres o f  subsidence (case h i s t o r y  9.9);  and the  withdrawal o f  ground water 
has produced 9 metres o f  subsidence i n  both  Mexico C i t y ,  Mexico, and the  San Joaquin V a l l e y  o f  
Ca l i fo rn ia ,  USA. (See Table 1.1 and case h i s t o r i e s  9.8 and 9.13.) I n  t h i s  guidebook we are 
concerned w i t h  subsidence due t o  ground-water wi thdrawal but, regardless o f  the  nature o f  the  
f lu id  removed, the p r i n c i p l e s  i n v o l v e d  are the  same. 

A common understanding o f  terms i s  important i n  d iscuss ing t h e  mechanics o f  l a n d  sub- 
sidence. The reader i s  re fe r red  t o  th ree  U.S. Geological  Survey pub l i ca t i ons  f o r  the  
d e f i n i t i o n  o f  many p e r t i n e n t  terms: Water-Supply Paper 494 (Meinzer, 1923) was one o f  the  
f i r s t  comprehensive attempts t o  def ine terms used i n  ground-water s tud ies and has been a much- 
used reference work f o r  the pas t  h a l f  century; Water-Supply Paper 1988 (Lohman and others,  
1972) contains rev ised and c l a r i f i e d  d e f i n i t i o n s  of se lected ground-water terms and s t resses 
the use o f  cons is tent  u n i t s  i n  ground-water f l ow  equations; Water-Supply Paper 2025 (Poland, 
Lofgren, and Ri ley,  1972) i s  a glossary o f  se lected terms u s e f u l  i n  s tud ies  o f  t h e  mechanics o f  
aqu i fe r  systems and land subsidence due t o  f l u i d  withdrawal. P r i n c i p a l  terms w i l l  be def ined 
b r i e f l y  i n  t h i s  chapter o r  i n  an appended glossary, Appendix D. 

Figure 3.1 i l l u s t r a t e s  the  terminology f o r  subdiv is ions o f  a ground-water rese rvo i r  as 
used i n  t h i s  manual. Case 1, on the  l e f t ,  depicts,  from t o p  t o  bottom, the  land surface, a 
water tab le,  and an unconfined aqu i fe r  t h a t  func t ions  as an hyd rau l i c  unit; a c o n f i n i n g  bed 
t h a t  func t ions  as a major hyd rau l i c  separator; a conf ined aqui fer  system t h a t  func t ions  approx- 
imate ly  as an hydrau l i c  unit; and r e l a t i v e l y  impermeable bedrock a t  the base. Case 2 depic ts ,  
from top  t o  bottom, t h e  l and  surface; a water t a b l e  associated w i t h  a semiconfined aqu i fe r  
system; a conf in ing  bed; a conf ined aqu i fe r  system; a second con f in ing  bed; a sa l twater  con- 
f i n e d  aqu i fe r  system; and r e l a t i v e l y  impermeable bedrock a t  t he  base. 

A t ten t i on  i s  d i rec ted  t o  the conf ined aqu i fe r  system t h a t  occurs i n  bo th  cases. Note i n  
p a r t i c u l a r  t h a t  aqui tards which occur w i t h i n  an hyd rau l i c  unit  are d i s t i n c t  from a c o n f i n i n g  
bed t h a t  serves as an hydrau l i c  separator. For i l l u s t r a t i v e  purposes, t he  system inc ludes  two 
aqui tards ( f ine-gra ined compressible in terbeds)  and th ree  aqui fers .  Because the  aqui tards are 
h i g h l y  compressible compared t o  the  c l a s t i c  sand o r  sand and grave l  o f  the  aqui fers ,  they deter-  
mine by t h e i r  number and thickness the  s u s c e p t i b i l i t y  o f  the  aqu i fe r  system t o  compaction i n  
response t o  increase i n  stress.  I n  h i g h l y  compressible conf ined systems t h a t  have experienced 
severa l  metres o f  manmade compaction, severa l  tens o f  aqui tards may be interbedded w i t h  t h e  
aqui fers .  For example, the  mic ro log  o f  a w e l l  d r i l l e d  through a 400-metre th ickness o f  t h e  
conf ined system on the west s ide o f  the  San Joaquin Val ley,  Ca l i f o rn ia ,  d isp layed 60 aqui tards 
w i t h  i n d i v i d u a l  thicknesses ranging from 0.6 m t o  15 m and averaging 4.5 m. 

I n  cont ras t  t o  the l a rge  number o f  aqui tards sub jec t  t o  compaction i n  the  San Joaquin 
Valley, i n  Mexico C i t y  most o f  the 9 m of compaction has occurred i n  t h e  top  50 m below land  
surface, c h i e f l y  i n  two very highly compressible s i l t y  c lay  beds 25-30 and 5-10 m t h i c k .  I n  
the upper t h i c k e r  c lay  the  vo id  r a t i o  averages about 7 and the p o r o s i t y  about 88 per  cent;  i n  
the lower c lay  the vo id  r a t i o  averages 4-5 and the  p o r o s i t y  about 82 per  cent. Figueroa-Vega 
concludes (case h i s t o r y  9.8, Table 9.8.5) from comparison o f  casing p r o t r u s i o n  and subsidence 
f o r  1970-73 t h a t  about 75 per  cent o f  the  t o t a l  subsidence was due t o  compaction o f  the  c layey 
s t r a t a  i n  the  top  50 m, and the remainder t o  compression o f  the under ly ing  aqu i fe r  which i s  
severa l  hundred m th i ck .  
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Figure 3.1 Diagram showing terminology for  a ground-water reservoir and subdivisions thereof. 

I n  order t o  count the number and ind iv idua l  thicknesses o f  the aquitards (or of  the 
aquifers)  as displayed i n  a geophysical bore-hole log, an a r b i t r a r y  v e r t i c a l  reference l i n e  i s  
drawn on the log. I n t e r v a l s  where the r e s i s t i v i t y  log l i e s  t o  the l e f t  o f  the reference l i n e  
def ine aquitards; i n t e r v a l s  where the r e s i s t i v i t y  log l i e s  t o  the r i g h t  o f  the reference l i n e  
def ine aquifers.  Where prec ise ly  t o  draw the reference l i n e  becomes a matter o f  personal judg- 
ment. Among the geophysical logs ava i lab le  from o i l - f  i e l d  service companies, the microlog o f  
Schlumberger gives considerably more l i t h o l o g i c  d e t a i l  than do the logging devices using a 
normal electrode configuration. O f  these, the short normal with an electrode spacing o f  about 
0 .4  metre gives the best d e t a i l  on t h i n  aquitards. 

Figure 9.3.2 i s  a v e r t i c a l  section of the confined aquifer system beneath Venice, I t a l y .  
Using the e l e c t r i c  logs and core descriptions from deep t e s t  boreholes, the authors o f  the case 
h is tory  on Venice have divided the confined system i n t o  s ix  p r i n c i p a l  aquifers and a 
considerable number o f  aquitards. 

3.2 THEORY OF AQUIFER-SYSTEM COMPACTION 

I n  1925, O. E. Meinzer (Meinzer and Hard, 1925, p. 91) recognized that  an ar tes ian  aquifer ( the 
Dakota Sandstone) was compressed when the ar tes ian  head was decreased. He stated (p. 92) that  
the overburden pressure o f  a l l  beds above the confined Dakota aquifer was supported p a r t l y  by 
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the f l u i d  pressure a t  the top o f  the Dakota and p a r t l y  by the sandstone i t s e l f  (grain-to-grain 
load) .  He concluded tha t  the grain-to-grain load on the Dakota aquifer  a t  El lendale,  North 
Dakota, had increased about 50 per cent because o f  the decline o f  a r tes ian  head. 

Meinzer (1928),  i n  a c lass ic  paper, discussed the compressibil i ty and e l a s t i c i t y  o f  
a r tes ian  aquifers i n  d e t a i l .  He c i t e d  evidence for  compressibiity and e l a s t i c i t y  derived from 
laboratory tes ts  and from f i e l d  evidence for  confined aquifers and for  la rge  artesian basins, 
notably the Dakota a r tes ian  basin. He concluded (p. 289): 

". . . ar tes ian  aquifers are apparently a l l  more or less compressible and e l a s t i c  
though they d i f f e r  widely i n  the degree and r e l a t i v e  importance of these properties. 
I n  general the propert ies o f  compressiblity and e l a s t i c i t y  are o f  the most consequence 
i n  aquifers tha t  have low permeabil i ty,  slow recharge, and high head. I n  many aquifers 
these propert ies a re  evident ly important i n  supplying water not only by permanent 
reduction of storage but also by temporary reduction tha t  i s  replenished when the wel ls  
are shut down or  during the season o f  minimum use." 

He recognized tha t  water withdrawn from storage was released both by compression of the aquifer  
and by expansion of the water and tha t  reduction o f  storage--compression--may be permanent 
( i n e l a s t i c )  as w e l l  as e l a s t i c  (recoverable). 

The next milestone i n  the understanding o f  the manner i n  which ar tes ian  aquifers release 
water from storage was the development by Theis (19351, through analogy with the mathematical 
theory o f  heat conduction, o f  an equation for the non-steady-state f low o f  ground water t o  a 
discharging we l l .  This equation, which for  the f i r s t  time introduced the elements o f  time and 
the coef f ic ient  o f  storage (S) , subsequently has become the foundation o f  quant i ta t ive  ground- 
water hydrology. Following development o f  t h i s  equation, Theis (1938, p. 894) defined the 
c o e f f i c i e n t  o f  storage as 'I. . . the volume o f  water, measured i n  cubic fee t ,  released from 
storage i n  each column of  the aquifer having a base one foot  square and a height equal t o  the 
thickness o f  the aquifer ,  when the water tab le  or other piezometric surface i s  lowered one 
foot." 

Jacob (1940) postulated t h a t  when water i s  removed from and pressure i s  decreased i n  an 
e l a s t i c  a r tes ian  aquifer ,  stored water i s  derived from expansion o f  the confined water, 
compression o f  the aquifer ,  and compression o f  the adjacent and included c lay  beds. He 
concluded that  the t h i r d  source i s  probably the c h i e f  one i n  the usual case, and he stated (p. 
5741 ,  ". . . because o f  the low permeabi l i ty  o f  the clays (or  shales) there i s  a time l a g  
between the lowering o f  pressure within the aquifer and the appearance o f  tha t  p a r t  o f  the 
water which i s  derived from storage i n  those clays (or shales)." 

I n  the f i e l d  o f  s o i l  mechanics, K a r l  Terzaghi (1925; Terzaghi and Peck, 1967) developed 
the theory o f  primary one-dimensional consolidation o f  c lays t h a t  has served as the basis for  
solut ion o f  most p r a c t i c a l  s o i l  mechanics and settlement problems i n  the past ha l f  century. 
This theory commonly i s  used t o  estimate the magnitude and r a t e  o f  settlement or  compaction 
that  w i l l  occur i n  fine-grained clayey deposits under a given change i n  load (s t ress) .  
According t o  the theory, compaction r e s u l t s  from the slow escape o f  pore water from the 
stressed deposits, accompanied by a gradual t ransfer  o f  stress from the pore water t o  the 
granular structure o f  the deposits. I n  developing h i s  consolidation theory i n  1925, Terzaghi 
also introduced the basic p r i n c i p l e  of e f f e c t i v e  stress tha t  

P '  = P - 'W8 (3.1) 

where 
p '  = e f f e c t i v e  stress ( e f f e c t i v e  overburden pressure or grain-to-grain load) ,  
p = t o t a l  stress (geostatic pressure),  and 
uw = pore pressure ( f l u i d  pressure or neut ra l  stress) .  

This was the same year t h a t  O. E. Meinzer (Meinzer and Hard, 1925) recognized the p r i n c i p l e  of 
e f f e c t i v e  stress i n  compression o f  a r tes ian  aquifers.  

The appl icat ion o f  the time-consolidation theory o f  s o i l  mechanics t o  explain the theory 
o f  aquifer-system compaction has been summarized l u c i d l y  by R i l e y  (19691, as follows: 

"The well-known hydrodynamic (Terzaghi) theory of s o i l  consolidation can provide a semi- 
quant i ta t ive  explanation for  the phenomenon of  repeated permanent compaction during 
successive cycles of loading and unloading through about the same stress range. I n  the 
context o f  t h i s  problem a c e n t r a l  tenet  o f  consolidation theory states t h a t  an increase 

39 



Guidebook to studies of land subsidence due to ground-water withdrawal 

i n  s t ress  appl ied t o  a "c lay"  stratum (aqu i ta rd )  becomes e f f e c t i v e  as a compressive 
gra in- to-gra in  l o a d  o n l y  as r a p i d l y  as t h e  heads (pore pressures) i n  t h e  aqu i ta rd  can 
decay toward e q u i l i b r i u m  w i t h  t h e  head i n  the adjacent a q u i f e r ( s ) .  Because o f  the low 
pe rmeab i l i t y  and r e l a t i v e l y  high compress ib i l i t y  o f  t h e  interbedded aquitards, t he  
conso l i da t i on  (compaction) o f  a mu l t i - l aye red  aqu i fe r  system i n  response t o  increased 
app l i ed  s t ress  i s  a s t r o n g l y  time-dependent process , and complete o r  "u l t imate"  
conso l i da t i on  i s  n o t  a t t a i n e d  u n t i l  a steady-state v e r t i c a l  d i s t r i b u t i o n  o f  head e x i s t s  
throughout t h e  a q u i f e r  system. Transient heads i n  the  aqui tards h igher  than those i n  
the  adjacent aqu i fe rs  (termed r e s i d u a l  excess pore pressures) are a d i r e c t  measure o f  
t he  remaining pr imary conso l i da t i on  t h a t  w i l l  u l t i m a t e l y  occur under t h e  e x i s t i n g  
stress.  When pore-pressure e q u i l i b r i u m  i s  a t t a i n e d  throughout the  aqui tard,  i t  i s  s a i d  
t o  be 100 per  cent  consol idated f o r  t h e  p r e v a i l i n g  s t ress  and no f u r t h e r  permanent 
compaction w i l l  occur i f  the  same s t ress  i s  repeatedly removed and reappl ied.  (The 
poss ib le  r o l e  o f  secondary, o r  nonhydrodynamic, conso l i da t i on  i n  aquifer-system 
compaction i s  no t  well-known, but i s  assumed i n  t h i s  d iscuss ion t o  be minor.) 

'*For a s i n g l e  homogeneous aqui tard,  bounded above and below by aqu i fe rs  i n  which 
the head i s  instantaneously and equa l l y  lowered, the time, t, requ i red  t o  a t t a i n  any 
s p e c i f i e d  d i s s i p a t i o n  o f  average excess pore pressure i s  a d i r e c t  f u n c t i o n  o f :  ( 1 )  t he  
volume o f  water t h a t  must be squeezed ou t  of the aqu i ta rd  i n  order  t o  e s t a b l i s h  the  
denser s t r u c t u r e  requ i red  t o  wi thstand the  increased s t ress  , and ( 2 ) t h e  impedance t o  
the escape o f  t h i s  water. The product  o f  these two parameters c o n s t i t u t e s  t h e  aqu i ta rd  
t ime constant. For a spec i f i ed  s t ress  increase, t h e  volume o f  water i s  determined by 
the volume compress ib i l i t y  %, o f  t he  aqui tard,  t he  compress ib i l i ty ,  ow, o f  t h e  
water, and the  thickness, b ' ,  o f  t h e  aqui tard.  The impedance i s  determined by t h e  
v e r t i c a l  permeabi l i ty ,  K ' ,  and thickness o f  t h e  aqui tard.  Thus, t h e  requ i red  time, t, 
i s  a f u n c t i o n  o f  t he  t ime constant, T ,  where 

S e  (b ' / 2 I2  
(3.2)  

-s 
T S  

K' 

and where S',  i s  t h e  s p e c i f i c  storage o f  the aqui tard,  def ined as 

i n  which 

Ab' 
S t s k  = m Y = - 

v w blAha 

and 

(3 .4 )  

(3 .5 )  

s 'sk  i s  t he  component of spec i f i c  storage due t o  compress ib i l i t y  o f  t he  aqui tard,  
S i S  t h e  component due t o  the  compress ib i l i t y  o f  water, ha i s  t h e  average head i n  
the  aqui tard,  n i s  the po ros i t y ,  and y, i s  t he  uni t  weight of water. For consol i -  
d a t i n g  aqui tards S I &  >>> Ssw. 

"For convenience, i t  i s  customary t o  de f i ne  a dimensionless t ime fac to r ,  T, such 
t h a t  

when T equals u n i t y ,  t equals the t ime constant. The degree o f  conso l i da t i on  U%, a t  
any time, t, i s  then expressed as a func t i on  o f  T, t he  form o f  the f u n c t i o n a l  r e l a t i o n  
being determined by t h e  i n i t i a l  condi t ions o f  the problem. For the commonly used t ime- 
conso l i da t i on  funct ions,  U0 i s  somewhat more than 90 pe r  cent when T i s  u n i t y .  
De ta i l ed  development o f  t he  t ime-consol idat ion theory summarized above may be found i n  
Scot t  (1963, p. 162-197.)" 
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3 . 3  ANALYSIS OF STRESSES CAUSING SUBSIDENCE 

3.3..1 Types o f  stresses 

As discussed by Lofgren (1968),  th ree  types of stresses a r e  involved i n  the  compaction o f  an 
aquifer  system: 

"These are closely i n t e r r e l a t e d ,  ye t  o f  such d i f f e r e n t  nature t h a t  a c l e a r  d i s t i n c t i o n  
i s  of utmost importance. The f i r s t  o f  these i s  a g r a v i t a t i o n a l  stress, caused by the 
e f f e c t i v e  weight o f  overlying deposits, which i s  transmitted downward through the  grain- 
to-grain contacts i n  the deposits. The second, a hydrostat ic  stress due t o  the  weight 
o f  the i n t e r s t i t i a l  water, i s  transmitted downward through the  water. The third i s  a 
dynamic seepage stress exerted on the  grains by the  viscous drag o f  v e r t i c a l l y  moving 
i n t e r s t i t i a l  water. The f i r s t  and third are add i t ive  i n  t h e i r  e f f e c t  and together 
comprise the grain-to-grain stress which e f f e c t i v e l y  changes the  void r a t i o  and 
mechanical propert ies o f  the deposit; i t  i s  commonly known as the " e f f e c t i v e  stress."  
The second type o f  stress, although i t  tends t o  compress each i n d i v i d u a l  grain,  has 
v i r t u a l l y  no tendency t o  change the void r a t i o  o f  the deposit and i s  r e f e r r e d  t o  as a 
neut ra l  stress. 

"Of  the various methods used i n  analyzing the  e f f e c t  9f these stresses i n  a 
compacting aquifer  system (Taylor,  1948, p. 203),  only two are  considered here. 
Although they vary i n  t h e i r  conceptual approach, these methods give the same 
mathematical r e s u l t s  and can be used t o  check one another. The c l a s s i c a l  method, the  
approach most o f t e n  used i n  p r a c t i c a l  soil-mechanics problems, considers the  geostat ic  
load, or  combined t o t a l  weight o f  grains and water i n  the system, and the  neut ra l ,  or 
hydrostatic,  stress. The second method considers the s t a t i c  g r a v i t a t i o n a l  stress o f  
the grains, which comprises t h e i r  t r u e  weight above the water t a b l e  and submerged 
(buoyed) weight below the water t a b l e ,  and the v e r t i c a l  seepage stresses t h a t  may e x i s t  
i n  the system. Inasmuch as changes i n  the e f f e c t i v e  grain-to-grain stress (both 
g r a v i t a t i o n a l  and stress due t o  seepage) a r e  d i r e c t l y  responsible f o r  the compaction o f  
the deposits and are  d i r e c t l y  r e l a t e d  t o  changes i n  head i n  an aquifer  system, t h i s  
second approach has proved the simplest and c leares t  i n  our subsidence invest iga t ion ."  

The d e f i n i t i o n  o f  seepage stress as a ne t  cumulative di f ference i n  hydraul ic  head i s  a 
powerful and usefu l  concept, although the i n t e r p r e t a t i o n  of seepage stress as being caused by 
viscous drag may be found t o  be subject t o  question i n  the  future.  For fur ther  discussion o f  
t h i s  issue, the reader i s  r e f e r r e d  t o  Helm (1978) and Helm (1980).  

The diagram i n  Figure 3.2 i l l u s t r a t e s  the stresses a c t i n g  a t  the  i n t e r f a c e  between an 
artesian aquifer and the  overlying confining bed. I f  we assume t h a t  the t o t a l  load, p, exerted 
on the aquifer  i s  constant and % i s  reduced as a r e s u l t  o f  pumping, the load borne by the 
skeleton o f  the aquifer ,  p l ,  i s  increased by an equal amount. I f  the a r tes ian  head i s  drawn 
down t o  the base o f  the confining bed (%=O) ,  the  e f f e c t i v e  stress, p ' ,  on the  aquifer 
skeleton equals the geostatic pressure p. 

The i d e a l i z e d  pressure diagram o f  Figure 3.3 u t i l i z e s  the c l a s s i c a l  method t o  i l l u s t r a t e  
the stresses t h a t  cause subsidence. (Also see Poland and Davis, 1969, Figures 1-3.) For the 
sake o f  s impl ic i ty ,  pressure i s  expressed i n  terms o f  the height o f  an equivalent  column o f  
water. The geostatic pressure ( t o t a l  s t ress) ,  p, o f  sediments and water a t  some plane o f  
reference below the water t a b l e  equals the unit weight o f  moist sediments above the water t a b l e ,  
ym, times t h e i r  thickness, p lus  the unit weight o f  saturated sediments below the  water t a b l e ,  
y,  times t h e i r  thickness. I f  we assume an average porosity,  n, o f  40 per cent,  an average 
specif ic gravity,  G, of 2.70 f o r  the grains, an average spec i f ic  re tent ion ,  rs, o f  0.20 f o r  
the moisture contained above the water tab le ,  and l e t  the  u n i t  weight o f  water be u n i t y ,  then, 
ym equals 1.8 metres o f  water per metre o f  thickness: 

ym = [G(l-n) + rs]'Yw, or  [2.7(1-0.4) + 0.2011 = 1.8, 

and y= 2.0 metres o f  water per metre o f  thickness: 

Y =  [G(1-n) + nly,, o r  [2.7(1-0.4) + 0.411 = 2.0. 

( 3 . 7 )  

Thus the geostatic pressure a t  depth z 1  + 22 ( f igure  3.3) i s  
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Figure 3.2 Diagrammatic view o f  stresses a c t i n g  a t  i n t e r f a c e  between a r t e s i a n  aqu i fe r  and 
c o n f i n i n g  bed (modi f ied from F e r r i s ,  Knowles, Brown, and Stallman, 1962, p. 79).  

p = zlYm + zzY = ( 5 0  x 1.8) + (450 x 2.0) = 990 metres o f  water (3 .9)  

( a  column o f  water 1 metre high exe r t s  a pressure o f  0.1 k g  cm-* on i t s  base) 
The lower ing o f  a r t e s i a n  head i n  a conf ined aqu i fe r  system, f o r  example, from depth (21) 

t o  (23 )  i n  Figure 3.3, does n o t  change the  geostat ic  pressure appreciably. Therefore, t he  
increase i n  e f f e c t i v e  s t ress  i n  t h e  conf ined aqu i fe rs  i s  equal t o  t h e  decrease i n  f l u i d  
pressure. The compaction i n  these i s  immediate and i s  c h i e f l y  recoverable i f  f l u i d  pressure i s  
restored, but u s u a l l y  i t  i s  small .  

On the other  hand, i n  t h e  aqui tards ( f ine-gra ined in terbeds)  and c o n f i n i n g  beds, which have 
low v e r t i c a l  p e r m e a b i l i t y  and high s p e c i f i c  storage under v i rg in  st ress ing,  t he  v e r t i c a l  escape 
o f  water and the  adjustment o f  pore pressures i s  slow and time-dependent. Hence, the  s t ress  
increase a p p l i e d  a t  t he  aqu i fe r -aqu i ta rd  boundaries by the head dec l i ne  i n  t h e  conf ined aqu i fe rs  
becomes e f f e c t i v e  i n  these f ine-gra ined beds on ly  as r a p i d l y  as pore pressures decay toward 
e q u i l i b r i u m  w i t h  those i n  adjacent aqui fers .  (See dashed pore-pressure l i n e s  o f  Figure 3.3, 
where ut represents the  excess pore pressure a t  t ime t.) Attainment o f  pore-pressure equi-  
l i b r i u m  (do t ted  l i n e s )  may take months o r  years; t he  t ime va r ies  d i r e c t l y  as the  spec i f i c  
storage and the  square o f  t he  d r a i n i n g  thickness and i n v e r s e l y  as the  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  o f  t he  a q u i t a r d  o r  t he  c o n f i n i n g  bed. 

Although n o t  i l l u s t r a t e d  i n  Figure 3.3, i t  i s  r e a d i l y  apparent t h a t  increase o f  f l u i d  
pressure from a steady-state cond i t i on  decreases e f f e c t i v e  s t ress and causes expansion o f  t h e  
pressur ized sediments (as i n  subsidence c o n t r o l  and underground waste d isposal ) .  F l u i d  pressure 
cannot exceed geos ta t i c  pressures wi thout  causing up l i f t  o f  t he  overburden. 

The s t ress  r e l a t i o n s  o f  Figure 3.3 serve t o  i l l u s t r a t e  the  p r i n c i p l e  o f  e f f e c t i v e  stress,  
but do no t  emphasize t h e  importance o f  n e t  di f ference o f  hyd rau l i c  head i n  causing compaction. 
Actual ly ,  the downward hyd rau l i c  gradient  developed across t h e  c o n f i n i n g  bed by the head 
dec l ine i n  the  conf ined system induces downward movement o f  water through the pores t h a t  exe r t s  
a v iscous drag on the  c l a y  p a r t i c l e s .  The s t ress  so exerted on t h e  p a r t i c l e s  i n  the con f in ing  
bed i n  t h e  d i r e c t i o n  o f  f l o w  i s  a seepage st ress.  
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Figure 3.3 Pressure diagram f o r  an unconfined a q u i f e r  and a conf ined a q u i f e r  system; head 
reduct ion i n  the  conf ined system only.  

3.3.2 Computation o f  s t ress  change 

It i s  q u a n t i t a t i v e l y  convenient i n  t r e a t i n g  complex aqu i fe r  systems t o  compute e f f e c t i v e  
stresses and s t ress  changes i n  terms o f  g r a v i t a t i o n a l  s t ress  and t h e  v e r t i c a l  normal component 
o f  seepage stress,  which are a l g e b r a i c a l l y  add i t i ve .  The f o l l o w i n g  b r i e f  d iscuss ion i s  
summarized from Lofgren (1968) and Poland and o the rs  (1975). 

Diagram A o f  F igure 3.4 i l l u s t r a t e s  p a r t  o f  a conf ined aqu i fe r  system con ta in ing  an 
aqui tard,  o v e r l a i n  by a c o n f i n i n g  bed and an unconf ined aqui fer .  The water t a b l e  and the  
potent iometr ic  surface o f  the conf ined system are i n i t i a l l y  a t  t he  same depth; hence, f l u i d  
pressure a t  a l l  depths i s  hyd ros ta t i c .  A l l  beds and surfaces w i t h i n  t h e  v e r t i c a l  column are 
assumed t o  be ho r i zon ta l .  I f  we assume the  same parameters as f o r  Figure 3.3, and l e t  t h e  unit 
weight o f  water be u n i t y ,  then the  e f f e c t i v e  unit  weight o f  mois t  deposi ts above t h e  water 
tab le,  'Ym, equals 1.8 metres o f  water per  metre o f  th ickness: 

-lm = [G(1-n) + r s l Y w ,  o r  [2.7(1-0.4) + 0.2011 = 1.8 (3.7) 

Also, t he  e f fec t i ve  submerged, o r  buoyant, unit weight o f  saturated deposi ts,  Yb, equals one 
metre o f  water per  metre o f  th ickness: 

i f  these g r a v i t a t i o n a l  stresses are expressed i n  metres o f  water (one metre o f  water i s  equi- 
va lent  t o  0.1 kg cm'2), they can be added d i r e c t l y  t o  h y d r a u l i c  stresses. 

Vectors t o  the  r ight  o f  diagram A (F igure 3.4) represent t h e  two components o f  e f f e c t i v e  
g r a v i t a t i o n a l  s t ress  a t  t h ree  depths. A t  t he  400-metre depth, f o r  example, t h e  s t r e s s  due t o  
the  unsaturated deposits, s, equals 200 metres o f  th ickness t imes 1.8, o r  360 metres o f  water; 
t he  s t ress  due t o  the buoyant weight o f  submerged deposi ts,  b, equals 200 x 1.0, o r  200 metres 
o f  water. The sum o f  s + b, 560 metres o f  water, i s  t h e  gra in- to-gra in  s t ress  a t  t h i s  p lane o f  
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a conf ined aqu i fe r  system o v e r l a i n  by an unconfined 
aqui fer .  A, water t a b l e  and potent iometr ic  sufrace common. B, water t ab le  
constant, po ten t i omet r i c  surface lowered. C, water t a b l e  ra ised,  potent iometr ic  
surface constant. D, water t a b l e  lowered, potent iometr ic  sur face constant. 
Stresses i n  metres o f  water; based on assumed p o r o s i t y  = 0.40, s p e c i f i c  g r a v i t y  o f  
s o l i d s  = 2.7, and s p e c i f i c  r e t e n t i o n  = 0.20. S = e f f e c t i v e  s t ress  due t o  weight o f  
unsaturated deposi ts;  b = e f f e c t i v e  s t ress  due t o  buoyant weight o f  submerged de- 
pos i t s ;  J = seepage st ress;  Ap’ = change i n  t o t a l  e f f e c t i v e  s t ress  from cond i t i on  A. 

The e f f e c t i v e  s t r e s s  o f  the saturated deposi ts increases d i r e c t l y  w i t h  depth below 
the  water tab le,  as i n d i c a t e d  by t h e  i nc reas ing  vector  lengths, b, a t  t he  base o f  t he  con f in ing  
bed and the t o p  o f  t he  aqui tard.  

I f  the po ten t i omet r i c  surface o f  the confined aqui fer  system i s  drawn down 1 0 0  metres as 
i n  diagram B, g r a v i t a t i o n a l  s t resses remain as i n  A because the  water t a b l e  i s  unchanged. 
However, a downward component o f  hyd rau l i c  gradient  i s  developed across the  c o n f i n i n g  bed, 
which induces dowriward movement o f  water through t h e  pores and exer ts  a viscous drag on the 
grains.  The ne t  force t r a n s f e r r e d  t o  t h e  gra ins between any two depths i s  measured by t h e  head 
l o s s  between those depths. The s t ress  so exer ted on t h e  gra ins i s  c a l l e d  a seepage stress.  
This th i rd  e f f e c t i v e  s t ress  component i s  represented by vector  J on a h o r i z o n t a l  plane. I t s  
v e r t i c a l  component i s  a l g e b r a i c a l l y  a d d i t i v e  t o  t h e  g r a v i t a t i o n a l  stresses and i s  t ransmi t ted 
downward through the  conf ined a q u i f e r  system. The wide arrows t o  the  r i g h t  o f  diagram B 
i n d i c a t e  w i t h i n  a v e r t i c a l  column the  n e t  change i n  the  v e r t i c a l  normal component o f  e f f e c t i v e  
s t ress  a t  the base o f  the c o n f i n i n g  bed and below, from the  hyd ros ta t i c  c o n d i t i o n  o f  diagram A. 
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Because the water tab le  i s  unchanged the n e t  change i s  the  change i n  seepage stress, which i s  
equal t o  the decrease i n  f l u i d  ( n e u t r a l )  pressure represented by l i n e  C-F (base o f  conf ining 
bed). 

The increase i n  e f f e c t i v e  stress i n  the permeable aquifers occurs simultaneously w i t h  
decrease i n  head, but decrease o f  pore pressure i n  the aquitards and confining beds i s  delayed 
because o f  t h e i r  high compressibil i ty and low v e r t i c a l  permeabi l i ty .  The reduction i n  head i n  
the permeable aquifers creates a two-directional hydraulic gradient outward from the  center o f  
the aquitard and consequently induces two-directional drainage from the aquitard. Thus, 
although upward and downward seepage forces occur w i t h i n  the aquitard during t h i s  adjustment, 
i n t e r n a l  stresses have no net  ex terna l  e f f e c t  on the r e s t  o f  the aquifer  system. During t h i s  
per iod  o f  t rans ient  pressures, the e f f e c t i v e  stress can increase only as r a p i d l y  as the  excess 
pore-pressure decreases. The general p a t t e r n  o f  decay i s  i l l u s t r a t e d  i n  diagram B o f  Figure 3.4 
i n  the confining bed by dashed l i n e  B-E-F and i n  the aquitard by dashed l i n e  H-I-J. F u l l  
dissipat ion o f  excess pore pressures t o  equi l ibr ium (dashed l i n e s  B-F and H-J) may require 
months or years. Note t h a t  water drains through both boundaries o f  the  aquitard, but  Only 
through the  lower boundary o f  the confining bed under the specif ied conditions. 

I f  the potentiometric surface o f  the confined aquifer  system remains constant and the  water 
tab le  i s  ra ised  o r  lowered, both g r a v i t a t i o n a l  and seepage stresses change, but w i t h  opposite 
sign. For example, i f  the water t a b l e  i s  r a i s e d  100 m (diagram C )  and the parameters a re  aS 
assumed e a r l i e r ,  the change i n  g r a v i t a t i o n a l  stress i s  -0.8 metre o f  water per  metre o f  r i s e :  
however, the u n i t  change i n  seepage stress ( d i f f e r e n t i a l  between water t a b l e  and potentiometric 
surface o f  confined system) i s  +1.0 metre. Hence, the ne t  u n i t  change i n  appl ied stress i n  the 
confined system i s  +0.2 metre o f  water. Conversely, if the water t a b l e  i s  lowered (diagram D I ,  
the ne t  change i n  appl ied stress i s  -0 .2  metre per metre o f  decline. 

I n  summary, water-level f luctuat ions change e f f e c t i v e  stresses i n  the fol lowing two ways: 

1. A r i s e  o f  the water t a b l e  provides buoyant support f o r  the grains i n  the  zone o f  
the change, and a decl ine removes the buoyant support; these changes i n  gravita-  
t i o n a l  stress are transmitted downward t o  a l l  underlying deposits. 

2. A change i n  pos i t ion  o f  e i t h e r  the water tab le  or  the potentiometric surface o f  the 
confined aquifer system, or  both, may induce v e r t i c a l  hydraulic gradients across 
confining o r  semiconfining beds and thereby produce a seepage stress. The v e r t i c a l  
normal component o f  t h i s  stress i s  a lgebra ica l ly  add i t ive  t o  the g r a v i t a t i o n a l  
stress. A change i n  effect ive stress r e s u l t s  if preex is t ing  seepage stresses are 
a l t e r e d  i n  d i rec t ion  or  magnitude. 

The change i n  applied stress within a confined aquifer  system, due t o  changes i n  both the 
water tab le  and the ar tes ian  head, may be sunmiarized concisely (Poland and others, 1972, p. 6 )  
as 

(3.11)  

where pa i s  the applied stress expressed i n  metres o f  water, hc i s  the  head (assumed 
uniform) i n  the confined aquifer  system, h, i s  the head i n  the overlying unconfined aqu i fe r ,  
and ys i s  the average spec i f ic  y i e l d  (expressed as a decimal f r a c t i o n )  i n  the i n t e r v a l  o f  
water-table f luctuat ion.  

I n  the San Joaquin Val ley,  Ca l i fo rn ia ,  the areas i n  which subsidence has been appreciable 
coincide general ly  w i t h  the areas i n  which ground water i s  withdrawn c h i e f l y  from confined 
aquifer systems. (See Chapter 9.13, Figure 9.13.2.)  Furthermore, the great increases i n  stress 
appl ied t o  the sediments i n  the ground-water reservoir  by the  in tens ive  mining o f  ground water 
developed c h i e f l y  as increased seepage stresses on the confined aquifer  systems. 

3.4 COMPRESSIBILITY AND STORAGE CHARACTERISTICS 

3.4.1 Stress-strain analysis 

F i e l d  measurements o f  compaction and cor re la t ive  change i n  water l e v e l  may serve as continuous 
monitors o f  subsidence and indicators o f  the response o f  the system t o  change i n  appl ied stress. 
They also can be u t i l i z e d  t o  construct stress-strain curves from which, under c e r t a i n  favourable 
conditions, one can derive storage and compressibil i ty parameters o f  the aquifer  system, as 
f i r s t  demonstrated by R i ley  (1969) for the P ix ley  s i t e  i n  the  southern p a r t  o f  the San Joaquin 
Val ley,  Ca l i fo rn ia .  
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Thir teen years o f  measured water- level  change and compaction a t  P i x l e y  are shown i n  Figure 
3.5. They have been u t i l i z e d  t o  de r i ve  a computer p l o t  o f  s t ress  change versus s t r a i n  (Figure 
3.5, E) f o r  a 101-metre th ickness o f  the conf ined aqu i fe r  system. The change i n  s t ress ( B )  
a p p l i e d  t o  a l l  s t r a t a  w i t h i n  t he  depth i n t e r v a l  i s  ca l cu la ted  from t h e  hydrographs ( A )  o f  we l l s  
16N4 (water t a b l e )  and 16N3 (conf ined system). This stress-change graph i s  p l o t t e d  w i t h  s t ress  
i nc reas ing  downward t o  emphasize t h e  c lose c o r r e l a t i o n  w i t h  d e c l i n i n g  a r t e s i a n  head. The com- 
p a c t i o n  w i t h i n  t he  131-232-metre depth i n t e r v a l  ( D )  i s  obtained as t h e  d i f f e rence  between the  
two extensometer p l o t s  on graph C .  The s t r e s s - s t r a i n  diagram (E)  represents t h e  mechanical 
response (change i n  th ickness)  o f  the 131-2321netre depth i n t e r v a l  t o  change i n  e f f e c t i v e  
s t ress.  It i s  p l o t t e d  from t h e  ca l cu la ted  data o f  graphs B and D. For convenience, t h e  s t ress-  
change p l o t  o f  graph B i s  expressed i n  equiva lent  u n i t s  o f  water head ( 1  f t  o f  water head i s  
equiva lent  t o  0.4333 l b  ine2; 1 m o f  head i s  equiva lent  t o  0.1 k g  cm'2). 

A t t e n t i o n  i s  d i r e c t e d  t o  (1) the  annual depth-to-water p a t t e r n  f o r  t h e  conf ined aqui fer  
system (see hydrograph f o r  w e l l  16N3) i n  response t o  the c h a r a c t e r i s t i c  seasonal pumping f o r  
i r r i g a t i o n - - t h e  main seasonal dec l i ne  occurs i n  sp r ing  t o  l a t e  summer fo l l owed  by recovery o f  
water l e v e l  t o  a peak l a t e  i n  the winter ;  ( 2 )  t h e  reduced r a t e  o f  compaction du r ing  years o f  
sma l l  seasonal drawdown of water l e v e l  i n  w e l l  16N3, such as 1962, 1963, 1967 and 1969; ( 3 )  t he  
smal l  but d e f i n i t e  expansion o f  t he  deposi ts ( D )  i n  most winters,  accompanying t h e  water- leve l  
recovery; and (4 )  t h e  se r ies  o f  annual s t r e s s - s t r a i n  loops (E), formed by the  y e a r l y  cyc les of 
s t ress  increase and decrease. 

AS 

I f  

discussed by R i l e y  (1969): 

"The descending segments o f  the annual loop are o f  p a r t i c u l a r  i n t e r e s t  s ince they 
represent the  r e s u l t a n t  o f  two opposing tendencies--one toward con t inu ing  compaction 
and one toward e l a s t i c  expansion i n  response t o  decreasing a p p l i e d  s t ress.  Expansion 
o f  the more permeable s t r a t a  o f  t he  a q u i f e r  system must be e s s e n t i a l l y  concurrent w i t h  
the observed r i s e  i n  head i n  wel ls .  However, t h e  f i r s t  reduc t i on  o f  s t ress  may produce 
on ly  a s l i g h t  reduc t i on  i n  compaction ra te .  Evident ly,  i n i t i a l  expansion o f  t he  
aqu i fe rs  i s  concealed by cont inu ing compaction o f  the interbedded aqui tards as water 
continues t o  be expe l l ed  under the  in f luence of h igher  pore pressures remaining wi th in 
the medial  reg ions o f  the beds. 

"Consol idat ion theory requi res t h a t  t he  maximum excess pore pressure, which i s  i n  
the middle o f  a doubly-draining aqui tard,  be r e l a t e d  t o  the  same parameters . . 
t h a t  c o n t r o l  t h e  t ime-consol idat ion funct ion.  It i s ,  therefore,  i n e v i t a b l e  t h a t  t he re  
be, a t  t he  end of a r e l a t i v e l y  sho r t  pumping season, a l a r g e  range o f  maximum excess 
pore pressures i n  a sequence o f  aqui tards o f  widely vary ing thicknesses and p h y s i c a l  
proper t ies.  Thus, as head i n  the  aqu i fe rs  r i s e s  and s t ress  decl ines, t h e  th innes t  and 
( o r )  most permeable aquitards, conta in ing the  l e a s t  excess pore pressure, w i l l  q u i c k l y  
assume an e l a s t i c  response; but the  t h i c k e s t  and (or)  l e a s t  permeable beds may continue 
t o  compact a t  d imin ish ing r a t e s  through most o r  perhaps a l l  of t he  p e r i o d  o f  head 
recovexy and s t ress  r e l i e f .  

"Evidence f o r  t h i s  type o f  behavior i s  contained i n  t h e  cont inuously curv ing s t ress-  
s t r a i n  l i n e  c h a r a c t e r i s t i c  o f  much o f  t h e  descending p o r t i o n s  o f  t h e  annual loops." 

i n  Figure 3.5E t h e  lower p a r t  o f  t h e  descending curve approximates a s t r a i g h t  l i n e  w i t h  
a p o s i t i v e  slope, as i t  does, f o r  instance, i n  1968 and 1970, we can assume t h a t  e s s e n t i a l l y  a l l  
excess pore pressures have been exceeded by the  r i s i n g  heads and t h a t  t he  e n t i r e  a q u i f e r  system 
i s  expanding i n  accordance w i t h  i t s  e l a s t i c  modulus. 

The lower p a r t s  o f  t he  descending segments o f  t he  annual loops f o r  the w in te rs  o f  1968-69, 
1969-70, and the l a t t e r  p a r t  of  1970 are approximately p a r a l l e l  s t r a i g h t  l i nes ,  as shown by the  
upward p r o j e c t i o n  o f  t he  do t ted  l i n e s .  The r e c i p r o c a l  o f  t he  slope o f  t he  do t ted  l i n e s  i s  a 
r e a l i s t i c  est imate o f  t h e  component o f  t he  storage coe f f i c i en t ,  S, a t t r i b u t a b l e  t o  t h e  e l a s t i c  
o r  recoverable deformation o f  t he  aqu i fe r  system skeleton, Ske: 

(3.12)  

where b i s  the th ickness o f  the aquifer-system segment being measured, A b  i s  compaction, h i s  
app l i ed  stress,  and Ah i s  change i n  app l i ed  stress.  The component o f  average s p e c i f i c  storage 
due t o  e l a s t i c  deformation i s  sske: 
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F igu re  3.5 Hydrographs, change i n  a p p l i e d  s t ress,  compaction , subsidence, and s t r e s - s t r a i n  
r e l a t i o n s h i p ,  23/25-16N. A, Hydrographs o f  w e l l s  23/25-16N4, p e r f o r a t e d  61-73 m 
depth, and 23/25-16N3, p e r f o r a t e d  110-128 m depth. B, Change i n  a p p l i e d  s t r e s s .  c, 
Compaction t o  131-metre depth i n  w e l l  23/25-16N3 and t o  232-metre depth i n  w e l l  
23/25-16N1 and subsidence o f  bench mark 4945 a t  w e l l  23/25-16N1. D, Compaction i n  
131-232-metre depth i n t e r v a l .  E, S t res  change versus s t r a i n  (101-metre th ickness) .  
(Mod i f i ed  f rom Poland, Lofgren, I r e l a n d ,  and Pugh, 1975, F ig .  70 . )  
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-6 -1 Ab 
- ske 604  = 6.3 1 0  , 

l O l m  Sske - b / A h  - b (3.13) 

where A b / b  represents s t r a i n  i n  Figure 3.5E and can be considered a conservat ive est imate of 
bulk volume s t r a i n ,  AV/V, i n  t h e  f i e l d .  The compress ib i l i t y  o f  t h e  aquifer-system skeleton i n  
t h e  e l a s t i c  range o f  s t ress  i s  "ke: 

-6 -1 

-2 -1 
2 -1 

= 6.3 x 10-5 cm kg . 'ske 6.3 x 1 0  m 

ake 'w 0.1 kg cm m 
= - -  - (3.14) 

However, i f  stresses are expressed i n  metres o f  water, and i f  'Y, ( the  unit  weight o f  water)  
equals u n i t y ,  CYke i s  equal numer ica l ly  t o  S . It i s  o f  i n t e r e s t  t o  note t h a t  t he  compres- 
s i b i l i t y  o f  water, Bw, a t  20' C, i s  4.7 x 10*cm2kg-1. 
p r e s s i b i l i t y  o f  the aquifer-system skeleton i s  about 1.3 t imes as l a rge  as the  compress ib i l i t y  
o f  water. 

Hence, t h e  average e l a s t i c  com- 

On t he  other  hand, 

If t h e  average po ros i t y ,  n, equals 0.4, then 

Ssw = (0.4)(4.7 x cm2kg-l)(0.1 k g  cm-2m-1) = 1.9 x 10-6m-1 (3.15) 

Therefore, f o r  t he  101-metre th ickness o f  t he  measured i n t e r v a l ,  t he  r a t i o  o f  s p e c i f i c  storage 
values fo r  t h e  e l a s t i c  deformation o f  t h e  aqu i fe r  system and f o r  t h e  e l a s t i c  expansion o f  water 
i s  

-6 -1 

-6 -1 
= 3.3. 'ske 6.3 x 10  m 

'sw 1.9 x 10 m 
- =  (3.16) 

This  means t h a t  f o r  each un i t  o f  change i n  head, the volume o f  water released from o r  taken i n t o  
storage p e r  unit  volume o f  t h e  porous medium by e l a s t i c  (recoverable) deformation o f  the medium 
i s  more than th ree  t imes the  volume released by e l a s t i c  deformation o f  t he  i n t e r s t i t i a l  water. 

E l a s t i c  storage and compress ib i l i t y  parameters have been der ived from two other  stress- 
s t r a i n  p l o t s  descr ibed i n  the case h i s t o r i e s .  One i s  f o r  a w e l l  i n  western Fresno County, 
i l l u s t r a t e d  i n  Figure 9.13.9. The depth i n t e r v a l  measured i s  70-176 m below land  surface. A t  
t h i s  s i t e ,  Ske = 1.2 x 10-3 and sske = 1.1 x 1 0 - 5 ~ - 1 .  This s t ress -s t ra in  p l o t  (Figure 
9.13.9) i s  o f  i n t e r e s t  a l s o  because the lower p a r t s  o f  both the  descending and ascending 
segments of t he  annual "hysteresis loops" form e s s e n t i a l l y  a common s t r a i g h t  l i n e  , i n d i c a t i n g  
almost no t ime delay i n  adjustment o f  the aquifer-system skeleton t o  change i n  s t ress  i n  the 
e l a s t i c  range o f  stress.  O f  t h i s  106-111 thickness o f  aqu i fe r  system, the sum o f  t h e  aqu i fe rs  i s  
7 1  m o r  two- th i rds o f  the t o t a l  and the sum o f  t he  aqui tards i s  on ly  one- th i rd  o f  the t o t a l .  
The e l e c t r i c  l o g  suggests t h e  aqui tards are l a r g e l y  s i l t  and hence r e l a t i v e l y  permeable compared 
w i t h  c lay.  

The other  p l o t  i s  f o r  a w e l l  i n  San Jose, Ca l i f o rn ia ,  i l l u s t r a t e d  i n  Figure 9.Q-7. The 
depth i n t e r v a l  measured i s  244 m th i ck ,  61-305 m below t h e  l and  surface, represent ing the f u l l  
th ickness o f  the conf ined aqu i fe r  system. The stress-compaction p l o t  i nd i ca tes  t h a t  ske = 
1.5 x and Sske = Ske/244m = 6.15 x iO-6m-1. I n  these computations I have assumed 
t h a t  i n  the  range o f  stresses l e s s  than preconsol idat ion stress,  t he  compress ib i l i t y  of t he  
aqui tards and the  aqu i fe rs  i s  t he  same. Therefore, the f u l l  th ickness o f  the conf ined aqu i fe r  
system, 244 m, was used t o  de r i ve  the spec i f i c  storage component, sskef i n  the e l a s t i c  range 
o f  s t ress.  

For stresses exceeding pas t  maximum (preconsol idat ion)  stresses, v i r g i n  s p e c i f i c  storage 
and compress ib i l i t y  parameters can be approximated from Figure 3.5. S t ra igh t  l i n e  A-A'-A" i s  
drawn through t h e  annual hys te res i s  loops approximately a t  t he  l e v e l  a t  which the r i s i n g  e l a s t i c  
compaction curve crosses over t h e  descending expansion curve. The r e c i p r o c a l  o f  t h e  slope o f  
l i n e  A-A'-A" i s  t he  component of the storage coe f f i c i en t ,  S, a t t r i b u t a b l e  t o  the  i n e l a s t i c  
(nonrecoverable) deformation o f  t he  aquifer-system skeleton, skv: 
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- - -  Ab - 6.8 x - 
'kv Ah ( 3 . 1 7 )  

The component o f  spec i f ic  storage due t o  i n e l a s t i c  (nonrecoverable) deformation o f  the aquifer-  
system skeleton i s  sskv: 

- skv 6*8  = 6.7 10 -4 -1 . - - =  
'skv b l O l m  (3 .18)  

Relat ion 3.18 i s  an average value f o r  the e n t i r e  system. It i s  reasonable t o  assume, however, 
t h a t  only the clay interbeds deform i n e l a s t i c a l l y .  To obtain the average nonrecoverable 
spec i f ic  storage o f  the aquitards i n  accordance w i t h  t h i s  convention, skv i s  divided by the 
aggregate thickness, b ' ,  of aquitards, which i s  70 metres: 

The average aquitard compressibil i ty 

-4 -1 

W -2 -1 
-3 2 -1 9.7 lo = 9.7 x 10 cm kg . '8kv - =  

0.1 kg cm m 
( 3 . 2 0 )  

The average compressibil i ty o f  the aquifer-system skeleton i n  the v i r g i n  range o f  stressing 
i s  akv: 

-4 -1 

- 2  -1 
-3 2 -1 = 6.7 x 10 cm k g  . 'skv 6.7 x 10 m 

"kv 'w 0.1 kg cm m 
- - -=  ( 3 . 2 1 )  

Thus, from the appraisal  o f  Figure 3.5, and the comparison of (Yke o f  3.14 t o  ffkv o f  
3.21, we can conclude t h a t  a t  Pixley,  the compressibil i ty o f  the measured i n t e r v a l  o f  the 
aquifer  system i n  the v i r g i n  range o f  stressing i s  about 100 times as great  as the compressi- 
b i l i t y  i n  the e l a s t i c  range o f  stressing. Hydrologists should be aware t h a t  i n  mul t iaqu i fe r  
systems the values o f  the' compressibil i ty and storage parameters may be 1 0  t o  100 times greater 
when t o t a l  appl ied stresses a r e  i n  the v i r g i n  range o f  stressing than when they are  i n  the 
e l a s t i c  range. This f a c t  must be kept i n  mind i n  t h e  i n t e r p r e t a t i o n  o f  aqu i fe r  t e s t s  and a lso  
when making estimates o f  the usable storage capacity o f  a confined-aquifer system. 

3.4.2 Soil-mechanics techniques 

Compressibility character ist ics o f  fine-grained compressible layers  or lenses (aquitards)  can 
be obtained by making one-dimensional consolidation t e s t s  o f  "undisturbed" cores i n  the 
laboratory. These t e s t s  are described i n  s o i l  mechanics textbooks and b r i e f l y  i n  Chapter 4 o f  
t h i s  manual. The p l o t  o f  void r a t i o  against the logarithm o f  load  ( e f f e c t i v e  stress)  i s  known 
as the e-log p p l o t .  Three parameters t h a t  can be obtained from t h i s  p l o t  a re  ( 1 )  the 
compression index, C,, a measure o f  the nonlinear compressibil i ty o f  the  sample, ( 2 )  the 
c o e f f i c i e n t  o f  consolidation, G, a measure o f  the time r a t e  o f  consolidation, and ( 3 )  the  
approximate value o f  the preconsolidation load, determined graphical ly  (see Figure 4-9). The 
preconsolidation load o r  stress i s  the maximum p r i o r  e f f e c t i v e  stress t o  which a deposit has 
been subjected and which i t  can withstand without undergoing add i t iona l  permanent deformation. 
Most o f  the compacting deposits i n  the subsiding areas of Table 1.1 a r e  o f  l a t e  Cenozoic age 
and before disturbance o f  equi l ibr ium conditions by man were normally consolidated or  s l i g h t l y  
overconsolidated (1 t o  4 kg cm'2). 

For e f f e c t i v e  stress changes i n  the stress range l e s s  than preconsolidation stress, the  
compaction or  expansion o f  both aquitards and aquifers i s  elast ic- - that  i s ,  approximately pro- 
por t iona l  t o  change i n  e f fec t ive  stress over a moderate range i n  stress, and f u l l y  recoverable 
if the stress rever ts  t o  the i n i t i a l  condition. 

For increase i n  e f f e c t i v e  stress i n  the range o f  loading t h a t  exceeds preconsolidation 
stress , the "virgin" compaction o f  aquitards i s  c h i e f l y  ine las t ic - - tha t  i s  , not recoverable 
upon decrease i n  stress. However, t h i s  v i r g i n  compaction includes a recoverable e l a s t i c  
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component t h a t  i s  smal l  compared t o  the  nonrecoverable component. The v i r g i n  compaction 
u s u a l l y  i s  roughly  p r o p o r t i o n a l  t o  the l oga r i t hm o f  e f f e c t i v e  s t ress.  

The compaction o f  aqui fers ,  i n  con t ras t  t o  t h a t  o f  aqui tards,  i s  c h i e f l y  e l a s t i c  
(recoverable) but i t  may inc lude  an i n e l a s t i c  component. In  poor l y  so r ted  and angular sands 
and e s p e c i a l l y  i n  micaceous sands, t h e  i n e l a s t i c  component may dominate. 

A semi logar i thmic p l o t  o f  v o i d  r a t i o ,  e, versus t h e  logar i thm o f  l oad  ( e f f e c t i v e  s t r e s s ) ,  
p', shown i n  Figure 3.6, i l l u s t r a t e s  a graphic method o f  computing compress ib i l i t y .  The 
c o e f f i c i e n t  o f  volume compress ib i l i t y ,  mv i n  soil-mechanics terminology, 

VOID 
RATIO 

(e) 

1.00 

eo - el 
m =  v ( l+eo)Ap'  

- = 5.4 

- 

- 

(Terzaghi  and Peck, 1967). It represents the  compression o f  t h e  c lay,  pe r  unit  o f  i n i t i a l  
thickness, per  unit increase i n  load  ( f o r  e f f e c t i v e  s t ress  change i n  the  range exceeding pre- 
conso l i da t i on  s t ress ) .  U t i l i z i n g  t h e  l abo ra to ry  v i r g i n  compression curve, which i s  a s t r a i g h t  
l i n e  on the  semi logar i thmic p l o t ,  we see t h a t  f o r  a l oad  change p', from 100 t o  200 l b s  in-* 

I 
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F i g w e  3.6 Der iv ing m from e- log p' p l o t .  
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( 7  t o  14  kg cm’2), t h e  v o i d  r a t i o ,  e, decreases from 0.66 t o  0.57. The decrease i n  volume o r  
l eng th  o f  t he  sample, eo - e l ,  d i v i d e d  by t h e  i n i t i a l  volume, 1 + eo, and by t h e  change 
i n l o a d  f o r  t he  values given, suppl ies an approximation o f  com r e s s i b i l i t y  a t  t h e  midpoint  o f  

in21b-’ (7.7 x cm2kg”). The compress ib i l i t y  decreases markedly w i t h  increase i n  
e f f e c t i v e  s t ress.  Repeating the  computation f o r  severa l  increments o f  l o a d  increase furn ishes 
the data f o r  p l o t t i n g  compress ib i l i t y  f o r  t h e  p e r t i n e n t  range i n  e f f e c t i v e  s t ress.  

Figure 3.7 i s  a l oga r i t hm ic  p l o t  showing t h e  p r i n c i p a l  range i n  c o m p r e s s i b i l i t y  o f  t e s t e d  
cores from fou r  core ho les  tapping a l l u v i a l  and minor l a c u s t r i n e  deposi ts  i n  southwestern Un i ted  
States,  as w e l l  as the  compress ib i l i t y  o f  pure c lays  made by Ch i l i nga r  and Knight  (1960). 

Ap‘. Thus, t he  c o m p r e s s i b i l i t y  a t  150 l b s  in-2 (10 .5  kg cm-’) i s  approximately 5.4 x 10-  4 

The fou r  core ho les  are spaced from C a l i f o r n i a  t o  Texas, as fo l l ows :  

Core ho le  Locat ion 
A Santa Ciara Val ley,  C a l i f o r n i a ,  i n  San Jose 

Depth (m) 
305 

B San Joaquin Val ley,  C a l i f o r n i a f i n  western Fresno County 610 
C P i n a l  County, Arizona, near Eloy 592 
D H a r r i s  County, Texas, a t  Clear Lake 294 

The graph summarizes t h e  compress ib i l i t y  range f o r  30 samples from t h e  fou r  core holes f o r  
e f f e c t i v e  stresses between 8 and 100  kg cm-2. I f  we consider these samples under a common 
e f f e c t i v e  s t ress  o f  70 kg cmm2 (note the v e r t i c a l  dashed l i n e ) ,  t he  range i n  c o m p r e s s i b i l i t y  

PSI PSI ’ 
cm2/ kg 4 6 8 i O 2 .  2 4 6 8 IO3 2 4 6 8 IO4 

1 I I I  

- 6  

- 4  

- 2  

- lo4 

- 8  
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- 2  
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I 2 4 6 8 1 0  2 4 6 7 8  IOz 2 4 6 0 IO3 
EFFECTIVE S T R E S S ,  Kg/cm2 

Figure 3.7 Compress ib i l i ty  p l o t s  f o r  f ine-gra ined samples from f o u r  core ho les  i n  southwestern 
Uni ted States and f o r  pure c l a y s  t e s t e d  by Ch i l i nga r  and Knight  (1960). 
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o f  the 30 cores i s  about 9 x t o  2.3 x cm2 kg'l, a range by a factor o f  near ly  
three.  

Experimental compaction studies by Chi l ingar and Knight (1960) ,  made on k a o l i n i t e ,  i l l i t e ,  
and montmoril lonite clays a t  pressures from 3 t o  14,000 kg a f f o r d  an opportunity t o  
compare compressibi l i t ies o f  the f ine-grained corehole samples wi th  those o f  pure clays. The 
standard clay-mineral  samples tes ted  were described by Chi l ingar and Knight (1960, p. 103) as 
follows: 

Montmoril lonite No. 25, Upton, Wyoming 
I l l i t e  No. 35, F i th ian ,  I l l i n o i s  
K a o l i n i t e  No. 4, Macon, Georgia 

The r e s u l t s  o f  t h e i r  tes ts ,  which they expressed i n  moisture content i n  per  cent (dry weight) 
versus the logarithm o f  pressure, have been converted t o  compressibil i ty versus e f f e c t i v e  stress 
and are shown as dotted l i n e s  i n  Figure 3.7. Kao l in i te  has the lowest compressibil i ty,  i l l i t e  
the intermediate,  and montmoril lonite has the highest.  The compressibi l i t ies o f  a l l  30 core- 
hole samples are  higher than those of the standard i l l i t e  throughout the stress range tested.  
Furthermore, the compressibi l i t ies o f  a l l  the  samples from core holes A and B (cent ra l  Ca l i fo r -  
n i a )  f a l l  between the standard i l l i t e  and montmorillonite curves. X-ray d i f f r a c t i o n  analysis 
o f  the clay-mineral  assemblages a t  a l l  four s i t e s  indicated t h a t  montmorillonite i s  the pre- 
dominant c l a y  mineral,  ranging from 6 t o  8 p a r t s  i n  10. 

Compressibil i ty t e s t s  have been made on many samples o f  fine-grained sediments taken from 
a deep (950m) borehole i n  Venice, I t a l y ,  i n  1971. Values o f  m, versus depth f o r  more than 50 
samples a r e  p l o t t e d  i n  Figure 9.3.3 o f  the Venice case h is tory .  The compressibi l i t ies were 
computed a t  the ac tua l  " in s i t u "  pressures f o r  both the loading and unloading curves. R iccer i  
and B u t t e r f i e l d  (1974) made a de ta i led  analysis o f  the compressibil i ty data from the deep 
borehole. I f  the  compressiblit ies f o r  samples from 120-220 m depth, computed from the loading 
curve (m,l po in ts  i n  Figure 9.3.31, a r e  p l o t t e d  i n  Figure 3.7, most po in ts  f a l l  on or  j u s t  t o  
the right of the i l l i t e  curve. Compressibil i t ies average about 3 x cm2kg-l f o r  
e f fec t ive  stresses i n  the range o f  1 2  t o  22 kg (120-220 m depth). The highest 
compressibi l i t ies f a l l  within the range o f  compressibi l i t ies f o r  samples from corehole A (Santa 
Clara Val ley,  C a l i f . ) .  

3. 4.3 The compressibil i ty environment 

E f f e c t i v e  stresses, including the increase appl ied by pumping, are i n  the range o f  10 t o  100 kg 
f o r  aquifer  systems tapped by water we l ls  w i t h i n  depths o f  60 t o  900 m. This depth 

range includes about a l l  the stressed sediments o f  Table 1.1. Within t h i s  stress range sands 
i n  general a re  much less  compressible than clays. However, a t  e f f e c t i v e  stresses o f  1 0 0  t o  200 
kg evidence i s  accumulating t o  show t h a t  some sands may be as compressible as clays o r  
si l tstones.  

Roberts (1969) made a laboratory study o f  the compressiblity o f  sands and clays as deter- 
mined from one-dimensional consolidation t e s t s  a t  stresses up t o  700 k g  The t e s t s  
showed t h a t  i n  the range o f  e f f e c t i v e  stresses from 1 0 0  t o  200 k g  some sands were as 
compressible as t y p i c a l  clays. Roberts noted t h a t  sands are r e l a t i v e l y  incompressible a t  low 
pressures (<lo0 kg )--the compression i s  due t o  p a r t i c l e  rearrangement. A t  higher 
pressures f rac tur ing  o f  the grains develops. He concluded t h a t  factors a f f e c t i n g  the pressures 
a t  which f rac tur ing  begins include the i n i t i a l  density o f  the sample, angular i ty  o f  the grains, 
and grain-size d is t r ibut ion .  

I n  a study o f  subsidence o f  o i l  f i e l d s  bordering Lake Maracaibo i n  Venezuela, van der Knapp 
and van der V l i s  (1967) made one-dimensional consolidation t e s t s  on cores o f  uncemented sand and 
clay,  taken from depths o f  900 t o  1050 m. Compressibility was computed from the v i r g i n  compres- 
sion curve of the e-log p '  p l o t .  The composite graphs o f  compressibil i ty o f  the sand and clay 
samples showed t h a t  the two mater ials have comparable compressibi l i t ies.  For example, a t  140 k 

o f  e f f e c t i v e  stress, the mean sand compressibil i ty ( 8  samples) i s  about 5.7 x 10- 
cm kg'' and the mean clay compressibil i ty (11 samples) i s  about 4.5 x 

The p r i n c i p a l  o i l  zones a t  the Wilmington o i l  f i e l d  i n  Los Angeles and Long Beach, 
Cal i fornia,  t h a t  compacted t o  cause as much as 9 m of subsidence are a t  depths o f  600 t o  1200 
m. When f l u i d  pressures i n  the zones were depleted i n  the l a t e  1950's p r i o r  t o  repressuring, 
e f f e c t i v e  stresses were 100 t o  200 kg cmm2. According t o  Al ien and Mayuga (1969),  a x i a l  
loading t e s t s  on the reservoir  sands and s i l ts tones  showed the sands t o  be as compactible, or 
more so, than the s i l ts tones  a t  the f i e l d  e f f e c t i v e  stresses. From the laboratory tes ts ,  

SI 
cm2kg-l. 
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r e s e r v o i r  c a l c u l a t i o n s ,  and c a s i n g - c o l l a r  measurements, t h e y  concluded t h a t  about two- th i rds  o f  
t h e  compaction had occurred i n  t h e  sands and o n e - t h i r d  i n  t h e  s i l t s t o n e s .  The sands are  
composed o f  about 35-70 p e r  c e n t  quar tz ,  12-40 p e r  c e n t  fe ldspar ,  and 8-12 p e r  c e n t  s i l t  and 
c l a y  minerals.  Above t h e  1,220 m depth, t h e  sands a r e  uncemented and loose, and t h e y  grade i n  
g r a i n  s i z e  f rom f i n e  t o  coarse. Roberts '  (1969) f i n d i n g s  t h a t  some sands f r a c t u r e  apprec iab ly  
i n  t h e  s t r e s s  range o f  100-200 kg  suggest t h a t  t h e  h i g h  c o m p r e s s i b i l i t y  o f  t h e  
f e l d s p a t h i c  Wi lmington " o i l  sands" i n  t h i s  same e f f e c t i v e - s t r e s s  range i s  due c h i e f l y  t o  
f r a c t u r i n g .  

For a d d i t i o n a l  i n f o r m a t i o n  on t h e  c o m p r e s s i b i l i t i e s  o f  unconsol idated sands and c lays ,  t h e  
reader  i s  r e f e r r e d  t o  Roberts (1969), Meade (19681, Grim (19621, A l l e n  and C h i l i n g a r i a n ,  &I 
C h i l i n g a r i a n  and Wolf (1975, p. 43-77), and Rieke and C h i l i n g a r i a n  (1974, p. 173-217). 
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4 Laboratory tests for properties of sediments in 
subsiding areas, by A. I. Johnson and Working Group 

4 . 1  INTRODUCTION 

Laboratory tes ts  of core samples are  made t o  determine t h e i r  physical,  hydrologic, and 
engineering propert ies and t h e i r  consolidation and rebound character is t ics .  The laboratory- 
t e s t  resu l ts  then are  u t i l i z e d ,  along wi th  the observed changes i n  a r tes ian  head, t o  compute 
compaction o f  the aquifer  system on the basis o f  s o i l  mechanics theory. I n  addit ion, the 
mineralogy and petrography o f  samples i s  determined i n  the laboratory i n  order t o  study these 
properties with special  reference t o  the environment o f  deposition. 

This chapter b r i e f l y  describes some of  the t e s t  methods used i n  the laboratory and presents 
examples of the tables and graphs summarizing the propert ies for  compacting sediments i n  the 
specif ic  study area--primarily the San Joaquin Val ley,  w i th  some reference t o  the Santa Clara 
Val ley,  both i n  c e n t r a l  Ca l i fo rn ia .  The physical  and geologic character is t ics  and the sub- 
sidence problems for these areas are described i n  Case H is tor ies  9.13 and 9.14 and a l l  labora- 
tory methods and data are presented i n  more d e t a i l  i n  the report  by Johnson, Moston, and Morr is 
(1968). The laboratory analyses t h a t  were used d i r e c t l y  i n  t h i s  case study were p r i m a r i l y  the 
par t ic le -s ize  d i s t r i b u t i o n ,  specif ic  grav i ty  and u n i t  weight, porosity and void r a t i o ,  and the 
consolidation and rebound tests.  The t e s t s  o f  Atterberg l i m i t s  and indices were not used 
quant i ta t ive ly  i n  the c e n t r a l  C a l i f o r n i a  study but provided supplementary data t h a t  furnish a t  
l e a s t  a q u a l i t a t i v e  index t o  the compressibil i ty character is t ics  o f  the sediments. For example, 
i n  the Unif ied S o i l  C l a s s i f i c a t i o n  system, the l i q u i d  l i m i t  i s  used t o  dist inguish between c lay  
o f  high compressibil i ty and c l a y  o f  low compressibil i ty.  The tes ts  o f  permeabil i ty were usefu l  
i n  re la ted  studies. The tes ts  comparing permeabil i ty p a r a l l e l  and normal t o  the s t r a t i f i c a t i o n  
gave some data on the r e l a t i v e  ease o f  movement o f  water i n  the two direct ions,  and thus were o f  
use i n  studies of leakage through confining beds. 

Applications of laboratory-test data may be found i n  chapters 3 and 5 and i n  some case 
h is tor ies  i n  Chapter 9 (such as 9.3, 9.13 and 9.14). 

4 .2  FIELD SAMPLING 

The samples for which t e s t  r e s u l t s  are discussed l a t e r  i n  t h i s  chapter were obtained from core 
holes i n  the San Joaquin and Santa Clara Valleys, i n  Cent ra l  Ca l i fo rn ia .  Eight  core holes were 
d r i l l e d  t o  depths as grea t  as 620 m and samples were co l lec ted  from these core holes for  
analysis i n  the laboratory. 

The core holes were d r i l l e d  by a r o t a r y - d r i l l i n g  r i g ,  u t i l i z i n g  core bar re ls  o f  the double- 
tube type, which have an outer ro ta t ing  b a r r e l  and an inner stat ionary bar re l .  The inside 
diameter o f  the core b a r r e l  was nominally 7.6 cm and the average diameter of  core recovered was 
about 7 cm. I n  most o f  the work, a core b a r r e l  capable o f  taking a core 3 m long was used. A 
6-m core b a r r e l  was t r i e d  but d i d  not g ive  as good core recovery. 

Above the Corcoran Clay Member o f  the Tulare Formation i n  the Los Banos-Kettleman C i t y  
area, (Figure 4 .1 )  a 3-m i n t e r v a l  was cored a f t e r  each 9-m o f  d r i l l i n g .  Below the top o f  the 
Corcoran Clay Member, coring was generally continuous t o  the bottom o f  the hole.  Core recovery 
was excel lent  for unconsolidated t o  semiconsolidated a l l u v i a l  deposits o f  sand, s i l t ,  and 
clay.  For example, a t  core hole 14/13-1lDl, the accumulated cored i n t e r v a l  was 302 m and the 
aggregate core footage brought t o  land surface was 2 1 1  m, an average core recovery o f  70 per 
cent. Core recovery was as high as 80 per cent and as low as 30 per cent. The lowest recovery 
was i n  the coarse, loose water-bearing mater ial .  Hence, the core su i te  obtained d i d  not 
contain a representative sampling of the coarser, most permeable layers.  

A t  each of the d r i l l i n g  s i tes ,  cores were l a i d  out i n  sequence i n  1.2-m wooden core boxes 
and properly l a b e l l e d  for  fu ture  reference. From each 3-m i n t e r v a l  cored, the following 
samples were col lected:  
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Simpli f ied geologic section through core holes i n  the Los Banos-Kettleman C i t y  area, 
San Joaquin Valley, Cal i fornia.  

Physical and engineering propert ies sample.--One l i t r e - s i z e d  sample (about 1 5  cm 
long),  taken from the most representative mater ials of the cored i n t e r v a l ,  was 
sealed i n  wax i n  a cardboard container t o  preserve the na tura l  moisture content 
insofar as prac t icab le  and t o  prevent disturbance of the core. 
Petrographic samples.--One or more samples, taken from the same mater ials and 
contiguous t o  the physical charac ter is t ic  samples, were col lected and sealed in  wax 
i n  a 0.5 l i t r e  cardboard container and retained for  petrographic examination. For 
paleontologic examination, samples also were taken o f  foss i l i fe rous  beds encountered 
i n  several o f  the core holes; they were not sealed i n  wax. 
General purpose samples.--Two or more 0 .25  l i t r e  samples were col lected for  general 
reference, one representing the f ine-textured mater ials and one representing the 
coarse-textured layers;  they were retained i n  cardboard cartons but not sealed i n  
wax. 

I n  addit ion, undisturbed samples o f  representative fine-grained deposits were col lected 
f o r  consolidation tests.  Li tre-sized samples were c a r e f u l l y  selected and then sealed i n  wax i n  
metal containers t o  keep them i n  an undisturbed condition. 

4.3 COMPOSITE LOGS OF CORE HOLES 

An e l e c t r i c  log was obtained for  each core hole after  coring was completed. Graphic logs and 
generalized l i t h o l o g i c  descriptions were prepared from the geologists'  logs made a t  the d r i l l  
s i t e ,  supplemented by in terpre ta t ion  of the e l e c t r i c  log i n  zones not cored or of poor recovery. 
These three elements were combined t o  give a composite log for  each core hole. The depths Of 

the samples tested a lso  are p l o t t e d  on the composite logs. Figure 4 .2  i s  an example of a 
composite log for  one o f  the core holes. 

The in terpre ta t ion  of e l e c t r i c  logs i s  based on the p r i n c i p l e  tha t ,  i n  fresh-water-bearing 
deposits such as those penetrated i n  t h i s  area, high r e s i s t i v i t y  values are ind ica t ive  of sand 
and low r e s i s t i v i t y  values are  ind ica t ive  of clay and s i l t y  clay.  Intermediate values are 
ind ica t ive  o f  clayey s i l t ,  s i l t ,  s i l t y  sand, and other sediments c l a s s i f i e d  t e x t u r a l l y  between 
sand and clay. R e s i s t i v i t y  i s  indicated by the right-hand curve o f  the e l e c t r i c  log; i t  
increases toward the r i g h t .  Thus, the Corcoran Clay Member of the Tulare Formation i s  
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... .. - . . . .~ 

~~~ ~ .. . ._ 

i ~ ~~~ 

~~~~~~~~~~ ~ ~~ .~ 

- -  1056-1127 Silt. Sandy. and sand. olive-gray 
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~ 
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~- ~ 

_ _ _  _ .  - 
~~ . . .  

1455-1480 Sand. line to medium. loose. aar .~ _ _ _ - - _  - -  Im.- . ~. ~~~~ 

C O R E  H O L E  l4/ l3- l lDl.  L O S  B A N O S - K E T T L E M A N  CITY AREA 

F igure 4.2 Example o f  a composite l o g  o f  a core hole. 

ind ica ted  by a curve segment o f  un i formly low r e s i s t i v i t y  (Figure 4.2). The e l e c t r i c  logs of 
the core holes can be compared w i t h  the phys i ca l  and hydro log ic  p r o p e r t i e s  o f  the samples 
p l o t t e d  according t o  depth, as i n  Figures 4.3 and 4.4. 

4.4 METHODS OF LABORATORY ANALYSIS 

U t i l i z i n g  a hydraul ic-press assembly i n  the laboratory ,  cores 5 cm i n  diameter by 5 cm long 
were obtained by fo rc ing  th in -wa l l  brass cy l i nde rs  i n t o  the l a rge r  core--one i n  a d i r e c t i o n  a t  
r i g h t  angles t o  the bedding ( v e r t i c a l )  and the other  p a r a l l e l  t o  the bedding (hor izon ta l ) .  
These smal l  cores were used f o r  permeab i l i t y  t e s t s  and f o r  determining u n i t  weight and poros i ty .  

The r e s t  of  the l a rge  core was prepared and used f o r  determinat ion o f  s p e c i f i c  g rav i t y ,  
p a r t i c l e - s i z e  d i s t r i b u t i o n ,  and At terberg l i m i t s  and indices.  Sample prepara t ion  f o r  these 
analyses began w i t h  the a i r -d ry ing  of chunks of the l a rge  core. These chunks o f  m a t e r i a l  were 

57 



Guidebook to studies of land subsidence due to ground-water withdrawal 

Milivolis Ohms ml/m 
SPONTANEOUS, RESlSlTlVllY 

WTENTIAL 

ELECTRIC COEFFIEIENT OF PERMEAEILIM, IN 
LOG GALLONS PER DAV PER SQUARE FOOT 

{veriical) 

i l l l l l !  

CUV.SIZE PARTICLES 
(<O.W nrn). IN PERCENT 

SPECIFIC GRAVIM 

o r " 1 I D - o  

GRAMS PER CUBIC CENTIMETER 
_ - - - - N  

U 
s s a  

POUNDS PER CUWC 
FOOT 

DRV UNIT WEIGHT 

R R S S ( 8  
WROSllY IN PERCENT 

--L_LLL - < O 9 4  

Vol0 RATIO 
O 0 0 -  

POROSliV AND VOID RATIO 

Figure 4.3 A graph o f  physical  propert ies from core hole 
Ca l i fo rn ia .  

14/13-llDl i n  the San Joaquin Val ley,  

then gent ly but thoroughly separated i n t o  ind iv idua l  p a r t i c l e s  i n  a mortar with a 
rubber-covered pest le.  

Core samples were analyzed by use o f  the standard methods described b r i e f l y  i n  the follow- 
ing paragraphs. Addit ional  information on the theory and methods o f  analysis i s  ava i lab le  i n  
Meinzer (1923, 19491, Wenzel ( î 9 4 2 ) ,  Taylor (1948), U.S. Bureau o f  Reclamation (1974, p. 407- 
508) and the American Society for  Testing Mater ials (1980). Results o f  the laboratory analyses 
were reported i n  tables. The f i r s t  page o f  each of the tables i s  shown as tables 4 . 1  through 
4.5 a t  the end o f  t h i s  chapter as an example of the format and type o f  the data reported. The 
tables were published i n  inch-pound units,  thus readers interested i n  metric un i ts  may r e f e r  t o  
the metric conversion table,  Appendix E. 

Care was taken t o  prevent crushing of the ind iv idua l  p a r t i c l e s .  

4 . 4 . 1  Par t ic le -s ize  d i s t r i b u t i o n  

Par t ic le -s ize  analysis,  a lso  termed a "mechanical analysis," i s  the determination o f  the d i s t r i -  
but ion o f  p a r t i c l e  sizes i n  a sample. P a r t i c l e  sizes smaller than 0.0625 mm were determined by 
the hydrometer method o f  sedimentation analysis,  and sizes la rger  than 0.0625 mm were determined 
by wet-sieve analysis.  

The hydrometer method o f  sedimentation analysis consisted o f  (1) dispersing a representa- 
t i v e  p a r t  o f  the prepared sample with a deflocculating agent, sodium hexametaphosphate, i n  one 
l i t r e  o f  water and ( 2 )  measuring the density of  the suspension a t  increasing in terva ls  of time 
with a s o i l  hydrometer. A t  given times, the size of the la rgest  p a r t i c l e s  remaining i n  suspen- 
sion a t  the l e v e l  of the hydrometer was computed by use of Stokes' law, and the weight o f  p a r t i -  
c l e s  f i n e r  than t h a t  s i ze  was computed from the density of  the suspension a t  the same l e v e l .  
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Figure 4.4 Cont inuat ion of a graph of p rope t ies  from core ho le  14/13- l lD l  i n  the  San Joaquin 
Valley, C a l i  €or nia. 

After the hydrometer analysis,  t he  sample suspension was poured i n t o  a s i e v e  which had 
openings o f  0.0625 nun- The sample then was gen t l y  a g i t a t e d  and washed over the sieve. The 
m a t e r i a l  re ta ined  was c a r e f u l l y  d r i e d  and p laced i n  a se t  of standard 20-cm sieves which were 
shaken f o r  a p e r i o d  of 15 minutes on a Ro-tap mechanical shaker. The f r a c t i o n  o f  t h e  sample 
remaining on each sieve was weighed on a balance. 

From the hydrometer analys is  and the sieve analys is ,  t h e  percentage of t h e  p a r t i c l e s  
smaller than a g iven s i z e  was ca l cu la ted  and p l o t t e d  as a cumulative d i s t r i b u t i o n  curve. The 
p a r t i c l e  sizes, i n  m i l l ime te rs ,  were p l o t t e d  as abscissas on a l oga r i t hm ic  scale and the 
cumulative percentages of p a r t i c l e s  smal ler  than the  s ize shown, by weight, as o rd ina tes  on an 
a r i t hmet i c  scale. The percentage i n  each o f  severa l  s i ze  ranges was then determined from t h i s  
curve. 

The s ize ranges were i d e n t i f i e d  according t o  the  fo l l ow ing  p a r t i c l e  s izes:  

Diameter (nun) 
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This s ize  c l a s s i f i c a t i o n  system i s  used by the Water Resources Division,  U.S. Geological 
airvey, and i s  essent ia l ly  the same as c lass i f ica t ions  proposed by Wentworth (1922) and the 
Nat ional  Research Council (Lane, 19471, except t h a t  those authors proposed fur ther  subdivisions 
of gravel,  s i l t ,  and clay.  Subsequent references t o  sand, s i l t ,  and clay i n  t h i s  repor t  w i l l  
r e l a t e  t o  sand-,silt-, and clay-size p a r t i c l e s  as specif ied i n  the foregoing tab le .  

4.4.2 Permeabil i ty 

Permeabil i ty i s  the capacity o f  rock o r  s o i l  t o  transmit f lu id under the combined act ion o f  
grav i ty  and pressure. It can be determined i n  the laboratory by observing the r a t e  o f  movement 
o f  f l u i d  through a sample o f  known length and cross-sectional area, under a known dif ference i n  
head. 

The basic law f o r  f low o f  f l u i d s  through porous mater ia ls  was established by Darcy who 
demonstrated experimentally t h a t  the r a t e  o f  flow o f  water was proport ional  t o  the hydraulic 
gradient.  Darcy's law may be expressed as 

where Q i s  the quanti ty  o f  water discharged i n  a u n i t  o f  time, A i s  the t o t a l  cross-sectional 
area through which the water flows, i i s  the hydraulic gradient ( the  di f ference i n  head, h, 
divided by the length o f  flow, L), and K i s  the hydraulic conductivity (occasionally known as 
the c o e f f i c i e n t  o f  permeabi l i ty)  o f  the mater ia l  f o r  water, o r  

Because the water i s  assumed t o  be r e l a t i v e l y  pure, density i s  ignored. 
Hydraulic conductivity i s  determined i n  the laboratory i n  constant-head or  variable-head 

permeameters or  i s  computed from consolidation-test results.  The permeameters used f o r  the 
t e s t s  discussed i n  t h i s  chapter are described i n  d e t a i l  by Johnson, Moston, Morris (1968). 

Entrapped a i r  i n  a sample may cause plugging o f  pore space and thus reduce the apparent 
hydraulic conductivity.  Therefore, a special ly  designed vacuum system provided the de-aired 
tapwater used as the percolat ion f l u i d .  

The chemical character o f  the water used f o r  the permeabil i ty t e s t s  o f  f ine-grained s i l t y  
o r  clayey mater ials should be compatible w i t h  the chemical character o f  the na t ive  pore water. 
If the t e s t  water i s  not compatible, the clay-water system and the permeabil i ty values obtained 
*il be affected.  The chemical character o f  the na t ive  pore water i n  the  fine-grained sediments 
was not known a t  the time of the t e s t  and Denver tapwater therefore was used i n  the 
permeabi l i ty  tes ts .  

The 5-cm-diameter "undisturbed" cores cut  from the larger o r i g i n a l  .core were retained i n  
t h e i r  cylinders. These cyl inders were i n s t a l l e d  d i r e c t l y  i n  the permeameter t o  serve as the 
percolat ion cyl inder o f  the apparatus. The reported hydraulic conductivity was the maximum 
value obtained a f t e r  several  t e s t  runs and represents saturat ion permeabil i ty.  

4.4.3 Un i t  weight 

For reference i n  developing some o f  the equations used i n  fol lowing sections o f  t h i s  chapter, 
i t  i s  usefu l  t o  study the r e l a t i o n s  found i n  a u n i t  s o i l  mass, as seen i n  Figure 4.5. The 
concepts and symbols shown i n  t h a t  f igure w i l l  be used i n  development o f  equations r e l a t e d  t o  
the propert ies o f  compacting sediments. Other usefu l  de f in i t ions  and symbols can be found i n  
the pub l ica t ion  o f  the American Society f o r  Testing and Mater ials (1989).  

The dry unit weight i s  the weight o f  sol ids per u n i t  o f  t o t a l  volume o f  oven-dry rock or  
s o i l  mass. It normally i s  reported i n  grams per cubic centimeter o r  kilograms per cubic metre. 
Void space as w e l l  as s o l i d  P a r t i c l e s  are included i n  the volume represented by the dry u n i t  
weight; The dry u n i t  weight divided by the u n i t  
temperature (usual ly  4' C )  i s  known occasionally as 
dimensionless. 

The volume o f  the small cores, cut previously 
measurement o f  the cyl inder dimensions. This volume 
sample were then used t o  ca lcu la te  the dry u n i t  weight 

weight of d i s t i l l e d  wate; a t  a s t a t e d  
the apparent spec i f ic  gravity,  which i s  

from the la rge  cores, was obtained by 
and the ovendry weight o f  the contained 
as follows: 

W 
s = - 

v '  
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n Vo lune 

Drv condi t ion  

'a 

s - 0  

Sa turn r e d  cond i t i o n  

vv = 
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A i r  

--- 
A-- -- 

Volume ."I rj 
P a r t  i a  1 l v  sa turn ted condi t ion  

vv - vw + va 

100% > s > O 

n = i ü t r l  wrigiii. 
Wa - weight o f  a i r  voids (W =O) 
Us = weight o f  d r y  s o i l  p a r t i c l e s  - weight o f  u n t e r  

= t o t a l  v o l m e  
Va = volume of  a i r  voids 
Vs - volume o f  d r y  s o i l  p a r t i c l e s  
Vw - volume o f  water 
V = volume o f  voids 

S - degree o f  sa tura t ion ,  percent  

Figure 4.5 P r i n c i p a l  phases o f  a u n i t  s o i l  MSS. 

where 
'Yd = dry unit weight, i n  grams per  cubic centimetre, 
Ws = weight of  ovendry sample, i n  grams, 
V = t o t a l  mass volume o f  sample, i n  cubic cent imetres.  

4.4.4 Spec i f i c  g r a v i t y  o f  s o l i d s  

Speci f ic  g r a v i t y  of so l ids ,  G, i s  the r a t i o  of  (1) the  weight i n  a i r  of a g iven  volume o f  s o l i d s  
a t  a s ta ted  temperature ( u n i t  weight o f  s o l i d  p a r t i c l e s  o r  p a r t i c l e  dens i t y )  t o  ( 2 )  t he  weight 
i n  a i r  o f  an equal volume o f  d i s t i l l e d  water a t  s ta ted  temperature (usua l l y  4' C I ,  o r  

SO 
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where 
Ys = unit weight o f  so l ids,  i n  grams pe r  cubic centimetre, 
Vs = volume o f  sol ids,  i n  cubic centimetres, 
Y, = unit  weight o f  water, i n  grams pe r  cubic centimetre, 
Ww = weight o f  water, i n  grams, 
Vw = volume o f  water, i n  cubic  centimetres, and 
G = s p e c i f i c  g rav i t y ,  a r a t i o .  

The vo lumetr ic- f lask method was used f o r  determining t h e  s p e c i f i c  g r a v i t y  o f  so l i ds .  A 
weighed oven-dry p a r t  o f  t h e  sample was dispersed i n  water i n  a c a l i b r a t e d  volumetr ic f l ask .  
"he volume o f  t h e  p a r t i c l e s  was equiva lent  t o  the  volume o f  d isplaced water. The unit weight 
o f  the  s o l i d  p a r t i c l e s  was obtained by d i v i d i n g  the  dry weight o f  t he  sample by t h e  volume o f  
t h e  s o l i d  p a r t i c l e s .  Because t h e  dens i t y  o f  water a t  4' C i s  u n i t y  i n  the  m e t r i c  system, t h e  
s p e c i f i c  g r a v i t y  i s  numer ica l ly  equiva lent  t o  t h i s  unit weight. 

4.4.5 Poros i ty  and v o i d  r a t i o  

Porosi ty,  n, i s  def ined as t h e  r a t i o  o f  (1)  t h e  volume o f  t he  v o i d  spaces t o  ( 2 )  the t o t a l  
volume o f  the rock o r  s o i l  mass. It normal ly i s  expressed as a percentage. Therefore, 

then as 
W 

V 
s Yd = - 

and 

o r  

(1001, 
's - 'd 

n =  
YS 

( 4 . 5 )  

( 4 . 6 )  

where 
n = po ros i t y ,  i n  p e r  cent, 
Vv = volume o f  voids, i n  cubic  centimetres, 
V = t o t a l  mass volume, i n  cubic centimetres, 
Ws = weight o f  oven-dry p a r t i c l e s ,  i n  grams, 
Ys = unit weight o f  p a r t i c l e s ,  i n  grams per cubic cent imetre (equal numerical ly t o  

s p e c i f i c  g r a v i t y  o f  s o l i d s  i n  me t r i c  system), 
= dry  unit weight o f  sample, i n  grams pe r  cubic centimetre, and 

Vs = volume o f  s o l i d  p a r t i c l e s ,  i n  cubic centimetres. 

A f t e r  t he  dry u n i t  weight and the spec i f i c  g r a v i t y  of s o l i d s  had been determined f o r  the 
sample, the p o r o s i t y  was ca l cu la ted  from the  above equation. The r e l a t i o n  among these three 
p roper t i es  i s  i l l u s t r a t e d  i n  Figure 4.6. 

The v o i d  r a t i o  i s  def ined as the  r a t i o  o f  (1) t h e  volume o f  voids t o  ( 2 )  t h e  volume o f  
s o l i d  p a r t i c l e s  i n  a s o i l  mass, o r  

e = -  "V 

v '  
s 

I t s  r e l a t i o n  t o  p o r o s i t y  i s  expressed by 
n 

1 - n' 
e = -  

( 4 . 7 )  

(4 .8 )  

where e = vo id  r a t i o ,  and n = po ros i t y ,  i n  per  cent. 
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Figure 4.6 Relation o f  porosity t o  dry unit weight f o r  various spec i f ic  g r a v i t i e s  o f  sol ids.  

The r e l a t i o n  between void r a t i o  and porosity i s  i l l u s t r a t e d  in  Figure 4.7. 

4.4.6 Moisture content 

The moisture content o f  rock or  s o i l  mater ia l  i s  the r a t i o  o f  the weight o f  water contained i n  a 
sample t o  the oven-dry weight o f  s o l i d  p a r t i c l e s ,  expressed as a percentage, o r  

( l o o ) ,  
wW 

ws 
w = -  ( 4 . 9 )  

where 
w = moisture content, i n  per cent o f  dry weight, 
Ww = weight o f  water, i n  grams, and 
W, = weight o f  oven-dry sample (dry so l ids ) ,  i n  grams. 

Usually, samples i n  moisture-proof containers, are weighed t o  obtain t h e i r  wet weight. They 
are oven-dried t o  constant weight a t  llO°C and reweighed. The loss o f  weight ( the  amount of 
contained water) divided by the dry weight o f  the sample equals the moisture content. 

4.4.7 Atter  ber g l i m i t s  

Atterberg (19111, a Swedish s o i l  sc ient is t ,  suggested a ser ies o f  a r b i t r a r y  l i m i t s  for  
ind ica t ing  the e f fec ts  o f  var ia t ions  o f  moisture content on the p l a s t i c i t y  o f  s o i l  mater ials.  
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F igu re  4.1 Re la t i on  o f  vo id  r a t i o  t o  po ros i t y .  

The most commonly used At terberg l i m i t s ,  sometimes refer red t o  as l i m i t s  o f  consistency, are 
the l i q u i d  and p l a s t i c  l i m i t s .  Among a number o f  indices,  the p l a s t i c i t y  index i s  most 
commonly determined. 

The moisture contents a t  which f ine- textured sediments pass from one s t a t e  o f  consistency 
t o  another are governed by the tex tu re  and composit ion o f  the sediments. At terberg (1911),  
Terzaghi (19261, and Goldschmidt (1926) found t h a t  p l a s t i c i t y  i s  a f u n c t i o n  o f  the amount o f  
f i n e  p l a t e l i k e  p a r t i c l e s  i n  a sediment mass. Thus, the Atterberg consistency l i m i t s  and ind ices 
are in f luenced by the  c l a y  content  o f  the sediments tested. 

Although the At terberg l i m i t s  are somewhat empir ica l ,  most s o i l  i nves t i ga to rs  be l ieve t h a t  
they are valuable i n  cha rac te r i z ing  the p l a s t i c  p roper t i es  o f  f ine- textured sediments 
(Casagrande, 1932). 

Only the smaller s i z e  p a r t i c l e s  o f  a g iven sample, those passing a U.S. Standard No. 40 
s ieve ( f i n e r  than 0.42 mm i n  diameter) are used f o r  Atterberg tes ts .  Although l i m i t s  and 
ind i ces  are ca l cu la ted  as moisture content, i n  per cent of  dry  weight, (Ww/ws), a l l  values 
are usua l l y  repor ted as numbers only. 

4.4.7.1 L i q u i d  l i m i t  

The l i q u i d  l i m i t ,  WL, i s  the moisture content, expressed as a percentage o f  the oven-dry 
weight, a t  which any p a r t i c u l a r  s o i l  m a t e r i a l  passes from the p l a s t i c  t o  the l i q u i d  s tate.  I t  
i s  t h a t  moisture content a t  which a groove o f  standard dimensions c u t  i n  a p a t  o f  s o i l  w i l l  
c l ose  f o r  a d is tance o f  1/2 i n .  (1.3 cm) under the impact of 25 shocks i n  a standard l i q u i d -  
l i m i t  apparatus. The moist  sample was placed i n  the round-bottomed brass cup o f  the mechanical 
l i q u i d - l i m i t  device and was d i v ided  i n t o  two halves by a V-shaped grooving too l .  A cam on the 
device ra i sed  the cup and l e t  i t  drop against  the base of the machine u n t i l  the two edges o f  
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the groove f lowed together f o r  t he  spec i f i ed  h a l f  an inch. The nimber o f  taps, o r  shocks, were 
recorded, and the  moisture content o f  a p a r t  o f  t h e  sample was determined. This process was 
repeated th ree  t imes a t  d i f f e r e n t  moisture contents. These data are p l o t t e d  as a " f low curve" 
on a semi logar i thmic graph, t h e  number of shocks p l o t t e d  as abscissa on t h e  l oga r i t hm ic  scale 
and the moisture content as ord inates on t h e  a r i t hmet i c  scale. The moisture content  
corresponding t o  the i n t e r s e c t i o n  o f  the f l o w  curve w i t h  t he  25-shock l i n e  was taken as t h e  
l i qu id  l i m i t  o f  t h a t  s o i l  ma te r ia l .  

4.4.7.2 P l a s t i c  l i m i t  

m e  p l a s t i c  l i m i t ,  i s  the minimum moisture content, expressed as a percentage o f  t he  
oven-dry weight, a t  :%;ch s o i l  m a t e r i a l  can be r o l l e d  i n t o  1/8-in. (0.3-cm) diameter threads 
wi thout  the threads break ing i n t o  pieces. This moisture content represents t h e  t r a n s i t i o n  
p o i n t  between the p l a s t i c  and semisol id  s ta tes  o f  consistency. The mois t  sample was r o l l e d  
between the hand and a glass p l a t e  un t i l  a thread 0.3 cm i n  diameter was formed. The sample 
was then kneaded together and again r o l l e d  out. This process was cont inued a t  s lowly  decreasing 
water contents u n t i l  crumbl ing prevented t h e  format ion o f  t he  thread. The pieces o f  t he  
criimbled sample were then c o l l e c t e d  together and the moisture content was determined. This 
moisture content was considered t o  be the p l a s t i c  l i m i t .  

4.4.0 Consol idat ion 

When a saturated s o i l  sample i s  subjected t o  a load, t h a t  l oad  i n i t i a l l y  i s  c a r r i e d  by the water 
i n  the  voids o f  t he  sample because the  water i s  incompressible i n  comparison w i t h  t he  sample's 
s t ructure.  I f  water can escape from the sample vo ids as a l oad  i s  c o n t i n u a l l y  app l i ed  t o  t h e  
sample, an adjustment takes p lace wherein the l oad  i s  gradual ly  s h i f t e d  t o  the  s o i l  s t ruc tu re .  
This process o f  l oad  transference i s  genera l ly  slow f o r  c l a y  and i s  accompanied by a change i n  
volume o f  t he  s o i l  mass. Consol idat ion i s  de f i ned  as t h a t  gradual  process which invo lves,  
simultaneously, a slow escape o f  water, a gradual  compression, and a gradual  pressure 
adjustment. This use o f  t he  term should no t  be confused w i t h  t he  geo log is t s '  d e f i n i t i o n  which 
r e f e r s  t o  the  processes by which a m a t e r i a l  becomes f i r m  o r  coherent (Am. Geol. Inst . ,  1957, p. 
62). The theory o f  conso l i da t i on  i s  discussed i n  d e t a i l  by Terzaghi (1943, p. 265-297). 

To determine the  r a t e  and magnitude o f  conso l i da t i on  o f  sediments, a small-scale 
l abo ra to ry  t e s t  known as a one-dimensional conso l i da t i on  t e s t  i s  used. The t e s t  and apparatus, 
described i n  d e t a i l  by the U.S. Bureau o f  Reclamation (19741, are discussed b r i e f l y  i n  the  
f o l l o w i n g  paragraphs f o r  the b e n e f i t  o f  t h e  reader. The a p p l i c a t i o n  o f  one-dimensional 
conso l i da t i on  t e s t  data t o  a foundation-sett lement analys is  has been descr ibed by Gibbs 
(1953). The apparatus (consolidometer) used by t h e  Bureau o f  Reclamation (1974) i s  shown i n  
Figure 4.8. I n  a d d i t i o n  t o  the  unit shown, a means o f  l oad ing  i s  required--usual ly a p l a t f o r m  
scale w i t h  a weighing beam attached t o  t h e  connecting rods of t he  consolidometer. 

Normally, t he  sample i s  trimmed t o  the s i ze  o f  t he  specimen r i ngs ,  which are 4-1/4 in. 
(10.8 cm) i n  i n s i d e  diameter and 1-1/4 in. (3.2 cm) high. Samples must be i n  as near an 
undisturbed c o n d i t i o n  as poss ib le .  Because o f  t he  smal l  s i ze  o f  t he  cores c o l l e c t e d  f o r  t h e  
subsidence studies,  however, conso l i da t i on  specimens o f  standard s i z e  could n o t  be used, and 
the  core diameter had t o  be trimmed t o  f i t  2 in. (5-cm) r i ngs .  

Loads are app l i ed  t o  t h e  specimen i n  increments, but the m i n i m u m  number o f  increments i s  
u s u a l l y  four--12, 25, 50, and 1 0 0  per cent of the maximum desi red load. Increments are u s u a l l y  
se lected so t h a t  each succeeding l oad  i s  double t h a t  o f  t he  previous load. Each load  i s  app l i ed  
t o  the  consolidometer wh i l e  d i a l  readings o f  conso l i da t i on  are taken and recorded f o r  4, 10, 20 
seconds, and other  t ime i n t e r v a l s  up t o  24 hours. Add i t i ona l  readings are taken a t  24-hour 
i n t e r v a l s  u n t i l  t he  conso l i da t i on  i s  v i r t u a l l y  complete f o r  t h a t  load. 

The percentage o f  conso l i da t i on  o f  t h e  specimen i s  computed, and a curve o f  conso l i da t i on  
versus t ime i s  obtained f o r  each load  increment. The f i n a l  s t r e s s - s t r a i n  r e l a t i o n s  are p re -  
sented as a curve showing the  v o i d  r a t i o  versus l o g  o f  pressure ( load) ,  t h e  f i n a l  c o n d i t i o n  f o r  
each increment o f  l oad  being a p o i n t  on the  curve (Figure 4.9). 

Two important s o i l  p rope r t i es  furn ished by a conso l i da t i on  t e s t  are the  c o e f f i c i e n t  o f  
consol idat ion and the compression index. The c o e f f i c i e n t  o f  consol idat ion,  Cv, represents 
the r a t e  o f  conso l i da t i on  f o r  a given load  increment. It i s  determined by use o f  t h e  50-per- 
cent p o i n t  on t h e  t ime conso l i da t i on  curve i n  the equat ion 

(4.10) 
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Figure 4.8 One-dimensional consolidometer specimen container (from U. S. Bureau o f  Reclamation, 
1960, p. 495). 

where 
T50 = time factor  a t  50-per-cent consolidation = 0.20, 
H50 = one h a l f  the specimen thickness a t  50-per-cent consolidation, and 
t 5 0  = time required f o r  specimen t o  reach 50-per-cent consolidation. The c o e f f i c i e n t  

of consolidation i s  usually reported i n  square centimetres per second o r  i n  square 
inches per second. 

The compression index, Cc, represents the compressibil i ty o f  the s o i l  samples. It i s  the 
slope o f  the s t ra ight - l ine  por t ion  o f  the void ra t io - log  o f  pressure ( load)  curve. The 
compression index can be determined from the equation 

e - e  
O 

c =  (see Figure 4.9 f o r  symbols). 
C 

(4.11) 

When the consolidation i s  complete under maximum loading, the consolidometer can be used as 
a variable-head permeameter, and the hydraulic conductivity can be determined d i r e c t l y .  The 
mechanical procedure i s  s imi la r  t o  t h a t  described previously (section 4.4.2).  The consolidation 
data also can be used f o r  computing the hydraulic conductivity.  The equation u t i l i z i n g  time- 
consolidation character is t ics  i s  

(4.12) 

where 
= c o e f f i c i e n t  o f  consolidation, 

Yw = unit weight o f  water, 
eo = void r a t i o  a t  s t a r t  o f  load increment, 
e = f i n a l  void r a t i o ,  and 
Ap = increment of load. 

Although the example i n  Table 4.4 shows fee t  per  year for the permeabil i ty (standard inch-pound 
system u n i t s ) ,  cm per sec i s  the commonly reported u n i t  f o r  K. 
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Recompression curve 
from consolidated test 

The virgin compression curve or the field consolidation curve, 
for clayey soils, appears on a semilogarithmic diagram as 
a straight line as shown at left. This linecan be represented 
by the equation 

e=e,-C,loglo 
P. 

n compression 
\(curve 

in which C, (dimensionless) is the compression index 
The virgin compression curve is established by extending the 

0 straight-line part of the recompression curve. By selecting 
two Points (e..p.,) and (e .p)  and substituting in the above a equation. C, can be determined 

c,= eo-e 

P. +AP 
loglo - 

Po 

PRESSURE (LOG SCALE) 

A. METHOD OF DETERMINING THE COMPRESSION INDEX (C,) 

LOAD, IN POUNDS PER SQUARE INCH 
B. VOID RATIO-LOAD CURVES A N D  PRECONSOLIDATION LOAD 

F igure 4.9 Void ra t ion- load curve, compression index, and preconsol idat ion load (modif ied from 
U.S. Bureau o f  Reclamation, 1960, p. 58) .  

4.5 RESULTS OF LABORATORY ANALYSES 

4.5.1 Par t i c le -s i ze  d i s t r i b u t i o n  

An example o f  p a r t i c l e - s i z e  d i s t r i b u t i o n  data from c e n t r a l  C a l i f o r n i a  i s  presented i n  Table 4.1. 
The percentage Qf gravel-, sand, s i l t - ,  and c lay-s ize p a r t i c l e s  were shown i n  such tab les  f o r  
each o f  the 549 samples from seven core holes analyzed i n  the  laboratory .  Pa r t i c l e -s i ze  d i s t r i -  
bu t ion  curves f o r  a l l  o f  the samples were p l o t t e d  on f i gu res  s i m i l a r  to Figure 4.10. A n  example 
o f  the s i z e - d i s t r i b u t i o n  (gradat ion) f o r  samples tested f o r  consoLidat ion i s  g iven i n  Table 4.3. 
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Laboratory tests for properties of sediments in subsiding areas 
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Figure 4.10 Some graphs of  par t ic le -s ize  d i s t r i b u t i o n  curves for core hole 14 /13 - l lD l  i n  the 
San Joaquin Valley, Ca l i fo rn ia .  
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Because clay content has an important influence on many o f  the propert ies o f  sediments, 
the c lay  content f o r  a l l  the samples was p l o t t e d  t o  f a c i l i t a t e  comparison w i t h  the other prop- 
e r t i e s  (see example, Figure 4.3).  I n  Table 4.1, the percentage o f  p a r t i c l e s  smaller than 2-pm 
(0.002-mm) clay,  as w e l l  as smaller than 4- m (0.004-mm) clay, has been reported. When the 4-pm 
ra ther  than the 2-pm s ize  was used as the c r i t e r i o n ,  78.5 per cent o f  the samples showed less 
than 10 per cent greater clay content. I n  addit ion,  20.9 per cent o f  the samples showed 10-20 
per cent greater c lay  content and 0.6 per cent o f  the samples showed more than 20 per cent 
greater  c lay  content f o r  the 4-pm than f o r  2-pm s ize  c r i t e r i o n .  

4.5.2 Sediment c l a s s i f i c a t i o n  t r iang les  

Most c l a s t i c  sediments are a mixture o f  sand-, s i l t - ,  and clay-size p a r t i c l e s  i n  varying 
proportions. A su i tab le  nomenclature f o r  sediments i s  therefore important t o  describe the 
approximate r e l a t i o n s  among these three main constituents. Because sediment c l a s s i f i c a t i o n  i s  
o f t e n  based on the r e l a t i v e  percentages o f  sand-, s i l t - ,  and clay-size p a r t i c l e s ,  i t  i s  
convenient t o  p l o t  these three constituents on a t r iangular  chart.  

A large number o f  t r iangular  c l a s s i f i c a t i o n  systems have been devised over the years. 
%me were developed p r i m a r i l y  f o r  the use o f  geologists i n  r e l a t i n g  c l a s s i f i c a t i o n  t o  sedimen- 
t a t i o n  character ist ics,  and others were developed f o r  the use o f  s o i l s  engineers i n  r e l a t i n g  
c lass i f ica t ion  t o  the engineering properties of the sediments. Shepard (1954) developed a 
sediment c l a s s i f i c a t i o n  t r i a n g l e  based on the needs o f  sedimentologists f o r  studying mode o f  
transport and environment o f  deposition o f  sediments. Shepard's c l a s s i f i c a t i o n  gives equal 
importance t o  sand-, s i l t - ,  and clay-size p a r t i c l e s  (Figure 4.11).  

Because the mode o f  transport and environment o f  deposition o f  the sediments were being 
studied, as w e l l  as the  engineering propert ies,  Shepard's c l a s s i f i c a t i o n  was used i n  the cent ra l  
Ca l i fo rn ia  study t o  determine the sediment class name l i s t e d  for  each sample i n  Table 4.1. For 
c l a s s i f i c a t i o n  o f  sediments i n  the lower Mississippi  Val ley,  the U.S. Army Corps o f  Engineers 
(Casagrande, 1948) developed a t r i a n g l e  which emphasizes the importance o f  clay-size p a r t i c l e  
content. To a s s i s t  s o i l s  engineers i n  r e l a t i n g  the c lass i f ica t ion  o f  samples t o  t h e i r  engineer- 
i n g  properties, a transparent overlay o f  the Mississippi Val ley c l a s s i f i c a t i o n  t r i a n g l e  could be 
placed over the p l o t s  i n  Figure 4.11 t o  determine the c l a s s i f i c a t i o n  name under t h a t  system. 

The t e x t u r a l  c l a s s i f i c a t i o n  used i n  Table 4.1, based on the Shepard system, i s  a laboratory 
c l a s s i f i c a t i o n  derived from par t ic le -s ize  d i s t r i b u t i o n  graphs. I t  departs substant ial ly  from 
the f i e l d  description made from examination o f  cores and d r i l l  cutt ings by geologists, 
especial ly  f o r  the f ine-textured materials.  I n  the f i e l d  examination, mater ia l  containing more 
than 30-40 per cent o f  clay-size p a r t i c l e s  has s u f f i c i e n t  clay content t o  give i t  the physical  
propert ies o f  c lay,  such as p l a s t i c i t y .  Therefore, the t e x t u r a l  description o f  cores or  
samples i n  the f i e l d  by geologists i s  not d i r e c t l y  comparable t o  the laboratory t e x t u r a l  
c l a s s i f i c a t i o n  by the Shepard system. F i e l d  examination by the geologists resu l ts  i n  a t e x t u r a l  
description much closer t o  t h a t  o f  the Mississippi  Val ley c l a s s i f i c a t i o n  than t o  t h a t  of the 
Shepard c lass i f ica t ion .  

4.5.3 S t a t i s t i c a l  measures 

For comparison and s t a t i s t i c a l  analysis, it i s  convenient t o  have character ist ics of 
p a r t i c l e - s i z e  d i s t r i b u t i o n  (mechanical analysis)  curves expressed as numbers. 

The measure o f  c e n t r a l  tendency i s  the value ( s i z e  of p a r t i c l e )  about which a l l  other 
values (s izes )  c lus ter .  One such measure i s  the median diameter, D50, which i s  defined as 
t h a t  p a r t i c l e  diameter which i s  l a rger  than 50 per cent o f  the diameters and smaller than the 
other 50 per cent. It i s  determined by reading, from the par t ic le -s ize  d i s t r i b u t i o n  curve, the 
p a r t i c l e  diameter a t  the p o i n t  where the par t ic le -s ize  d i s t r i b u t i o n  curve intersects the 50-per- 
cent l i n e .  

The q u a r t i l e  deviat ion i s  a measure o f  spread of p a r t i c l e  sizes. Q u a r t i l e s  are the 
particle-diameter values read a t  the in tersect ion  o f  the curve w i t h  the 25- (Ql), 50- ( Q 2 ) ,  
and 75- (Q3)  per-cent l i n e s .  By convention, the t h i r d  q u a r t i l e  (Q3)  i s  always taken as the 
l a r g e r  value, regardless o f  the manner o f  p l o t t i n g .  The geometrical q u a r t i l e  deviation, or the 
"sorting c o e f f i c i e n t , "  So, o f  Trask (1932, p. 70-72), i s  represented by the equation 

(4.13) 

A n  So value o f  less than 2.5 indicates a well-sorted sediment, o f  3 a normally sorted 
sediment, and o f  4.5 a poorly sorted sediment. 
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O 

TRIANGULAR PARTICLE-SIZE DIAGRAMS ARE SUBDIVIDED 
ACCORDING TO THE SYSTEM PROPOSED BY SHEPARD 
(1954) 

Sand 2 - 0 9 6 2 5  

Silt O 06211-0 004 

Clay. O004  

SILT SIZE. I N  PERCENT 

CORE HOLE 16115-34Nl 

O 

SILT SIZE. I N  PERCENT 

CORE HOLE 1 4 ' 1 3 - 1 1 0 1  

O 

SILT SIZE. IN PERCENT 

CORE HOLE 19/17-22J1.2 

Figure 4 . 1 1  Sediment c l a s s i f i c a t i o n  t r iang les  for  samples from core holes i n  the Los Banos- 
Kettleman C i t y  area, Ca l i fo rn ia .  
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Laboratory tests for properties of sediments in subsiding areas 

The l o g  q u a r t i l e  dev ia t i on  i s  the l o g  o f  the geometr ical  q u a r t i l e  deviat ion,  o r  s o r t i n g  
c o e f f i c i e n t ,  So, and i s  represented by t h e  equat ion 

(4.14) 

The l o g  So can be expressed t o  the  base 1 0  (Krumbein and Pe t t i j ohn ,  1938, p. 232) and i s  
so tabu la ted  i n  t h i s  repo r t .  

As noted by Krumbein and P e t t i j o h n  (1938, p. 232), t he  geometric q u a r t i l e  measures are 
r a t i o s  between q u a r t i l e s  and thus have an advantage over the  a r i t hmet i c  q u a r t i l e  measures i n  
t h a t  they e l im ina te  both the s i ze  f a c t o r  and the  u n i t  o f  measurement. They do not,  however, 
g i v e  a d i r e c t  comparison because the  l o g  So ( t h e  l o g  q u a r t i l e  dev ia t i on )  increases a r i t h -  
me t i ca l l y .  Thus, a sediment having l o g  So = 0.402 i s  tw ice  as widely spread .between Ql and 
Q3 as one having l o g  So = 0.201. 

Many sedimentologists now use a QI scale i n  which 

* (4.15) 

i n  which d i s  the diameter o f  the p a r t i c l e  i n  m i l l ime t res .  This scale has c e r t a i n  advantages 
over the l o g l o  scale f o r  expressing q u a r t i l e  d e v i a t i o n  and other  s t a t i s t i c a l  parameters 
(Krumbein and Pet t i john,  1938, p. 233-235). Therefore, s t a t i s t i c a l  parameters were l i s t e d  i n  
terms of t he  QI scale i n  the  r e p o r t  by Meade (1967) on the  pe t ro logy  o f  sediments i n  subsiding 
areas o f  c e n t r a l  Ca l i f o rn ia .  

4.5.4 Permeabi l i ty  

The hyd rau l i c  conduc t i v i t y  depends i n  general  on the degree o f  s o r t i n g  and upon the arrangement 
and s i ze  o f  p a r t i c l e s .  It i s  u s u a l l y  low f o r  c l a y  and other  f ine-grained o r  t i g h t l y  cemented 
ma te r ia l s  and high f o r  c lean coarse gravel. I n  general, t he  hyd rau l i c  c o n d u c t i v i t y  i n  a 
d i r e c t i o n  p a r a l l e l  t o  the  bedding plane o f  t he  sediments ( r e f e r r e d  t o  i n  the  data tab les  as 
h o r i z o n t a l  pe rmeab i l i t y )  i s  greater than the pe rmeab i l i t y  perpendicular t o  the bedding plane 
( r e f e r r e d  t o  as v e r t i c a l  pe rmeab i l i t y  i n  t h e  tab les  i n  t h i s  chapter) .  Most water-bearing 
ma te r ia l s  o f  any s ign i f i cance  as sources o f  water t o  w e l l s  have hyd rau l i c  c o n d u c t i v i t i e s  above 
5 x 10-3 cm per  sec. 

For c e n t r a l  Ca l i f o rn ia ,  t h e  hyd rau l i c  c o n d u c t i v i t i e s  ( c o e f f i c i e n t s  o f  pe rmeab i l i t y )  were 
presented i n  tab les  s i m i l a r  t o  Table 4.4, and i n  graphica l  form such as i n  Figures 4.12 and 
4.13. Figure 4.12 shows the r e l a t i o n  o f  h o r i z o n t a l  and v e r t i c a l  hyd rau l i c  conduc t i v i t y  f o r  
many pa i red  samples. Hor i zon ta l  hyd rau l i c  conduc t i v i t y  was as much as 200 times greater  than 
v e r t i c a l  hyd rau l i c  conduct iv i ty ,  w i t h  an average r a t i o  o f  h o r i z o n t a l  t o  v e r t i c a l  pe rmeab i l i t y  
o f  about 3. 

Figure 4.14 shows the r e l a t i o n  between v e r t i c a l  hyd rau l i c  conduc t i v i t y  and t e x t u r e  f o r  
samples f rom core holes i n  c e n t r a l  Ca l i f o rn ia .  Hydraul ic c o n d u c t i v i t i e s  have been grouped i n t o  
e i g h t  ranges; a symbol represent ing the  proper range f o r  each sample i s  p l o t t e d  i n  the appro- 
p r i a t e  t e x t u r a l  l o c a t i o n  on the t r i a n g l e ,  which i s  subdivided according t o  the  system proposed 
by Shepard (1954). Although the  h ighest  hyd rau l i c  conduc t i v i t y  n a t u r a l l y  occurs i n  the coarse- 
tex tu red  and wel l -sor ted samples, c o n d u c t i v i t i e s  w i t h i n  each t e x t u r a l  c l a s s i f i c a t i o n  vary 
considerably. 

The v e r t i c a l  hydraul ic  c o n d u c t i v i t i e s  f o r  t h e  c layey sediments tes ted  i n  the  variable-head 
permeameter under no l oad  (Table 4.1) i n  general appear t o  be i n  a considerably h igher  range 
than those i n  Table 4.4 ( f t  per yr  x 9.7 x = cm per  sec) which were computed from t h e  
consol idat ion t e s t s  f o r  samples o f  s i m i l a r  texture.  There are a t  l e a s t  t h ree  reasons f o r  t h i s  
d i f ference:  

1. The permeabi l i ty  of a c layey sediment decreases markedly w i t h  decrease i n  v o i d  r a t i o  
( o r  p o r o s i t y ) .  The hyd rau l i c  c o n d u c t i v i t i e s  given i n  Table 4.4 ( i n  f e e t  pe r  year)  
are computed from t ime-consol idat ion data der ived from t e s t  loads ranging from 7 t o  
1 1 2  k g  per  cm2 and thus represent condi t ions o f  s u b s t a n t i a l l y  reduced v o i d  r a t i o s  
from those o f  t he  samples t e s t e d  i n  an unloaded cond i t i on  i n  the  variable-head 
permeameter. For sample 23L-207 (Table 4.4) , t h e  computed c o e f f i c i e n t  o f  v e r t i c a l  
hyd rau l i c  conduc t i v i t y  f o r  t he  l oad  range 7 t o  14 k g  per  cm2 i s  about 50 t imes as 
high as t h a t  f o r  t he  l o a d  range 56 t o  112 kg per  cm2. 

2. For a c layey sediment, t he  water used fo r  t e s t i n g  pe rmeab i l i t y  i n  the variable-head 
permeameter, i f  no t  chemical ly compatible w i t h  t he  pore water, may a f f e c t  t h e  
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resu l ts  substant ial ly .  I n  the water used i n  the Hydrologic Laboratory for the 
variable-head tests,  calcium was the predominant cation; however, sodium i s  the 
predominant ca t ion  i n  the pore water o f  the sediments beneath the Corcoran Clay 
Member i n  the San Joaquin Val ley area. The use o f  water i n  which the calcium ion i s  
predominant i n  tes t ing  cores o f  such sediments would tend t o  increase the value of 
the hydraulic conductivity obtained i n  the variable-head tests.  The consolidation 
tes t ,  however, d i d  not involve the passage o f  water through the sample, only the 
squeezing out o f  nat ive pore water. 

3. For a sample o f  very low hydraulic conductivity tested under no load i n  a variable- 
head permeameter, the disturbed condit ion o f  the sample a t  and near the container 
w a l l  creates a boundary region which may produce a zone o f  appreciably higher 
permeabil i ty than tha t  o f  the undisturbed sample matrix.  Tests i n  a consolidometer, 
however, create l a t e r a l  pressure against the container walls and thus tend t o  reduce 
the permeabi l i ty  o f  the disturbed boundary region t o  approximately t h a t  o f  the 
sample matrix.  

For these three reasons, the coef f ic ients  o f  permeabil i ty o f  the clayey sediments as 
derived from the unloaded variable-head permeameter tes ts  (Table 4.1)  are not d i r e c t l y  com- 
parable t o  those computed from the time-consolidation data (Table 4.4). Coeff ic ients from the 
consolidation tes ts  a re  considered more r e l i a b l e  for  samples taken as deep as these, but, t o  be 
meaningful for f i e l d  applications, the c o e f f i c i e n t s  would have t o  be computed a t  the void r a t i o ,  
or porosity,  ex is t ing  under the overburden ( e f f e c t i v e )  stress conditions i n  the f i e l d .  

4.5.5 Specif ic  grav i ty ,  u n i t  weight, and porosity 

The spec i f ic  grav i ty  o f  a sediment i s  the average o f  the specif ic  g r a v i t i e s  o f  a l l  the constitu- 
en t  mineral p a r t i c l e s .  The specif ic  grav i ty  o f  most clean sands i s  usually near 2.65, whereas 
t h a t  of clays ranges from 2.5 t o  2.9. Organic matter i n  the sediment w i l l  lower i t s  Specific 
g r a v i t y  . 

The dry u n i t  weight o f  a sediment i s  dependent upon the shape, arrangement, and mineral 
composition o f  the const i tuent  p a r t i c l e s ,  the degree o f  sorting, the amount o f  compaction, and 
the amount o f  cementation. Dry u n i t  weights o f  unconsolidated sediments commonly range from 
1.3 t o  1.8 g per cm3. 

Because porosity i s  calculated from the dry u n i t  weight and spec i f ic  grav i ty  o f  the 
sediment, i t  i s  dependent upon the same factors. Most na tura l  sands have porosit ies ranging 
from h5 t o  50 per cent, and soft  clays from 30 t o  60 per cent. Compaction and cementation tend 
t o  reduce these values. I n  general, porosit ies decrease with depth below land surface, and dry 
u n i t  weights increase with depth. Athy (1930) described j u s t  such a progressive compaction o f  
sediments as the load of overlying mater ia l  increased with deposition. 

The general trends discussed previously are complicated by other factors which a f f e c t  the 
u n i t  weight and porosity o f  ind iv idua l  samples. These factors are (1) di f ferences i n  p a r t i c l e  
sizes or  i n  par t ic le -s ize  d is t r ibut ion ,  ( 2 )  differences i n  type o f  c lay  mineral, ( 3 )  exposure 
t o  atmosphere and pre-consolidation, such as by dessication, during t h e i r  deposit ional history,  
( 4 )  d i f ferences i n  intergranular  structure as o r i g i n a l l y  deposited, and ( 5 )  change i n  volume and 
structure o f  the core during and subsequent to the sampling operations. 

The f i r s t  four factors are na tura l  phenomena, whereas the l a s t  one, the change i n  volume 
and structure of the core during and subsequent t o  the sampling operation, i s  introduced by man 
i n  h i s  disturbance o f  the na tura l  s ta te  i n  order t o  procure the sample. The sediments cored i n  
the holes o f  the San Joaquin Val ley ranged i n  depth from 2 1  t o  630 m below the land surface. 
The e f f e c t i v e  stress, o r  grain-to-grain load, o f  the overburden on these mater ials i n  place 
increased from about 3 t o  70 kg per cm2 i n  t h i s  depth range. While the core was being cut,  
add i t iona l  load was placed on the mater ia l  by the core b a r r e l  and d r i l l  pipe, especial ly  near 
the outer edge of the core. As soon as the mater ials were encased i n  the core bar re l ,  however, 
the e f f e c t i v e  stress o f  the overburden was removed and they expanded e l a s t i c a l l y .  Thus, the 
change i n  volume (porosity and u n i t  weight) from the na tura l  t o  the laboratory condit ion i s  a 
function o f  several variables: 

1. Compacting e f f e c t  produced by displacement o f  the mater ia l  by the cut t ing  edge, by 
the inside-wall  f r i c t i o n ,  or by overdriving of the core barrel .  

2. Expanding e f fec t  of removal o f  the e f f e c t i v e  stress o f  the overburden load a t  the 
time the core enters the barrel ;  the magnitude depends on the e l a s t i c i t y  of the 
mater ia l  and on the amount of the e f f e c t i v e  stress removed (increasing with depth). 
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3. Disturbing e f fec ts  o f  mechanical r o t a t i o n  o f  core-barrel tee th  and core catcher 
while cut t ing  the core, removal of core from bar re l ,  packing, shipping, unpacking, 
and processing. 

The net e f fec t  of t h i s  sampling process i s  believed t o  be an expansion o f  the sediments as 
tested i n  the laboratory, thus providing values tha t  are higher for  porosity and lower for  u n i t  
weight than e x i s t  i n  the na tura l  state.  On the basis of  a study o f  the consolidation and 
rebound data, the  laboratory-determined porosity o f  the f ine-textured mater ia ls  from the San 
Joaquin Val ley  was estimated t o  be as much as 2-3 per cent higher than the in-place f i e l d  
porosity (J. F. Poland, wr i t ten  commun., 1963). 

4 .5 .6  Atterberg l i m i t s  and indices 

The Atterberg l i m i t s  and indices determined for  selected f ine-textured samples from the core 
holes are presented i n  Tables 4 .2  and 4.3. Predominantly f ine-textured samples t o  be tested 
were selected by v isua l  inspection. Because the Atterberg l i m i t s  describe propert ies  o f  the 
f i n e  p a r t  o f  a sample, presenting Atterberg l i m i t  data for  samples which are  predominantly 
coarse textured could be misleading. When the influence which the l i m i t s  o f  consistency have 
on the behavior o f  a sample i s  being judged, the percentage o f  the sample tested must be 
considered. Table 4.2 includes a column which l i s t s  the per cent (by weight) o f  the t o t a l  
sample that  passed a No. 40 sieve (0.42-mm openings) and was therefore the p a r t  o f  the sample 
tested for Atterberg l i m i t s .  

Most of these Atterberg l i m i t s  and indices are  not d i r e c t l y  applicable t o  the study o f  
subsidence and compaction o f  sediments under increased e f f e c t i v e  overburden load, but they do 
furnish a rough comparative measure o f  the way i n  which fine-grained sediments respond t o  a 
decrease i n  moisture content as they pass from the l i q u i d  t o  the so l id  s tate .  Because the 
values o f  these indices are re la ted  t o  texture, composition, c lay  content, and type o f  c lay  
minerals present, they may be o f  q u a l i t a t i v e  use i n  comparing the f ine-textured clayey deposits 
i n  d i f f e r e n t  areas t o  each other and t o  f ine-textured sediments i n  other areas for  which 
Atterberg indices have been obtained but for  which the c lay  content, the compression index 
(cc ) ,  and the type o f  c lay  minerals present are  not known. 

The l i q u i d  and p l a s t i c  l i m i t s  (moisture content, i n  per cent by weight) fo r  samples from 
a l l  core holes i n  the c e n t r a l  Ca l i fo rn ia  subsidence areas are  p lo t ted  against percentage o f  
clay-size p a r t i c l e s  i n  f igure  4.14. As shown by the trend l ines ,  both l i m i t s  tend t o  increase 
wi th  an increase i n  c lay  content, the l i q u i d  l i m i t  increasing a t  a greater r a t e  than the p l a s t i c  
l i m i t .  

The trend l i n e s  shown i n  Figure 4.14 were p lo t ted  from equations derived by computer. The 
equations are  o f  the form y = a + bx, i n  which y represents the moisture content ( w ) ,  x repre- 
sents the c lay  content (C), both i n  per cent, and a and b are  constants. I n  Figure 4.14A the 
equation o f  the l i q u i d - l i m i t  trend l i n e  i s  wL = 13.5 + 1.3C and tha t  o f  the p l a s t i c - l i m i t  
trend l i n e  i s  wp = 1 7 . 3  + 0.54C. I n  Figure 4.14C the equation o f  the l i q u i d - l i m i t  trend l i n e  
i s  WL = 14.0 +0.72C and tha t  o f  the p l a s t i c - l i m i t  trend l i n e  i s  wp = 14.7 + 0.22C. The 
equations o f  a l l  these trend l i n e s  are f o r  samples having c lay  content based on the percentage 
of  p a r t i c l e s  less than 0.004 mm i n  size.  

Figure 4.14D shows trends which are composites of a l l  the samples shown i n  Figures 4.14A-C. 
The equation o f  l i n e  1, the l i q u i d - l i m i t  trend l i n e  for  c lay  sizes less  than 0.002 nun, i s  WL = 
27.8 + 0.71C. The equation of l i n e  2, the l i q u i d - l i m i t  trend l i n e  for  c lay  sizes less than 
0.004 mm, i s  WL = 25.8 + 0.60C. The equation of l i n e  3, the p l a s t i c - l i m i t  trend l i n e  for  c lay  
sizes less than 0.002 nun i s  wp = 25.6 + 0.21C. The equation of l i n e  4, the p l a s t i c - l i m i t  
trend l i n e  for c lay  s izes less than 0.004 mm i s  w = 24.5 + 0.19C. Lines 1 and 3 a re  included 
t o  show the r e l a t i o n  between l i q u i d  and p l a s t i c  f i m i t s  and per cent of clay-size p a r t i c l e s  i f  
0.002 mm i s  chosen as the upper l i m i t  o f  the clay-size range. 

The value of  the standard error  for  each trend l i n e  was obtained by computer. The p a i r s  o f  
dashed l i n e s  which p a r a l l e l  each trend l i n e  designate two standard errors  on e i ther  side o f  the 
trend l i n e .  The probab i l i ty  i s  19 t o  1 that ,  f o r  a given value o f  c lay  content ( i n  per cent ) ,  
the observed l i q u i d  l i m i t  o r  p l a s t i c  l i m i t  w i l l  l i e  wi th in  the i n t e r v a l  between the dashed 
l ines .  

The difference between the l i q u i d  and p l a s t i c  l i m i t s ,  o r  the p l a s t i c i t y  index, represents 
the range o f  moisture content wi th in  which a sediment mass w i l l  remain i n  the p l a s t i c  s tate .  
The moisture content d i f ference between the l i q u i d - l i m i t  trend l i n e  and the p l a s t i c - l i m i t  trend 
l i n e  i n  each p a r t  o f  Figure 4.14 represents the average p l a s t i c i t y  index for  d i f f e r e n t  c lay  
contents. 
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Casagrande (1948, p. 919) devised a chart on which the l i q u i d  l i m i t  i s  p lo t ted  against the 
p l a s t i c i t y  index and used i t  for  rough c l a s s i f i c a t i o n  o f  soi ls .  Points representing d i f f e r e n t  
samples from the same stratum or fine-grained deposit p l o t  as a s t ra ight  l i n e  that  i s  roughly 
p a r a l l e l  t o  an "A" l i n e ,  an empirical boundary between t y p i c a l l y  inorganic clays above and 
p l a s t i c  organic s o i l s  below the l i n e .  The higher a sample p lo ts  on t h i s  chart a t  a given l i q u i d  
l i m i t ,  the greater i t s  toughness and dry strength and the lower i t s  permeabil i ty and r a t e  o f  
volume change. Figure 4.15 shows p l a s t i c i t y  charts of  the Casagrande type on which the data for  
a l l  samples tested from the cent ra l  Cal i forn ia  subsidence areas have been p lot ted.  

4.5.7 Consolidation 

As one phase o f  the research on subsidence and compaction of aquifer systems i n  c e n t r a l  
Cal i forn ia ,  laboratory consolidation tes ts  were made on representative cores from e ight  core 
holes. The resu l ts  of these consolidation tes ts  were u t i l i z e d  i n  in terpre t ive  reports o f  the 
Geological Survey t o  compute compaction i n  the confined aquifer system i n  response to  the known 
decline i n  ar tes ian head. The method has been described by M i l l e r  ( 1 9 6 1 ) ;  i t  i s  a refinement 
o f  a technique out l ined by Gibbs (1959, p. 4-5) based upon Terzaghi's (1943) theory of  consoli- 
dat ion and the use of one-dimensional consolidation tests.  The consolidation t e s t  resul ts  are  
summarized as i n  Table 4.4.  

Consolidation-test curves representative o f  samples from various depths i n  one of  the San 
Joaquin Valley core holes are  shown i n  Figure 4.16. The curves show, i n  general, that  the 
Corcoran Clay Member has a greater u n i t  consolidation potent ia l  than any of  the other sediments. 
The compaction o f  the Corcoran Clay Member, however, has contributed very l i t t l e  t o  the t o t a l  
subsidence t o  date ( M i l l e r ,  1961, p. B57) because, where the Corcoran i s  th ick ,  water moves out 
very slowly, owing t o  the formation's low v e r t i c a l  permeability. Where the Corcoran i s  t h i n  and 
more permeable, i t  forms only a small percentage of  the water-bearing section. Consolidation 
curves for the Corcoran Clay Member are generally steep i n  the load range 14-70 kg per cm2 and 
indicate  tha t  the c lay  i s  normally loaded and has not been precompressed. Therefore the c lay  
has only p a r t l y  completed i t s  p o t e n t i a l  consolidation a t  the present time and a t  the present 
ar tes ian pressure. 

4 .5 .7 .1  Estimating the compression index 

Terzaghi and Peck (1948, p. 661, i n  a continuation of work begun by Skempton (1944, p. 126),  
s ta te  tha t  the compression indices for clays i n  a remolded state  (CIc) increase consistently 
with\ increasing l i q u i d  l i m i t  (wL). Using data from approximately 30 samples selected a t  
random from d i f f e r e n t  par ts  o f  the world and representing both ordinary and extra-sensit ive 
clays, Terzaghi and Peck (1948) s tate  that  the data on compression indices and l i q u i d  l i m i t s  
for  these clays p l o t  on a graph wi th in  2 30 per cent of  a l i n e  representing the equation 

C', = 0.007 (WL - 1 0  per cent ) .  (4 .16 )  

They s ta te  further tha t  for an ordinary c lay  o f  medium or low s e n s i t i v i t y  tested i n  the undis- 
turbed state ,  the value of Cc corresponding t o  f i e l d  consolidation i s  approximately equal t o  
1 - 3 0  C'c; thus, 

Cc = 0.009 (wL - 10 per cent ) .  (4.17) 

Hence, these authors conclude that  for normally loaded clays with low or moderate sens i t iv i ty ,  
the compression index, Cc can be estimated approximately from knowledge o f  the l i q u i d  l i m i t  
and use of  equation 4.17. However, Terzaghi and Peck do caution that  t h i s  approximate method 
o f  computation may furnish merely a lower l i m i t i n g  value for the compression index o f  an extra- 
sensit ive clay. Later papers by Nishida (1956), and Roberts and Darragh (19631, showed excep- 
t ions t o  the compression index-liquid l i m i t  relationships described by Terzaghi and Peck (1948)  
and indicated a wide scat ter ing o f  data. Furthermore, they found no simple corre lat ion between 
these factors for  the sample data they studied. 

Figure 4.17 shows the re la t ionship  between l i q u i d  l i m i t  and compression index for core 
samples from t e s t  holes i n  subsiding areas o f  cent ra l  Cal i forn ia .  Although the l i q u i d  l i m i t  i s  
calculated as moisture content i n  per cent o f  dry weight, values usually are  reported as 
numbers only and are reported thus i n  Figure 4.17 and henceforth i n  t h i s  section. The 
compression indices used i n  these graphs were obtained from consolidation tests,  not by 
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Table 4 .4  Consol idat ion t e s t  summaries. 

Depth 
(feet) 

Compression index, C. Time-consolidation data 

Coefficient of Coefficient of 
From From Load consolidation, C. permeability 

consoli- Atter- range 
(Psi) dation 

curve sq in. 8q ft Calculated From teat 
per sec per yr (ft per yr) (ft per or) 

3 

Unified 

:lassification 
symbol 

!Oil 

2 3 h l  ....................... 
82 ....................... 

Earth laboratory 
sample 

84.3- 8 4 6  

169.4- 169.8 

100- 200 
200-400 
100- 200 
200-400 
200-400 

8.5XlW' 
2.0X10-' 
2.8XlW' 
1.3X10-' 
4.OX10-1 

2.9XlO-r 
1.5XlO-r 
3.2XlO-r 
1.2Xlo-r 
8.OXlo-i 
3.6Xl0-8 

7.2Xl0-3 
4.4XlW' 
1.5XlW' 
2.6XlO-r 
6.OXl0-6 
1.2x10-* 
4.8Xl0-' 
3.3XlO-r 
5.OX10-6 
3.5XlO-r 

3.7X10-a 
1. 2X10-' 

............................. 

............... 

............... 

............... 

............... 

............... 

3.3XlO-r 
1.5XlO-r 
9.2x10-6 
5.1x10-6 
1.7XlO-r 

.............. C L  

.............. CL-CH 

.............. C L  
UL 

.............. C H  

.............. 

.............. C H  

.............. C H  

.............. 
5.7 8M 

.............. C L  

.............. 

.............. C H  

.............. C L  

.............. _ _ _  _.__ .. _.__. 

.............. 

.............. 

............... 

.............. 

.............. 

.............. 

.............. 

.............. 

14.2 
33.9 

38.4 
1.4 

.............. 

o. 19 

.36 

96 ....................... 

97 ....................... 

98 ....................... 
88 ....................... 

100 ...................... 

101 ...................... 

102 ...................... 

72.5 
31.8 
20.1 
11.2 
37.2 

426.0- 425.3 

471.2- 471.5 

516.5- 516.9 
579.0-579.3 

625.0- 625.4 

675.9- 676.2 

722.0-722.3 

103 ...................... 
104 ...................... 
105 ...................... 
106 ...................... 

o. 12 

.22 

773.0- 773.4 
821.4- 821.8 
877.4- 877.8 
926.8- 927.2 

............... 
4.OX10-' 
8.1XlO-r 
9.OXlo-r 
9.5XlW' 
2.2XlO-r 
1.8XlO-r 
2.1X10-8 
5.OXlO-r 
2.6X10-a 
l.5X10-' 
5.5X10-4 
3.6X10-a 
9.4XlO-r 
3.7XlO-r 
2.1Xlo-r 
1.lXlO-r 
1.2XlO-r 

i.zxi0-a 
1.5XlO-r 
8.OXlW 
2.4XlO-r 

............... 

............... 

93 ....................... 230.8- 231.2 
94 ....................... 324.5- 324.9 
95 ....................... a74.0- 374.5 

25.3 
.............. 
.............. 
.............. 
.............. 
.............. 
.............. 
.............. 
.............. 
.............. 

.............. _ _ _  _ _ _ _  _ _ _ _  __. 

.............. 

.............. 

.............. 

.............. 

.............. 

.............. 
1.7 

19.3 
.............. 
.............. 
.............. 
.............. 

.21 

. l l  

.32 

0.36 

.n 

.97 

.30 

.36 

0.35 

.21 

.17 

.39 

............. 

............. 

............. 

............. 

............. 

............. 

............. 

.............. 
200-400 
400-800 
200-400 
4Oû-800 
! a m 4 0 0  
4Oû- 800 

m400 
400-800 
800-1600 
400- I800 
Eoo-1 600 
400- '800 
Eoo-1.600 
400-800 
Eoo-1,600 
Eoo-1.600 

.............. 

0.38 
.31 

.42 

.65 

.46 

.19 

.55 

.53 

.23 

............. 

............... 
1.5X10-6 
1.OX10-6 
4.2X10-8 
3 . 2 X l W  
1.3XlO-r 
1.3X10-4 

200. 400 3.4X10-4 

200- 400 5.OXlO-r 
1.4XlO-r 

400- 2W- 400 800 3.4XlCW 
400- 800 1.3XlO-r 

1. 8x10-6 
400- m-1,600 8.1X10-fi 
200- 400 3.3XlO-r 

7. O X l W  
400- m-1,600 5.0X10" 
Eoo-1.600 5.6XlO-r 
100. 200 1.4XlO-r 
200- 400 3 . 1 X l W  
400-800 1.6XlW 
800-1,600 7.5X10-0 
200. 400 2.3XlO-r 
400- 800 2.2x10-6 
Eoo-1,600 6.5X10-6 
400- 800 6.2XlO-r 

400- 800 3.7X10-6 

100- 200 1. 7x10-a 

............................... 

Eoo-1,600 a.2xio-r 

............. 
3.3 
2.2 
o. 92 
.70 

m. 5 
m. 5 

1.13 

.90 

.69 

.43 

.20 
............ .41 

.23 
............... 

5.6XlO-r 
3.8X10-' 
2.6X10-1 
1.7Xl0-6 
8.OX10-a 
l.lXlO-' 
6.9Xl0-4 
2.7Xl0-6 
6.ox10-a 
4.3Xl0-5 

............. 
in. O 
83.2 
54.8 
3.7 
1.8 

232.1 
151.1 

5.9 
1.3 
9.4 

.34 

.27 

.34 

.33 

.20 

.18 

.88 

.33 

.30 

.44 

.33 

.54 C H  

8M 
8M 
SM 
C L  

S M  
C L  

............ 
.34 

.24 
............ 

............ 
35. O 
18.6 

.............. 
400-800 
Eoo-1,600 

.............. 

.............. 

.............. 
1.6XlW' 
8.OX10-6 

.............. 

.............. 
107 ...................... 972.0- 972.4 
108 ...................... 888.6-999.0 

Core bole 14/13-llD1 
I 

23L80.. .................... 
194. .................... 

81.. .................... 

83 ...................... 

84. ..................... 

196. .................... 

85- ..................... 

86. ..................... 
88. ..................... 
89. ..................... 

90. ..................... 

316.0- 315.3 
397.0- 397.3 

554.0- 554.4 

689.0- 689.4 

746.0- 746.4 

0 2 . 2 -  0 2 . 7  

983.6 984.0 

.............. 
1.8Xlû-4 
5.1Xl0-6 
1.2Xl0-6 
6.8Xl0-6 
2.2Xl0-6 
4.1XlW 
5. 8 X l W  
3. 2x10-6 
1.7XlW' 
1.2XlO-r 
6.6Xlo-S 
2. oxlo-' 
6.7Xl0-6 
4.5XlW 
1.2XlG-5 
1. OXlW 
1.2XlG-5 

1.ox10-< 
1.7X10-6 
1.1Xlo-r 
3.9X10-6 

.............. 

.............. 

SP 
C L  

C L  

C L  

............. 
200-400 
4Oû- 800 
m 1 . 6 0 0  
200-400 
400-800 
m 1 ,  600 
400-800 
Eoo-1,600 
200-400 
400-800 
m1.600 
200-400 
400-800 
Eoo-1,600 
200- 400 
400- 800 
m-1,600 

............ 
39.4 
11.2 
2.6 

15. O 
4. 9 
9. O 

12.8 
7.1 

37.4 
26.9 
14.5 
43.8 
14.7 
9. 9 
2.6 
2.2 
2.6 

....... 

C L  

C L  

S M  
SP 
CL 

C L  

1 076.0-1 076.4 
1' 350.5-1' 350.8 
1:395.&1:395.3 

............................. 

.............. 200- 400 

.29 1 .............. I Et!! 
............ 

21. 8 
3.6 
2.4 
8.4 1,450.0-1,450.3 

1. iXl0-* .............. C H  
6.3X10-2 .............. C L  
l.3X10-2 .............. 
2.1x10-a I l  --- 

74 9 
361.4 
109.5 
30. 7 
74.6 
28.5 2.1) 

.............. 

23L197 ..................... 
198 ..................... 

299.1- 288.5 
418.1- 418.5 

o. 34 
.32 

.30 

.70 

.31 

.29 

.42 

.21 

200 ..................... 
201- .................... 
2(n.. ................... 

2orl.. ................... 

538.9- 539.2 

571.2- 571.6 
836. e 837.3 

713.1- 713.4 

3.9 4. O? 
1.8 1. 3, 

72.3 3.6) 
15.3 8. e> 
11. O 4.1) 

122.6 4.6) 
30.7 3. O) 
6.6 4.9) 
3.5 2. O) 
1. 6 6.1) 

KO. 4 3.1) 
4. 8 3.6) 
1.4 7. O) 

135. 8 6.1) 
70. O 2.2) 
8.1 2.7) 

206.. ................... 
207. .................... 

859.7- 880.1 
901.7- m. 1 

208. .................... $72.0- 812.4 

210. .................... 
212 ..................... 

1,153. 61 , lM .  O 

1,237.7-1,238.1 
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Figure 4.16 Void rat io / load curves for selected samples from core hole 14/13-llD1 i n  the San 
Joaquin Valley, Ca l i fo rn ia .  

ca lculat ion from the Terzaghi and Peck equation. The so l id  l i n e  i n  each o f  the par ts  of  Figure 
4.17 represents the regression l i n e  for the Terzaghi and Peck equation, C, = 0.0009 (WL - 
10) .  

The data i n  Figure 4 .17  show tha t  1 0  o f  the 22 samples from the Los Banos-Kettleman C i t y  
area, 11 of the 1 2  samples from the Tulare-Wasco area, and 4 of  the 2 1  samples from the Santa 
Clara Valley, l i e  outside the 2 30 per-cent l i m i t s  of  scatter about the regression l i n e  for the 
Terzaghi and Peck equation, Cc = 0.0009 (WL - 1 0 ) .  Three samples of  c lay  i n  the Los Banos- 
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Kettleman C i ty  area have compression indices approximately twice as large as would be predicted 
from the Terzaghi-Peck equation. The void ratio-load curves for  these three samples suggest 
tha t  they are extrasensi t ive  clays and, i f  so, they would be expected t o  p l o t  we l l  above the 
equation l i n e .  However, even i f  these samples are excluded, the data of  Figure 4.17 show t h a t  
the re la t ionship  between l i q u i d  l i m i t  and compression index for  fine-textured sediments on the 
west side o f  the San Joaquin Val ley  does not f i t  the Terzaghi-Peck equation as closely as might 
be expected from the discussion by those authors (Terzaghi and Peck, 19481, p. 66). 

Regression l i n e s  were determined by computer for  the l i q u i d  limit-compression index 
re lat ionship  for samples from core holes i n  the San Joaquin and Santa Clara  Valleys. Table 4.5 
presents the equations o f  the regression l i n e s  for  data from the c e n t r a l  Ca l i fo rn ia  area so 
they can be compared wi th  the regression l i n e  for  the Terzaghi and Peck equations, C 'C  P 

0.0007 (WL - 10) and Cc = 0.0009 (WL - 10) .  The table  shows tha t  only the equation f o r  
core hole 16/15-3481 i s  approximately equivalent t o  e i ther  equation discussed by Terzaghi and 
Peck. Figure 4.17, p a r t  D, and Table 4.5 show tha t  the equation o f  the regression l i n e  for  a l l  
samples from the San Joaquin Valley (except the three samples wi th  the exceptionally high 
compression indices) i s  Cc = 0.014 (WL - 22) and the equation for  the Santa Clara Val ley  i s  

4.5.7.2 Corre lat ion of  compression indices 

Cc = 0.003 (WL + 35) 

Figure 4.18 demonstrates the cor re la t ion  between compression indices estimated from 
l i q u i d - l i m i t  tes ts  and those determined from consolidation curves such as are shown i n  Figure 
4.16. I n  Figure 4.18 the heavy l i n e  passing through ,the o r i g i n  a t  an angle o f  45 degrees t o  
the x and y axes represents absolute cor re la t ion  between the values represented by the t w o  
axes. The compression indices estimated from l i q u i d  l i m i t s  for  the Los Banos-Kettleman C i t y  
area and Santa Clara Val ley  generally are higher than those determined from consolidation 
curves and those for  the Tulare-Wasco area are  lower. 

The data i n  Figure 4.18 also show that  the sediments o f  marine o r i g i n  have much higher 
compression indices when determined from consolidation curves than when estimated from l i q u i d  
l i m i t s .  Furthermore, sediments o f  lacustr ine  o r i g i n  have somewhat lower compression indices 
when determined from consolidation curves than when estimated from l i q u i d  l i m i t s .  Again, the 
explanation may be due t o  the d i f ference i n  load conditions, the marine sediments being the 
deepest and the a l l u v i a l  sediments being the shallowest. 

4.5.7.3 Estimating coef f ic ients  o f  consolidation 

Jigure 4.19 shows the computed coef f ic ient  o f  consolidation for  1 t o  4 d i f f e r e n t  load ranges 
p lo t ted  against l i q u i d  l i m i t  fo r  samples from the cent ra l  Ca l i fo rn ia  areas. Although the coef- 
f i c i e n t  o f  consolidation shows a general decrease for  increasing values o f  l i q u i d  l i m i t ,  Figure 
4 . 1 1  indicates tha t  the coef f ic ient  o f  consolidation for  any par t icu lar  load range can vary 
through more than one order o f  magnitude for  any given l i q u i d  l i m i t .  Terzaghi and Peck (1948, 
pp. 76-77) described a s imi lar  re la t ionship  for  data from about 30 samples and noted tha t  the 
re la t ionship  i s  d i f f e r e n t  for  each core hole as we l l  as for  each area. 

4.5.7.4 E f f e c t  o f  s o i l  c l a s s i f i c a t i o n  

Information i n  Figures 4.17 and 4.18 indicates the e f f e c t  o f  p a r t i c l e  s ize  and texture on the 
consolidation character is t ics  and the l i q u i d  l i m i t .  The Uni f ied S o i l  C lass i f ica t ion  (Am. Soc. 
Testing Materials,  1964, pp. 208-220) designation, which i s  based on texture, i s  indicated a t  
the top of  Figure 4.17. 

I n  general, those samples with a c l a s s i f i c a t i o n  o f  CH-MH have the largest  l i q u i d  l i m i t s  and 
compression indices, and the smallest coef f ic ients  of  consolidation. Samples with a 
C lass i f ica t ion  o f  SC and SM have the smallest l i q u i d  l i m i t s  and compression indices, and the 
la rgest  c o e f f i c i e n t  o f  consolidation. Samples with a c l a s s i f i c a t i o n  of  ML, CL and CH have 
values somewhere between these two extremes. Samples ,of sediments of a l l u v i a l  o r i g i n  tended t o  
be c l a s s i f i e d  as CL and CHI and those of  marine o r i g i n  were c l a s s i f i e d  pr imar i ly  as CH-MH. 

4.5.7.5 Relationship o f  consolidation character is t ics  and l i q u i d  l i m i t s  

Data presented i n  t h i s  chapter show tha t  the equations presented by Terzaghi and Peak (1948) 
(equations 4.16 and 4.17) do not apply t o  the re la t ionship  between compression index and l i q u i d  
l i m i t  for sedimentary deposits tested from the cent ra l  Ca l i fo rn ia  subsidence areas. 
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Figure 4.17 Relat ion between l i q u i d  l i m i t  and compression index for  selected samples from core 
holes i n  San Joaquin and Santa Clara  Valleys, Cal i forn ia .  
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Figure 4.18 Comparison o f  two methods for determination of compression index for  a l l  samples 
from subsidence areas i n  the San Joaquin and Santa Clara Valleys, Ca l i fo rn ia .  
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Table 4.5 Equations for regression l i n e s  for  various groups o t  data from subsiding areas i n  
c e n t r a l  C a l i f o r n i a  

Data used Equation 

Los Banos-Kettleman C i t y  area 

Core hole 12/12-16Bl, exclusive o f  the 3 samples w.th exceptionally 
high compression indices Cc 0.005 ( w L = ~ )  

Core hole 16/15-34Nl Cc = 0.007 (wL-12) 

A l l  samples i n  area, exclusive o f  3 samples w i t h  exceptionally 
high compression indices Cc = 0.006 

Tular-asco area 

Core hole 23/25-16N1 
Core hole 24/26-36A2 
A l l  samples i n  area 

San Joaquin Val ley,  exclusive o f  3 samples w i t h  exceptionally 
high compression indices 

Santa Clara Va l ley  

Core hole 6S/2W-24C7 
Core ho le  7S/lE-l6C6 
A l l  samples i n  area 

wL-3 

C, =0.015 (WL-1 ) 
Cc = 0.024 (WL-32) 
C, 0.018 (wL-16) 

Cc = 0.003 (WL-47) 
Cc 0 . 0 0 0 5  (wL+370) 
C, = 0.003 ( ~ ~ + 3 5 )  

Furthermore, the  data show t h a t  no single equation applies t o  the re la t ionsh ip  for  a l l  areas 
studied, w i t h  the fol lowing equations being obtained f o r  the two valleys: 

San Joaquin Valley: Cc = 0.014 (w, - 22); (4.18) 

Santa Clara Valley: Cc = 0.003 (w, + 35) .  (4 .19)  

I n  essent ia l ly  every case, the equations o f  the regression l i n e s  represent only general 
trends because there i s  considerable scatter  o f  data f o r  a l l  core holes. The trend l i n e  for  
data from the Santa Clara Val ley i s  so nearly hor izonta l  t h a t  a ra ther  narrow range o f  com- 
pression indices could be obtained over a wide range o f  l i q u i d  l i m i t s .  Compression indices 
estimated from l i q u i d  l i m i t s ,  however, showed b e t t e r  cor re la t ion  w i t h  indices determined from 
consolidation curves when the sediments were o f  a l l u v i a l  o r  lacustr ine o r i g i n  than when they 
were o f  marine o r i g i n .  

A l l  coe f f ic ients  o f  consolidation showed a general decrease for  increasing values of l i q u i d  
l i m i t .  However, because the coef f ic ients  f o r  any p a r t i c u l a r  load range could vary through more 
than one order o f  magnitude f o r  any given l i q u i d  l i m i t ,  the  re la t ionsh ip  could not be estimated 
w i t h  reasonable accuracy. I n  fac t ,  the general trend f o r  the re la t ionsh ip  even varies for  each 
subsidence area and for  each core hole.  

A t  l e a s t  f o r  the areas studied i n  c e n t r a l  Ca l i fo rn ia ,  the consolidation character ist ics of 
the undisturbed sediments i n  the f i e l d  cannot be closely approximated by l i q u i d  l i m i t s ,  which 
are made on disturbed samples o f  those sediments. The studies also ind ica te  t h a t  the equations 
reported by Terzaghi and Peck (1948) must be used wi th  extreme caution t o  estimate the 
consolidation character ist ics o f  sediments i n  areas o f  subsidence--especially i f  the compacting 
sediments a re  a t  considerable depth. 
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Figure 4.19 Relat ion o f  c o e f f i c i e n t  o f  consolidation t o  l i q u i d  l i m i t  for  samples from core 
holes i n  the San Joaquin and Santa Clara Valleys, Ca l i fo rn ia .  
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5 Techniques for prediction of subsidence, by German 
Figueroa Vega, Soki Yamamoto, and Working Group 
(Section 5.3.6 by Donald C. Helm) 
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It i s  very important t o  p r e d i c t  t he  amount o f  subsidence and t o  est imate the  subsidence r a t e  i n  
the near fu tu re .  There are many methods €o r  p r e d i c t i n g  t h e  amount o f  l a n d  subsidence due t o  
the overdraf t  o f  f l u i d s  from aqui fers .  Some methods a re  simple and others a re  complex. It i s  
p re fe rab le  t o  use severa l  methods whenever poss ib le  and t o  reach a conclusion based on t h e  
o v e r a l l  judgment. 

Both adequate and accurate data are requ i red  t o  o b t a i n  u s e f u l  r e s u l t s ,  a l though these 
depend on the purpose, t ime leng th  o f  t he  forecast,  and cost. The methods used may be 
c l a s s i f i e d  i n t o  the fo l l ow ing  categor ies:  ( 1 )  Empi r i ca l  methods; ( 2 )  semi- theoret ica l  
approach; ( 3 )  t h e o r e t i c a l  approach. 

5.1 J3MPIRICAL METHODS 

This i s  t he  method o f  e x t r a p o l a t i n g  a v a i l a b l e  data t o  de r i ve  the  f u t u r e  t rend. It i s  a t ime 
se r ies  model. The amount o f  subsidence, t h e  amount o f  compaction, and sometimes t i d a l  h e i g h t  
near the sea coast, are a v a i l a b l e  t o  p l o t  against  t ime. I n  t h i s  method, t h e  amount o f  
subsidence i s  considered a f u n c t i o n  of time, i g n o r i n g  c a u s a l i t y  o f  l and  subsidence. 

5.1.1 Ext raDolat ion o f  data bv naked eve 

No explanat ion o f  t h i s  procedure i s  needed except t h a t  a smooth curve w i t h  a n a t u r a l  t r e n d  
should be obtained. 

5.1.2 App l i ca t i on  o f  some s u i t a b l e  curve: Nonl inear e x t r a p o l a t i o n  

1. F i t t i n g  o f  quadrat ic f u n c t i o n  (Figure 5 .1) :  
The f o l l o w i n g  f u n c t i o n  i s  used and the l e a s t  squares method i s  appl ied:  

s = ax2 + bx + c, o r  s = ax + b, 

where 
s = subsidence amount, 
x = time, and 
a, b, and c are constants. 

(5.1) 

J /  
1 1 1  la mal#-^-( 

6b 70 1975 

Figure 5.1 F i t t i n g  o f  quadrat ic  curve (bench mark no. 2179, N i i g a t a ) .  
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2. F i t t i n g  o f  exponential or 1oga.rithmic function (Figures 5.2 and 5.3): 
The following function i s  applied and the leas t  squares method i s  used: 

s = axb, log s = log  a + b log x, or 

s = aebx, 

where 
s = amount of subsidence, 
x = time, and 
a and b are  constants. 

Many data cor re la t ing  land subsidence and water l e v e l  have been published. Figures 5.4 
through 5.7 are four examples of  such correlations. 

60 65 m 1975 

Figure 5 .2  F i t t i n g  of exponential curve (bench mark no. 2179, N i iga ta ) .  

Figure 5.3 Log-log r e l a t i o n  between subsidence and years. 

90 



Techniques for prediction of subsidence 

0 . 3  

h fu 0.3 
a 
2 0.7 

al 2 0 . 6  
al 
5 
4 

A 
7 

vi 
O 

c 
7 

II) 0 . 5  

0.1 

0.3 

3 
o. 1 

O 

I I 
30 35 40 

Figure 5.4 Corre lat ion of land subsidence and water l e v e l  i n  w e l l  610 metres deep, Tokyo, 
Japan. 
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Figure 5.5 The r e l a t i o n  between water-level declines and land-surface subsidence i n  the 
Houston area, Texas (Gabrysch, 1969). 
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Figure 5.6 Corre lat ion between subsidence and change i n  ar tes ian head near center o f  subsidence 
West of Fresno, Ca l i fo rn ia  (Lofgren, 1969). 
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Figure 5.7 Change i n  a l t i t u d e  a t  BM9536, -37 and change i n  ar tes ian head i n  nearby wells (Hwang 
and Wu, 1969). 
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5.2 SEMI-THEORETICAL APPROACH 

This method u t i l i z e s  t h e  r e l a t i o n  between subsidence and r e l a t e d  phenomena. Although the  
r e l a t i o n  i s  n o t  s t r i c t l y  t h e o r e t i c a l  but r a t h e r  an apparent one, s t i l l  i t  can be used t o  
estimate f u t u r e  trend. 

5.2.1 Wadachi's (1939) model 

Wadachi (1940) po in ted  ou t  t h a t  t he  r a t e  o f  subsidence, n o t  t he  amount o f  subsidence i t s e l f ,  i s  
p r o p o r t i o n a l  t o  the water- leve l  change (Figure 5.8) and proposed the  f o l l o w i n g  equation: 

where 

-I dH r a t e  o f  subsidence, 
d t  
po = reference water l eve l ,  
p = water l eve l ,  and 
k = a constant 

This suggests t h a t  there e x i s t s  a reference water l e v e l .  That i s  t o  say, i f  t h e  water 
l e v e l  p recovers t o  the  xeference water l e v e l  po, no subsidence occurs. But according t o  
Yamaguchi's recent study (1969) the re  i s  no such reference water l e v e l .  I n  p lace of  Wadachi's 
equation, he proposed t h e  f o l l o w i n g  one: 
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Figure 5.8 Relat ion between water l e v e l  and r a t e  o f  subsidence. 
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where 
ds 

sc = f i n a l  subsidence amount, 
po = i n i t i a l  water l e v e l ,  
p = water l e v e l ,  
k = constant, and 
t = time. 

- =  dt r a t e  o f  subsidence, 

(31 s o l v i n g  t h i s  equation, t he  q u a n t i t i e s  

ds 
d t  Y = l o g  1- / {(p0 - p ) t  - g}  1 and X = (po - p) 

are p l o t t e d  on the respect ive axes as i n  Figures 5.9a and 5.9b and sc can be obtained. 

5.2.2 Rat io  o f  subsidence volume t o  l i q u i d  withdrawal 

According t o  Yamamoto (personal  communication), t he  r e l a t i o n  between l i q u i d  product ion and 
subsidence i n  the  N i i g a t a  gas f i e l d  (case h i s t o r y  9.7) has been expressed by t h e  f o l l o w i n g  
equations, w i t h  f a i r  r e s u l t s :  

( 5 . 5 )  

where 
s = subsidence, 
Q = amount o f  l i q u i d  product ion,  and 
a and b are constants. 

Castle, Yerkes, and R i l e y  (1969) s ta ted t h a t  d i r e c t  comparisons between the var ious 
measures o f  l iqu id  product ion and subsidence i n  s i x  o i l  f i e l d s  showed a c lose r e l a t i o n .  
Cor re la t i on  between product ion and subsidence' has va r ied  approximately l i n e a r l y  w i t h  ne t  
product ion (F igure 5.10) .  

The f o l l o w i n g  r e l a t i o n  has a l s o  been establ ished bu t  no t  y e t  publ ished (Yamamoto, personal  
communication): 

where 
s = subsidence, 
% = c o e f f i c i e n t  o f  volume compress ib i l i ty ,  and 
C = AH/AQ, where AH and AQ are the change o f  bench-mark e leva t i on  and the  amount o f  

product ion per  unit area, respect ive ly .  
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Figure 5.9 Relat ion between Y and (po - p ) t .  

I I 1 I 

O 200 400 600 
(Po- P)t 

94 



Techniques for prediction of subsidence 

production in millions of bbl, 

Figure 5.10 Cumulative o i l ,  gross-liquid, and net - l iquid  production from the Huntington Beach 
o i l  f i e l d  p lo t ted  against subsidence a t  bench marks located (A) near the center of  
subsidence and (B) midway up the southeast l imb of the subsidence bowl. Prepared 
from production s t a t i s t i c s  o f  the C a l i f o r n i a  D iv is ion  o f  O i l  and Gas and e levat ion 
data of the U.S. Coast and Geodetic Survey and the Orange County O f f  i c e  of County 
Surveyor and Road Commissioner. Eas i ly  re la ted e levat ion measurements have been 
avai lable  only since 1933; estimates o f  subsidence since 1920 shown by dashed l i n e s  
(Castle, Yerkes, and R i ley ,  1969). 

I n  one region i n  Japan, the change o f  the computed leakage ra te ,  L, p lo t ted  against the 

On the Shiro ishi  P la inr  Kyushu, Japanr Shibasaki e t  a l  (1969) proposed the following simple 
measured volumetric land-subsidence ra te ,  Vs, showed a close cor re la t ion  (Figure 5 .11 ) .  

re la t ionship  for the data i n  the three-year period 1963 t o  1966: 

Vs = 0.27 L + 0.25, (5.7) 

where each u n i t  i s  expressed i n  106m3/mo (cubic metres per month) (Figure 5 . 1 2 ) .  

x io6m3/morith 

1; 

Figure 5 .11  Changes of leakage ra te ,  L, and volumetric land subsidence ra te ,  Ve, both i n  
m3/month, over Shiro ishi  basin lshibasaki, Kamata, and Shindo, 1960). 



Guidebook to studies of land subsidence due to ground-water withdrawal 

- L  

F igu re  5.12 Simple r e l a t i o n s h i p  between leakage r a t e  and volumetr ic subsidence r a t e  over 
S h i r o i s h i  bas in (Shibasaki, e t  a l .  , 1969). 

Although Castle, Yerkes, and R i l e y  (1969) found t h a t  subsidence i n  s i x  o i l  f i e l d s  v a r i e d  
approximately l i n e a r l y  w i t h  n e t  l iqu id  product ion,  the c o r r e l a t i o n  between reservoir-pressure 
dec l i ne  and subsidence was poor. Their  explanat ion f o r  t h i s  i s  as fo l lows:  

"The general  theory advanced i n  explanat ion o f  r e s e r v o i r  compaction and r e s u l t a n t  o i l -  
f i e l d  subsidence ( G i l l u l y  and Grant, 1949) i s ,  i n  i t s  broad ou t l i nes ,  beyond challenge. 
Thus Terzaghi 's p r i n c i p l e ,  which r e l a t e s  increased e f f e c t i v e  s t ress  d i r e c t l y  t o  f l u i d -  
pressure decl ine,  probably i s  v a l i d l y  app l i ed  t o  t h e  mul t i f lu id-phase system. Yet i n  
seeming oppos i t i on  t o  t h i s  genera l izat ion,  measured rese rvo i r  pressure dec l i ne  w i t h i n  
the  Vickers zone was d i sp ropor t i ona te l y  h i g h  w i t h  respect t o  surface subsidence dur ing 
the  e a r l y  product ion years (F igure 2a and d ) ;  a s i m i l a r  s i t u a t i o n  i s  be l i eved  t o  have 
p r e v a i l e d  i n  the  Wilmington f i e l d  ( C i t y  o f  Long Beach, 1967, unpublished data) .  What- 
ever the  r e l a t i o n s h i p ,  then, between measured r e s e r v o i r  pressure dec l i ne  and compaction, 
the two are c e r t a i n l y  not  d i r e c t l y  p ropor t i ona l .  

"The most l i k e l y  explanat ion f o r  t he  poor c o r r e l a t i o n  between reservoir-pressure 
dec l i ne  and subsidence (o r  compaction) i s  t h a t  pressure dec l ine as measured a t  i n d i -  
v i d u a l  producing we l l s  i s  genera l ly  non-representative o f  t h e  average o r  systemic 
dec l ine over the f i e l d  as a whole. Thus i n  examining t h i s  problem i n  the Wilmington 
f i e l d ,  M i l l e r  and Çomerton (1955, p. 7 0 )  observed t h a t  ' reduct ions i n  average pressure 
i n  the  r e s e r v o i r  are v i r t u a l l y  impossible t o  determine w i t h  a s a t i s f a c t o r y  degree o f  
accuracy.' This deduction, coupled w i t h  the observed l i n e a r i t y  between n e t - l i q u i d  
product ion and subsidence, suggests t h a t  t he  l i q u i d  product ion may c o n s t i t u t e  a b e t t e r  
index o f  average reservoir-pressure dec l i ne  than t h a t  obtained through down-hole 
measurements. " 

Figures 5.13, 5.14, and 5.15 present a d d i t i o n a l  examples i l l u s t r a t i n g  the r e l a t i o n  between 
f l u id  withdrawal and subsidence. Figure 5.13 shows the r e l a t i o n  between land  subsidence i n  
mm/year and annual discharge i n  1 0  m /year on the  S h i r o i s h i  P l a i n  i n  Japan (From Kumai, e t  
a l .  , 1969). Figure 5.14 i l l u s t r a t e s  the  s t ress -s t ra in  r e l a t i o n  obtained by p l o t t i n g  discharge 
i n  103m3/month against  l and  subsidence i n  mm/month i n  Osaka, Japan, f o r  t he  f i v e  years 1954- 
1958. Figure 5.15 shows the  consis tent  r e l a t i o n s h i p  between the  cumulative volumes o f  subsi- 
dence and ground-water pumpage i n  the  Los Banos-Kettleman C i t y  area, C a l i f o r n i a ,  from 1926 t o  
1968. The volume o f  subsidence was equal t o  one - th i rd  the  volume o f  pumpage cons is ten t l y  
through t h e  42-year per iod.  

6 3  

5.2.3 Ra t io  o f  subsidence t o  head dec l ine 

The subsidence/head-decline r a t i o  i s  the r a t i o  between land  subsidence and the head dec l ine i n  
the coarse-grained permeable beds o f  t h e  compacting aqu i fe r  system, f o r  a common t i m e  i n t e r v a l .  
It represents the  change i n  th ickness per u n i t  change i n  e f f e c t i v e  s t ress  (ab/Ap') .  This r a t i o  
i s  u s e f u l  f o r  p r e d i c t i n g  a lower l i m i t  f o r  the magnitude o f  subsidence i n  response t o  a step 
increase i n  v i r g i n  s t ress  ( s t ress  exceeding past  maximum). I f  pore pressures i n  the compacting 
aqui tards reach e q u i l i b r i u m  w i t h  those i n  adjacent aqui fers,  then compaction stops and the sub- 
sidence/head-decline r a t i o  i s  a t r u e  measure o f  the v i r g i n  compress ib i l i t y  o f  the system. U n t i l  
o r  unless e q u i l i b r i u m  o f  pore pressures i s  a t ta ined,  the r a t i o  o f  subsidence t o  head dec l ine i s  
a t r a n s i e n t  value. 
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Figure 5.13 Simple re la t ionship  between annual land subsidence and corresponding discharge 
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Figure 5.14 Corre lat ion between subsidence and discharge of ground water ( E d i t o r i a l  Committee 
for Land Subsidence i n  Osaka, 1969). 
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Figure 5.15 Cumulative volumes o f  subsidence and pumpage, Los Banos-Kettleman C i t y  area, 
Ca l i fo rn ia .  Points on subsidence curve indicate times o f  leve l ing  control  (from 
Poland, e t  a l . ,  1975). 

Subsidence/head-decline r a t i o s  can be derived a t  a po in t  i f  the water-level change for  the 
compacting system and the periodic surveys of the elevat ion o f  a nearby bench mark are ava i lab le  
for a common time period. For example, Figure 5.5 i l l u s t r a t e s  the subsidence and head-decline 
records for  a p a i r  o f  bench marks and nearby wel ls  i n  Houston, Texas. A t  p l o t t i n g  scales of 1 
(subsidence) t o  100 (water l e v e l ) ,  the p l o t s  are roughly coincident. The indicated subsidence/ 
head-decline r a t i o  i s  approximately 1/100. 

Figure -5.6 i s  another example o f  close cor re la t ion  between subsidence and head decline. 
The intensive pumping o f  ground water for  more than two decades caused an artesian-head decline 
o f  about 300 f t  (90m), producing a subsidence o f  about 18 f t  (5.5 m ) .  The indicated subsidence/ 
head-decline r a t i o  i s  1/16 (Lofgren, 1969). Although the ordinate scales i n  f igures 5.5 and 
5.6 are i n  fee t ,  the r a t i o  i s  dimensionless and hence would be i d e n t i c a l  i n  the metric system. 

From the subsidence and head-decline record for  Figure 5.7, Hwang and Wu (1969) derived a 
subsidence/head-decline r a t i o  o f  1/27 for  the period 1962-67. Note, however, t h a t  although the 
mean annual minimum water-level trend i s  approximately a s t ra ight  l i n e ,  the r a t e  o f  subsidence 
accelerated sharply i n  1967. Hence, a r a t i o  derived from the subsidence r a t e  and water-level 
change i n  1967 would be much la rger ,  roughly about 1/12. 

For a l l  three o f  the examples discussed (Figures 5.5-5.7) i t  should be emphasized t h a t  the 
r a t i o s  are r e l i a b l e  only i f  the water l e v e l s  are representative o f  the average artesian head i n  
the aquifers (coarse-grained beds) of the compacting system. 

I f  maps o f  subsidence and head decline are ava i lab le  for  a common period o f  time during 
which both subsidence and head decl ine continued without interrupt ion,  the r a t i o  o f  subsidence 
t o  head decl ine can be p l o t t e d  on a map as l i n e s  o f  equal r a t i o .  Figure 5.16 i s  such a r a t i o  
map, p l o t t e d  from maps showing subsidence and head decline from 1943 t o  1959 i n  an area of 4000 
km2 on the west side o f  the San Joaquin Val ley,  C a l i f o r n i a  ( a f t e r  B u l l  and Poland, 1975, 
Figure 32 ) .  The r a t i o s  on t h i s  map range from 0.08 t o  0.01, indicat ing tha t  the head decline 
required t o  produce 1 m o f  subsidence has ranged from 1 2  t o  100 m, depending on the location. 
I n  add i t ion  t o  t h e i r  use i n  predict ion,  the r a t i o s  i n  Figure 5.16 represent a minimum value of 
the storage coef f ic ient  component for  v i r g i n  compaction o f  the aquifer-system skeleton. 
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Figure 5.16 Ratio of subsidence t o  head decline, west side of San Joaquin Valley, C a l i f o r n i a ,  
1943-59 ( B u l l  and Poland, 1975, Figure 32). 
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D 

Figure 5.17 Relat ion between per cent c lay  and subsidence due t o  pressure decl ine (Gabrysch, 
1969). 

5.2.4 Clay content-subsidence r e l a t i o n  
I 

Figure 5.17 shows the general relat ionship i n  the Houston-Galveston area, Texas, between 
the percentage o f  c l a y  beds and the subsidence head-decline r a t i o .  According t o  Gabrysch 
(1969) , the percentage o f  c lay  beds was determined from in terpre ta t ion  o f  e l e c t r i c a l  logs: the 
pressure-head decl ine was determined from measured water l e v e l s  i n  wells: and subsidence values 
were taken from changes i n  nearby bench-mark elevations. 

5.3 THEORETICAL APPROACH 

5.3.1 General remarks 

Regional subsidence due t o  ground-water extract ion i s  a complex phenomenon which may be roughly 
" f e l t "  i n  an i n t u i t i v e  fashion very d i f f i c u l t  t o  explain quant i ta t ive ly ,  due t o  the complexities 
o f  the mater ials involved. 

Basical ly ,  the ex t rac t ion  of ground water reduces the i n t e r s t i t i a l  water pressure (neut ra l  
pressure) which, according t o  the well-known "effective-pressure pr inc ip le"  o f  Terzaghi, means 
a transference o f  load t o  the s o i l  sùeleton ( e f f e c t i v e  pressure) and i t s  subsequent volume 
reduction ( i . e .  , surface subsidence). 

From a q u a l i t a t i v e  standpoint there i s  no "mystery" a t  a l l .  However, i n  t ry ing  t o  explain 
the phenomenon both q u a l i t a t i v e l y  and quant i ta t ive ly ,  a ser ies o f  unsuspected problems a r i s e  
or ig ina t ing  mainly from the elusive mechanical propert ies o f  so i ls .  

S o i l s  are complex multiple-phase systems constituted by solids, l iqu ids ,  gases, and other 
substances l i k e  organic matter,  ions, etc. ,  which form, from a mechanical standpoint, a highly 
hyperstat ic  system whose propert ies must be inferred,  a t ,  best, through s t a t i s t i c a l  averages or 
"representative" tests.  

As a r e s u l t ,  s o i l s  incorporate i n t o  t h e i r  mechanical propert ies a l l  the behavioral aspects 
of t h e i r  components, i . e .  e l a s t i c i t y  and p l a s t i c i t y  o f  solids; v iscosity o f  l iqu ids ;  compressi- 
b i l i t y  o f  gases; decay propert ies o f  organic matter: a t t r a c t i o n  and repulsion o f  ion ic  charges, 
e tc . ,  i n  a much more involved fashion. 

This type of mater ia l  has non-linear e l a s t i c ,  p l a s t i c ,  and viscous propert ies whose 
mechanical parameters are anisotropic and are history-,  stress-, and time-dependent. 

Such mater ia l  i s  very d i f f i c u l t - - i f  not impossible--to handle i n  any kind o f  a theore t ica l  
model o f  subsidence and t h i s  explains why the d i f f e r e n t  approaches described i n  the s c i e n t i f i c  
l i t e r a t u r e  for  t h a t  purpose, resort  t o  many simpl i f icat ions and idea l i za t ions  i n  order t o  obtain 
some kind o f  a model t h a t  allows a more or less correct  in te rpre ta t ion  o f  past events, predic- 
t i o n  o f  future ones, and decisions t o  be made about them. The questions are: What t o  simplify? 
How t o  i d e a l i z e  so i ls?  
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Unfortunately, t he re  i s  no general r u l e ,  because the dominant fea tu re  i n  one case may be 
n e g l i g i b l e  i n  another and therefore,  judgment and exper t i se  must be exercised f o r  best  r e s u l t s .  
As general information, t he  more common s i m p l i f i c a t i o n s  regarding s o i l  p r o p e r t i e s  are l i s t e d  
here : 

1. 
2. 
3. 
4. 
5. 
6 .  
7. 
8. 

No organic matter present; 
O n l y  two phases present ( s o l i d - l i q u i d ) ;  
No viscous proper t ies;  
No p l a s t i c  proper t ies;  
Newtonian behavior o f  l iqu id  phase; 
No anisotropy; 
Linear e l a s t i c  p roper t i es  o f  s o i l  s t ruc tu re ;  
Constant parameters or, a t  l eas t ,  one se t  f o r  v i rg in  compression and another f o r  
expansion and recompression. 

Add i t i ona l l y ,  o ther  s i m p l i f i c a t i o n s  regard ing the  system o f  aqu i fe rs  and aqui tards may be 
introduced, such as 

9. Hor i zon ta l  s t ra ta ;  
10. Ho r i zon ta l  f l o w  i n  aqu i fe rs  and v e r t i c a l  f l o w  i n  aqui tards;  
11. Subsidence due mainly t o  aqu i ta rd  consol idat ion;  
12. No f r e e  surface o f  f l o w  i n  the  aqui fers .  

and so on. 
As might be expected, t h e  l a r g e r  the  number o f  s i m p l i f i c a t i o n s  made, the  more r e s t r i c t e d  

the  nature o f  t he  r e s u l t a n t  model and the  more s p e c i f i c  i t s  a p p l i c a b i l i t y .  
However, i t  should be remembered tha t ,  i n  p rac t i ce ,  s i m p l i f i c a t i o n s  must be made according 

t o  the nature and volume o f  the ava i l ab le  i n fo rma t ion  and t h a t  t he  best  way o f  modeling a given 
case may be t o  begin w i t h  t he  s impler models f i r s t ,  advancing l a t e r  t o  the  more i nvo l ved  ones, 
up t o  the h ighest  l e v e l  j u s t i f i e d  by the  e x i s t i n q  data. 

I n  the  remainder o f  t h i s  chapter an i n s i g h t  w i l l  be given on the  d e t a i l s  o f  severa l  types 
o f  subsidence models (Fiqueroa Vega, 1973, 1977). 

5.3.2 Compress ib i l i ty  r e l a t i o n s h i p s  and t o t a l  p o t e n t i a l  subsidence 

The t r a d i t i o n a l  l abo ra to ry  t e s t  employed t o  d i sc lose  the compress ib i l i t y  r e l a t i o n s h i p s  o f  s o i l s  
i s  the conso l i da t i on  t e s t  (odometer t e s t )  developed by K a r l  Terzaghi. The t e s t  i s  discussed i n  
Chapter 4. 

I n  t h i s  t e s t ,  s o i l s  e x h i b i t  a more o r  l e s s  l i n e a r  r e l a t i o n s h i p  between e ( v o i d  r a t i o )  and 
l o g  p'/(poI, e f f e c t i v e  i n t e r g r a n u l a r  pressure) o f  t he  type 

e = e - ccïog CI , 
PO O ( 5 - 8 )  

(a  s l i g h t l y  modi f ied form o f  equation 4.14 shown i n  Chapter 4 ) ,  where Cc i s  t h e  "compression 
index" and eo and pol  are i n i t i a l  reference values. This r e l a t i o n s h i p  i s  v a l i d  f o r  increas- 
i n g  values greater than the  maximum in te rg ranu la r  pressure t h e  s o i l  has supported i n  the  pas t  
(pol, preconsol idat ion pressure).  For discharge o r  recharge a t  pressures lower than t h e  pre- 
consol idat ion pressure (i.e.: w i t h i n  preconsol idat ion range) the  r e l a t i o n s h i p  i s  s i m i l a r ,  w i t h  a 
lower Cc value (Cc), which means t h a t  on l y  p a r t  o f  t he  t o t a l  deformat ion o f  a s o i l  i s  re -  
coverable and a lso t h a t  t he  compress ib i l i t y  parameters o f  a s o i l  are h i s t o r y  dependent. 

I n  the s o i l  mechanics f i e l d ,  i t  i s  customary t o  de f i ne  t h e  ' k o e f f i c i e n t  o f  volume compres- 
s i b i l i t y , "  %, as 

de 
a 

i + e  

- 
V m =-AL= - 

O O 
V l + e  (5.9) 

where av stands f o r  the c o e f f i c i e n t  o f  compress ib i l i t y ,  such that ,  w i t h i n  a smal l  increment o f  
pressure, the t o t a l  set t lement o f  a column o f  s o i l  o f  thickness, Ho, may be computed as 

AH = % Ap'Ho. (5.10) 
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As may be noted i n  equation (5.9) ,  % i s  stress dependent and therefore i t s  value must 
be estimated f o r  the proper eo and Ap' values. Otherwise, equation (5.10)  may lead  t o  
serious errors.  

Equation (5.10) may be appl ied directly--as i n  the s o i l  mechanics f ield--as a f i r s t  approx- 
imation, whenever the s t r a t a  thickness sequence i s  known (Hal, H02, . . . ., H o i )  as w e l l  
as the corresponding n e u t r a l  pressure reductions due t o  water ex t rac t ion  (taken i n i t i a l l y  as 
the e f f e c t i v e  pressure increments) and t h e i r  estimated coef f ic ients  o f  volume compressibil i ty 
(%I, %2, ...., %il. The t o t a l  subsidence i n  t h i s  case would be approximately 

i 

1 
* mviApiHoi. ( 5 . 1 1 )  

When a l l  the involved s t r a t a  remain saturated and the t o t a l  r e l a t i v e  shortening o f  the 
column i s  small, the foregoing calculat ions may be accepted as s u f f i c i e n t l y  good f o r  p r a c t i c a l  
purposes. I n  other cases, they must be taken only as giving approximate values and subsequent 
calculat ions must be made u t i l i z i n g  these values t o  estimate the  t o t a l  i n i t i a l  and f i n a l  column 
loads a t  each l e v e l ,  the i n i t i a l  and f i n a l  e f f e c t i v e  pressures ( v e r t i c a l  pressure due t o  t o t a l  
load)  and applying again equation (5.11) and repeating the process i t e r a t i v e l y ,  u n t i l  f i n a l  
r e s u l t s  take account properly o f  both e f f e c t s .  

P- 

5.3.3 D i f f e r e n t i a l  equations o f  ground-water f low i n  an aquifer-aquitard system 

Steady laminar f low o f  i n t e r s t i t i a l  water w i t h i n  any port ion o f  saturated s o i l  obeys two basic 
laws--the mass conservation law: 

div(3;) = O ,  (5.12) 

where "div" stands f o r  the  divergence operator, "3" f o r  density o f  water, "v" f o r  flow ve ldc i ty  
vector, and Darcy's L a w :  

- 
v = -  K grad h, (5.13) 

where K i s  the hydraulic conductivity o f  the s o i l  and "h" the hydraulic head. 
Combining these laws i n t o  a single equation and neglecting the v a r i a b i l i t y  o f  3 and K gives 

T h = - + - + - =  2 a2h a2h a2h O ,  
ax2 ay2 az2 

(5.14)  

the well-known Laplace equation. Therefore, h must be an harmonic var iab le  sa t is fy ing  the 
e x i s t i n g  boundary conditions. 

Equation (5.12) simply states t h a t  the mass o f  water w i th in  the por t ion  o f  saturated s o i l  
remains constant. When the f low i s  unsteady, t h i s  does not hold anymore and some water i s  
stored i n  or  extracted from a specif ied elemental volume o f  s o i l  and equation (5.14)  must be 
modified accordingly, r e s u l t i n g  i n  

2 K V h = S  * a t '  ( 5 . 1 5 )  

where "SS" i s  the spec i f ic  storage and a l i n e a r  compressibil i ty re la t ionsh ip  i s  assumed both 
for  water and s o i l  structure. 

I n  a homogeneous hor izonta l  aquifer  o f  constant thickness "b" wi th  hor izonta l  flow, 
equation (5.15) reduces t o  

a2h a2h ss ah s ah 1 ah 
- + - = - - =  - - = - -  

ax2 ay2 K a t  T a t  v a t '  
where 

T 
S = bSs; T = bK; and V = - s 

(5.16) 

(5 .17)  
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are t h e  storage c o e f f i c i e n t ,  t r a n s m i s s i v i t y  and hyd rau l i c  d i f f u s i v i t y  respect ive ly .  I n  a com- 
p ress ib le  aqu i ta rd  w i t h  v e r t i c a l  f low, equat ion (5.15) reduces simply t o  

These equations may a l so  be w r i t t e n  i n  terms o f  i is* i  (drawdown) i ns tead  o f  "h" ( hyd rau l i c  head). 
Equation (5.16) i s  the c l a s s i c a l  aqu i fe r  d i f f e r e n t i a l  equat ion due t o  Theis (Theis, 1935) 

and equat ion (5.18) i s  the c l a s s i c a l  conso l i da t i on  equat ion due t o  Terzaghi (Terzaghi , 1923). 
Both equations must be solved subject  t o  t h e i r  proper i n i t i a l  and boundary condi t ions.  

I n  a system w i t h  a q u i f e r ( s )  and aqu i ta rd (s ) ,  the mathematical problem t o  solve i s  made up 
o f  one equat ion of t he  type (5.16) f o r  each a q u i f e r  i n c l u d i n g  some a d d i t i o n a l  terms t o  take 
account o f  v e r t i c a l  i n f l ows  o r  outf lows, i f  any, and one equat ion o f  t h e  type (5.18) f o r  each 
aqui tard,  p l u s  the adequate i n i t i a l  and boundary condi t ions and a d d i t i o n a l  cond i t i ons  s t a t i n g  
e q u a l i t y  o f  hyd rau l i c  heads i n  any plane o f  contact  o f  any two o f  t h e  e x i s t i n g  a q u i f e r ( s )  and 
aqu i ta rd (s ) .  This i s  r e f e r r e d  t o  as a "quasi three-dimensional model." The f i n a l  r e s u l t  i s  a 
complex coupled system which may be solved w i t h  t he  he lp  o f  numerical methods ( f i n i t e  d i f f e r -  
ences o r  f i n i t e  elements). The assumption o f  v e r t i c a l  f l ow  i n  aqui tards and h o r i z o n t a l  f l o w  i n  
aqui fers  i s  on l y  j u s t i f i e d  when t h e  pe rmeab i l i t y  o f  the l a t t e r  i s  much h igher  than t h a t ' o f  the 
former (say t e n f o l d  o r  more). Otherwise, i t  i s  necessary t o  r e s o r t  t o  a t r u l y  th ree  dimensional 
model, where a l l  the second order p a r t i a l  d e r i v a t i v e s  are kept  f o r  a l l  t he  s t ra ta .  

The s o l u t i o n  o f  the coupled system imp l i es  advancing numer ica l ly  and simultaneously t h e  
s o l u t i o n  f o r  a l l  the invo lved s t r a t a  through each t ime increment, and t h i s  may represent a l a r g e  
number o f  ca l cu la t i ons  which m i g h t  eventual ly  overf low the  working c a p a b i l i t y  o f  t h e  a v a i l a b l e  
computer. Models o f  t h i s  k i n d  have been developed and publ ished elsewhere ( C a r r i l l o ,  1950; 

A n  i n t e r e s t i n g  a l t e r n a t i v e  so lu t i on ,  f o r  quasi  t h ree  dimensional models, as app l i ed  t o  the  
Mexico C i t y  case (Figueroa v, 1973), i s  t o  depart  from a coupled system t o  reduce the  problem's 
complexity v i a  i n t e g r o d i f f e r e n t i a l  equations. This w i l l  be o u t l i n e d  i n  the  next  sect ion.  

GambOlati, 1972). 

5.3.4 Uncoupling the  system and s o l v i n g  a s impler problem 

For a system made up o f  one aqu i fe r  under la in  and o v e r l a i n  by conso l i da t i ng  aqui tards,  severa l  
mathematical formulat ions are poss ib le  i n  accordance w i t h  t h e  upper and lower boundary condi- 
t i o n s  type (constant head o r  nu l l  f l ow) .  I n  any case, the mathematical f o rmu la t i on  i s  made up, 
i n  terms of drawdowns, as explained before, by one equat ion o f  t he  type (5.16), i n c l u d i n g  i n  i t s  
l e f t  s ide two terms o f  the form 

(5.19) 

t o  take account o f  v e r t i c a l  f l o w  i n t o  the main aqu i fe r ,  through the  aqu i fe r -aqu i ta rd  common 
boundaries, p l u s  two equations o f  t h e  type (5.18) a l s o  i n  terms o f  drawdowns, p l u s  t h e  
corresponding i n i t i a l  and boundary condi t ions.  

For a l l  the r e s u l t i n g  cases o f  t h i s  system i t  has been shown (Herrera and Figueroa, 1969) 
t h a t  t h e  problem was equivalent t o  

where the convolut ion term inc ludes the  v e r t i c a l  i n f l ows  t o  the aqui fer ,  and 

( 5 . 2 0 )  

(5.21) 

i n  which G ( t )  i s  t he  zero e leva t i on  a t  t he  aqu i fe r -aqu i ta rd  contacts and A 1  and A2 the bas i c  
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so lu t i ons  of  c l a s s i c a l  conso l i da t i on  theory corresponding t o  the  p a r t i c u l a r  boundary cond i t i ons  
present i n  each case. Add i t i ona l l y ,  i n  general 

G ( t )  = - C - F ( t )  (5.22) 

where "C" i s  a constant depending on t h e  system's parameters which incorporates t h e  v e r t i c a l  
in f lows coming from the  exe r io r  boundaries o f  t he  system i n  the  cases o f  constant head boundary 
condi t ions,  and t h e  f u n c t i o n  F ( t )  incorporates the  v e r t i c a l  i n f l o w s  released from aqui tards by 
consol idat ion.  

Equation (5.20) may be reduced t o  

Furthermore, t he  i n t e g r a l  term may be approximated by 

when &/a6 has a slow v a r i a t i o n ,  be ing 

a constant. Under these condi t ions,  t h e  problem f u r t h e r  reduces t o  

a2sc d2sc 1 asc 

ax2 ay2 vC a t  
- + - = - -  

where 
cVct 

s = se 
C 

and 

V E- 

v c  l + IV' 

(5.23) 

( 5 . 2 4 )  

(5.25) 

(5.26) 

(5.27) 

( 5 . 2 8 )  

This i s  the "correspon_>nce p r i n c i p l e  (Herrera and F iNeroa,  1969). I t  means t h a t  t h e  
o r i g i n a l  coupled system i s  equivalent,  under t h e  already s ta ted  condi t ions,  t o  an equiva lent  
conf ined aqu i fe r  system. 

For the case o f  a s i n g l e  aqu i fe r  and a s i n g l e  aqui tard,  the app l i cab le  expressions are 

2 2  
W n 1 v1 

1 + 2 C  e x p - -  t .  
2 

Ki 
Tbl n = l  bl 

G ( t )  = - - 

3T 
I = - ; C = - .  s1 - 

3T Tbi' 'c - 3s + SI' 

(5.29) 

(5.30)  

f o r  the constant head ex te rna l  boundary c o n d i t i o n  and 
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1 2  2 

G ( t )  = - - 
n=O 

T s1 1 = -. T , c = o ; v  = -  
c s + SI* 

(5.31) 

(5 .32)  

fo r  the zero gradient ex terna l  boundary condit ion. I n  a l l  these formulas, the index 1 r e f e r s  
t o  the aquitard. 

Both the i n t e g r o d i f f e r e n t i a l  equation and the correspondence p r i n c i p l e  have been appl ied 
t o  the Mexico C i t y  case, w i t h  some add i t iona l  considerations which w i l l  be mentioned l a t e r ,  
w i t h  reasonably good resu l ts .  As a general comment, the a p p l i c a b i l i t y  o f  the above-mentioned 
simpl i f icat ions o f  the correspondence p r i n c i p l e  i s  much greater than i t  seems, f o r  the fol lowing 
reasons. 

Apparently, the correspondence p r i n c i p l e  would be applicable whenever as /a t  "has a slow 
var ia t ion"  as stated before. However i n  the extreme case o f  constant drawdown the r i g h t  p a r t  of 
equation (5.24) equals zero f o r  t # O ,  which means t h a t  there i s  no consolidation except a t  t = 
O, where the subsidence cause i s  concentrated. So, the former condit ion should read "has a 
slow v a r i a t i o n  everywhere." 

It must be noted t h a t  equation (5.24) simply removes the lag-effects o f  the consolidation 
process and therefore i t  may work only i f  the drawdown i s  gradual. The more as/& departs from 
a constant value the more the resu l ts  depart from r e a l i t y .  

However, the consolidation process compensates t h i s  s i t u a t i o n  somehow, because while a t  
any time increment, the subsidence increment includes some subsidence due t o  the preceding 
drawdowns, also p a r t  o f  the subsidence due t o  i t s  own drawdown increment i s  t ransfer red  t o  
future time increments. I n  any case, a short consolidation time may improve the r e s u l t s .  

It i s  possible t h a t  an in tegra t ion  by p a r t s  o f  the memory term could lead  t o  a b e t t e r  
approximation, and t h i s  i s  a question which must be explored. 

Another reason which supports the correspondence p r i n c i p l e  i s  the remarkably good correla- 
t i o n  found between t o t a l  drawdown and t o t a l  subsidence. 

According t o  the experience gained i n  t h e  Mexico C i t y  case, from a p r a c t i c a l  standpoint 
there seems t o  be no strong reason t o  use equation (5 .26 )  instead o f  equation (5.23) as there 
i s  not a b i g  d i f fe rence  i n  computing time or  computer memory requirements. So, i t s  use seems 
t o  be more p r a c t i c a l  i n  non-computer modeling, as described i n  the next section. 

I n  applying equation (5.231, some aspects must be considered: 

1. 
2. 

3. 

4. 

Addit ional terms must be included t o  take i n t o  account i n f i l t r a t i o n  or  pumpage. 
Compressibility parameters must dist inguish between v i r g i n  compression and e l a s t i c  
recompression. 
The storage c o e f f i c i e n t  i n  the main aquifer  must be changed i n  those c e l l s  o f  the 
model where drawdowns are  such t h a t  ground-water f low changes from confined t o  
unconfined. 
The aquifer compaction i t s e l f ,  i f  considered r e l a t i v e l y  important, may be added, 
computing i t  as an ins tant  response t o  drawdown, thus tak ing  care o f  p o i n t  (b ) ,  
above. 

The procedures described here in  may be incorporated i n  any o f  the  e x i s t i n g  types o f  
ground-water models. 

5.3.5 Simpl i f ied subsidence modeling 

I n  some cases i t  may be desirable t o  have a f a s t  estimate o f  the probable order o f  magnitude of 
subsidence versus time due t o  regional  pumpage i n  some selected s i t e ( s )  and t h i s  may be done 
through ( 1 )  estimating fu ture  drawdowns i n  the  s i t e ( s )  and ( 2 )  estimating fu ture  subsidence i n  
the s i t e ( s ) .  

The f i r s t  p a r t  may be achieved by simple superposition o f  the Theis equation o r  by the  
appl icat ion o f  the Inf luence Diagram (Figueroa Vega, 1971), together w i t h  the  app l ica t ion  o f  
the aforementioned Correspondence Pr inc ip le  (equations 5.26, 5.27 and 5.28).  
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The superposition o f  the Theis equation needs no fur ther  comment. It may be advisable when 
the number o f  we l ls  i s  not  too large.  

When there are many we l ls  and t h e i r  d i s t r i b u t i o n  i s  f a i r l y  uniform w i t h  an average pumpage 
of @'q@' u n i t s  o f  volume per unit o f  time, i t  i s  much more p r a c t i c a l  t o  apply t h e  inf luence 
diagram mentioned before, which i s  a diagram s imi la r  t o  t h a t  developed by Newmark (1942) i n  the 
s o i l  mechanics f i e l d  t o  in tegra te  v e r t i c a l  stresses due t o  a d is t r ibuted  surcharge. 

By means of i t ,  drawdown "si' a t  the s i t e  and a t  time iit," due t o  a d is t r ibuted  pumpage o f  
i n t e n s i t y  "q" i n  any area i s  simply 

8 = * (0.0025Ni + O.OOINe), ( 5 . 3 3 )  
S 

where "S" i s  the storage c o e f f i c i e n t  and "Ni" and "Ne" are the i n t e r n a l  and external  
slsquares" covered by the pumping area drawn a t  a proper scale. 

>The appl icat ion of equation (5.33)  f o r  several times makes i t  possible t o  p l o t  estimated 
fu ture  drawdowns versus time. 

The next  step i s  t o  estimate the future subsidence, the time der iva t ive  o f  which i s  T 
( t r a n s m i s s i b i l i t y )  times the convolution term o f  the l e f t  side o f  equation (5 .23 ) ,  i . e . :  

(5 .34)  

This expression may be e a s i l y  approximated by numerical methods w i t h  the help o f  a pocket 
programmable calculator  and the t o t a l  subsidence f o r  each time i s  the area under the curve 
versus t . 

Equation (5.34) takes only i n t o  account the consolidation o f  the clay s t ra ta .  Compression 
o f  the aqu i fe r  may be included, as an ins tant  response for each increment o f  time, using 
equation (5.11) .  

The former procedure, though simple and lacking precision, may be used as a basis for  pre- 
l iminary decision-making i n  many cases o f  regional  subsidence due t o  ground-water extract ion,  
while a more precise d i g i t a l  computer model i s  elaborated and validated. 

5.3.6 Other types o f  subsidence models, by Donald C. HelmZ 

A v a r i e t y  o f  pred ic t ion  techniques have been discussed--empirical, semi-theoretical, and 
theore t ica l .  The empirical and semi-theoretical techniques require induced subsidence t o  have 
already begun. Empirical and semi-theoretical methods o f f e r  reasonable parameters t h a t  l i n k  
subsidence t o  some other measurable phenomenon i n  the f i e l d .  The t h e o r e t i c a l  techniques which 
have been discussed t o  t h i s  p o i n t  require the r e s u l t s  o f  laboratory tes ts  i n  order t o  pred ic t  
subsidence. 

Two other techniques for  subsidence predict ion w i l l  now be discussed. This w i l l  be 
fol lowed by a discussion o f  the r o l e  o f  the unpumped ovetburden. One technique, which uses a 
depth-porosity model, i s  too p r i m i t i v e  t o  require induced subsidence t o  have already begun. 
This i s  i t s  power; i t  can give a rough approximation o f  p o t e n t i a l  u l t imate  subsidence o f  an 
area where the l o c a l  confined aquifer  system has not ye t  been stressed. The second technique 
t h a t  w i l l  be discussed uses an aquitard drainage model. I n  contrast t o  the depth-porosity 
model, t h i s  second technique requires compressible beds t o  be stressed i n  the f i e l d .  It i s  
s u f f i c i e n t l y  sophisticated not  t o  require laboratory tes ts  on s o i l  specimens. Neither the 
depth-porosity model nor the aquitard-drainage model requires laboratory tes ts ;  each uses i t s  
own independent field-based method f o r  parameter evaluation. 

The parameter found by using the depth-porosity model i s  a generalized depth-dependent 
approximation for a c o e f f i c i e n t  o f  volume change, %, o f  equation 5.10 which corresponds t o  
nonrecoverable spec i f ic  storage, S'skv, o f  equations 3.4 and 3.19. This parameter controls 
the u l t imate  response t o  stress o f  a specif ied bed. The parameters found by using the aquitard 
drainage model are s i te -spec i f ic  average values o f  spec i f ic  storage, Çlskv, and the v e r t i c a l  
component o f  hydraulic conductivity,  K ' .  

They are both usefu l  techniques. 

These parameters control  the time-delayed response t o  

2 work performed under auspices o f  the U.S. Department o f  Energy by the Lawrence Livermore 
Nat ional  Laboratory under contract  No. W-7405-ENG-48. 
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stress o f  compressible interbeds w i t h i n  a confined system. 
and i n d i r e c t l y  i n  equation 5.15. 

They appear d i r e c t l y  i n  equation 3.2 

5 3.6.1 Depth-porosity model 

Porosity o f  sedimentary mater ials i s  known t o  decrease i n  general w i t h  depth (Figure 
5.18). Based on empirical data f o r  shale and mudstone, Athy (1930) and Magara (1978) suggest 
t h a t  a r e l a t i o n  between porosity and depth can be found from an exponential expression 

n + n,-,e-cz (5.35)  

for conditions o f  compaction equi l ibr ium where n i s  porosity a t  a spec i f ied  depth 2, no i s  an 
extrapolat ion o f  n t o  land surface ( z  = O ) ,  and c i s  an empi r ica l ly  determined constant. For 
Athy's data o f  shale poros i t ies  from Oklahoma, no equals 0.48 and c equals 0.0014 when z i s  
expressed i n  metres. Schatz, Kasameyer, and Cheney (1978) suggest using equation 5.35 f o r  s i te -  
specif ic  values f o r  no and c as a means o f  approximating Suskv as a function o f  depth, z ,  
f o r  a l l  compressible sedimentary mater ia l  including shale, mudstone, sandstone, and clay.  They 
t a c i t l y  argue t h a t  decreasing f luid pressure due t o  producing an ar tes ian  aqu i fe r  system has an 

O 
P o r o s i t y ,  n .  i n  percent  
20 40 60 

/. Dickinson 

Figure 5.18 Two examples o f  decrease o f  porosity w i t h  depth. 
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equiva lent  e f f e c t  on p o r o s i t y  t h a t  lower ing the  bed t o  a greater  depth would have. Hence the  
curves i n  Figure 5.18 are t r e a t e d  by them t o  represent a type o f  u l t i m a t e  s t r e s s / s t r a i n  r e l a t i o n  
f o r  e q u i l i b r i u m  compaction- 

Unfortunately,  n o t  a l l  emp i r i ca l  depth-porosi ty curves f o l l o w  an exponent ia l  r e l a t i o n  as 
expressed by equat ion 5.35. A notable except ion (Magara, 1978, p. 93) i s  Dickinson's (1953) 
data f o r  shale p o r o s i t i e s  f rom the Gulf o f  Mexico coast. Helm (1980, unpublished manuscript) 
has found t h a t  Dickinson's shale p o r o s i t i e s  f o l l o w  a l oga r i t hm ic  r e l a t i o n  w i t h  depth, namely 

(5.36) An = - a A i n  z ,  

n = nref - a I n (  z/zref 1, (5.37) 

where nref and zref are re ference values f o r  p o r o s i t y  and depth and a i s  an emp i r i ca l  con- 
s tant .  I f  a i s  i n t e r p r e t e d  as a type o f  compressibn index, equations 5.36 and 5.37 approximate 
t h e  type o f  s t r e s s - s t r a i n  r e l a t i o n  one would a n t i c i p a t e  f rom standard s o i l  mechanics i n t e r p r e t a -  
t i o n  o f  l abo ra to ry  conso l i da t i on  data. For Dickinson's f i e l d  data f rom the  Gulf  Coast, a equals 
0.103 and nref i s  found t o  equal 0.05 f o r  an a r b i t r a r y  reference depth zref o f  l o 4  m. 

It i s  now poss ib le  t o  get  two depth-dependent t h e o r e t i c a l  values o f  S g s k v  based on equa- 
t i o n s  5.35 and 5.37. Reca l l i ng  equat ion 3.10, we can express how l i t h o s t a t i c  e f f e c t i v e  stress,  
p', due t o  submerged weight o f  ove r l y ing  m a t e r i a l  changes w i t h  depth, z ,  by the  gradient  

G - ly - =  ( 1  - n ) ( G  - l ) Y w  = - 
dz ï + e w '  

According t o  the l e f t -hand  e q u a l i t y  o f  equat ion 3.4 and equat ion 5.9, we w r i t e  

Equation 5.39 can be w r i t t e n  
de dn dz- dn dz 

dn dz dp' w 1 - n dz dp' I 
-  ÇA^^ - - (1 - n) ---Y = - YW -- 

which, i n  accordance w i t h  equat ion 5.38, becomes 

dn 

( 1  - n) ( G  - 1) dz 
- 1 

2 
Sikv = - 

(5.38) 

(5.39) 

(5.40) 

(5.41)  

It now becomes necessary t o  determine dn/dz from Figure 5.18. For Athy's curve, equat ion 
5.41 becomes 

C n 

( G  - 1) (1 - n )  

- 
2 '  'Akv - 

where we have used equat ion 5.35. For Dickinson's curve, however, equat ion 5.41 becomes 

a 

(G - 1 )  z (1 -n) 

- 
2 '  'Skv - 

(5.42) 

(5.43) 

where we have used equat ion 5.37. 
Figure 5.19 shows t h e  r e l a t i o n  o f  SnSkv and depth z i n  accordance w i t h  Athy's data 

(dashed l i n e )  and Dickinson's data ( s o l i d  l i n e ) .  The dashed l i n e  i n  Figure 5.19 was found by 
s u b s t i t u t i n g  equat ion 5.35 i n t o  the  r ight-hand s ide  o f  equat ion 5.42 and assuming no t o  equal 
0.48 and c t o  equal  0.0014. The s o l i d  l i n e  i n  F igure 5.19 was s i m i l a r l y  found by s u b s t i t u t i n g  
equat ion 5.37 i n t o  the r ight-hand s ide o f  equation 5.43 and assuming nref t o  equal 0.05, 
zref t o  equal l o 4  m, and a t o  equal 0.103. 

The marks on Figure 5.19 i n d i c a t e  a se lec t i on  o f  s'skv values determined by other  
methods. The X ' s  i n  the  upper r ight-hand corner o f  Figure 5.19 represent values o f  SIskv 
ca l cu la ted  from r e s u l t s  (Marsal and Graue, 1969, Table 5, p. 190) o f  standard l abo ra to ry  con- 
s o l i d a t i o n  t e s t s  on s o i l  samples near Mexico C i t y .  The symbols XsC, XT, and X" represent 
values o f  s'skv ca l cu la ted  from r e s u l t s  o f  standard l abo ra to ry  conso l i da t i on  t e s t s  on s o i l  
samples taken respec t i ve l y  from the Santa Clara Valley, C a l i f o r n i a  (Poland, w r i t t e n  communica- 
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t i o n ,  19781, from near Seabrook, Texas (Gabrysch and Bonnet, 1976, Table 31, and a composite o f  
values from the Wilmington O i l  F ie ld ,  C a l i f o r n i a  ( A l i e n  and Mayuga, 1969). Subsidence i s  known 
t o  have occurred a t  a l l  these s i t es .  The c i r c l e s  represent values o f  s'çkv determined from 
s imulat ing observed compaction and expansion i n  C a l i f o r n i a  by means o f  a d i g i t a l  computer code. 
This computer s imu la t i on  technique uses the aquitard-drainage model and i s  discussed i n  t h e  
next  sect ion.  

It i s  ev ident  from Figure 5.19 t h a t  w i t h i n  1000 metres o f  l and  surface, Dickinson's curve 
gives a high, but reasonable, est imate o f  S'çkv. Helm (1980, unpublished manuscript) suggests 
t h e  use o f  t he  s o l i d  curve i n  Figure 5.19 as a f i r s t  approximation o f  S ' çkV .  For example, 
assume a conf ined aqu i fe r  has not  been developed and hence no f ield-based compaction records 
are avai lab le.  However, suppose one knows t h a t  an a r e a l l y  extensive conf ined a q u i f e r  system 
l i e s  a t  a depth between roughly 100 and 300 metres. W i t h i n  t h i s  200-metre i n t e r v a l  t h e r e  i s  
found t o  e x i s t  about 100  metres o f  f ine-gra ined compressible interbeds. Hence t h e  thickness o f  
compressible beds, b', i s  about 100 m, t h e  average depth i s  about 200 m, and i n  accordance w i t h  
Dickinson's curve i n  Figure 5.19 we can est imate s'skv t o  approximate 10-3m-1. Using 
equat ion 3.4, we f ind  

Ab'/Aha = S',kvb' I x l o 2  = lom1. (5.44) 

Figure 5.19 Spec i f i c  storage f o r  nonrecoverable compaction, as a f u n c t i o n  o f  depth, 2 .  

Equation 5.44 t e l l s  us, as a f i r s t  approximation, t h a t  f o r  every f o o t  o f  long-term drawdown, one 
can expect about one-tenth o f  a f o o t  o f  u l t i m a t e  cornpaction. 

L e t  us i n t e r p r e t  equat ion 5.44 i n  a somewhat broader t ime frame. One would expect a t ime  
l a g  o f  decades before compaction i n  the f i e l d  would reach i t s  u l t i m a t e  value (equat ion 5.44) 
even under condi t ions of no recovery o f  a r t e s i a n  head. I f  a t  any t ime a r t e s i a n  head recovers 
above a t r a n s i e n t  c r i t i c a l  e levat ion,  ongoing r e s i d u a l  subsidence w i l l  stop. 

P red ic t i ng  t h i s  c r i t i c a l  e leva t i on  o f  head i s  discussed i n  t h e  next  sect ion.  Equation 5.44 
and use o f  Dickinson's curve i n  Figure 5.19 t a c i t l y  requ i res  sedimentary m a t e r i a l  w i t h i n  a con- 
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f i n e d  system i n i t i a l l y  t o  be normally consolidated. Another t a c i t  assumption o f  equation 5.44 
i s  t h a t  volume s t r a i n  expresses i t s e l f  e n t i r e l y  i n  v e r t i c a l  compression. For a confined aquifer  
system whose volume s t r a i n  i s  isotropic,  the v e r t i c a l  component o f  s t r a i n  i s  one-third the 
volume s t ra in .  Whenever i n  s i t u  s t r a i n  i s  a c t u a l l y  isotropic,  use o f  Dickinson's curve (Figure 
5.19) i n  equation 5.44 would thereby automatically give an estimate o f  v e r t i c a l  compression 
three times too large.  

Methods f o r  approximating a reg iona l  d i s t r i b u t i o n  o f  Ah,, which appears i n  the left-hand 
side o f  equation 5.44, a r e  ava i lab le  (e.g., Figueroa Vega, 1971). Discussion o f  these methods 
i s  beyond the scope o f  the present section. 

5.3.6.2 Pquitard-drainage model 

Tolman and Poland (1940) suggested t h a t  subsidence i n  the Santa Clara Val ley,  Ca l i fo rn ia ,  
i s  caused not  simply by decl ining ar tes ian  heads and the  resu l t ing  compaction o f  permeable 
sands, but p r i m a r i l y  by the nonrecoverable compaction o f  slow-draining c l a y  layers  w i t h i n  the 
confined system. This marks the conceptual bir th o f  the aquitard-drainage model (Figure 5.20). 
R i l e y  (1969) appl ied Terzaghi's (1925) theory o f  one-dimensional consolidation q u a n t i t a t i v e l y  t o  
the aquitard-drainage model. Helm (1972, 1975, 1976) borrowed R i l e y ' s  insights t o  develop a 

(Pumpage rate) Q 

S I  

Figure 5.20 Aquitard-drainage model (modified from Helm, 1980, Figure 4 ) .  
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one-dimensional computer code t o  s imulate time-delayed aqu i ta rd  compression and expansion i n  
response t o  a r b i t r a r y  f l u c t u a t i o n s  o f  hyd rau l i c  head w i t h i n  t he  coarse-grained p o r t i o n  o f  a 
confined aqu i fe r  system. I n  turn, Freeze (witherspoon and Freeze, 1972; Gambolati and Freeze, 
1973) and Narasimhan (Narasimhan and Witherspoon, 1977) borrowed Helm's i n s i g h t s  f o r  developing 
t h e i r  own one-dimensional computer codes f o r  aquifer-system compaction and expansion. D i g i t a l -  
i z i n g  the aquitard-drainage model l e d  d i r e c t l y  t o  a powerfu l  p r e d i c t i v e  technique (Helm, 1978; 
P o l l a r d  and others, 1979) f o r  l and  subsidence caused by water- leve l  f l u c t u a t i o n s  w i t h i n  a 
conf ined aqu i fe r  system. 

The aquitard-drainage model (F igure 5.20) represents the  conf ined a q u i f e r  system as con- 
t a i n i n g  two bas ic  types o f  porous ma te r ia l :  a group o f  (i) fine-gra ined in terbeds each of 
which i s  completely surrounded by a h y d r a u l i c a l l y  connected system o f  (ii) coarse-grained 
mater ia l .  The f ine-grained in terbeds (aqu i ta rds )  are considered much l e s s  permeable than t h e  
interconnected coarse-grained p o r t i o n  o f  the conf ined aqu i fe r  system. Because slow-draining 
aqui tards are interbedded w i t h i n  an aqu i fe r ,  they are conceptual ly d i s t i n c t  from caprock, 
conf in ing bed, o r  semi-confining bed t h a t  serves as a confined a q u i f e r ' s  upper boundary. The 
aquitard-drainage model conceptual ly a t t r i b u t e s  t h e  observed t ime-lag ( o f  compaction response 
t o  s t ress change) t o  the v e r t i c a l  component o f  f l u i d  f l o w  from one i d e a l i z e d  m a t e r i a l  ( a q u i t a r d )  
t o  another ( a q u i f e r )  w i t h i n  the  two-material system i t s e l f .  The slow v e r t i c a l  drainage, q,, 
from h i g h l y  compressible aqui tards t o  t h e  l e s s  compressible aqu i fe r  m a t e r i a l  serves a somewhat 
s i m i l a r  r h e o l o g i c a l  f u n c t i o n  i n  t h i s  model t h a t  a viscous "dashpot" serves i n  a v i s c o e l a s t i c  
rese rvo i r  model t h a t  has on ly  one i d e a l i z e d  u n d i f f e r e n t i a t e d  m a t e r i a l  (Corapcioglu and 
Wirtsaert ,  1977). 

I n  conjunct ion w i t h  appropr ia te f i e l d  data, t he  model p r e d i c t s  (1) r e s i d u a l  nonrecoverable 
compaction w i t h i n  a system, ( 2 )  time-dependent i n  s i t u  preconsol idat ion pressure ( a  c r i t i c a l  
depth t o  water a t  which non-recoverable compaction i s  stopped du r ing  the unloading phase and i s  
t r i g g e r e d  du r ing  the  re load ing  phase o f  a s p e c i f i e d  unloading-reloading cyc le ) ,  and ( 3 )  a time- 
constant, T , f o r  a conf ined system a t  a s i t e  o f  i n t e r e s t .  According t o  Terzaghi 's theory o f  
consol idat ion,  T can be i n t e r p r e t e d  t o  represent t h e  l eng th  o f  t ime requ i red  f o r  i n i t i a l l y  
unstressed aqui tards t o  reach a 93 per-cent nonrecoverable cornpaction i f  water l e v e l s  i n  
adjacent aqu i fe rs  ( o f  a conf ined system) are instantaneously lowered a s p e c i f i e d  amount and 
then h e l d  constant. 

By s imu la t i ng  f i e l d  compaction and expansion a t  8 s i t e s  i n  t h e  Santa Clara Va l l ey  and 7 
s i t e s  i n  the San Joaquin Val ley,  C a l i f o r n i a ,  Helm (1978, Table 2 )  est imated t h a t  i n  1978 
r e s i d u a l  compaction i n  the  Santa Clara Va l l ey  ranged from a minimum o f  0.52 m a t  one s i t e  t o  a 
maximum o f  2.53 m a t  another. Among the  analyzed sets  o f  f i e l d  data c o l l e c t e d  i n  t h e  San 
Joaquin Valley, ca l cu la ted  r e s i d u a l  compaction ranged from a minimum o f  0.85 m a t  one s i t e  t o  a 
maximum o f  9.75 m a t  another. I n  the  e a r l y  1970's t h e  c r i t i c a l  depth t o  water was ca l cu la ted  
s i t e  by s i t e  t o  range from a few t o  several  tens o f  metres above a l o c a l  pas t  maximum depth t o  
water. Time constants a l so  were estimated from s i t e - s p e c i f i c  f i e l d  data. I n  the  Santa Clara 
Valley, T was ca l cu la ted  t o  range from a minimum o f  1 3  years a t  one s i t e  t o  1 2 5  years a t  
another. I n  the  San Joaquin Va l l ey  'I was ca l cu la ted  t o  range from 5 years a t  one s i t e  t o  1350 
years a t  another. 

Figures 5.21 and 5.22 i l l u s t r a t e  the  use o f  a one-dimensional computer s imu la t i on  based on 
the aquitard-drainage model. Using the  s t ress  curve shown i n  the  upper graph o f  F igu re  5.21 as 
input values, parameter values w i t h i n  t he  mathematical model are c a l i b r a t e d  i n  order t o  make 
ca l cu la ted  compaction (do t ted  l i n e  i n  the  lower graph o f  Figure 5.21) be as c lose an approxima- 
t i o n  t o  observed compaction ( s o l i d  l i n e  i n  t h e  lower graph o f  Figure 5.21)  as poss ib le .  Using 
these parameter values and t h e  input s t ress  curve shown i n  t h e  upper graph o f  F igure 5.22, a 
p red ic ted  compaction curve i s  ca l cu la ted  f o r  t he  p e r i o d  1921-74. This p r e d i c t i o n  i s  shown by 
the s o l i d  l i n e  i n  the lower graph of Figure 5.22. Actual  compaction i s  est imated as a p o r t i o n  
o f  subsidence measured a t  bench mark Jlll and i s  p l o t t e d  as s o l i d  c i r c l e s  i n  the  lower graph o f  
Figure 5.22. The exce l l en t  agreement between p r e d i c t e d  and observed compaction i n  Figure 5.22 
confirms the parameter values found dur ing t h e  c a l i b r a t i o n  process (Figure 5.21). Th is  r e s u l t  
increases one's confidence i n  the  r e s i d u a l  compaction, preconsol idat ion stress,  and t ime 
constants t h a t  are estimated from t h i s  procedure. 
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Figure 5.21 Simulation o f  compaction based on water-level data f o r  w e l l  6S/2W-25Cl (1960-72) 
and compaction data observed i n  w e l l  24C3. 
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Figure 5.22 Simulation o f  compaction based on water-level data f o r  w e l l  6S/2W-25Cl (1921-74) 
and on compaction estimated as a por t ion  o f  subsidence measured a t  bench mark J111. 

5.3.6.3 Influence o f  mater ia l  within the unpumped overburden 

Subsidence due t o  f l u i d  withdrawal i s  the expression a t  land surface o f  the compression a t  
depth of a stressed ar tes ian  aquifer  system. Mater ia l  within the intervening unpumped over- 
burden may possibly p lay  a r o l e  i n  mi t iga t ing  land surface e f fec ts .  Geertsma (1957, 1973) has 
i n  e f f e c t  discussed quant i ta t ive ly  the r o l e  o f  the overburden. His equation for  ul t imate 
v e r t i c a l  displacement, U=, d i r e c t l y  over the center o f  an a x i a l l y  symmetric confined aquifer 
system (Figure 5.23) i s  

u,(O, O )  = - 2((1-y)cmbAp {1-[C/( i+C)21},  (5.45) 
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where 
V i s  Poisson's r a t i o ,  
b i s  thickness o f  compressing bed 
p i s  pressure change, 
c i s  D/R, 
D i s  depth t o  compressing bed(s ) ,  
R i s  radius o f  stressed system. 

and 

For highly compressible poro-elastic bulk mater ia l ,  Geertsma's c o e f f i c i e n t  o f  u n i a x i a l  
compaction, cm, becomes 

cm (1-2V)  ( l+V) /E ( l -V ) ,  (5 .46 )  

where E i s  Young's modulus. 
Equation 5.45 should be used w i t h  caut ion f o r  the fol lowing reasons. Due t o  g r a v i t a t i o n a l  

body forces on submerged solids, i t  i s  reasonable t o  assume t h a t  the  base o f  a depressured 
aquifer system does not move upward. Unfortunately,  Geertsma neglects such body forces i n  h i s  
analysis w i t h  the u n r e a l i s t i c  r e s u l t  t h a t  under some circumstances the  base o f  h i s  i d e a l i z e d  
reservoir  (confined aquifer system) mathematically moves upward a s i g n i f i c a n t  amount. This 
physical ly  u n l i k e l y  upward movement can mathematically nearly equal the  t o t a l  compaction o f  the  
stressed system. Hence there may mathematically be no downward movement o f  the top o f  the 
idea l i zed  reservoir .  Correspondingly under these circumstances there  would mathematically be 
no subsidence a t  land surface whatsoever. This questionable aspect o f  Geertsma's analysis 
r e f l e c t s  i t s e l f  i n  equation 5.45. 
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Figure 5.23 Half-space model (modified from Helm, 1980, Figure 2 ) .  
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I t  i s  more reasonable t o  assume t h a t  the volume o f  compaction o f  a compressible aquifer 
system expresses i t s e l f  eventually by an equal volume of subsidence a t  land surface. Whenever 
the upper boundary o f  a compacting aquifer system moves downward i n  response t o  compression o f  
underlying sediments, Geertsma (1973) himself points out tha t  the volume which t h i s  upper 
surface moves i s  preserved a t  land surface. When the v e r t i c a l  movement o f  the base o f  a 
confined aquifer  system can r e a l i s t i c a l l y  be considered negl igible,  land subsidence, according 
t o  Geertsma, equals volumetr ical ly  the t o t a l  compaction o f  the confined aquifer  system. 

The a r e a l  d i s t r i b u t i o n  o f  subsidence i s  somewhat influenced, however, by the r a t i o  o f  depth 
D t o  radius R (Figure 5.23) of the depressured confined aquifer system. The e f f e c t  o f  compac- 
t i o n  o f  an aquifer  system wi th  a large D/R r a t i o  may be spread over a la rge  area a t  land surface 
and hence minimize the v e r t i c a l  component o f  volumetric subsidence. The l i m i t ,  however, would 
not be zero (which i s  erroneously implied by equation 5.45) but some f i n i t e  f r a c t i o n  o f  b '  o f  
equation (5.44).  For most ground-water systems the D/R r a t i o  i s  s u f f i c i e n t l y  small that  the 
overburden's spreading e f fec t  can be completely ignored. This implies the d i r e c t  a p p l i c a b i l i t y  
o f  a depth-porosity model (Section 5.3.6.1). 

The conceptual model used by many invest igators,  including Geertsma, w i l l  now be described. 
I t  i s  a v a r i a t i o n  o f  what can more general ly  be c a l l e d  a half-space model (Figure 5.23). The 
ear th  i s  represented as a homogeneous, isotropic,  semi-infinite e l a s t i c  (or poro-elastic) 
medium. Land surface i s  represented as a f l a t  upper surface that  i s  f ree  t o  move. Neither 
calcuiated surface movement nor topographic r e l i e f  a f fec ts  the essent ia l  f latness of the 
idea l i zed  surface. Although a depressured zone a t  depth D below land surface with a center a t  
r a d i a l  distance r from an observer on land surface i s  represented by an idea l i zed  spherical 
tension center by C a r r i l l o  (19491, by v e r t i c a l  pincers by McCann and W i l t s  (1951), and by a 
r a d i a l l y  symmetric group of s t r a i n  nuc le i  by Geertsma (1957) , the various representations are 
conceptually s imi la r .  Gambolati (1972) has discussed the major conceptual d is t inc t ions  between 
the tension-center representation ( C a r r i l l o ,  1949; McCann and Wi l ts ,  1951) and the strain- 
nucleus representation (Mindl in and Cheng, 1950; Sen, 1950; Geertsma, 1957, 1966, 1973; Fino1 
and Farouq A l i ,  1975).  B r i e f l y ,  a tension center model t a c i t l y  requires an i n f i n i t e l y  compres- 
s i b l e  reservoir  w i th in  an e l a s t i c  half-space. The strain-nucleus model requires the confined 
aquifer  system's compressibil i ty t o  equal the compressibil i ty o f  the surrounding e l a s t i c  ha l f -  
space. F i n i t e  heterogeneity between the compressing system and the surrounding half-space was 
introduced to  the model by Gambolati (1972). 

The question o f  f i n i t e  heterogeneity deserves some comment. A confined aquifer system by 
d e f i n i t i o n  y i e l d s  f l u i d  t o  a discharging w e l l  and experiences a pressure loss. The surrounding 
mater ia l  by d e f i n i t i o n  does not y i e l d  f l u i d .  Hence porosity w i th in  a compressible confined 
aquifer  system decreases. Porosity does not necessarily decrease wi th in  the surrounding half -  
space. This d i s t i n c t i o n  i s  analogous t o  the d i s t i n c t i o n  i n  s o i l  mechanics between drained and 
undrained compression. Decrease i n  porosity as a source for  f l u i d  discharge inherent ly intro-  
duces an ex t ra  component i n t o  a compressibil i ty term for  a confined aquifer  system. This extra 
component does not appear i n  a corresponding compressibil i ty term for  the undrained surrounding 
half-space. Spec i f ica l ly ,  only Ssw o f  equation 3.3 i s  appropriate t o  use for  the surrounding 
half-space whose ind iv idua l  grains are considered incompressible, whereas the sum of  s 'sk  and 
Ssw i s  appropriate t o  use f o r  .the aquifer system i t s e l f .  s'sk i s  a function o f  porosity 
loss whereas Ssw i s  a funct ion o f  the expansion of i n t e r s t i t i a l  water. Hence, the hydraulics 
o f  underground f l u i d  f low alone helps d i c t a t e  the apparent heterogeneity o f  compressibil i t ies 
between a compressing aquifer  system and the surrounding half-space. This apparent or i n  s i t u  
hydraulic heterogeneity i s  d i s t i n c t  from standard differences i n  mater ia l  properties which are 
tested and recorded i n  the laboratory. 
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6 Economic and social impacts and legal considerations, 
by Joseph F. Poland, Laura Carbognin, Soki 
Yamamoto, and Working Group 

6.1 GENERAL COMMENTS 

Land subsidence induces very ser ious economic and s o c i a l  problems, which un fo r tuna te l y  appear 
l a t e r  than the  commencement o f  t h e  subsidence event and when most damages are i r r e v e r s i b l e .  

Because in tens i ve  ground-water withdrawals o f t e n  occur i n  urbanized and/or i n d u s t r i a l  
areas, the subsidence e f f e c t s  a re  widespread and a f f e c t  n o t  on l y  the  n a t u r a l  s t ruc tu res  but 
a l s o  the  man-made ones. I n  general, and sad t o  say, damages may be recorded but i t  i s  nea r l y  
impossible t o  e s t a b l i s h  t h e i r  a c t u a l  cost .  

The phys i ca l  environment i s  a p r i n c i p a l  determining f a c t o r  i n  the  s e v e r i t y  o f  economic and 
s o c i a l  impacts as a r e s u l t  o f  l a n d  subsidence due t o  ground-water withdrawal. Coasta l -p la in  
areas, i n i t i a l l y  1 t o  5 metres above mean sea l e v e l ,  are suscept ib le t o  severe impact i f  
appreciable subsidence develops. The s e v e r i t y  o f  t h e  damage and t h e  s o c i a l  problems t o  be 
an t i c ipa ted  are g r e a t l y  increased i f  the subsid ing area l i e s  i n  a reg ion  subject  t o  typhoons o r  
hurr icanes. Furthermore , t h e  greater  o r  more calamitous i s  t h e  a c t u a l  , ant ic ipated,  o r  poten- 
t i a l  damage, t h e  greater i s  the l i k e l i h o o d  t h a t  l e g a l  dec is ions may develop t o  modify t h e  doc- 
t r i n e  o f  absolute ownership o r  t he  doc t r i ne  o f  " c o r r e l a t i v e  r i gh ts , "  w i t h  respect  t o  l i a b i l i t y  
f o r  subsidence o f  the lands o f  others due t o  pumping o f  ground water. 

Table 1.1 l i s t s  42 subsidence areas worldwide. O f  these, a t  l e a s t  19 border t h e  ocean o r  a 
bay and 2 o thers are crossed by t i d a l  r i v e r s .  I n  t h i s  casebook i t  i s  not  p r a c t i c a b l e  t o  discuss 
economic problems and l e g a l  considerat ions f o r  a l l  t h e  subsiding areas. Therefore, i n  t h i s  
chapter we w i l l  l i m i t  the d iscuss ion t o  a few s i g n i f i c a n t  socioeconomic problems and l e g a l  de- 
velopments i n  I t a l y ,  Japan, and t h e  United states.  

6.2 ITALY 

Reported cases o f  subsidence i n  I t a l y  due t o  ground-water wi thdrawal are few because no t  a l l  the 
occurrences have been i d e n t i f i e d  and c l a s s i f i e d  as o f  yet .  

Venice and Ravenna cases (case h i s t o r i e s  9.3 and 9.15) must be i nc luded  among t h e  more 
ser ious;  t h e  former f o r  i t s  precar ious environmental s e t t i n g  i n  which the  phenomenon occurs even 
if a t  low rates,  t h e  l a t t e r  f o r  i t s  a r e a l  ex ten t  and i n t e n s i t y .  

Both cases were brought about by t h e  i n t e n s i v e  e x p l o i t a t i o n  o f  underground f l u i d s  , occur- 
r ing w i t h  t he  I t a l i a n  post-war i n d u s t r i a l  boom dur ing  t h e  5 0 ' s  and t h e  60's. I n  bo th  cases 
e x p l o i t a t i o n  occurred wi thout  t a k i n g  i n t o  account poss ib le  consequences t o  t h e  subso i l  
equi l ibr ium.  

A f te r  20 years of continuous ground-water withdrawal, subsidence has by now g r e a t l y  a f f e c -  
t e d  the environment and i t s  consequences are d r a w t i c  and even more ser ious f o r  t h e  i r r e v e r s i b l e  
e f f e c t s  . 

Both Ravenna and Venice are l oca ted  i n  shal low coas ta l  zones so t h a t  the well-known 
subsidence e f f e c t s  a re  worsened because t h e  land-sea i n t e r a c t i o n  i s  considerably reduced. 

Ravenna, about 7 km from the  coast, i s  p e r i o d i c a l l y  f looded becaue i t s  defences are no 
longer s u f f i c i e n t  against  seasonal stormy seas. Venice, bu i l t  i n  a lagoonal  environment, has a 
c lose r e l a t i o n s h i p  w i t h  i t s  waters and even w i t h  j u s t  normal t i d a l  events the  c i t y  becomes 
p a r t i a l l y  submerged and socioeconomic a c t i v i t y  nea r l y  stops. 

Whereas Ravenna's h i s t o r i c a l  center i s  somewhat p ro tec ted  from marine aggression, Venice i s  
c o n t i n u a l l y  exposed t o  sea domination, thus assuming a dismal appearance which n a t u r a l l y  con- 
f l i c t s  w i t h  t he  goal o f  the picturesque t o u r i s t  a t t r a c t i o n .  Damages are enormous f o r  bo th  the  
a r t i s t i c  patr imony and t h e  normal l i f e  a c t i v i t y  ( ru ined  merchandise, f a i l u r e s  i n  hea t ing  
systems, sho r t  c i r c u i t s  i n  e l e c t r i c a l  systems, etc.) .  

These inconveniences are a menace t o  t h e  i nc reas ing l y  unstable socioeconomic l i f e  because 
o f  the f requen t l y  occurr ing f l ood ing  pa ra l yz ing  the  c i t y ,  f o r  h e a l t h  reasons (a  very humid 
environment), f o r  san i ta ry  purposes ( f a u l t y  sewage system), e tc .  
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A l l  t h i s  and other soc ia l  reasons contribute t o  the Venetian exodus. For t h i s  reason, the 
c i t y  i s  witnessing a rap id  decl ine i n  population, especial ly  of i t s  poorer working classes which 
suffer  more than the others for  t h e i r  ghetto-l ike l i v i n g  conditions. 

Depopulation occurs even i n  the islands and i n  the l e a s t  defended l i t t o r a l s  (ex. 
P e l l e s t r i n a ) .  The closer and more modern i n d u s t r i a l  area (Marchera) i s  the greatest  a t t r a c t i o n  
f o r  more modern l i v i n g  conditions even i f  there are more psychosociological stresses. 

A t  Ravenna subsidence a f f e c t s  especial ly  the l i t t o r a l  zones (beach regression) where the 
la rgest  resorts are located, and the widespread land f i l l s  where the usable s o i l  thickness for  
c u l t i v a t i o n  i s  reduced and the types o f  c u l t i v a t i o n  must be d ivers i f ied .  Moreover subsidence 
causes considerable hydraulic problems i n  r i v e r  flow i n  the d e l t a  zone, f a c i l i t a t e s  salt-water 
in t rus ion  a t  the r i v e r ' s  mouth, and produces problems t o  inland navigation, i n  the sewage 
system, etc.  

Although a t  Ravenna, the damages are very serious and economically severe they are not as 
dramatic as a t  Venice where subsidence becomes a factor o f  survival.  

A t  Ravenna the hydraulic problem would almost be permanently resolved a f t e r  constructing 
su i tab le  sea defences and restor ing older hydraulic structures. The i r r e v e r s i b l e  sinking of 
the area g r e a t l y  a f f e c t s  only the l i t t o r a l s  which are diminished i n  t h e i r  width. 

I n  Venice the s lu ice  gates proposed t o  be constructed a t  the i n l e t s  t o  cont ro l  the lagoon's 
water l e v e l  would only p a r t i a l l y  resolve Venice's complex problem; resu l t ing  changes i n  the 
lagoon ecosystem would necessitate heavy commitments for  a solution. 

Even i f  subsidence i s  not the main factor  responsible for  the slow death o f  Venice, without 
a doubt i t s  e f f e c t s  have i n d i r e c t l y  determined t h i s  evolution. This leads t o  the necessity o f  
concrete interventions. 

The two worst I t a l i a n  cases of subsidence j u s t  described involve two very important c i t i e s  
because o f  t h e i r  unusual environments and a r t i s t i c  patrimonies. I n  these cases, as w e l l  as i n  
many other I t a l i a n  cases, the cause should be sought i n  the haphazard t e r r i t o r i a l  planning i n  
overestimating the p o s s i b i l i t y  o f  u t i l i z i n g  ground-water resources. 

S t r i c t  l e g i s l a t i o n  f o r  control  and regulat ion o f  environmental use plus an e f f i c i e n t  
supervising organ for  the development o f  underground waters would have safe-guarded the areas. 
Unfortunately,  i n  I t a l y ,  publ ic  i n s t i t u t i o n s  and laws for  t e r r i t o r i a l  protect ion against 
subsidence e f f e c t s  due t o  ground-water withdrawal do not ex is t .  Underground water management 
i s  s t i l l  governed by an o l d  law o f  1933, which i s  only e f f e c t i v e  i n  a few municipal i t ies.  
Furthermore, such l e g i s l a t i o n  deals only with the authorization t o  search for water and, then, 
the declarat ion o f  f inding it .  

Af te r  the 1933 law, there has been no l e g i s l a t i o n  which establishes any control  on artesian 
pumping for  the defense o f  the t e r r i t o r y  against subsidence. Only i n  recent years has govern- 
ment's a t t i t u d e  changed mainly due t o  the alarming si tuat ions which arose i n  Venice and Ravenna. 

So f a r  no spec i f ic  norms or r e s t r i c t i o n s  have been adopted: I t a l i a n  government po l icy  
leaves preventive measures r e s t r i c t i n g  ground-water exp lo i ta t ion  t o  the l o c a l  authori t ies.  

6.3 JAPAN 

6.3.1 Socioeconomic impacts 

Land subsidence has been reported i n  more than 40 areas i n  Japan; most o f  these areas are 
subsiding because of  excessive ground-water withdrawal and consequent decl ining artesian head. 
Many o f  the la rge  c i t i e s  i n  Japan are b u i l t  on low f l a t  a l l u v i a l  p la ins  underlain by uncon- 
solidated water-bearing deposits o f  Quaternary age. The 1 0  ch ie f  subsidence areas due t o  
ground-water withdrawal (shown i n  Figure 1.1 and described i n  Table 1.1) a l l  border the ocean: 
i n  several o f  these areas subsidence has lowered the land surface below sea l e v e l ,  creat ing a 
hazardous si tuat ion.  Yamamoto (1977) reports that  as o f  1975 the areas o f  land subsidence i n  
Japan to ta led  7,380 km2, o f  which about 1,200 km2 was below mean sea l e v e l .  

The prolonged subsidence since 1920 i n  the Koto d i s t r i c t  i n  the eastern p a r t  of Tokyo 
developed the most serious environmental subsidence problem i n  Japan and probably i n  the ent i re  
world. The artesian head i n  the confined aquifers,  i n i t i a l l y  above sea l e v e l ,  declined t o  as 
much as 60 m below sea l e v e l  by 1965. The long-continued head decline, due t o  excessive with- 
drawal o f  ground water for  i n d u s t r i a l  plants,  caused the subsidence. As a resu l t ,  80 Ian2 of 
land i n  eastern Tokyo had sunk below mean high-tide l e v e l  by 1969; the lowest ground was about 
2.3 m below mean sea l e v e l  (Shimizu, 1969, Table 3 ) .  Two m i l l i o n  people l i v e  i n  +his area 
bordering Tokyo Bay. To prevent f looding and loss of l i f e  many pro tec t ive  measures have been 
taken. These have been described i n  p a r t  by Yamamoto i n  Case History 9.4. Banks o f  through- 
flowing r i v e r s  have been raised several metres, a wa l l  has been b u i l t  t o  surround the e n t i r e  
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area t h a t  i s  below h igh - t i de  l eve l ,  and many water gates have been bu i l t  t o  prevent high water 
from en te r ing  t h e  depressed area. 

During the  e a r l y  1 9 6 0 ' ~ ~  r e s t r i c t i o n s  were establ ished on pumping from c e r t a i n  depth zones 
and d r i l l i n g  o f  new wel ls ,  and e x t r a c t i o n  o f  ground water f o r  i n d u s t r y  i n  the Koto d i s t r i c t  
began decreasing. By 1965 pumpage had decreased by one-half (Aihara, e t  al., 1969, F ig .  1). 
As a r e s u l t  t he  a r t e s i a n  head subsequently has recovered 10 t o  30 m or more since the 1965 low 
l e v e l ,  and the  l and  surface has almost completely stopped subsiding. In  fac t ,  a few cent imetres 
o f  land-surface rebound has been observed. However, the rebound never w i l l  amount t o  more than 
a few p e r  cent o f  the subsidence. Consequently t h i s  area and i t s  res iden t  popu la t i on  o f  two 
m i l l i o n  people are faced w i t h  the f a c t  t h a t  a l l  water o r i g i n a t i n g  i n  the area below sea l e v e l ,  
o r  introduced i n t o  the area f o r  domestic o r  i n d u s t r i a l  supply o r  by f looding,  w i l l  have t o  be 
pumped out as long as people l i v e  the re  or poss ib l y  un t i l  the land surface m i g h t  be r a i s e d  
above sea l e v e l  by a long-term p r o j e c t  o f  impor t i ng  a massive l a n d f i l l .  Despi te the  p r o t e c t i v e  
measures taken, t he  danger of  major f l o o d i n g  due t o  typhoons or  t o  f a i l u r e  o f  dikes o r  pumps 
caused by a v i o l e n t  earthquake i s  ever present. 

Two other subsidence areas i n  Japan have extensive areas t h a t  have sunk below h igh - t i de  
leve l .  They are Osaka ( 1 0 0  km2 below h i g h  t i d e )  and the Nobi P l a i n  (363 km2 below high 
t i d e ) .  Together w i t h  Tokyo they con ta in  about h a l f  o f  the land t h a t  has subsided below high- 
t i d e  l e v e l  i n  Japan. More than one m i l l i o n  people l i v e d  i n  the  t w o  areas i n  1969. Beginning 
i n  the e a r l y  1960's the use of ground water i n  Osaka has been regulated as an a l t e r n a t e  supply 
o f  surface water became avai lab le.  As a r e s u l t  a sharp recovery of a r t e s i a n  head occurred i n  
Osaka, beginning i n  1962 (see Case H i s t o r y  9.5, F igure 9.5.4); by 1965 t h e  r a t e  o f  subsidence 
had decreased markedly. P ro tec t i ve  measures taken are s i m i l a r  t o  those adopted i n  eastern 
Tokyo. A l l  areas below sea l e v e l  are faced w i t h  the problem o f  how t o  minimize damage from a 
typhoon. 

6.3,2 Ground-water law i n  Japan 

Japan has two laws which regulate and or p r o h i b i t  ground-water u t i l i z a t i o n .  One i s  the 'Indus- 
t r i a l  Water Law" and the other  i s  the "Bu i l d ing  Water Law." Japan has no law regu la t i ng  ground- 
water withdrawal f o r  i r r i g a t i o n  ( a g r i c u l t u r a l  use). 

The I n d u s t r i a l  Water Law (law No. 146 CF 1956)  i s  aimed a t  making c o n t r i b u t i o n s  t o  the  
sound development of  i n d u s t r i e s  and the  prevent ion of subsidence o f  the ground by ensur ing a 
r a t i o n a l  supply of i n d u s t r i a l  water and achieving the conservat ion o f  ground-water resources. 

The areas where drawing of i n d u s t r i a l  ground water i s  c o n t r o l l e d  are designated by Cabinet 
Order out  o f  areas where drawing o f  ground water i s  causing an abnormal drop i n  the ground-water 
l eve l ,  s a l i n i z a t i o n  o r  contamination of ground water, or subsidence of ground, and water 
services f o r  i n d u s t r i a l  use are already i n s t a l l e d  o r  the i n s t a l l a t i o n  work i s  expected t o  be 
commenced w i t h i n  a year. 

P re fec tu ra l  governors issue pumping l icenses mentioned if the p o s i t i o n  of the s t r a i n e r  for  
the w e l l  and the s e c t i o n a l  area of  the discharge p o r t  o f  the pump f u l f i l l  c e r t a i n  t e c h n i c a l  
c r i t e r i a .  

The B u i l d i n g  Water Law ( law No. 100 CF, 1962) i s  aimed a t  p r o t e c t i n g  the l i v e s  and proper-  
t i e s  o f  the people by exe rc i s ing  necessary c o n t r o l  i n  order t o  prevent the  subsidence of ground 
as a r e s u l t  of drawing ground water f o r  b u i l d i n g s  a t  the spec i f i ed  area. 

Areas where drawing o f  ground-water f o r  b u i l d i n g s  i s  c o n t r o l l e d  are designated by Cabinet 
Order out  o f  areas where drawing o f  ground-water f o r  b u i l d i n g s  i s  l i a b l e  t o  cause the subsidence 
o f  ground and r e s u l t a n t  damage due t o  the h igh  t i d e  and flood. 

P re fec tu ra l  governors o r  mayors o f  the designated c i t i e s  issue l i censes  upon request from 
in te res ted  i n d i v i d u a l s  provided the p o s i t i o n  of the s t r a i n e r  for the pumping f a c i l i t i e s  and the 
sec t i ona l  area o f  the discharge p o r t  o f  t he  pump f u l f i l l  c e r t a i n  t e c h n i c a l  c r i t e r i a .  

Those who are already drawing ground water f o r  bu i l d ings  when the area concerned i s  desig- 
nated s h a l l  be considered to  have obtained the l icense, if t h e i r  methods of drawing ground 
water f o r  b u i l d i n g s  f u l f i l l  the techn ica l  c r i t e r i a ,  and even i n  the  case o f  f a i l u r e  t o  f u l f i l l  
the techn ica l  c r i t e r i a ,  they s h a l l  be t rea ted  as having a l icense, i n  p r i n c i p l e ,  f o r  a c e r t a i n  
l i m i t e d  term exceeding two years. 

The pumping of ground water wi thout  a l i c e n s e  i s  punishable w i t h  a p r i s o n  term of less than 
one year o r  a f i n e  o f  l e s s  than 41ûû80ûû. 

I n  Case H i s t o r y  9.4 f o r  Tokyo, Yamamoto describes i n  chronologic order the  a p p l i c a t i o n  o f  
r e s t r i c t i o n s  under the " I n d u s t r i a l  Water Law, 'I beginning i n  1961, and r e s t r i c t i o n s  under the  
"Eu i l d ing  Water Law, '' beginning i n  1963. The r e s t r i c t i o n s  under the " I n d u s t r i a l  Water Law"  are 
designed t o  reduce ground-water withdrawals by supply ing s u b s t i t u t e  water. The r e s t r i c t i o n s  

121 



Guidebook to studies of land subsidence due to ground-water withdrawal 

under the "Bu i l d ing  Water Law" are designed t o  l i m i t  the pumping o f  ground water 
d i t i o n i n g  and other  non-drinking purposes i n  medium and h igh - r i se  b u i l d i n g s  (see 
9.4.9) . 

The l o c a l  Me t ropo l i t an  Environmental P o l l u t i o n  Contro l  ordinance r e s t r i c t e d  
o f  new w e l l s  i n  areas no t  covered by the two Na t iona l  laws described above. Also, 
Tokyo Me t ropo l i t an  Government bought the mining r i g h t s  t o  ground water conta in ing 
thereby stopping the pumping o f  gas-bearing water from we l l s  800-2,000 m deep 
Kagusa Group of Pl iocene age. 

f o r  a i r  con- 
a l so  F igure 

the d r i l l i n g  
i n  1972 the 

n a t u r a l  gas, 
tapping the 

The case h i s t o r y  o f  t he  Nobi P l a i n  (ch. 9.6) contains two pages of d e t a i l e d  regu la t i ons  
f o r  t he  wi thdrawal o f  ground water. Two smal l  areas (see F igure 9.6.7) designated by the 
I n d u s t r i a l  Water Law are suppl ied by i n d u s t r i a l  water from surface sources. Ground-water 
wi thdrawal i n  the remainder o f  the area i s  covered through regu la t i on  by ordinances o f  prefec- 
t u res  o r  of  c i t i e s  (by r e g u l a t i o n  zone determined by r a t e  o f  subsidence per year). These 
ordinances spec i f y  depth o f  w e l l  o r  s t ra ine r ,  i ns ide  area of discharge pipe, the power o f  the 
pump motor, and the  t o t a l  d a i l y  discharge o f  the wel l .  These complex regulat ions doubtless are 
r e l a t e d  t o  the f a c t  t h a t  248 km2 of the Nobi P l a i n  were below mean sea l e v e l  i n  1976. The 
regu la t i ons  have been establ ished i n  an attempt t o  minimize the  dec l i ne  of a r tes ian  head, the 
compaction o f  sediments, and the r a t e  o f  land subsidence. 

6.4 UNITED STATES 

6.4.1 Economic and s o c i a l  impacts 

Table 1.1 l i s t s  18 areas of land subsidence i n  Uni ted States due t o  ground-water withdrawal and 
Figure 1.2 shows the geographic l o c a t i o n  o f  1 7  (not  i nc lud ing  the Alabama sinkhole area). Four 
o f  these areas border the ocean o r  bays but  two--Savannah and New Orleans--have r e l a t i v e l y  minor 
subsidence problems compared t o  the Houston-Galveston area, Texas, and the Santa Clara Val ley 
a t  the south end o f  San Francisco Bay i n  C a l i f o r n i a .  Ranked i n  terms o f  the seve r i t y  o f  socio- 
economic problems the three p r i n c i p a l  subsidence areas i n  the United States due t o  ground-water 
wi thdrawal are (1) the Houston-Galveston area i n  Texas, ( 2 )  the San Joaquin Val ley i n  C a l i f o r -  
n i a  and (3) the Santa Clara Val ley i n  C a l i f o r n i a .  Environmental and economic e f fec ts  o f  sub- 
sidence i n  these three areas are discussed b r i e f l y  i n  fo l l ow ing  pages. For an expanded analys is  
o f  economic e f f e c t s  i n  these and severa l  o ther  subsiding areas, the reader i s  re fer red t o  a 
r e p o r t  by Viets, Vaughan, and Harding (1979). 

6.4.1.1 Houston-Galveston area, Texas 

The p r i n c i p a l  de t r imen ta l  e f f e c t s  of land-surface subsidence i n  the Houston-Galveston area are 
(1) s t r u c t u r a l  damage, probably due t o  f a u l t i n g ,  t h a t  has cracked bu i l d ings  and d isrupted 
pavements; ( 2 )  damage t o  w e l l  casings as a r e s u l t  o f  compressional stresses; ( 3 )  lessened 
e f f i c i e n c y  o f  storm-drainage f a c i l i t i e s  and (4) submergence of  coas ta l  lowlands. According t o  
Gabrysch (Case H i s t o r y  9.12), most o f  the damage i s  r e l a t e d  t o  the lowering o f  land-surface 
e levat ions i n  the v i c i n i t y  o f  Galveston Bay and the subsequent inundat ion by t i d a l  waters. 
Several roadways have been r e b u i l t  a t  h igher elevat ions;  f e r r y  landings have been r e b u i l t ;  and 
levees have been constructed t o  p r o t e c t  some areas. Jones and Larson (1975) estimated the 
annual cos t  o f  subsidence i n  terms of p roper t y  value losses dur ing 1969-74 t o  be about $32 
m i l l i o n  i n  2,450 km2 o f  the area most severely af fected by subsidence. 

The Brownwood subdiv is ion on the west s ide of Baytown i s  an outstanding example o f  both 
the  s o c i a l  and economic impacts o f  subsidence. The subdiv is ion has subsided about 2.8 m s ince 
1915; some homes are permanently f looded w i t h  bay water. A f t e r  a f e a s i b i l i t y  study i nc lud ing  
e i g h t  a l t e r n a t i v e  plans, the U.S. Army Corps o f  Engineers has proposed t h a t  the e n t i r e  sub- 
d i v i s i o n ,  including. 456 homes and 1,550 res idents  be relocated above the 50-year f l o o d  p la in ,  
a t  an estimated cos t  o f  about $40 m i l l i o n  (using May 1979 p r i c e  data).  

Although no d e t a i l e d  appra i sa l  has been made of o v e r a l l  costs  o f  subsidence i n  the Houston- 
Galveston area, p a r t i a l  estimates, i nc lud ing  the costs j u s t  c i t ed ,  i n d i c a t e  t h a t  t o t a l  costs  t o  
date have been severa l  $100 m i l l i o n .  

The most c r i t i c a l  socioeconmic hazard t o  the Houston-Galveston area i s  t he  t h r e a t  o f  
catast rophic  f l ood ing  by hurr icane t i des .  The seve r i t y  o f  the hazard w i l l  increase as long as 
subsidence o f  the coas ta l  areas continues. Gabrysch repor ts  (Case H is to ry  9.12) t h a t  i iurr icanes 
r e s u l t i n g  i n  t i d e s  of 3.0-4.6 metres above sea l e v e l  s t r i k e  the Texas coast on the average o f  
once every 10 years. Th is  problem i s  discussed i n  more d e t a i l  by Teutsch (1977). 
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6.4.1.2 San Joaquin and Santa Clara Valleys, C a l i f o r n i a  

San Joaquin Valley.--As discussed i n  Case H i s t o r y  9.13, the extensive major subsidence i n  the  
San Joaquin Va l l ey  has caused severa l  problems, p r i m a r i l y  economic ra the r  than soc ia l .  (1 )  The 
d i f f e r e n t i a l  change i n  e leva t i on  of t h e  l and  surface has created problems i n  the  cons t ruc t i on  
and maintenance o f  water- t ransport  s t ructures,  i n c l u d i n g  canals, i r r i g a t i o n  and drainage 
systems, and stream channels. Three major canals have requi red remedial  work because o f  
subsidence. (2 )  Many hundreds o f  i r r i g a t i o n  w e l l s  200-900 m deep f a i l e d  between 1945 and 1970 
due t o  compressive rup tu re  o f  casings caused by the compaction o f  the a q u i f e r  systems. Costs 
o f  w e l l  r e p a i r  o r  of replacement a t t r i b u t a b l e  t o  subsidence have been many m i l l i o n s  o f  do l l a rs .  
(3 )  The need f o r  p reconso l i da t i on  o f  deposi ts suscept ib le t o  hydrocompaction increased the  
cons t ruc t i on  costs  o f  t he  C a l i f o r n i a  Aqueduct by an estimated $25 m i l l i o n .  (4 )  Increased cost  
and number o f  surveys made by governmental agencies and by p r i v a t e  engineer ing f i r m s  t o  deter-  
mine the e levat ions o f  bench marks t o  e s t a b l i s h  grades on cons t ruc t i on  s i t es ,  f o r  r e v i s i o n  o f  
topographic maps, f o r  cons t ruc t i on  of subsidence maps, and f o r  l and  l e v e l i n g  t o  compensate f o r  
e f f e c t s  o f  subsidence. 

No o v e r a l l  est imate has been made o f  t he  costs  a t t r i b u t a b l e  t o  subsidence i n  the San 
Joaquin Va l l ey  but i f  p a r t i a l  est imates are co r rec t ,  t o t a l  costs must be i n  excess o f  $50 
m i l l i o n .  

Santa Clara Valley.--As described i n  Case H i s t o r y  9.14, t h e  subsidence i n  t h e  Santa Clara Va l l ey  
has created severa l  major problems, p r i m a r i l y  economic. They inc lude:  ( 1 )  Land adjacent t o  San 
Francisco Bay has sunk 2-3 m since 1912, r e q u i r i n g  constructon and repeated r a i s i n g  o f  levees 
t o  r e s t r a i n  landward movement of bay waters onto lands now below sea l e v e l :  and a l s o  r e q u i r i n g  
continued maintenance o f  6 0  km o f  subsiding sal t -pond levees. Also, Santa Clara County has 
b u i l t  and maintained f l ood -con t ro l  levees t o  c o r r e c t  f o r  subsidence e f f e c t s  a t  a cost  Of $9 
m i l l i o n .  ( 2 )  Many hundreds o f  water-well  casings have f a i l e d  i n  v e r t i c a l  compression due t o  
compaction o f  the conf ined-aqui fer  system. The est imated cos t  o f  r e p a i r  o r  replacement i s  a t  
l e a s t  $5 m i l l i o n .  ( 3 )  Construct ion and maintenance o f  a pump s t a t i o n  a t  t he  r e g i o n a l  sewage 
treatment p lan t ,  needed because o f  subsidence, a t  a cos t  o f  $10 m i l l i o n  ( V i e t s  and others, 
1979). ( 4 )  Costs i nvo l ved  i n  r e p a i r  o r  r a i l r o a d s ,  roads, and br idges; r e p l a c i n g  o r  i nc reas ing  
the s ize o f  storm and san i ta ry  sewers because o f  change i n  grade due t o  subsidence; e s t a b l i s h i n g  
and resurveying the bench-mark net, and making p r i v a t e  engineer ing surveys; and f i n a l l y  t he  
reduct ion i n  value o f  44 km2 o f  l and  standing below h igh - t i de  l e v e l  as o f  1967 compared t o  
i t s  value i f  i t  a l l  s t i l l  s tood above sea l e v e l .  

No o v e r a l l  est imate has been made o f  t he  costs a t t r i b u t a b l e  t o  subsidence i n  t h e  Santa 
Clara Val ley but the p a r t i a l  r e l a t i v e l y  f i r m  est imates suggest t h a t  t o t a l  costs  must have been 
a t  l e a s t  $35 m i l l i o n .  

6.4.2 Legal developments i n  C a l i f o r n i a  and Texas 

I n  C a l i f o r n i a ,  u n t i l  t he  s t a r t  o f  the 2 0 t h  century, t h e  Engl ish common law r u l e  o f  absolute 
ownership o f  p e r c o l a t i n g  waters prevai led.  According t o  t h i s  doct r ine:  i n  t h e  absence o f  any 
mal ice o r  any con t rac tua l  o r  s t a t u t o r y  r e s t r i c t i o n ,  t h e  owner has the  absolute r i g h t  t o  i n t e r -  
cept t h e  water before i t  leaves h i s  proper ty  and make whatever use o f  i t  he pleases, regardless 
o f  the e f f e c t  t h a t  such use may have on an a d j o i n i n g  o r  lower p r o p r i e t o r  through whose l a n d  the  
water i n f i l t r a t e s ,  percolates,  o r  f lows (Kooper and Finlayson, 1979). 

I n  1903, however, t he  C a l i f o r n i a  Supreme Court i n  v. Walkinshaw (141 Cal. 116) spe l l ed  
out  a se t  o f  r u l e s  f o r  ground water known as t h e  " c o r r e l a t i v e  r i g h t s "  doct r ine.  Owners o f  l a n d  
ove r l y ing  a ground-water bas in who used the  water on t h e  o v e r l y i n g  l a n d  were recognized as 
ho ld ing  the paramount r ight. Such owners among themselves were t o  share t h e  water on a co r re la -  
t i v e  basis, s i m i l a r  t o  the  shar ing o f  surface waters by r i pa r ians .  ?my water surp lus t o  the  
needs o f  these o v e r l y i n g  owners remained a v a i l a b l e  f o r  app rop r ia t i on  by o the rs  (Governor's 
Commission t o  review C a l i f o r n i a  water r i g h t s  law, 1978). 

According t o  Koopman and Finlayson (1979), t he  r u l e  o f  law governing l i a b i l i t y  f o r  subsi- 
dence caused by the  removal o f  ground water i s  n o t  s e t t l e d  i n  most j u r i s d i c t i o n s  al though t h e  
t r e n d  appears t o  be toward greater  l i a b i l i t y .  Th is  change i n  t h e  law i s  r e f l e c t e d  by a r e v e r s a l  
of the p o s i t i o n  o f  t he  American Law I n s t i t u t e  i n  t h e  Restatement o f  Tor ts  II compared t o  the  
Restatement o f  To r t s  I. 

The Restatement o f  Tor ts  I sta ted  the r u l e :  " to  the  extent  t h a t  a person i s  n o t  l i a b l e  f o r  
withdrawing subterranean water from the  l and  o f  another, he i s  not  l i a b l e  f o r  subsidence of t h e  
other 's  l and  which i s  caused by the withdrawal." Restatement o f  Torts, Sect ion 318 (1938). The 
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p o s i t i o n  s t a t e d  i n  the  restatement o f  To r t s  II i s :  "One who i s  p r i v i l e g e d  t o  withdraw subter-  
ranean water, o i l ,  minerals o r  o ther  substances from under the l and  o f  another i s  n o t  f o r  t h a t  
reason p r i v i l e g e d  t o  cause t h e  subsidence o f  t h e  other  ' s l and  by such withdrawal. " Restatement 
of To r t s  II, Section 316 (1969). 

I n  1958, the Uni ted States o f  America sued a l l  t he  o i l  and gas producers i n  the Wilminqton 
o i l  f i e l d  i n  southern C a l i f o r n i a ,  c la im ing  t h a t  t h e i r  operat ions had withdrawn undergound 
support from i t s  Naval Base on Terminal I s l a n d  and other  p roper t i es ,  thereby causing subsidence 
which s e r i o u s l y  damaged t h e  government property.  This case was the  l a r g e s t  damage s u i t  i n  
Uni ted States h i s t o r y  f o r  subsisence caused by pumping f l u i d s  from t h e  ground. The case. was 
s e t t l e d  ou t  of cour t .  The government was assured o f  the c o n t r o l  o f  subsidence by passage o f  
t he  Anti-Subsidence Act o f  1958, which compelled the o i l  producers i n  the Wilmington f i e l d  t o  
u n i t i z e  and undertake t o  repressur ize the  depleted rese rvo i r .  

Again, according t o  Koopman and Finlayson (1979) , "the s t a t u t e  c l e a r l y  r e f l e c t s  a des i re  
t o  r e t a i n  the  economic b e n e f i t s  o f  t h e  Wilmington o i l  production, w h i l e  r e l y i n g  on technology 
t o  prevent  damage t o  p r i v a t e  p roper t y  r i g h t s .  . . The Act shows the  i n t e n t  o f  t he  C a l i f o r n i a  
Leg is la tu re  t o  prevent f u r t h e r  subsidence, but not  t o  se t  l i a b i l i t y . "  

As summarized by the  Governor's Conunission t o  review C a l i f o r n i a  water r i g h t s  law (1978) 
" there have been two main approaches i n  C a l i f o r n i a  t o  i n s t i t u t i n g  successful ground-water 
manageme+. One has been by format ion o f  a water d i s t r i c t  w i t h  powers t o  ca r ry  ou t  a ground- 
water management program. The second has been management by a court-appointed watermaster w i t h  
powers s i m i l a r  t o  those of a management d i s t r i c t ,  a f t e r  an ad jud i ca t i on  o f  s u b s t a n t i a l l y  a l l  
r i g h t s  t o  e x t r a c t  ground water i n  the management area. 

"The Orange County Water D i s t r i c t  has been the  leader i n  the water d i s t r i c t  non-adjudica- 
t i o n  approach t o  ground-water managernent. The d i s t r i c t  has a wide range o f  management powers, 
i n c l u d i n g  the  power t o  requ i re  pumpers t o  f i l e  p e r i o d i c  'water product ion statements ' w i t h  the 
d i s t r i c t .  

"The d i s t r i c t ' s  f i nanc ing  powers are extensive. It was the  f i r s t  d i s t r i c t  t o  l e v y  a pump 
t a x  ( 'replenishment assessment'). The pump t a x  appl ies t o  a l l  ground-water ext ract ion,  so the re  
i s  no advantage t o  be ing an o v e r l y i n g  landowner o r  an e a r l y  appropr ia tor .  The d i s t r i c t  uses 
'bas in equ i t y  assessments' e i t h e r  t o  increase o r  decrease t h e  cost  of ground water i n  order t o  
i n f l uence - the  r e l a t i v e  amounts o f  ground water and surface water t h a t  are used, and t o  regu la te  
pumping pat terns.  

"A c e n t r a l  f unc t i on  o f  t he  Orange County Water D i s t r i c t  ' i s  t o  use imported water t o  
r e p l e n i s h  the  ground-water supply. The d i s t r i c t ' s  replenishment operat ions i nc lude  'spreading' 
the water i n  areas chosen because they a l l o w  the  water t o  perco late r a p i d l y  i n t o  the  ground- 
water basin, and ' i n - l i e u '  replenishment. I n - l i e u  replenishment invo lves s u b s t i t u t i n g  a surface 
water supply f o r  ground-water pumping i n  a p a r t i c u l a r  area t o  a l l ow  the ground-water l e v e l  t o  
recover as a r e s u l t  o f  n a t u r a l  recharge. 

"The Çan Gabr ie l  ad jud i ca t i on  watermaster program ind i ca tes  the d i r e c t i o n  t h a t  the adjud i -  
cation-watermaster approach t o  ground-water management i s  taking. The San Gabr ie l  watermaster 
has a much more soph is t i ca ted  range o f  powers and a u t h o r i t y  than t h e  C a l i f o r n i a  Department o f  
Water Resources has as watermaster f o r  t he  c o u r t  i n  fou r  areas i n  Southern C a l i f o r n i a .  The Çan 
Gabr ie l  watermaster, composed o f  n ine  members appointed by the  cou r t  pursuant t o  an agreement 
among ground-water users i n  the adjud icated area, i s  a p o l i c y  maker. It can levy  a 'replacement 
water assessment,' which i s  a charge on pumping i n  excess o f  a pumper's ad jud icated share of t he  
bas in ' s  y i e l d ,  can conduct a ground-water replenishment program, and has a u t h o r i t y  t o  c o n t r o l  
storage i n  the  basin." 

The Santa Clara Va l l ey  Water D i s t r i c t  i n  Santa Clara County, C a l i f o r n i a ,  was formed by a 
s p e c i a l  a c t  of  t he  C a l i f o r n i a  Leg is la tu re  t h a t  was approved by the  voters  i n  1929. A p r i n c i p a l  
goal  of the d i s t r i c t  i n  i t s  subsequent management o f  a l l  ava i l ab le  water suppl ies,  t o  balance 
supply and demand and hence t o  s top t h e  l and  subsidence, has been t h e  reduc t i on  i n  pumpage o f  
ground water. (See Case H i s t o r y  9.14) The annual pumpage o f  ground water decreased about 20  
pe r  cent  from 1960-65 t o  1970-75. A p r i n c i p a l  reason f o r  the decrease i n  pumpage was a use t a x  
l e v i e d  on a ground-water pumpage since 1964. The enactment o f  t h e  1929 l e g i s l a t i o n  p rov id ing  
f o r  t he  l o c a l  management o f  ground-water resources, i n c l u d i n g  the  t a x i n g  power, represented a 
major departure from t h e  e a r l y  r u l e  o f  absolute ownership. 

H i s t o r i c a l l y  Texas has fo l lowed the  Engl ish common law r u l e  o f  absolute ownership t o  
withdraw water from beneath h i s  p roper t y  w i t h  no l i a b i l t y  f o r  damage t o  other  lands. I n  the 
past  f i v e  years, however, t he  t rend  has c l e a r l y  been toward ho ld ing  pumpers o f  ground water 
responsible f o r  damage from subsidence. F i r s t  came the c r e a t i o n  o f  the Harris-Gaiveston Coastal 
Subsidence D i s t r i c t  i n  1975, fo l lowed by two major l e g a l  decis ions i n v o l v i n g  subsidence and 
l i a b i l i t y .  
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The Harris-Galveston Coastal Subsidence D i s t r i c t  was created by t h e  Texas L e g i s l a t u r e  i n  
May 1975 " to  prov ide  for t h e  r e g u l a t i o n  of t h e  withdrawal o f  ground water w i t h i n  the  boundaries 
o f  the  d i s t r i c t  f o r  t h e  purpose of ending subsidence which cont r ibu tes  t o  o r  p r e c i p i t a t e s  
f looding,  inundation, o r  over f low o f  any area w i t h i n  the  d i s t r i c t ,  i n c l u d i n g  wi thout  l i m i t a t i o n  
r i s i n g  waters r e s u l t i n g  from storms o r  hurr icanes" (Neighbors, 1979). 

The a c t  c r e a t i n g  t h e  d i s t r i c t  prov ides t h a t  water w e l l s  loca ted  w i t h i n  the  d i s t r i c t ,  w i t h  
cas ing diameter i n  excess o f  f i v e  inches, are requ i red  t o  have a permi t  t o  withdraw a s p e c i f i e d  
amount o f  water f o r  8 p e r i o d  o f  not  l e s s  than one year nor  more than f i v e  years. The d i s t r i c t  
i s  supported f i n a n c i a l l y  by t h e  p e r m i t  fees. The cur ren t  permi t  fee  r a t e  i s  $4.50 p e r  m i l l i o n  
gal lons (3,785 m3).  

A major c o u r t  dec is ion  i n  Coastal I n d u s t r i a l  Water A u t h o r i t y  v. W. B. York (1976) invo lved 
the  submergence o f  York's land i n  t h e  Houston S h i p  Canal due t o  the  subsidence. The c o u r t  h e l d  
t h a t  the  proper ty  owner d i d  n o t  lose  t i t l e  t o  t h e  land due t o  t h e  f a c t  t h a t  i t  had become sub- 
merged from subsidence as a r e s u l t  o f  pumping o f  ground water. 

I n  1978, according t o  Neighbors (1979), the  Texas Supreme Court r e i n f o r c e d  t h e  Leg is la -  
t u r e ' s  a u t h o r i t y  t o  regu la te  ground-water withdrawal f o r  t h e  purpose o f  c o n t r o l l i n g  subsidence. 
I n  Smith-Southwest Indus t r ies ,  Inc. v. Friendswood Development Co. (1978) t h e  Court r e f e r r e d  t o  
the  c r e a t i o n  o f  the  Subsidence D i s t r i c t  and other  l e g i s l a t i v e  a c t s  i n  e s t a b l i s h i n g  t h e  i n t e n t  
o f  the  Leg is la tu re  t o  l i m i t  the  common-law r u l e  o f  absolute ownership o f  ground water. The 
Court h e l d  t h a t  ground-water users were no t  l i a b l e  f o r  subsidence damages caused by paçt 
act ions,  but cou ld  be h e l d  responsib le  f o r  damages due t o  f u t u r e  pumpage i f  such were conducted 
i n  a neg l igent  or  mal ic ious manner. The op in ion  concludes "Therefore, i f  t h e  landowner's manner 
o f  withdrawing water ( i n  the f u t u r e )  i s  negl igent ,  w i l l f u l l y  was te fu l  o r  f o r  t h e  purpose o f  
mal ic ious in jury,  and such conduct i s  a proximate cause o f  t h e  subsidence o f  t h e  l a n d  o f  others, 
he w i l l  be l i a b l e  f o r  the  consequences o f  h i s  conduct." 
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7 Review of methods to control or arrest subsidence. 
by Joseph F. Poland and Working Group 

7.1 SUMMARY OF AVAILABLE METHODS 

7.1.1 General statement 

Methods t o  c o n t r o l  o r  a r r e s t  subsidence inc lude  reduc t i on  o f  pumping d r a f t ,  a r t i f i c i a l  recharge 
of aqu i fe rs  from the  l a n d  surface, and repressur ing o f  aqu i fe rs  through wel ls ,  o r  any combina- 
t i o n  o f  these methods. The goal  i s  t o  manage t h e  o v e r a l l  water supply and d i s t r i b u t i o n  i n  such 
a way t h a t  t he  water l e v e l s  i n  we l l s  tapping t h e  compacting aqu i fe r  system, o r  systems, are 
s t a b i l i z e d  o r  r a i s e d  t o  some degree. In  o the r  words, a t  l e a s t  manage t h e  o v e r a l l  supply i n  such 
a way t h a t  e f f e c t i v e  s t ress  i n  the  aqu i fe r  system i s  n o t  increased beyond t h e  s t ress  experienced 
t o  date. 

The l o c a l  geologic condi t ions determine whether a r t i f i c i a l  recharge can be accomplished by 
regulated a p p l i c a t i o n  a t  t he  l and  surface o r  by repressur ing o f  aqu i fe rs  by means o f  i n j e c t i o n  
through wel ls.  

Both the  a r t i f i c i a l  recharge o f  aqu i fe rs  from the l and  surface and t h e  repressur ing o f  
aqu i fe rs  through w e l l s  normal ly r e q u i r e  a supply of potable surface water. The quest ion may be 
asked: "Why no t  use the  supplementary surface supply d i r e c t l y  a t  l and  surface and thereby 
reduce ground-water d r a f t ,  i ns tead  o f  recharg ing t h e  ground-water supply?" The answer may be 
t h a t  i t  i s  impract icable t o  d e l i v e r  a l l  t he  supplementary supply d i r e c t  t o  users SO p a r t  o f  t h e  
supply i s  recharged t o  the  water table.  The ground-water rese rvo i r  then ac ts  as t h e  d i s t r i b u -  
t i o n  system. Such i s  t h e  case i n  the  Santa Clara Va l l ey  i n  C a l i f o r n i a  (Case H i s t o r y  9.14).  

7.1.2 Reduction o f  pumping d r a f t  

Reduction o f  pumping d r a f t  may be accomplished t o  some degree by one o r  more o f  t he  f o l l o w i n g  
methods: 

1. 
2. 

3. 

4. 
5. 
6. 
7. 

8 .  

Import  o f  s u b s t i t u t e  surface water. 
Conservation i n  a p p l i c a t i o n  and use o f  water: 
a. through improvement o f  i r r i g a t i o n  methods, such as change from d i t c h  and furrow 

b. through change from crops r e q u i r i n g  heavy duty o r  demand t o  crops r e q u i r i n g  

For overdrawn groun'd-water basins, ad jud i ca t i on  (equ i tab le  d i s t r i b u t i o n )  o f  
a v a i l a b l e  supply. 
I n  urban areas, by r e c i r c u l a t i o n  and reuse o f  t r e a t e d  water by i n d u s t r i a l  p lan ts .  
By decreasing i r r i g a t e d  area or  i n d u s t r i a l  p l a n t s  us ing  l a r g e  q u a n t i t i e s  o f  water. 
By moving t h e  w e l l  f i e l d s  t o  t a p  more permeable ( l e s s  compressible) deposi ts.  
By changing the  depth range o f  p e r f o r a t e d  i n t e r v a l s  i n  w e l l  casings o r  screens t o  
t a p  l e s s  compressible deposits. 
By l e g a l  con t ro l .  

or  f l o o d  i r r i g a t i o n  t o  overhead s p r i n k l e r  i r r i g a t i o n  o r  t o  d r i p  i r r i g a t i o n .  

l e s s  duty, such as from c o t t o n  t o  orchards. 

Whether any one o f  these remedies i s  economical ly j u s t i f i e d  depends on i t s  cost  compared 
w i t h  the costs  o f  continued subsidence. The f i r s t  requirement f o r  es t ima t ing  costs  i s  an 
estimate o f  t he  magnitude o f  subsidence t h a t  would occur (1) i f  t h e  a r t e s i a n  head was maintained 
a t  t h e  present l e v e l ,  and ( 2 )  i n  response t o  an assumed a d d i t i o n a l  dec l i ne  i n  head. 

7.1.3 A r t i f i c i a l  recharge o f  aqu i fe rs  from the  l and  surface 

Land subsidence usua l l y  r e s u l t s  from compaction o f  compressible conf ined a q u i f e r  systems due t o  
i n tens i ve  wi thdrawal o f  ground water and consequent dec l ine o f  a r t e s i a n  head. Because c o n f i n i n g  
beds r e s t r i c t  t he  v e r t i c a l  downward movement o f  water f rom the l and  surface, a r t i f i c i a l  recharge 
of conf ined system(s) by a p p l i c a t i o n  o f  water a t  t h e  l and  surface d i r e c t l y  overhead o r d i n a r i l y  
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i s  not  pract icable.  However, the geology o f  the system may be such t h a t  the conf ined aqui fer  
system may crop out  a t  o r  near the margins o f  the ground-water basin; t h i s  outcrop area may be 
near enough t o  the subsiding area so t h a t  a r t i f i c i a l  recharge on the outcrop area w i l l  r a i s e  the 
l o c a l  water t a b l e  and a l s o  the a r t e s i a n  head i n  the conf ined system. 

7.1.4 Repressuring o f  aqu i fe rs  through w e l l s  

RepKeSSUKing o f  conf ined aqu i fe r  systems by a r t i f i c i a l  recharge d i r e c t l y  through wel ls,  although 
expensive, may prove t o  be the on ly  p r a c t i c a l  way t o  slow down o r  stop land subsidence i n  a 
p a r t i c u l a r  area. The Wilmington o i l  f i e l d  i n  southern C a l i f o r n i a  i s  a c l a s s i c  example of 
subsidence c o n t r o l  by i n j e c t i o n  of water through wells. Repressuring of  the o i l  zones t o  
increase o i l  product ion and t o  c o n t r o l  subsidence began on a major scale i n  1958. By 1969, 
when 1 7 5  x 103m3 (1.1 x 106 ba r re l s )  o f  water per day was being i n j e c t e d  i n t o  the o i l  
zones, t he  subsiding area had been reduced from 58 t o  8 km2, and l o c a l l y  the land surface had 
rebounded as much as 0.3 m (Mayuga and Al len,  1969) .  I n  1975 about 80 x 106 m3 (500 x 106 
bb ls)  of  water was i n j e c t e d  i n t o  the o i l  zones t o  (1) c o n t r o l  subsidence, ( 2 )  produce 1 0  x 106 
m3 of o i l  and (3) u t i l i z e  67 x lO6m3 o f  water produced w i t h  the o i l .  According t o  Gates, 
Caraway, and Lechtenberg (1977), the i n j e c t i o n  o f  t h i s  great  quan t i t y  o f  water from d iverse 
sources created many problems which were c o n t r o l l e d  by var ious chemical and phys i ca l  treatments. 

Replenishing ground-water suppl ies by a r t i f i c i a l  recharge through we l l s  and p i t s  has been 
p rac t i ced  i n  many areas, i nc lud ing  many s i t e s  i n  C a l i f o r n i a  and more than a thousand recharge 
w e l l s  on Long Is land, New York. The r e s u l t s  o f  such p rac t i ces  have been summarized t o  1967 i n  
two annotated b ib l i og raph ies  on a r t i f i c i a l  recharge o f  ground water (Todd, 1959; Signor, 
Growitz, and Kam, 1970). I n  general, r e s u l t s  were s a t i s f a c t o r y  when the water was c lear ;  most 
o f  the problems o f  recharge through w e l l s  invo lved clogging of  the w e l l  and aqui fer .  I n  a 
study o f  problems i n  a r t i f i c i a l  recharge through we l l s  i n  the Grand P r a i r i e  reg ion o f  Arkansas, 
Sniegocki (1963) found t h a t  the p r i n c i p a l  causes o f  c logging were a i r  entrainment, suspended 
p a r t i c l e s  i n  the recharge water, and micro-organisms. He concluded t h a t  we l l s  should be 
recharged w i t h  t rea ted  water and t h a t  water-treatment cos t  and contemplated use o f  the recharged 
water are the p r i n c i p a l  f a c t o r s  invo lved i n  determining the economic f e a s i b i l i t y  o f  a r t i f i c i a l  
recharge. The a v a i l a b i l i t y  o f  water s u i t a b l e  f o r  i n j e c t i o n  would be another important factor .  

I n j e c t i o n  o f  t rea ted  f resh  water i n t o  a conf ihed aqui fer  system t o  create an hydraul ic  
b a r r i e r  (pressure r i dge )  t o  sea-water i n t r u s i o n  has been p rac t i ced  successfu l ly  i n  southern 
C a l i f o r n i a  f o r  25 years. The operat ing agency, the Los Angeles County Flood Contro l  D i s t r i c t ,  
had 180 i n j e c t i o n  w e l l s  i n  operat ion i n  1976. According t o  R a n c i l i o  (1977) ,  dur ing two decades 
o f  operat ing experience the D i s t r i c t  never has had t o  cease operat ion o f  an i n j e c t i o n  w e l l  
permanently because o f  l oss  o f  operat ing e f f i c i ency .  Because o f  t h e  cont inu ing success o f  t h i s  
massive i n j e c t i o n  operat ion f o r  a quarter century, the reader i n te res ted  i n  i n j e c t i o n  we l l s  i s  
r e f e r r e d  t o  the paper by R a n c i l i o  (1977)  which describes i n  d e t a i l  the t y p i c a l  design o f  a 
successful  i n j e c t i o n  wel l ,  operat ing cond i t i ons  and costs, i n j e c t i o n  ra tes  and heads, c logging 
problems, and redevelopment o f  i n j e c t i o n  wells. Both the cable- too l  and reverse-rotary methods 
were used i n  cons t ruc t i on  o f  the i n j e c t i o n  we l l s  but a t  l e a s t  two-thirds o f  the we l l s  are 
reverse-rotary, w i t h  asbestos-cement casing and g rave l  pack. The opera t i ona l  i n j e c t i o n  heads 
ranged from 9 t o  6 1  metres and i n j e c t i o n  ra tes  ranged from 6 t o  28 l /s .  

7.2 REVIEW OF METHODS USED 

7.2.1 Summary statement 

Table 1.1 l i s t s  42 areas o f  land subsidence due t o  ground-water withdrawal. Methods used t o  
c o n t r o l  o r  a r r e s t  Subsidence i n  these areas may be summarized as fo l lows:  

I n  1 5  areas, ground-water d r a f t  has been reduced as a r e s u l t  o f  s u b s t i t u t i n g  imported 
o r  l o c a l l y  t rea ted  surface water. 
I n  4 areas, ground-water d r a f t  has been reduced by regu la t i on  but  surface water import 
not  reported. 
I n  one area, pumping o f  gas-bearing water was stopped by l e g a l  a c t i o n  (Po Delta, I t a l y ) ;  
i n  another area (Ni igata,  Japan) r e i n j e c t i o n  o f  a l l  gas-bearing water has been required 
since 1973. 
I n  one area, ground-water pumped from mines has been l e d  outs ide rock compartments o r  
i n j e c t e d  i n t o  a leached dolomite aqu i fe r  through 1 0  boreholes since 1973. 
I n  20 areas no methods f o r  c o n t r o l  have been reported. 
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7.2.2 Shanghai , China 

Land subsidence i n  Shanghai, China, was f i r s t  repor ted i n  1921. By 1965 t h e  maximum cumulat ive 
subsidence i n  the c i t y  was 2.63 m (Case H i s t o r y  9.2). I n j e c t i o n  o f  r i v e r  water through w e l l s  
t o  recharge the  p r i n c i p a l  aqu i fe rs  began about 1964. By 1966, more than 1 0 0  i n d u s t r i a l  p l a n t s  
operat ing more than 200 w e l l s  had jo ined i n  the  recharge operat ion t o  bui ld up pressure i n  t h e  
conf ined aqu i fe r  system. As shown by t h e  record from t y p i c a l  bench marks i n  t h e  urban area o f  
Shanghai (Figure 9.2.11, t he  cessat ion o f  subsidence was v i r t u a l l y  instantaneous. W i t h i n  a year 
o r  two, bench marks apparent ly were r i s i n g  and from 1966 t o  1976, as much as 34 mm o f  rebound 
occur red. 

The i n j e c t i o n  o f  r i v e r  water through product ion w e l l s  i s  undertaken c h i e f l y  i n  t h e  w i n t e r  
months when many fac to r ies  are no t  operat ing and when the  r i v e r  water i s  coldest.  Because much 
o f  t h e  ground water withdrawn i s  used f o r  coo l i ng  purposes i n  t h e  f a c t o r i e s  i n  t h e  summer, any 
decrease i n  water temperature i n  t h e  aqu i fe rs  i s  b e n e f i c i a l .  As a r e s u l t  o f  c a r e f u l  mon i to r i ng  
o f  r iver-water  temperature t o  o b t a i n  water o f  minimum temperature f o r  i n j e c t i o n ,  t h e  ground- 
water temperature a t  one s i t e  repo r ted l y  has been lowered 6' C. 

7.2.3 Venice, I t a l y  

A f t e r  s tudy ing by mathematical model t he  p h y s i c a l  mechanism and the  q u a n t i t a t i v e  r e l a t i o n s h i p  
l i n k i n g  the pumping r a t e  t o  t h e  r e s u l t i n g  subsidence o f  Venice, t h e  behavior o f  t he  a q u i f e r  
system and ground surface became w e l l  understood. (See Case H i s t o r y  9.3.) Because l a n d  
subsidence was caused by pressure drawdown i n  the a q u i f e r  system, i t  was apparent t h a t  t h e  on ly  
remedy consis ted o f  r a i s i n g  the pressure surface beneath Venice. 

I n j e c t i o n  o f  water through i n j e c t i o n  w e l l s  was suggested as a poss ib le  measure by a number 
o f  experts. However t h i s  s o l u t i o n  would have requ i red  water w i t h  chemical p r o p e r t i e s  s i m i l a r  
t o  those o f  the underground water. Moreover the  ef fect iveness o f  t h i s  remedy cou ld  n o t  be 
s c i e n t i f i c a l l y  proven. 

An up l i f t  experiment on a smal l  i s l a n d  near Venice was successfu l ly  c a r r i e d  out  by 
pressure grout ing us ing  spec ia l  cement mortars (Marchini  and Tomiolo, 1977). Unfor tunate ly ,  
t he  experiment could no t  be t r a n s f e r r e d  t o  up l i f t  such an extensive area as Venice. 

Other proposed so lut ions,  i n c l u d i n g  t h e  cons t ruc t i on  o f  a deep w a l l  a c t i n g  as a h y d r a u l i c  
b a r r i e r  f o r  t he  c i t y ,  were soon abandoned on t h e  grounds o f  i m p r a c t i c a b i l i t y .  

The recogn i t i on  o f  t he  p h y s i c a l  mechanism under l y ing  the  subsidence o f  Venice and t h e  
r e s u l t s  prov ided by t h e o r e t i c a l  and experimental p a t t e r n s  showed t h a t  t h e  most e f f e c t i v e  and 
cheapest s o l u t i o n  consis ted of reducing t h e  withdrawal r a t e  i n  t h e  Venetian area. The recovery 
o f  t he  f low f i e l d  was shown t o  be r a t h e r  f a s t  and t h e  a r r e s t  o f  t he  sett lement was proven t o  be 
almost instantaneous. 

Accordingly, t h e  Venice M u n i c i p a l i t y  prompted t h e  completion o f  the  planned aqueduct and 
the cons t ruc t i on  of a new one t o  supply t h e  i n d u s t r i a l  area w i t h  water taken from t h e  S i l e  and 
the  B r e n t e l l a  Rivers, which f low i n  the  v i c i n i t y  o f  t h e  Vene t ia l  Lagoon. More t h a t  90 pe r  cent  
of  the water used fo r  i n d u s t r i a l  purposes now i s  suppl ied by surface water f rom t h e  l o c a l  
r i v e r s .  Furthermore, as soon as the aqueducts became operat ive,  t he  Magis t ra t0 a l l e  Acque 
( C i v i l  Engineers Branch) of Venice issued a p r o h i b i t i o n  against  opening new w e l l s  and an 
i n j u n c t i o n  t o  c lose the  e x i s t i n g  wel ls.  

To date, more than 70 pe r  cent o f  t he  a r t e s i a n  w e l l s  t h a t  were a c t i v e  i n  1969 have been 
gradual ly  shut down; t h i s  t r e n d  s t i l l  cont inues and a constant improvement o f  t h e  subsidence 
s i t u a t i o n  i n  Venice has been observed (see Case H i s t o r y  9.3). 

7.2.4 Japan 

The t e n  p r i n c i p a l  subsidence areas i n  Japan, due t o  excessive ground-water withdrawal, are 
l i s t e d  i n  Table 1.1. I n  a l l  o f  these areas ground-water wi thdrawal has been reduced by 
regulat ion;  i n  p a r t s  o f  Tokyo withdrawal o f  ground water from w e l l s  has been p r o h i b i t e d  
completely. (See Case H i s t o r y  9.4). I n  seven areas surface water has been imported as a 
replacement f o r  ground water. I n  severa l  areas, i n d u s t r i a l  waste water i s  be ing  t r e a t e d  and 
reused. 

I n  N i i g a t a  (Case H is to ry  9.7) experiments o f  water i n j e c t i o n  i n t o  t h e  conf ined a q u i f e r s  
con ta in ing  methane gas were c a r r i e d  o u t  from 1960 t o  1963 (Ishiwada, 1969). The purpose o f  t h e  
i n j e c t i o n  was the  maintenance of r e s e r v o i r  pressures and reduc t i on  o f  t he  r a t e  o f  subsidence. 
Both degassed format ion water and r i v e r  water were used as t h e  i n j e c t i o n  f l u i d s .  According t o  
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Ishiwada, the permeabi l i ty  of the main reservoirs ranges from 10 t o  50 darcys, the i n j e c t i o n  
r a t e  i s  less  than one-quarter o f  the production ra te ,  and back-washing a t  adequate time 
i n t e r v a l s  i s  necessary t o  continue long-term in jec t ion .  

Since ,1973, a l l  degassed formation water has been re in jec ted  i n t o  the gas-bearing 
reservoirs by law. 

7.2.5 United States 

Table 1.1 describes 18 areas o f  land subsidence i n  the United States. O f  these, s ix  have im- 
ported surface water t o  s a t i s f y  water demands. This has led  t o  the reduction o f  pumping d r a f t  
and the l o c a l  s t a b i l i z i n g  or ra is ing  of a r tes ian  pressures. They include the Santa Clara Val ley 
and three areas i n  the San Joaquin Val ley i n  Ca l i fo rn ia ,  as w e l l  as Las Vegas Val ley i n  Nevada 
and the Houston-Galveston area i n  Texas. A major aqueduct t o  import Colorado River water t o  
south-central Arizona now (1980) i s  under construction. 

Repressuring through i n j e c t i o n  wel ls  has not been used i n  any o f  these areas and a r t i f i c i a l  
recharge o f  a substant ial  p a r t  o f  the imported surface water has been practiced only i n  the 
Santa Clara Valley. I n  the other f i v e  areas, imported surface water has been used as a d i r e c t  
replacement or subst i tute for  ground-water pumpage. 
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8 Types of land subsidence, by A l ice  
Bureau of Mines, US. Department of 

S. Allen, 
the Interior, 

Washington, D.C. 

8.1 INTRODUCTION 

Land subsidence i s  merely the surface symptom, and the l a s t  step, o f  d v a r i e t y  o f  subsurface 
displacement mechanisms. Not a l l  o f  these mechanisms are w e l l  understood. Subsidence processes 
are concealed below ground: t h e i r  development t o  the p o i n t  o f  surface deformat ion may invo lve  
long per iods o f  time: and f o r  a t  l e a s t  some mechanisms, s i g n i f i c a n t  evidence may l i e  outs ide 
the area d i r e c t l y  beneath the surface subsidence. Furthermore, a t  some s i t e s  more than one con- 
d i t i o n  favourable t o  subsidence occurrence may be present and requ i re  considerat ion i n  analyzing 
causal  mechanisms and dev is ing remedial procedures. 

Subsidence i s  a f a m i l i a r  accompaniment o f  a v a r i e t y  o f  n a t u r a l  events t h a t  comprise the 
geologic h i s t o r y  o f  many areas. For p r a c t i c a l  reasons geologic processes t h a t  are accompanied 
by subsidence have been examined f o r  evidence t h a t  the range i n  t h e i r  ra tes  o f  progress extends 
i n t o  a t ime frame t h a t  may produce damaging e f f e c t s  i n  terms o f  man's t ime scale. The processes 
i nves t i ga ted  are those t h a t  remove o r  rearrange subsurface ma te r ia l s  t o  produce vo id  space o r  
s i g n i f i c a n t  volume reduct ion--solut ion,  underground erosion, l a t e r a l  flow, and compaction--or, 
i n  the case o f  t ec ton i c  a c t i v i t y ,  deep-seated downward displacement. For a l l  o f  these n a t u r a l l y  
occurr ing geologic processes, examples o f  r e l a t e d  surface subsidence have been found, though 
some are r a r e  (Al len,  1969). The incidence of  subsidence i s  greater  where some o f  these geo- 
l o g i c  processes are se t  i n  motion or accelerated by man's engineering a c t i v i t i e s  t h a t  i nvo l ve  
excavation, loading, o r  changes i n  the ground-water regime. 

The term 'subsidence" i s  used i n  t h i s  discussion i n  a broad sense t o  inc lude both gen t le  
downwarping and the co l lapse o f  d i s c r e t e  segments o f  the ground surface. Displacement i s  
p r i n c i p a l l y  downward, although the associated smal l  h o r i z o n t a l  components have s i g n i f i c a n t  
damaging e f f e c t s .  The term i s  not  r e s t r i c t e d  on the  bas is  o f  s i ze  o f  area af fected,  r a t e  o f  
displacement, o r  causal mechanism. 

An overview o f  favorable geologic s e t t i n g s  and engineering operat ions t h a t  may c o n t r i b u t e  
t o  land subsidence i s  presented as background f o r  the specia l ized treatment o f  subsidence caused 
by ground-water withdrawal, which i s  the subject  o f  t h i s  guidebook. Topics on which i n fo rma t ion  
i s  widely ava i l ab le  are mentioned b r i e f l y .  More space i s  g iven t o  top i cs  f o r ' w h i c h  publ ished 
in format ion i s  l ess  r e a d i l y  a v a i l a b l e  f o r  most readers. Mining subsidence i s  no t  reviewed, bu t  
several  examples o f  i n t e r a c t i o n  between mining and n a t u r a l  geologic processes are c i t e d .  
Subsidence i n  regions under la in  by permafrost and i n  areas o f  a c t i v e  volcanism i s  no t  discussed. 

8.2 THE ROLE OF SUBSURFACE SOLUTION I N  SUBSIDENCE 

Common solub le components o f  e a r t h  ma te r ia l s  t h a t  may be associated w i t h  subsidence inc lude 
s a l t ,  gypsum, and the carbonate rocks--limestone and dolomite. The r o l e s  t h a t  these so lub le  
ma te r ia l s  p l a y  i n  the development of  surface subsidence depends i n  p a r t  on the degree o f  t h e i r  
s o l u b i l i t y ,  and i n  p a r t  on other phys i ca l  cha rac te r i s t i cs .  

8.2.1 Salt 

Although rock s a l t  (sodium ch lo r i de )  i s  one of the most so lub le o f  the common e a r t h  mater ia ls ,  
the presence o f  under ly ing s a l t  deposi ts has only  r a r e l y  been associated w i t h  surface subsidence 
under n a t u r a l  condi t ions i n  recent times. Th is  i s  i n  p a r t  because the o r i g i n a l  occurrence of 
s a l t  deposi ts i s  l i m i t e d  geographical ly,  and i n  p a r t  because s a l t  deposi ts have already been 
removed t o  considerable depths except i n  a r i d  c l imates by the leaching a c t i o n  o f  ground water. 
Collapse breccias found i n  s t r a t a  ove r l y ing  sa l t -bear ing hor izons c o n s t i t u t e  geologic evidence 
t h a t  subsidence has taken p lace under n a t u r a l  cond i t i ons  i n  the geologic past. Collapse brec- 
c i a s  due t o  s o l u t i o n  along the margins o f  under ly ing s a l t  deposi ts have been reported from the 
Michigan Basin (Landes, 19631, the  Delaware bas in o f  West Texas and southeastern New Mexico 
(Maley and Huff ington, 1953) , and i n  the western Canadian area under la in  by evapor i tes o f  the 
P r a i r i e  Formation (DeMil le and others, 1964). 
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I n  south-central Kansas where s a l t  deposits s t i l l  e x i s t  a t  depths between 90 and 120 m, a 
dramatic example o f  n a t u r a l  subsidence i n  h i s t o r i c  time was documented i n  photographs i n  1879 
(Johnson, 1901, Pls.  136-138). A deep cra ter  about 60 m i n  diameter was discovered disrupting 
a c a t t l e  t r a i l .  The interrupted tracks o f  a wagon tha t  had passed 3 weeks e a r l i e r  were c l e a r l y  
seen on both sides o f  the sinkhole. Another sinkhole about 130 km t o  the northeast car r ied  away 
a r a i l r o a d  s ta t ion  overnight (Johnson, 1901, p. 713, footnote).  

I n d i r e c t  evidence o f  n a t u r a l  subsidence i s  the presence o f  surface depressions occupied by 
lakes or swamps i n  areas where underlying s a l t  deposits have been undergoing dissolution. The 
eastern boundary o f  the Kansas s a l t  deposits i s  f a i r l y  abrupt where s a l t  deposits 60 m thick 
a re  missing i n  wel ls  a few miles t o  the east. Above the blunt  edge o f  the s a l t  i s  a narrow 
b e l t  o f  marshes, swamps, and lakes, many o f  which contain s a l t y  water (Bass, 1926). Lakes also 
occur overlying s a l t  domes i n  Louisiana (Barton, 1936, O'Donnell, 1935). A t  an oil-producing 
operation a t  Sour Lake dome i n  Texas, Sel lards (1930) described one lake t h a t  had formed under 
n a t u r a l  conditions, and a l a r g e  sinkhole tha t  appeared i n  1929 which was a t t r i b u t e d  t o  removal 
o f  s a l t  i n  the saturated water t h a t  had been produced along with the o i l  over a long period o f  
time . 

The incidence o f  subsidence i n  some areas underlain by s a l t  deposits has been stimulated by 
s a l t  m i n b g  operations. I n  Cheshire, England, where s a l t  has been mined since pre-Roman times, 
the e f f e c t s  o f  solut ion subsidence on the topography and on structures have been spectacular 
(Calvert ,  1915; Howell and Jenkins, 1977; Wallwork, 1973). Ear ly  mining was by the room-and- 
p i l l a r  method i n  which p i l l a r s  were l e f t  t o  support the surface. As unsaturated ground water 
gained access t o  o l d  mine workings, the dissolut ion o f  p i l l a r  s a l t  l e d  t o  surface subsidence, 
though i t  was l i m i t e d  as the ground water i n  contact with the s a l t  became saturated. When 
methods o f  s a l t  production changed t o  pumping the so-called "wild" brines, surface subsidence 
was g r e a t l y  accelerated. Water l e v e l s  were lowered by continued pumping, and add i t iona l  under- 
saturated ground water c i r c u l a t e d  randomly through the cavernous saltbeds, cont inual ly  removing 
any pro tec t ive  envelope o f  saturated br ine  t h a t  may have developed. The topography, previously 
modified by na tura l  solut ion subsidence, was fur ther  changed by the development o f  c r a t e r l i k e  
der;essions 10 t o  200 m i n  diameter, and l i n e a r  hollows over 200 m wide and 8 km long. Streets 
m d  r a i l r o a d  tracks were distorted.  I n  Northwich, very few pre-1900 buildings survived the 
subsidence damage. I n  the 1970's, na tura l  b r ine  pumping i s  being phased out,  and most s a l t  
production i s  by cont ro l led  solut ion mining. Fresh water or undersaturated br ine i s  injected 
through boreholes i n t o  deeper deposits o f  massive s a l t ,  creat ing regular ly spaced solution 
c a v i t i e s  about 90 m i n  diameter. Mature c a v i t i e s  are maintained i n  stable condit ion by flooding 
with saturated br ine.  

A recent invest igat ion o f  subsidence re la ted  t o  s a l t  dissolut ion i n  Kansas found only f i v e  
subsidence events due t o  s a l t  mining over an 88-year period, and e ight  subsidences re la ted  t o  
o i l  and gas operations (Walters, 1977). The rare  subsidence occurrences were a t t r ibuted  t o  
aquifers above the s a l t  not being adequately iso la ted  by surface casing or ,  i n  the case o f  sal t -  
water disposal wells,  casing f a i l u r e s  which permitted flow o f  unsaturated br ine across the s a l t .  

8 . 2 . 2  Gypsum 

Gypsum (CaS04'2H20) i s  a soluble rock-forming mineral which, w i th  i t s  anhydrous counterpart, an- 
hydr i te ,  occurs abundantly i n  marine evaporite basin deposits. Evidence t h a t  surface subsidence 
was caused by dissolut ion o f  gypsum i n  past geologic times includes collapse features i n  rocks 
overlying gypsum deposits i n  the Roswell basin, New Mexico (Bean, 1949), and i n  the southern 
Black H i l l s  o f  South Dakota and Wyoming (Bowles and Braddock, 1960),  and solution-subsidence 
troughs i n  the gypsum p l a i n  o f  west Texas and southeastern New Mexico (Olive, 1957). 

Sinkholes on the present-day land surface have been reported i n  areas underlain by gypsum- 
bearing rocks i n  New Mexico (Bean, 1949; Morgan, 1942) and Oklahoma (Fay, 1959) i n  the United 
States and a t  various l o c a l i t i e s  i n  Europe ( In ternat iona l  Association o f  Engineering Geology, 
1973).  

I n  addit ion t o  collapse and sinkholes t h a t  o v e r l i e  deposits o f  r e l a t i v e l y  pure gypsum, 
subsidence may a lso  be associated wi th  rocks and s o i l s  tha t  contain minor amounts o f  gypsum. 
K l e i n  (1966) described several  types o f  gypsum occurrence i n  a very a r i d  p a r t  o f  the San Joaquin 
Val ley,  Ca l i fo rn ia ,  which were investigated by the Bureau o f  Reclamation i n  connection with 
locat ing and designing a l a r g e  water-transfer, pump-storage, and i r r i g a t i o n  project .  Along 
margins o f  per iodic shallow lakes, ef f lorescent accumulations o f  gypsum contained solution 
c a v i t i e s  t h a t  were believed responsible for  damages t o  canals and embankments. Weathered-shale 
bedrock contained secondary gypsum i n  ve in le ts  and seams, which made up from 2 t o  5 per cent o f  
the rock mass. Similar  ve in le ts  and seams o f  gypsum characterized the weak, clayey gravel  i n  
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one o f  the abutments o f  the S t .  Francis dam near Los Angeles, which f a i l e d  disastrously i n  1928 
soon a f t e r  the reservoir  had been f i l l e d .  Solution o f  gypsum was c i t e d  as a l i k e l y  contr ibutor 
t o  d is in tegra t ion  of the weak foundation mater ia l  (Ransome, 1928). 

The presence of small quant i t ies  o f  gypsum (1 t o  3 per cent of dry weight) appears t o  be a 
general indicator  o f  s o i l s  i n  the San Joaquin Val ley tha t  a re  susceptible t o  subsidence on 
wetting, but the r o l e  played by the gypsum i s  conjectural.  B u l l  (1964) concluded t h a t  the 
gypsum content cannot be used exclusively as an indicator  of p o t e n t i a l  subsidence, and he d i d  
not consider solut ion o f  gypsum t o  be a major cause o f  the subsidence. Differences i n  gypsum 
content o f  subsiding and nonsubsiding s o i l s  r e f l e c t s  compositional di f ferences i n  t h e i r  source 
areas, and possibly the removal o f  gypsum from nonsubsiding s o i l s  by water percolating from 
streams. K l e i n  (1966) believed tha t  the presence o f  gypsum contributed t o  the f loccu la t ion  o f  
c l a y  p a r t i c l e s  influencing the size and amount o f  pore space, and shared respons ib i l i ty  f o r  the 
low density o f  these deposits w i th  the presence o f  trapped a i r  inher i ted  from t h e i r  mudflow 
or ig in .  Noting t h a t  much o f  the gypsum occurred as minute eff lorescent c rys ta ls  coating the 
small voids character is t ic  o f  the subsiding s o i l s  before hydrocompaction, he suggested tha t  
gypsum supplemented the c lay  minerals as a weak and eas i ly  soluble cementing agent. 

8.2.3 Carbonate roqks 

The carbonate rocks, limestone and dolomite, are responsible for  the most widespread incidence 
o f  subsidence re la ted  t o  solution, not because o f  a high degree o f  s o l u b i l i t y ,  but because o f  
wide geographic d is t r ibut ion .  A great  dea l  of information i s  ava i lab le  on solut ion features i n  
carbonate rocks ( In ternat .  ASSOC. o f  Engineering Geology, 1973; Toison and Doyle; 1977, Trans- 
por ta t ion  Research Board, 1976). LaMoreaux, LeGrand, and S t r i n g f i e l d  (1975, p. 45-47) l i s t  
more than 50 symposia and conferences on hydrology o f  carbonate rocks held throughout the world 
i n  the past 30 years. 

The incidence o f  sinkhole development may be grea t ly  increased when equi l ibr ium condit ions 
are disturbed by man's construction projects or mining operations, p a r t i c u l a r l y  those t h a t  a l t e r  
ground-water l e v e l s  or  increase surface i n f i l t r a t i o n .  Newton (1976) reported tha t  more than 
4,000 induced sinkholes, areas o f  subsidence, or other re la ted  features have occurred i n  Alabama 
since 1900, most o f  them since 1950. I n  Missouri, 97 catastrophic surface f a i l u r e s  have been 
recorded since the 1 9 3 0 ' ~ ~  o f  which 46 were a t t r i b u t e d  t o  man's a c t i v i t y  (Williams and Vineyard, 
1976). Subsidence accelerated by dewatering o f  underground mines i n  carbonate t e r r a i n  has been 
described by Foose (1968). 

Collapse a t  the ground surface may appear suddenly, but i s  the culmination o f  a sequence 
o f  processes s t a r t i n g  with the development of solut ion openings i n  bedrock. Interconnecting 
systems o f  solution passageways develop over geologic time and pers is t ,  owing t o  a combination 
o f  the slow r a t e  o f  dissolut ion o f  carbonate rocks and t h e i r  high compressive strength, which 
maintains the i n t e g r i t y  o f  the c a v i t y  systems. Subsequently, unconsolidated overburden 
mater ials may be slowly washed down i n t o  bedrock cav i ty  systems. The resu l t ing  voids i n  the 
overburden may become enlarged u n t i l  the remaining cover i s  too t h i n  t o  support the surface and 
collapse takes place. 

8.3 THE ROLE OF SUBSURFACE MECHANICAL EROSION I N  SUBSIDENCE 

Subsurface mechanical erosion i s  the term used for  an infrequently recognized phenomenon i n  
which temporary subsurface flow channels are developed i n  unconsolidated or  f r i a b l e  mater ials 
t h a t  may lead t o  surface collapse. The term "piping" has also been used f o r  t h i s  process. 
Water percolating through pervious s u r f i c i a l  mater ials becomes diverted t o  a more or  l e s s  
hor izonta l  path on reaching the water tab le  or a less pervious stratum. The water, which trans- 
por ts  grains o f  s i l t  and sand, f inds an o u t l e t  along a nearby va l ley  w a l l  o r  c l i f f  face or  
i n t e r n a l l y  i n  caves, mine openings, or boreholes. Erosion tends t o  work headward from the 
o u t l e t ,  creat ing and enlarging a tunnel tha t  intersects the v e r t i c a l  f low channel o f  concen- 
t ra ted  percolat ion water. As tunnel enlargement and upward propagation o f  the roof reduce the 
support capacity o f  the surface mater ials,  the ground surface collapses t o  produce sinkholes. 

I n  order t o  produce surface subsidence, the subsurface erosion mechanism i s  believed to  
require three conditions (Allen, 1969):  (1) A pervious, e a s i l y  erodible mater ia l  must be over- 
l a i n  by mater ia l  s u f f i c i e n t l y  competent, a t  l e a s t  temporarily, t o  form a roof above the 
developing tunnel; ( 2 )  water must have access t o  the erodible mater ia l  w i th  s u f f i c i e n t  head t o  
transport grains o f  s i l t  or sand; and (3)  some sort  o f  o u t l e t  must be ava i lab le  f o r  disposal of 
the flowing water and the sediment grains t h a t  i t  transports. Examples o f  subsidence a t t r i b u t e d  
t o  subsurface erosion i n  a var ie ty  o f  geologic mater ials are summarized i n  Table 8.1. 
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The mater ia l  tha t  forms the roof o f  tunnels a t  some l o c a l i t i e s  i s  a d i f f e r e n t ,  and more 
competent, mater ia l  than t h a t  i n  the eroded horizon. I n  other l o c a l i t i e s ,  the mater ia l  forming 
the roof and the er&ed horizon are  the same ( i . e .  loess, a l t e r e d  volcanics),  but the 
competency o f  the roof i s  dependent on cohesion i n  a dry condit ion provided by montmoril lonit ic 
c lay  bonding. Such cohesion i s  l o s t  upon saturat ion as the component p a r t i c l e s  become 
disaggregated when wet. 

Cases o f  underground mechanical erosion are d i f f i c u l t  t o  ident i fy .  A t  l e a s t  p a r t  o f  the 
process must be in fer red  i n  the absence o f  d i r e c t  observation. Tunnel development i s  concealed 
below ground and may only be disclosed by the apparently sudden collapse a t  the surface. The 
collapse i s  the l a s t  step i n  a long continued process i n  which sediments a re  eroded g r a i n  by 
g r a i n  and transported t o  the o u t l e t .  Accumulations o f  transported sediments a re  r a r e l y  observed 
because the s i l t  and sand grains e i ther  become incorporated i n  the colluvium below the o u t l e t  on 
a val ley wal l ,  or are washed down i n t o  c a v i t i e s  or excavations i n  the bedrock. 

8.4 LATERAL FLOW AS A SUBSIDENCE MECHANISM 

L a t e r a l  flow o f  subsurface mater ials as a cause o f  subsidence i s  uncommon but not unknown. 
Examples have been reported both under na tura l  geologic conditions and under loading by man's 
a c t i v i t i e s  (Allen, 1969). Common earth mater ials susceptible t o  p l a s t i c  f low are s a l t ,  gypsum, 
clay,  and c lay  shale. 

Geologic examples o f  subsidence by s a l t  flowage are r i m  synclines surrounding s a l t  domes 
i n  coastal  Texas and Louisiana (Nett leton,  1934; R i t z ,  1936) and broad synclines associated 
with s a l t  tectonics i n  the Paradox Basin i n  Utah and Colorado (Cater, 1954). Where the Green 
and Colorado Rivers have cut  deep canyons w e l l  down i n t o  the formation overlying s a l t  and gypsum 
i n  Utah, the removal of load has permitted s a l t  and gypsum t o  f low l a t e r a l l y ,  resu l t ing  i n  very 
l o c a l  folds and graben (Baker, 1933).  

Flowage o f  shale has produced a geologic subsidence feature termed "cambering" i n  the 
Jurassic i r o n  ore l o c a l i t y  i n  east-central  England (Hollingworth and Taylor,  1951) . Cambering 
occurs i n  deeply dissected areas i n  which a competent rock such as ironstone or  limestone 
over l ies  Lower Jurassic c l a y  shale. L a t e r a l  flowage o f  c l a y  shale toward the v a l l e y  axes has 
lowered the overlying competent rock as much as 30 m; i n  places the lowering has been 
i n t e n s i f i e d  by subsurface erosion along the shale-ironstone contact and by s l i d i n g  o f  the 
ironstone on the shale surface. 

On th ick  g l a c i a l  c lay  deposits i n  the Great Lakes region of North America, l a t e r a l  flowage 
has been induced beneath stockpiles o f  ore, resu l t ing  i n  s l i g h t  lowering o f  the ground surface 
and increasing the distance between ore-retaining wa l ls  over a few decades by near ly  2 m 
(Terzaghi, 1953). 

8.5 COMPACTION AS A CAUSE OF SUBSIDENCE 

A common cause o f  ground-surface subsidence i s  reduction i n  the volume o f  low-density sedimen- 
t a r y  deposits tha t  accompanies the process o f  compaction, i n  which p a r t i c l e s  become more 
closely packed and the amount o f  pore space i s  reduced. Compaction may be induced by loading, 
by drainage, by vibrat ion,  by extract ion of pore f l u i d s ,  and under c e r t a i n  condit ions by the 
appl icat ion o f  water. Compaction occurs both na tura l ly  and by man's manipulation. 

The amount o f  subsidence effected by compaction i s  a function o f  the r e l a t i v e  amount o f  
pore space i n  the mater ia l  as o r i g i n a l l y  deposited, the effectiveness o f  the compacting 
mechanism, and the thickness o f  the deposit undergoing compaction. Natura l  deposits o f  
unusually high i n i t i a l  porosity include modern d e l t a  deposits, terrigenous mudflows, undisturbed 
loess, and peat.  

8.5.1 Loading 

The effects o f  na tura l  loading are  most apparent where grea t  thicknesses of f ine-grained 
sediments accumulate rapidly.  The process o f  compaction i s  accompanied by contemporary 
subsidence. On the modern Mississippi  River de l ta ,  300 t o  500 m i l l i o n  tons of sediment i s  
deposited each year. Fisk and others (1954) found t h a t  levee deposits on the lower d e l t a  had 
subsided 6 m and i n t e r d i s t r i b u t a r y  marsh deposits, 8.5m. 

A t  New York's La Guardia A i rpor t ,  the na tura l  compaction of an 18-m thickness o f  saturated 
organic s i l t  and c l a y  deposits was accelerated by a r t i f i c i a l  loading (Engineering News Record, 
1949; Kyle, 1951). Ha l f  the a i r p o r t  was reclaimed from Flushing Bay by placing 7.5 m o f  f i l l  
over the saturated sediments. A f te r  25  years o f  operation, par ts  of the f i l l e d  area had 
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subsided 2.5 m, w i t h  f u r t h e r  subsidence a n t i c i p a t e d  (Halmos, 1962). P ro tec t i on  from t i d e  
waters i s  furn ished by a d ike around th ree  s ides o f  t h e  a i r p o r t ,  which was b u i l t  on s o i l  
s t a b i l i z e d  by sand d ra ins  t h a t  extend 20 m below sea l e v e l .  

8.5.2 Drainage 

In  low- l y ing  areas, lower ing o f  the water t a b l e  by a r t i f i c i a l  drainage s t imulates compaction o f  
sediments w i t h  accompanying subsidence o f  the surface. Compaction r a t e s  have much more than 
academic s ign i f i cance  i n  areas such as the  polders o f  t he  Netherlands where vast  regions have 
been reclaimed from the sea by b u i l d i n g  d ikes and i n s t a l l i n g  pumps. Bennema and others (1954) 
found t h a t  c lay  deposi ts conta in ing 30 t o  35 per cent o f  a minus 2-micrometre f r a c t i o n  
compressed t o  about h a l f  t h e i r  o r i g i n a l  th ickness a f t e r  reclamat ion over a 100-year per iod.  
Sediments w i t h  about 20 per  cent  f i n e  f r a c t i o n  compressed about 25 per  cent: compaction o f  sand 
l a y e r s  was neg l i g ib le .  

Drainage o f  peat areas can be expected t o  r e s u l t  i n  subsidence f o r  two reasons. Peat i s  
commonly under la in  by, and f requen t l y  interbedded w i t h ,  f i n e  sediments t h a t  are suscept ib le  t o  
compaction when drained. In  addi t ion,  peat  has c e r t a i n  phys i ca l  and chemical c h a r a c t e r i s t i c s  
t h a t  l e a d  t o  extreme volume changes upon d r y i n g  (Highway Research Board, 1954; MacFarlane, 
1959; Stephens and Speir, 1969). Peat has a water-holding capaci ty ranging from 300 t o  3,000 
p e r  cent. 

I t s  bulk densi ty  i s  extremely low--about 960 kg/m3 when wet and 64 kg/m3 when dry. 
P a r t i c l e  s p e c i f i c  g r a v i t y  i s  a l s o  low--between 1.0 and 2.0. Furthermore , peat undergoes 
i r r e v e r s i b l e  biochemical changes on d ry ing  t h a t  reduce volume. The l a r g e s t  peat areas i n  the 
Uni ted States t h a t  have been subsiding fo lowing reclamat ion f o r  a g r i c u l t u r a l  development are 
the  F l o r i d a  Everglades (Stephens and Speir, 1969) and t h e  d e l t a  area a t  t h e  confluence o f  the 
Sacramento and San Joaquin Rivers i n  C a l i f o r n i a  (Weir, 1950). I n  the  Chikuho c o a l f i e l d  i n  
Japan, subsidence i n  areas under la in  by t h i c k  peat and organic c lay  deposi ts was a t t r i b u t e d  t o  
t h e i r  compaction i n  response t o  the lowering o f  ground-water l e v e l s  du r ing  mining operat ions 
(Noguchi, Takahashi, and Tokumitsu, 1969). 

8.5.3 V i b r a t i o n  

Sedimentary ma te r ia l s  may be compacted by v i b r a t i o n  under n a t u r a l  condi t ions du r ing  earthquakes. 
Bu i l d ings  on saturated a l l uv ium o r  uncompacted f i l l  may subside o r  s e t t l e  d i f f e r e n t i a l l y  i n  
response t o  earthquake v i b r a t i o n s  or ,  i f  the  foundations are t i e d  t o  a lower s tab le  stratum, 
the  b u i l d i n g s  may appear t o  r i s e  as the surrounding sediments subside by compaction. 

A v a r i e t y  o f  manmade sources o f  v i b r a t i o n  have been c i t e d  by Terzaghi and Peck (1967) as 
hav ing produced subsidence by compaction o f  under ly ing ea r th  mater ia ls .  These sources o f  
v i b r a t i o n  inc lude heavy rock-crushing equipment, turbogenerators, t ruck  t r a f f i c ,  an elevated 
ra i lway,  p i l e  d r i v i n g  and b las t i ng .  A t  s i t e s  o f  s t ruc tu res  t o  be b u i l t  on saturated sand, 
f u t u r e  subsidence may be f o r e s t a l l e d  by the v i b r o f l o t a t i o n  process o f  foundat ion treatment. 
Giant v i b r a t o r s  f i t t e d  w i t h  j e t s  are lowered t o  the des i red depth and withdrawn slowly, 
r e s u l t i n g  i n  cy l i nde rs  o f  compacted sand (Sowers and Sowers, 1961). Loose foundat ion ma te r ia l s  
may a l s o  be dens i f i ed  by b u r i e d  charges o f  explosives (Lyman, 1942). Underground nuclear 
explosions i n  unconsolidated ma te r ia l s  are character ized by c ra te rs  on the ground surface 
( D r e l l ,  1978). 

8.5.4 Ex t rac t i on  o f  pore f l u i d s  

O f  a l l  causes o f  l and  subsidence, both n a t u r a l  and those induced by man's a c t i v i t i e s ,  subsidence 
associated w i t h  e x t r a c t i n g  f l u i d s  from subsurface formations i s  best  understood. Many areas o f  
subsidence caused by pumping o f  a r tes ian  water, o i l ,  and gas have been i d e n t i f i e d ,  surface and 
subsurface changes have been monitored, and c o r r e c t i v e  measures have been devised. A decade 
ago t h e  t o p i c  o f  "Land Subsidence Due t o  F l u i d  Withdrawal" was reviewed by Poland and Davis 
(1969). Current progress i n  i d e n t i f y i n g  and coping w i t h  subsidence caused by wi thdrawing ground 
water i n  many p a r t s  o f  the wor ld  i s  repor ted i n  the  case h i s t o r i e s  comprising Chapter 9 o f  t h i s  
volume. 

8.5.5 Hydrocompaction 

Cer ta in  ma te r ia l s  o f  unusual ly low densi ty  deposited i n  areas o f  low r a i n f a l l  undergo s i g n i f i -  
cant  compaction when they become thoroughly wetted. The process, termed "hydrocompaction," 
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produces r a p i d  and i r r e g u l a r  subsidence o f  t he  ground surface, rang ing  from 1 t o  near l y  5 m. 
Reclamation p r o j e c t s  t h a t  import  and d i s t r i b u t e  i r r i g a t i o n  water i n  dry areas under la in  by 
loess and by mudflow deposi ts  have encountered subsidence problems. It i s  thought t h a t  c l a y  
bonding o f  the p a r t i c l e s  i s  responsib le  f o r  ma in ta in ing  open tex tu res  w h i l e  the  deposi ts  a re  i n  
a d ry  condi t ion,  and f o r  r a p i d  disaggregation and volume loss  when immersed i n  water (Bu l l ,  
1964). Surface subsidence r e s u l t e d  from w e t t i n g  w i thou t  t he  a d d i t i o n  o f  surcharge l o a d  a t  many 
s i t e s ;  a t  others, a combination o f  water i n f i l t r a t i o n  and surface l oad ing  was requ i red .  A 
review o f  the  phenomenon o f  hydrocompaction by Lofgren (1969) describes the  process and associ -  
a ted  subsidence occurrences i n  the  Un i ted  States, Europe, and Asia. 

8.6 TECTONIC SUBSIDENCE 

Large areas o f  measurable downward displacement have been associated w i t h  a few earthquakes o f  
l a r g e  magnitude. The 1959 Hegben Lake earthquake i n  Montana produced an asymmetrical subsided 
area 69 by 22 km, i n  which the  maximum subsidence was 6.6 m (Myers and Hamilton, 1964). Dur ing 
the  1960 se r ies  o f  earthquakes i n  Chi le,  subsidence o f  1 t o  1.5 m was repor ted  t o  have a f f e c t e d  
a coas ta l  area 600 by 30 km (Weishcet, 1963). The 1964 Alaska earthquake produced an asymmetri- 
c a l  downwarped area 800 by 160 km. Tectonic subsidence, which ranged up t o  2.3 m, was augmented 
i n  many places by compaction o f  unconsolidated ma te r ia l s  (P la fker ,  1965). 

8.6.1 Discussion 

The state-of  - the-ar t  i n  land-subsidence ana lys is  progresses unevenly because the  degree o f  
understanding o f  var ious subsidence mechanisms var ies .  Most study has been d i r e c t e d  t o  
subsidence r e l a t e d  t o  man's engineering a c t i v i t i e s .  Th is  i s  f a c i l i t a t e d  by a v a i l a b i l i t y  o f  
data on q u a n t i t i e s  o f  subsurface m a t e r i a l  removed ( o r  i n j e c t e d ) ,  on r a t e s  and du ra t i on  o f  
e x t r a c t i o n  operations, and on changes i n  ground-water l eve l s .  Na tu ra l  processes a re  n o t  as 
e a s i l y  quant i f ied .  

A case o f  l and  subsidence i s  necessar i l y  t he  i n teg ra ted  sur face expression o f  whatever 
processes may be a c t i v e  a t  t h a t  s i t e ,  whether n a t u r a l  o r  manmade, o r  both. A working hypothes is  
as t o  the mechanism o r  combination o f  mechanisms opera t ive  a t  t he  s p e c i f i c  s i t e  i s  r e q u i s i t e  
f o r  designing c o n t r o l  measures. The complexity o f  subsidence mechanisms and t h e i r  i n t e r a c t i o n  
requ i res  cooperative e f f o r t  among d i f f e r e n t  d i s c i p l i n e s ,  bo th  i n  c o l l e c t i n g  phys i ca l  evidence 
and i n  developing the  r a t i o n a l e  f o r  t h e  processes involved. The hydro log ic  sciences have been, 
and w i l l  continue t o  be, s i g n i f i c a n t  con t r i bu to rs  t o  l a n d  subsidence inves t i ga t i ons .  
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Case History No. 9.1 Latrobe Valley, Victoria, Australia, 
by C. S. Gloe, State Electricity Commission of Victoria, 
Victoria, Australia 

9.1.1 INTRODUCTION 

The Gippsland Basin covers an area o f  some 40,000 km2. F o u r - f i f t h s  o f  t h i s  area i s  l oca ted  
off-shore and the remaining f i f t h  i n  the  Gippsland Region o f  south-eastern V i c t o r i a .  The o f f -  
shore area contains a number o f  o i l  and gas f i e l d s ,  wh i l e  t h e  on-shore p o r t i o n  inc ludes an area 
o f  some 800 km2 known as the Latrobe Va l l ey  Depression where major deposi ts  o f  brown coa l  
occur beneath a t h i n  cover o f  overburden. 

The excavation o f  brown coa l  f o r  t he  generat ion o f  e l e c t r i c i t y  and product ion o f  b r i q u e t t e s  
commenced i n  the Latrobe Val ley some 50 years ago. The c o a l  i s  won from open cuts,  t h e  develop- 
ment o f  which has been accompanied by s i g n i f i c a n t  v e r t i c a l  and h o r i z o n t a l  movements, bo th  w i t h i n  
the excavation as w e l l  as i n  surrounding areas. To enable t h e  c o a l  from t h e  second major open 
C u t  t o  be excavated under safe operat ing condi t ions,  i t  has been necessary t o  reduce the  a r te -  
s i a n  pressures o f  under ly ing aqui fers .  The r e s u l t i n g  increased e f f e c t i v e  stresses have induced 
consol idat ion o f  s t r a t a  and cause subsidence which i s  now r e g i o n a l  i n  extent .  

9.1.2 GEOLOGY 

The Gippsland Basin developed i n  the of f -shore area i n  Upper Cretaceous t imes w i t h  t he  deposi- 
t i o n  o f  l a c u s t r i n e  and f l u v i a t i l e  sands and c lays  and a number o f  brown c o a l  seams. The bas in 
gradual ly  developed westwards and l i t h o l o g i c a l l y  s i m i l a r  sediments were deposi ted i n  the  on- 
shore area i n  Lower T e r t i a r y  t imes (F igure 9.1.1). 

W i t h i n  the Latrobe Va l l ey  Depression some 700 m o f  T e r t i a r y  sediments, named the  Latrobe 
Val ley Coal Measures, and i n c l u d i n g  some volcanics towards the  base, were deposited mainly on 
Lower Cretaceous arkoses and shales. The c o a l  measures inc lude th ree  groups o f  major c o a l  
seams, separated and under la in  by c lays  and sands (Gloe, 1975). 

I n  l a t e  T e r t i a r y  t imes the coa l  measures were t i l t e d ,  f o lded  and fau l ted.  Extensive 
erosion followed, v i r t u a l l y  t o  the stage o f  peneplanation. Subsequently, a thin cover o f  
clays, s i l t s  and sands was deposited on the eroded surface. As a r e s u l t  o f  the peneplanation, 
considerable thicknesses of  sediments were removed from u p l i f t e d  blocks. I n  the areas o f  t he  
Yal lourn and Morwel l  open cuts, t he  two major open cuts  i n  t h e  Latrobe Val ley,  up t o  150 m and 
300 m respec t i ve l y  o f  clays, sands and brown coals were removed (F igure 9.1.2). 

I n  the Yal lourn open c u t  the Yal lourn seam averages 60 m i n  th ickness and under l i es  1 0  t o  
15 m o f  younger overburden. Beneath the  Ya l l ou rn  seam are some 120 t o  150 m o f  sands and c lays  
ove r l y ing  a f u r t h e r  t h i c k  c o a l  seam. 

The Morwell  1 ( M l )  seam being excavated i n  the Morwell  open c u t  ranges from about 90 t o  
135 m i n  thickness beneath 1 2  t o  1 5  m o f  overburden. Under ly ing the  c o a l  seam are 15 t o  23 m 
o f  sands and c lays fo l lowed by t h e  Morwell  2 (M2)  c o a l  seam which i s  up t o  50 m t h i c k  i n  t h i s  
area. A f u r t h e r  sequence o f  c lays and sands, i n c l u d i n g  an almost completely weathered l a y e r  o f  
b a s a l t  and a t h i c k  basal  s i l t y  gravel, t o t a l l i n g  some 140 m i n  thickness, under l i es  t h e  M2 seam. 

9.1.3 HYDROLOGY 

Unconfined ground waters are present over most o f  t he  area, but q u a n t i t i e s  are main ly  small .  
The water occurs i n  the  overburden sands as w e l l  as i n  t h e  j o i n t  system o f  t h e  uppermost coa l  
seam. 

Confined waters are found i n  the sands under ly ing c o a l  seams, and i n  some f r e s h  b a s a l t  
flows. P r i o r  t o  the development o f  t h e  Morwel l  open cut,  water s t ruck  i n  bores i n  low-lying 
areas f lowed a t  t h e  surface, sometimes under considerable head (Gloe, 1967). 

I n  the area o f  t he  Morwell  open c u t  some 8 t o  9 m o f  medium t o  coarse grained, poo r l y  
sor ted and h i g h l y  permeable sands, known as the  M i  aqui fer ,  occur beneath t h e  M1 seam. The 
sands are i r r e g u l a r  and t y p i c a l  sheet deposi ts (Barton, 1971). Along t h e  no r the rn  edge o f  t h e  
open c u t  the o r i g i n a l  p iezometr ic l e v e l  stood a t  +60 AHD, a he igh t  some 1 5 0  m above the  l e v e l  
o f  the aqu i fe r  i n  t h a t  area. 
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Figure 9.1.2 Reconstruction of pre-erosional stratigraphy. 
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The M2 aquifer  consists o f  several i r regu lar  sand beds occurring between 3 and 50 m below 
the M2 seam. There i s  evidence o f  v e r t i c a l  leakage between the M1 and M2 aquifers--partly due 
t o  numerous boreholes, p a r t l y  t o  the f rac tur ing  which accompanied heaving o f  the f l o o r  o f  the 
open cut  as new l e v e l s  were established, but also n a t u r a l l y  as p a r t  o f  a leaky aquifer  system. 

I n  the Yallourn open cut  the weight o f  the clays underlying the Yallourn seam i s  
s u f f i c i e n t  t o  withstand the hydrostatic pressure o f  the a r tes ian  waters present i n  t h a t  area. 
However, a t  Morwell i t  had been calculated t h a t  the weight o f  coal  and c lay  would be unable t o  
withstand the ar tes ian  pressures once a working l e v e l  had been established t o  an area 300 m 
across a t  a depth o f  some 65 m below the o r i g i n a l  surface. As t h i s  s t i l l  l e f t  some 50 m of 
coa l  above the base o f  the seam, i t  was c lear  t h a t  the M 1  aquifer  pressures would need t o  be 
progressively reduced as the open cut  was developed i n  depth (Gloe, 1967). 

The main program of pressure reduction, frequently c a l l e d  dewatering, commenced i n  1960 as 
the f i r s t  coal  cu t  was excavated. I n i t i a l l y ,  free-f low bores were used, new bores being 
established as new l e v e l s  were opened up. By 1967 i t  was found necessary t o  construct pumping 
bores i n  the M1 aquifer .  Subsequent invest igat ions established t h a t  the pressures from the M2 
aquifer,  although already substant ia l ly  reduced through leakage, would required fur ther  
lowering t o  ensure safe operating conditions. This reduction was achieved i n i t i a l l y  through 
free-flow bores and subsequently using pumping bores wi th  y i e l d s  o f  up t o  160 Ips. 

The maximum r a t e  of pumping from the M2 aquifers was 1160 1/s a t  which time the t o t a l  
pumping r a t e  was 1320 l /s .  Piezometric l e v e l s  were lowered t o  safe operat ional  l e v e l s  and have 
been maintained for  two years w i th  y ie lds  o f  925 1/s from M2 aquifer and 130 1/s from M1 
aquifer .  

Contours of the M 1  aquifer piezometric surface as a t  July 1977 are shown i n  Figure 9.1.3. 
The M2 aquifer l e v e l s  have a general ly  s imi la r  pattern.  The o r i g i n a l  l e v e l s  were o f  a gent ly  
sloping surface wi th  values o f  +60 AHD a t  Morwell open cut  and r i s i n g  t o  +65 AHD i n  the west. 

Invest igat ions of  recharge and intake areas have included carbon dating o f  water samples. 
The youngest water from near the western edge o f  the basin was 2200 years old,  while the water 
pumped from the Morwell open cut  gave values o f  23 500 years for  the M1 and 13 800 years for 
the M2 aquifer waters. These ages conform with the concept o f  a multi-aquifer and aquitard, or 
leaky aquifer system, w i th  a la rge  volume o f  water i n  storage, but i n  which the upper aquifers 
a t  l e a s t  are not replenished by rap id  i n f i l t r a t i o n  of rainwater i n  intake areas. I t  i s  
considered t h a t  much o f  the water pumped from the M1 aquifer has been derived through leakage 
from lower aquifers and from compaction o f  aquitards. 

T o t a l  a r tes ian  water pumped from Morwell open cut  t o  June 1977 was 250 O00 x 106 1. 

Figure 9.1.3 Piezometric surface o f  Morwell 1 aquifer .  
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9.1.4 MECHANICAL PROPERTIES OF BROWN COAL AND ASSOCIATED STRATA 

9.1.4.1 Brown coa l  

Propert ies o f  brown c o a l  have been described by Gloe, James and McKenzie (1973). Brown c o a l  was 
shown t o  be a highly preconsolidated organic mater ia l  with a low bulk density (1.13 g/cm3) and 
very high moisture content (up t o  200 per cent as expressed on an engineering basis) .  

Average values of preconsolidation pressures assigned t o  M1 and M2 coals i n  the v i c i n i t y  
o f  the Morwell open cut  based on estimates made using Casagrande's method were 2300 kPa and 
2900 kPa respectively.  

The c o e f f i c i e n t  o f  volume decrease (mv) depends both on the consolidation pressure and 
i n i t i a l  moisture content, but f o r  purposes o f  calculat ing consolidation settlements where the 
consolidation pressure i s  l e s s  than 1300 kPa the fol lowing values o f  (mv) were assigned: 

M1 COal--0.2 cm2/kN a t  top of seam t o  0.1 cm2/kN a t  base o f  seam; 

M2 coal--O. 1 Cm2/kN. 

c 

9.1.4.2 M1 aquiclude 

Beneath the M1 seam there i s  a 3 t o  13 m layer of s t i f f  grey preconsolidated s i l t y  clay. 
The c l a y  i s  composed o f  k a o l i n i t e  and a-quartz w i th  a p l a s t i c i t y  index around 20 t o  25 per cent 
and a l i q u i d  l i m i t  of about 60 per cent. 

Average propert ies f o r  the c lay  are 

Clay f rac t ion ,  44  per cent 
Bulk density,  1.8 8/cm3 
Compression index (C,) , 0.5  
Coef f ic ient  o f  volume decrease (mv) , 0.2 cm2/kN 
Consolidation pressures, 1300 kPa 

9.1.4.3 M1 and M2 aquifer  sands 

The gradation o f  the M1 sand i s  highly var iab le  ranging from coarse sand with f i n e  gravel  and 
f i n e  sand t o  s i l t y  f i n e  sand. The sand i s  dense t o  very dense and r e l a t i v e l y  incompressible. 
I n  the area o f  the open cut  the M2 sands are generally thicker and hence have a higher trans- 
m i s s i b i l i t y  than those o f  the M1 aquifer. I n  other respects the sands are simi lar .  

9.1.4.4 M2 aquicludes and aquitards 

The M2 aquicludes and aquitards range from clays t o  s i l t s  with propert ies generally simi lar  
t o  those o f  the M1 aquiclude. 

9.1.5 EXTENT OF MOVEMENTS 

Surface movements, both inside and outside the Yallourn and Morwell open cuts have occurred 
ever since excavation commenced. Regular surveys are car r ied  out t o  determine the amounts of 
these movements. 

The movements a t  Morwell open cut exceed those a t  Yallourn open cut,  mainly because o f  the 
dewatering operations and greater depth o f  the open cut .  The surveys a t  Morwell which were 
i n i t i a t e d  p r i o r  t o  the commencement o f  open cut  operations are based on a datum l i n e  remote 
from the open cut  w i th  survey beacons around the open cut being located by tr iangulat ion.  The 
beacons form the cont ro l  fo r  precise traverses of p i n  l i n e s  established i n  and around the open 
cut .  

By 1977 when the open cut  had reached i t s  f u l l  depth and was being developed t o  the west, 
hor izonta l  movements had reached as much as 2.25 m and v e r t i c a l  movement 1.68 m a t  the top of 
the northern and eastern batters.  These movements decrease outwards from the edge o f  the open 
cut .  
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Contours o f  h o r i z o n t a l  movement i n  the  Morwell  area and o f  subsidence i n  the Yal lourn- 
Morwell  area are shown on Figures 9.1.4 and 9.1.5 respect ive ly .  The p a t t e r n  o f  h o r i z o n t a l  
movement i s  roughly concentr ic  about the  f l o o r  o f  t he  open c u t  w i t h  the major movement 
occurr ing w i t h i n  400 m o f  the edge of  the open cut.  The 20 c m  contour i s  a t  present s ta t i ona ry  
and approximately 1000 m n o r t h  and east o f  t he  open cut.  On t h e  other  hand, subsidence i s  f a r  
more reg iona l  i n  extent--now a f f e c t i n g  the whole o f  the Yallourn-Morwell  area and extending 
eastwards i n t o  Loy Yang, some 20 km east o f  Morwell. By 1977 the 20 cm and 50 cm subsidence 
contours were located some 7.2 km and 4.5 km respec t i ve l y  no r th  o f  the open c u t  w i t h  the 50 c m  
contour embracing an area of 47 km2 and inc lud ing  much o f  Morwell  township. 

The C l i n e  o f  survey marks passes through the southern p o r t i o n  o f  Morwel l  township a t  
r i g h t  angles t o  the  nor thern edge o f  the open cut.  Hor i zon ta l  movement and subsidence p r o f i l e s  
along the C l i n e  are shown i n  Figure 9.1.6. By 1977 the t o t a l  souther ly  displacement o f  a 
p o i n t  adjacent t o  the open c u t  was 2.01 m, but  a t  a distance o f  400 m from the open c u t  was 
on ly  0.39 m. S i m i l a r  pa t te rns  o f  movement are found on other  pin l i n e s  extending outwards from 
the open cut.  I n  the v i c i n i t y  o f  the open c u t  subsidence commenced a t  a slower rate,  and a t  
one stage was l i t t l e  more than h a l f  t h a t  o f  h o r i z o n t a l  movement. However, a steady r a t e  of  
subsidence has been maintained wh i l e  h o r i z o n t a l  movements have decreased a f t e r  deepening o f  t he  
open c u t  ceased and development extended westwards. A t  200 m from the nor thern edge o f  the 
open cut,  v e r t i c a l  and h o r i z o n t a l  movements are now roughly equal, wh i l e  a t  800 m v e r t i c a l  
movements exceed h o r i z o n t a l  by 0.95 m (Figure 9.1.6). 

Evidence o f  subsidence such as p r o t r u s i o n  o f  casing above ground surface i s  v i s i b l e  a t  
Morwell. F igure 9.1.7 shows clamps on an observat ion bore casing se t  i n  the M1 aqu i fe r  now 
standing 1.0 m above the shal low surface casing on which they o r i g i n a l l y  rested. 

9.1.6 CAUSES OF MOVEMENT 

Factors c o n t r i b u t i n g  t o  movement were discussed by Gloe, James and Barton (1971), Gloe (1976) 
and Hutchings, Fajd iga and Raisbeck (1977). Apart from the geometry o f  the cu t  and t h e  

...._.. . . . . . . . . _ ,  :. ...... ,, 
.....: 

. . , . '. .: . ..,.: .. . \ \ ... 

F igure 9.1.4 Hor i zon ta l  movement adjacent t o  F igure 9.1.5 Regional subsidence i n  the  
Morwel l  open cut.  Yal lourn-Morwell  area. 
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Figure 9.1.6 Horizontal  movement and subsidence p r o f i l e s  on C l i n e .  

Figure 9.1.7 Protruding bore casing north of Morwell open cut .  
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geo log ica l  s t ructure,  t he  s i g n i f i c a n t  f a c t o r s  i n f l uenc ing  movements i n  the area around Morwel l  
open c u t  are pressure r e l i e f  and reduct ion i n  a r t e s i a n  and ground-water pressures. 

As s tated above, t he  major h o r i z o n t a l  movements occur w i t h i n  a d is tance o f  some 400 m f r o m  
the edge o f  the open c u t  and are considered t o  be due t o  pressure r e l i e f  as w e l l  as t o  response 
t o  d i f f e r e n t i a l  subsidence. 

Subsidence near the open c u t  i s  in f luenced by pressure r e l i e f  ( inward and downward movement 
o f  ba t te rs ) ,  bu t  reg iona l  subsidence i s  a t t r i b u t e d  mainly t o  conso l i da t i on  o f  s t r a t a  through 
increase o f  e f f e c t i v e  stresses r e s u l t i n g  from the lowering o f  a r t e s i a n  water pressures. The 
lowering o f  the ground-water t a b l e  by n a t u r a l  drainage through j o i n t s  o r  h o r i z o n t a l  bores 
d r i l l e d  a t  toes o f  b a t t e r s  f o r  lengths o f  up t o  250 m a l s o  r e s u l t s  i n  consol idat ion.  However, 
such e f f e c t s  are not  considered t o  extend beyond distances o f  600 m from the open cut.  

The re la t i onsh ips  between subsidence, p iezometr ic  l e v e l s  and f l o w  ra tes  are shown on 
Figure 9.1.8. Since 1960 the M 1  and M2 aqui fer  pressure l e v e l s  have been lowered by some 125 m 
and 120  m respec t i ve l y  i n  the  area o f  the f l o o r  o f  the open cut.  Dewatering o f  M2 aqu i fe r  was 
no t  commenced u n t i l  1970 and hence the 50 m reduct ion i n  piezometr ic l e v e l  of t h i s  aqu i fe r  must 
have been achieved through upward leakage. 

Although no s i g n i f i c a n t  h o r i z o n t a l  movements have occurred a t  C14 (800 m n o r t h  o f  open 
c u t )  t h i s  survey mark i s  subsiding a t  a r a t e  s i m i l a r  t o  t h a t  a t  C2 (150  m nor th)  where sub- 
s t a n t i a l  h o r i z o n t a l  movements have taken place. The reg iona l  character o f  subsidence i s  
f u r t h e r  i l l u s t r a t e d  by the steady lowering o f  P i n  M158, located 5 km n o r t h  o f  open cut,  but  
where no h o r i z o n t a l  movements have been recorded. 

' ----- Flows 
. -.- Piezometric Level' 

(Flow of open cut) 

9.1.7 PREDICTED FUTURE MOVEMENTS 

Future v e r t i c a l  movements i n  areas beyond the per imeter o f  the open c u t  have been estimated 
from consol idat ion theory on the assumption t h a t  drainage o f  b a t t e r s  and reduct ion o f  a r t e s i a n  
pressures are the major f a c t o r s  c o n t r i b u t i n g  t o  subsidence. F o r t u i t o u s l y  the e f f e c t i v e  stresses 
r e s u l t i n g  from the dewatering w i l l  be lower than preconsol idat ion pressures. Hence, f u t u r e  
subsidence w i l l  occur as a r e s u l t  o f  conso l i da t i on  on the recompression p o r t i o n  o f  t he  f i e l d  
conso l i da t i on  curves. 

With the f u l l  development o f  Morwel l  open cut,  u l t i m a t e  set t lement values are p red ic ted  t o  
reach approximately double those which have occurred t o  1977 i n  the main Morwel l  township area. 
Values o f  up t o  3 m are expected a t  t he  southern edge of the  town and 1 m a t  t h e  no r the rn  
boundary. Present subsidence contours w i l l  increase towards the west and the 3 m contour w i l l  
be located west o f  the Morwell  R iver  (about 3.5 km west o f  the present f l o o r  o f  the open cu t ) .  

F igure 9.1.8 Relat ionship o f  p iezometr ic l e v e l s  and subsidence 
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Regional subsidence w i t h i n  the Latrobe Va l l ey  depression i s  l i k e l y  t o  extend, both i n t o  
the  Moe Basin, a probable i n t a k e  area, as w e l l  as t o  the  east. The new major open c u t  a t  Loy 
Yang has a designed depth o f  200 m and the requi red lowering o f  p iezometr ic l e v e l s  i n  t h i s  area 
i s  l i k e l y  t o  r e s u l t  i n  even greater  set t lements than w i l l  occur a t  Morwell. U l t ima te l y ,  t he  
set t lement "basins" a t  Morwel l  and Loy Yang are expected t o  coalesce. 

9.1.8 SIGNIFICANCE OF MOVEMENTS 

S t r u c t u r a l  damage due t o  e a r t h  movements i s  r e l a t e d  more t o  the degree o f  h o r i z o n t a l  s t r a i n  and 
d i f f e r e n t i a l  subsidence than t o  absolute values o f  movements. The s t r a i n  values are determined 
from p rec i se  surveys o f  survey p i n s  genera l ly  6 0  m apar t  and, therefore,  abrupt d i s c o n t i n u i t i e s  
which may have developed cou ld  be masked. One such feature has been detected on t h e  ground and 
can be t raced  from the open c u t  f o r  some 200 m i n t o  the southern l i m i t s  of t he  township. 

9.1.8.1 E f f e c t s  on Morwell  Township 

Morwel l  township o f  16 000 i nhab i tan ts  extends t o  w i t h i n  300 m o f  the nor thern edge o f  t he  open 
c u t  ( F i t u r e  9.1.5). Houses are mainly s i n g l e  s to rey  and o f  t imber o r  b r i c k  veneer const ruct ion 
w i t h  f i b r o u s  p l a s t e r  l i n i n g .  The commercial centre i s  located 1 km from the open c u t  and 
conta ins b r i c k  b u i l d i n g s  o f  one o r  two s to r i es .  The recorded maximum value o f  north-south 
h o r i z o n t a l  s t r a i n  i s  l e s s  than 0 . 8  per cent. S t ra ins  are n e g l i g i b l e  over the  nor thern p o r t i o n  
o f  t he  township. Future s t r a i n s  i n  the  southern township f r i n g e  are p r e d i c t e d  t o  be about 0 . 5  
per  cent. Larger s t r a i n s  could occur i n  some l o c a l i z e d  areas and could a f f e c t  houses and 
services.  

D i f f e r e n t i a l  subsidence has r a r e l y  exceeded O.  3 per  cent i n  Morwell  township , and values 
are commonly l e s s  than 0.1 pe r  cent  over most o f  t he  area. W i t h  t h e  p red ic ted  doubl ing o f  
t o t a l  subsidence i n  the  township area, and the general d i f f e r e n t i a l  subsidence values u n l i k e l y  
t o  exceed 0.3 per  cent, i t  i s  concluded t h a t  d i f f e r e n t i a l  subsidence w i l l  n o t  s i g n i f i c a n t l y  
a f f e c t  bu i l d ings  and services w i t h i n  t he  township. 

A l l  r e levan t  a u t h o r i t i e s  i n  t h e  township and d i s t r i c t  are f u l l y  aware o f  t he  h i s t o r y  and 
amounts o f  movement occurr ing.  Each receives copies o f  t he  annual ly rev i sed  ea r th  movement 
survey data and the i n fo rma t ion  i s  a v a i l a b l e  t o  the  pub l i c .  A t echn ica l  panel, cons i s t i ng  o f  
two experienced geotechnical  personnel from the  State E l e c t r i c i t y  Commission, and a representa- 
t i v e  from the Commonwealth S c i e n t i f i c  and I n d u s t r i a l  Research Organization, D i v i s i o n  o f  Applied 
Geomechanics, has been establ ished t o  review claims f o r  damage from owners o f  p r i v a t e  property,  
and t o  assess whether t h e  damage was due t o  open c u t  operat ions o r  t o  some other  cause. A s i x -  
year p e r i o d  o f  su rve i l l ance  has r e s u l t e d  i n  the de tec t i on  o f  some minor crack ing i n  concrete 
pavements and br ickwork;  however, t o  date no claims have been proved. It has a l s o  been shown 
t h a t  grades on drainage and sewage l i n e s  have no t  been s i g n f i c a n t l y  a f f e c t e d  by e a r t h  movements. 

9.1.8.2 E f f e c t s  on engineer ing s t ruc tu res  

Important engineer ing s t ruc tu res  associated w i t h  t he  mining operat ions and power generat ion are 
l oca ted  w i t h i n  the open c u t  and beyond the  perimeter. These s t ruc tu res  i nc lude  dredgers, 
conveyor systems, p ipe l i nes ,  power s tat ions,  storage bunkers, coo l i ng  towers and water storages. 
Risks o f  damage w i t h i n , t h e  open c u t  are reduced by the designed geometry o f  t h e  excavation, and 
by t h e  design o f  equipment t o  minimize the e f f e c t  o f  movements. Beyond t h e  per imeter o f  t h e  
open cut ,  power s t a t i o n s  and associated s t ruc tu res  are genera l ly  located 500 t o  700 m from the  
edge o f  the open c u t  where f u t u r e  ground s t r a i n s  a re  estimated t o  be w i t h i n  acceptable l i m i t s .  

9.1.9 CONCLUSIONS 

Large v e r t i c a l  and h o r i z o n t a l  movements have r e s u l t e d  from the  development o f  deep and extensive 
open cu ts  i n  the brown c o a l  deposi ts  o f  t he  Latrobe Valley. 

Regional subsidence has been due t o  the reduct ion o f  a r tes ian  water pressures i n  aqu i fe rs  
under l y ing  the c o a l  seams, wh i l e  h o r i z o n t a l  movements are due mainly t o  pressure r e l i e f  w i t h i n  
the open cuts  and are l o c a l i z e d  around each excavation. 

T o t a l  movements are expected t o  double 'as development o f  t he  Morwell  open c u t  continues. 
Although the  southern f r i n g e  o f  Morwell  township could be a f f e c t e d  by h o r i z o n t a l  s t r a i n ,  ser ious 
problems are n o t  ant ic ipated.  The reg iona l  subsidence i s  l i k e l y  t o  be r e l a t i v e l y  uni form and 
the  r e s u l t i n g  low d i f f e r e n t i a l  subsidence values should n o t  a f f e c t  buldings and services i n  
Morwel l  township, nor major engineer ing s t ruc tu res  outside the  per imeter o f  t h e  open cut .  
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Regular survey and su rve i l l ance  programs w i l l  be continued i n  c o l l a b o r a t i o n  w i t h  t h e  
var ious a u t h o r i t i e s  invo lved i n  the area, bu t  no spec ia l  measures t o  c o n t r o l  or amel iorate 
subsidence are planned, o ther  than t o  l i m i t  t he  reduct ion o f  a r t e s i a n  pressures t o  the m i n i m u m  
value consis tent  w i t h  sa fe ty  o f  operations. 
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Case History No. 9.2. Shanghai, China, by Shi Luxiang 
and Bao Manfang, Shanghai Geological Department, 

~ - 

Shanghai, China 

9.2.1 INTRODUCTION 

Shanghai i s  t he  l a r g e s t  i n d u s t r i a l  c i t y  i n  China, s tanding on the  coast o f  t h e  East China Sea 
and s i t u a t e d  a t  t he  f r o n t  edge o f  t h e  Yangtze Delta.  The elevat ion1 o f  t h e  f l a t - l y i n g  c i t y  
area i s  3-4 metres above sea l e v e l .  The summer-winter temperature v a r i a t i o n  i s  very  large.  
The Whangpoo River and Çoochow Creek, bo th  be ing t h e  o u t l e t s  o f  Taihu Lake, a re  t h e  c h i e f  t i d e  
waterways o f  the c i t y .  

Land subsidence was f i r s t  repor ted i n  1921. A f t e r  l i b e r a t i o n ,  w i t h  t h e  r a p i d  development 
o f  i n d u s t r i a l  production, t he  e x p l o i t a t i o n  o f  ground water increased, and subsidence continued. 
The greatest  subsidence occurred from 1956 t o  1959, a t  an annual r a t e  o f  98 mm. Up t o  1965, 
the maximum cumulative subsidence, as i nd i ca ted  by one o f  t h e  bench marks i n  t h e  c i t y  area, was 
as h igh as 2.63 m (Figure 9.2.1). The area o f  cumulat ive subsidence exceeding 500 mm was 1 2 1  
km2, forming two plate-shaped depressions i n  the  urban d i s t r i c t  and a f f e c t i n g  t h e  suburban 
d i s t r i c t s ,  too. 

l"Elevation" i n  t h i s  paper i s  based upon t h e  Wusong datum. 
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Figure 9.2.1 Cumulative deformation shown by some t y p i c a l  bench marks i n  t h e  urban area o f  
Shanghai. rebound; - I  subsidence 
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A f t e r  1963, antimeasureç were taken against  l and  subsidence. I n  1965, the  annual r a t e  o f  
subsidence i n  the urban area was reduced t o  23 mm. From the  research r e s u l t s  o f  the preceding 
per iod,  ca l cu la t i ons  f o r  t he  r e l a t i o n s  among pumpage, water l e v e l ,  and subsidence f o r  t h e  year 
of 1966 were made i n  1965, and the  scheme f o r  p lanning e x p l o i t a t i o n  f o r  the year o f  1966 was 
drawn up. The e x p l o i t a t i o n  o f  f a c t o r i e s  fo l lowed the  plan, and therefore,  i n  1966, annual 
rebounding o f  6.3 mm occurred i n  the  urban area. 

9.2.2 GENERAL GEOLOGICAL CONDITION OF THE OVERBURDEN 

I n  t h e  Shanghai area, unconsol idated mater ia ls ,  about 300 metres t h i c k ,  o f  a l t e r n a t i n g  marine 
and c o n t i n e n t a l  f a c i e s  were deposi ted on t h e  bedrock du r ing  t h e  Quaternary Period. The upper 
p o r t i o n  o f  150 m i s  composed o f  c layey s o i l  and sand o f  l i t t o r a l  and f l u v i a l  d e l t a  fac ies;  t he  
lower p o r t i o n  o f  150 m cons is t s  o f  a l t e r n a t i n g  sand laye rs  o f  f l u v i a l  and var iegated c lays  of 
l a c u s t r i n e  fac ies.  

Based on the  hydxogeological c h a r a c t e r i s t i c s  o f  the overburden, one water-bearing l a y e r  
and f i v e  aqu i fe rs  may be i d e n t i f i e d  (he re ina f te r  c a l l e d  aqui fers ,  F igure 9.2.2). The general 
features o f  these aqu i fe rs  are:  f l a t - l y i n g ,  t h i c k ,  f ine-grained, w i t h  smal l  hydrau l i c  gradient  
and low v e l o c i t y  o f  ground-water f low. These aqui fers  are marked by a d i s t i n c t  r e g u l a r i t y  o f  
l i t h o l o g i c a l  changes, f i n e r  grained w i t h  decreasing thickness from northeast t o  southwest. 
Aqui tards are widely  d i s t r i b u t e d ,  on l y  absent i n  the  eastern p a r t ,  o r  i n  l o c a l  areas a long the  
Whangpoo River, thus b r i n g i n g  about d i r e c t  h y d r a u l i c  interconnect ions between t h e  f i r s t ,  second 
and th i rd  aqui fers .  

According t o  i t s  engineer ing-geological  character, the overburden may be d i v ided  i n t o  1 3  
layers.  Among them are th ree  s t i f f  c l a y  l aye rs  below the second aqu i fe r ,  w i t h  f a i r l y  high 
compressive strength;  t h e i r  v o i d  r a t i o  i s  l e s s  than 0 . 7 0 ,  and t h e i r  c o e f f i c i e n t  o f  
compress ib i l i t y  l e s s  than 0.025 cm2/kg. The amount o f  compression o f  the l aye rs  i s  
comparat ively small, as shown i n  the  surveys made over t h e  years. Above t h e  second a q u i f e r  are 
th ree  compressible l a y e r s  ( s o f t  c l a y  l a y e r s )  w i t h  low compressive s t rength and one dark-green 
s t i f f  c l a y  l a y e r  w i t h  f a i r l y  high compressive strength.  The v o i d  r a t i o  o f  these layers,  t h e i r  
water content, c o e f f i c i e n t  o f  permeabi l i ty ,  c o e f f i c i e n t  o f  compress ib i l i t y ,  and other  p r i n c i p a l  
p h y s i c a l  mechanical i nd i ces  decrease as the  depth o f  t h e  l aye rs  increases (Figure 9.2.3). 

9 2 3 RELATIONSHIP BETWEEN GEOLOGICAL STRUCTURE AND LAND SUBSIDENCE 

According t o  geo log ica l  surveys and a n a l y t i c a l  s tud ies o f  the observat ion data, l and  subsidence 
p r i n c i p a l l y  occurred i n  the upper l a y e r s  o f  the overburden. To present i n  f u l l  the f a c t o r s  
causing subsidence, t he  urban area o f  Shanghai may be d i v ided  i n t o  fou r  geolog ica l  s t r u c t u r e  
areas o f  l and  subsidence, based on the d i f f e r e n t  combinations, from the  depth o f  70  m upward, 
o f  t h ree  compressible l aye rs  and one dark-green s t i f f  c l a y  layer ,  and based on t h e i r  
r e l a t i o n s h i p  w i t h  t h e  1 s t  and 2nd aqu i fe rs  (Figure 9.2.4). 

F igure 9.2.2. Geological  p r o f i l e  o f  the urban area o f  Shanghai. 1, surface s o i l ;  2, muddy 
c lay;  3, muddy clayey loam; 4 ,  clayey loam w i t h  sand; 5, s t i f f  c lay;  6 ,  sand; 7, 
sand w i t h  gravel ;  8 ,  conf ined aqu i fe r ;  9, compressible layer .  
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Figure 9.2.3 Var ia t ions o f  main physical-mechanical p roper t i es  o f  s o i l  l a y e r s  w i t h  depth. I, 
v o i d  r a t i o ;  2, content o f  c l a y  p a r t i c l e ;  3, water content;  4 ,  c o e f f i c i e n t  of 
permeabi l i ty ;  5, c o e f f i c i e n t  o f  compress ib i l i t y .  Legend o f  columnar s e c t i o n  as 
shown i n  Figure 9.2.2. 

Area No. l (1 ) .  Consist ing o f  the 1 s t  compressible layer ,  t h e  dark-green s t i f f  c l a y  l a y e r  
and the 1 s t  and 2nd aqui fers .  Due t o  t h e  th in  compressible l aye rs  and the t h i c k  sand l a y e r s  i n  
a d d i t i o n  t o  the dark-green s t i f f  c l a y  layer ,  the rebound o f  l and  surface was comparatively 
great a f t e r  measures were taken. 

Area NO. 2 ( I I ) .  Consist ing o f  t he  1 s t  and 3rd compressible layers,  t he  dark-green s t i f f  
c l ay  l aye r  and the 1 s t  and 2nd aqui fers .  Owing t o  the  f a c t  t h a t  t h e  3rd compressible l a y e r  i s  
comparatively t h i c k ,  t he  cumulative subsidence was r e l a t i v e l y  greater  than t h a t  i n  Area No. 1 
before measures were taken. However, t h i s  i s  a lso  an area i n  which the  rebound i s  
comparatively great a f t e r  t a k i n g  t h e  measures. 
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Figure 9 .2 .4  Re la t i onsh ip  between the geo log ica l  s t ruc tu re  and land subsidence i n  urban area 
o f  Shanghai. 1, surface s o i l ;  2, 1 s t  compressible layer ;  3, 2nd compressible 
layer ;  4, dark-green s t i f f  c l a y  layer;  5, 3rd compressible layer ;  6, 1 s t  aqui fer ;  
7, 2nd aqu i fe r ;  8, s l i g h t  subsidence w i t h i n  the boundary l i n e ,  rebound area 
ou ts ide  the boundary l i n e ;  9,  geo log ica l  s t ruc tu re  area and boundary l i n e .  

Area No. 3 (III). Consist ing of the 1 s t  and 2nd compressible l aye rs  and the 1 s t  and 2nd 
aqui fers .  Due t o  the absence of the dark-green s t i f f  c l ay  l aye r  and the  existence of the 
d i r e c t  hyd rau l i c  in terconnect ion between the 1 s t  and 2nd aquifers, the cumulative subsidence 
was comparatively g rea t  before we adopted the methods for  improvement. Since the measures were 
taken, the r a t e  o f  subsidence has Slowed down, though there i s  s t i l l  s l i g h t  subsidence i n  the 
1 s t  and 2nd compressible layers.  -. Lying i n  the c e n t r a l  p a r t  o f  the c i t y  i n  a NE-SW d i r e c t i o n .  This  i s  
l a r g e l y  an unexplo i ted and unrecharged area. It comprises the l s t ,  2nd and 3rd compressible 
l a y e r s  and the  2nd aqu i fe r .  Since the th ree  compressible l aye rs  are t h i c k  and there i s  no 
dark-green s t i f f  c l a y  layer ,  the cumulat ive subsidence had been comparatively great before 
remedial measures were appl ied.  A f te r  we had taken these measures, w i t h  the recovery o f  the 
ground-water l e v e l ,  t he  th i rd compressible l aye r  was no longer under compression and began t o  
swell .  However, con t i nua t ion  of s l i g h t  compression of the f i r s t  two compressible layers has 
been observed. The geo log ica l  s t ruc tu re  of t h i s  area i s  genera l ly  weak. 

From the  exp lo ra t i on  data, we recognized as fo l lows:  

1. I n  areas w i t h  the same geo log ica l  condi t ions o f  ground-water exp lo i t a t i on ,  the 
ampli tude o f  subsidence va r ies  w i t h  the thickness and the compress ib i l i t y  o f  the 
compressible layers.  Generally, the greater  the th ickness and the compress ib i l i ty ,  
the g rea te r  the subsidence. 

2. The amount o f  compression of  the 1 s t  compressible l a y e r  depends upon whether the 
dark-green s t i f f  c l a y  l a y e r  i s  present i n  the lower p a r t .  The subsidence i n  Areas 
Nos. 3 and 4 ,  where there i s  no dark-green s t i f f  c l a y  layer,  i s  greater  than t h a t  
i n  Areas Nos. 1 and 2 where the dark-green s t i f f  c l a y  l a y e r  i s  present. 
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3. The r a t e  o f  compression o f  the 1 s t  and 2nd compressible l a y e r s  depends upon whether 
hyd rau l i c  in terconnect ion e x i s t s  between the 1 s t  and 2nd aqui fers .  Therefore, the 
r a t e  i s  greater  i n  Area No. 3 where the hyd rau l i c  in terconnect ion e x i s t s  than i n  
Area No. 2 where i t  does not. 

I t  may be understood t h a t  i n  the course o f  h i s to ry ,  the s o i l  l a y e r s  have been under the 
a c t i o n  o f  f a i r l y  low water head. From the r e l a t i o n  o f  preconsol idat ion pressure o f  the var ious 
s o i l  layers,  we know i t  i s  equiva lent  t o  the a c t i o n  o f  preloading. Therefore, each l a y e r  has 
i t s  own preconsol idat ion pressure pc and preconsol idat ion r a t i o  c r =  pc/po, i n  which 
po i s  the overburden pressure).  From the depth o f  the s o i l  l aye rs  above 70 m, pc values 
are worked ou t  by l abo ra to ry  tests .  We know t h a t  the average preconsol idat ion pressure pc o f  
the 1 s t  and 2nd compressible l aye rs  approaches the overburden pressure po o f  the o v e r l y i n g  
s o i l  layers.  I t  may be the normal conso l i da t i on  layer .  The 3rd compressible l a y e r  i s  40-70 m 
below the surface, and i t s  pc and cr increase w i t h  depth. The compression o f  the 3rd 
compressible l a y e r  (over-consolidated) w i l l  not  occur i f  the average (pc-po) N 1 kg/cm2, 
i.e., i f  the drawdown o f  the ground-water l e v e l  i n  the 2nd aqui fer  does not  exceed the average 
(pc-po) value wh i l e  the measures c o n t r o l l i n g  l and  subsidence are being taken. 

9.2.4 CALCULATION 

According t o  the  mechanism of deformation o f  t he  s o i l  l aye rs  under the  pumping drawdown, i t  i s  
s u i t a b l e  t o  apply a one-dimensional equation t o  c a l c u l a t e  the compressive deformation o f  the 
s o i l  layers.  The d r a i n  path o f  the l s t ,  2nd and 3rd compressible l a y e r s  i s  mainly upward and 
downward toward the sand layers.  Although the ground-water cone ex i s t s ,  y e t  i t  has a wider 
range and smal l  hyd rau l i c  gradient.  The d i f f e r e n c e  o f  h o r i z o n t a l  water pressure i s  no t  great, 
SO the transverse drainage may not  be considered. 

This  p r i n c i p l e  has been appl ied t o  the annual c a l c u l a t i o n  s ince 1965, and the r e s u l t s  have 
been checked the next  year i n  order t o  make a comparison w i t h  the p r a c t i c e  t o  c o r r e c t  the 
ca lcu lated ind ices year by year. The ca l cu la ted  value and p r a c t i c e  would gradual ly  c o r r e l a t e  
w i t h  each other. 

I n  1972, according t o  the e l a s t i c - p l a P t i c  c h a r a c t e r i s t i c s  o f  deformat ion o f  s o i l  l aye rs  
and the p r i n c i p l e s  o f  s o i l  mechanics, a p h y s i c a l  model was developed. Then through the 
s t a t i s t i c a l  analys is  o f  a l a r g e  amount o f  observed data o f  deformation, which were in f luenced 
by the v a r i a t i o n  i n  e l e v a t i o n  o f  the ground-water l e v e l  under a c e r t a i n  pumping and recharging 
condi t ion,  a s i m p l i f i e d  mathematical model was developed, i n  order t o  ge t  the op t im iz ing  
numerical s o l u t i o n  w i t h  computer. Consequently, the forecast  and p r e d i c t i o n  o f  land subsidence 
can be made. 

Accuracy o f  c a l c u l a t i o n  has been checked through p rac t i ce .  The p e r i o d  o f  p r e d i c t i o n  f o r  
scheme c a l c u l a t i o n  i s  one year. The c a l c u l a t i o n  has been made since 1972. The p r a c t i c e  has 
demonstrated t h a t  the maximum e r r o r  o f  p r e d i c t i n g  e leva t i on  o f  water head was 2 0.5 m, when the 
annual amplitude o f  water head was l e s s  than 6-8 m; the average e r r o r  o f  p r e d i c t i n g  absolute 
deformation was below 1.7 mm, when the annual average ampli tude o f  deformat ion was l e s s  than 
14.3 mm. 

9 . 2 . 5  MEASURES 

The purpose o f  l and  subsidence research i s  t o  solve the problem o f  land subsidence; therefore,  
i t  i s  the key o f  the quest ion t o  take measures. 

The main cause o f  land subsidence i n  Shanghai i s  i n tens i ve  e x p l o i t a t i o n  o f  ground water 
and corresponding drawdown o f  water l eve l .  I n  order t o  c o n t r o l  land subsidence and t o  
r a t i o n a l i z e  the e x p l o i t a t i o n  o f  ground water, t he  measures f o r  recover ing and r a i s i n g  up the 
ground-water l e v e l  have been taken on the bas is  o f  analysing and researching the laws of l and  
subsidence, according t o  Shanghai's s p e c i f i c  condi t ions.  Pre l iminary c o n t r o l  o f  subsidence o f  
the urban area has been achieved. The measures taken are c h i e f l y  as fo l lows:  

1. R e s t r i c t i n g  and r a t i o n a l  usage o f  ground water. 
Owing t o  the g rea t  d i sas te r  made by the l and  subsidence, i n  1963 i t  was 

resolved t h a t  measures f o r  r e s t r i c t i n g  ground-water e x p l o i t a t i o n  were t o  be taken 
by Shanghai Munic ipa l  Government. Ground water i n  Shanghai i s  mainly u t i l i z e d  t o  
regulate the a i r  and lower the temperature, SO the paper, i r o n  and s t e e l  i n d u s t r i e s  
which do no t  need coo l i ng  energy from the ground water, have changed t o  using 
surface water. I n  addi t ion,  some f a c t o r i e s  have i n s t a l l e d  r e f r i g e r a t i o n  equipment 
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i ns tead  o f  us ing  ground water. Cool ing energy from t h i s  equipment may be 
equiva lent  t o  the  coo l i ng  energy provided by 200 deep wel ls .  Since 1965, t h e  
c a l c u l a t i o n  o f  l and  subsidence has been made annually, thus g i v i n g  the p lanning 
e x p l o i t a t i o n  scheme f o r  t he  next  year. And the  fac to r ies ,  according t o  the  p l a n  
fo r  r a t i o n a l  usage o f  ground water, have taken measures f o r  m u l t i p l e  and 
comprehensive u t i l i z a t i o n  o f  ground water. 

2. A r t i f i c i a l  recharge o f  ground water. 
The "measures o f  recharging i n  w in te r  f o r  summer use and recharging i n  summer 

f o r  winter  use" have been employed since 1965. The t e x t i l e  m i l l s  which need 
coo l i ng  energy can use lower temperatures i n  summer. From the  p r a c t i c e  over years, 
i t  was proved t h a t  a f t e r  recharging, t h e  temperature o f  ground water o f  t h e  2nd and 
3 r d  aqu i fe rs  gradual ly  decreased by 6-10' C i n  comparison w i t h  t he  o r i g i n a l ,  and 
t h a t  o f  the 4 t h  and 5 t h  aqu i fe rs  a l s o  decreased by 9-10' C. Besides, recharging i n  
winter  f o r  summer use and recharging i n  summer f o r  w in te r  use had the  func t i on  of 
r a i s i n g  the  ground-water l e v e l  i n  order t o  d imin ish l and  subsidence. 

3. Adjustments o f  e x p l o i t e d  aqui fers .  
Before t h e  measures had been taken, ground water was mainly pumped from the  

2nd and 3 r d  aqu i fe rs  i n  the urban area. Although the  4 t h  aqu i fe r  contains abundant 
ground water o f  f a i r l y  good q u a l i t y ,  the o r i g i n a l  temperature i s  high, so i t  i s  no t  
s u i t a b l e  f o r  cool ing.  Hence the  pumpage from the  4 t h  a q u i f e r  i s  small. Due t o  the  
i r r e g u l a r  d i s t r i b u t i o n  of the 5 t h  aqu i fe r  and the  h igh  temperature o f  i t s  ground 
water, pumpage from t h i s  aqu i fe r  a l s o  i s  small. However, a f t e r  recharging c o o l  
water i n  winter  t o  these aqui fers ,  the temperature o f  ground water i n  them 
decreases and the  water can be used f o r  coo l i ng  purposes. Therefore, pumpage from 
the  2nd and 3rd aqu i fe rs  has been decreased, and the  use o f  ground water from the 
4 t h  and 5 th  aqu i fe rs  has been increased. On the other  hand, t h e  s t reng th  o f  t h e  
s o i l  l a y e r  underneath the 3rd aqu i fe r  i s  f a i r l y  high, and deformation i s  no t  
obvious a f t e r  t h e  e x p l o i t a t i o n  o f  t h e  4 t h  and 5 t h  aqui fers .  This w i l l  decrease t h e  
r a t e  o f  l and  subsidence. 
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9 3.1 INTRODUCTION 

Many areas o f  I t a l y  are a f fec ted  by l a n d  subsidence. Among these, t h e  area o f  Venice (F igure 
9.3.1) has caused the greatest  concern. I t s  s ink ing  i n  fact ,  i n  s p i t e  o f  the r e l a t i v e l y  smal l  
ra te ,  could be f a t a l ,  due t o  t h e  low l e v e l  o f  t he  c i t y  i n  r e l a t i o n  t o  t h e  sea. The well-known 
f l oods  ( o r  "acque a l te , "  a l o c a l  id iom meaning high waters), e s s e n t i a l l y  caused by weather and 
astronomical  factors ,  are i n d i r e c t l y  enhanced by subsidence both i n  ampli tude and i n  frequency. 
When the s tud ies were started, i t  became q u i t e  c l e a r  that ,  out  o f  t he  var ious f a c t o r s  respon- 
s i b l e  f o r  t he  s inking, the wi thdrawal o f  underground water was t h e  main one. Thus, a f t e r  a 
p re l im ina ry  analysis,  the research e f f o r t  was mainly d i r e c t e d  t o  hydrogeology. 

I n  1969, t h e  I t a l i a n  Cons ig l i o  Nazionale d e l l e  Ricerche (CNR, Na t iona l  Research Counci l )  
c o n s t i t u t e d  a working group f o r  t h e  Venice problem. S t a r t i n g  t h a t  year an accurate i nven to ry  
was made o f  t h e  data already a v a i l a b l e  but widely  scattered. They were f i l e d  according t o  

F igure 9.3.1 Map o f  t h e  Venetian area under i nves t i ga t i on .  
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l i t h o s t r a t i g r a p h y ,  hydrology, geotechnique, and geodesy. D u r i n g  t h e i r  processing, s p e c i f i c  
experimental t e s t s  were performed, t o  v a l i d a t e  and supplement the p re l im ina ry  reconstruct ions.  

The ana lys i s  was g iven two major aims: f i r s t ,  t o  describe the  p h y s i c a l  environment where 
the  phenomena under study occur; next, t o  describe t h e i r  evolut ion,  t o  i nves t i ga te  t h e i r  
mechanism, and t o  make p r e d i c t i o n s  w i t h  numerical models. The f i n a l  r e s u l t s  o f  the research 
conf i rm the  dependence o f  t he  subsidence on the a r tes ian  withdrawals, the p o s s i b i l i t y  o f  stop- 
ping the  sett lement o f  t he  c i t y ,  and even o f  ob ta in ing  a s l i g h t  rebound by n a t u r a l l y  recharging 
the  depleted a q u i f e r  system. 

9.3.2 THE PHYSICAL ENVIRONMENT 

The Venice conf ined system, down t o  1000 m depth (Quarternary basement), i s  cons t i t u ted  by sand 
laye rs  (aqu i fe rs )  bounded by s i l t  and c l a y  l aye rs  (aqui tards) .  Moving northwest, towards the 
f o o t h i l l s  o f  t he  Alps, t he  sedimental s t r u c t u r e  tends t o  change. Ma te r ia l s  are more and more 
coarse, wh i l e  the  aqui tards become thinner,  and, a t  a c e r t a i n  po in t ,  they disappear. I n  the 
f o o t h i l l  b e l t  t h e  unconsol idated mantle i s  a whole homogeneous system of sand and gravel. For 
the hydro log is t ,  i t  represents the rese rvo i r  supply ing the aqui fer -aqui tard system extending 
beneath Venice and even f u r t h e r .  

T b V e n e t i a n  a q u i f e r  system has been inves t i ga ted  i n  d e t a i l  by t a k i n g  in format ion from both 
t h e  e x i s t i n g  a r t e s i a n  w e l l s  (Alberotanza, e t  al., 1972) and a new deep t e s t  borehole, VE 1 CNR, 
where continuous samples o f  t h e  Quarternary se r ies  were taken (Consig l io  Nazionale Ricerche, 
1971). Thousands o f  analyses were performed on the borehole samples, and a complete physio- 
graphy o f  t he  l o c a l  subsurface formations was obtained. From t h i s  d r i l l i n g  more complete 
i n t e r p r e t a t i o n  o f  the sca t te red  i n fo rma t ion  was made possible.  Moreover, the s t a r t i n g  p o i n t  
was ava i l ab le  f o r  t he  d e f i n i t i o n  o f  the hydrogeological  stereogram o f  t he  region. Figure 9.3.2 
i s  a map o f  the upper 350 m, where the aqu i fe rs  are pumped ( a f t e r  Gambolati, e t  al., 1974, 
s l i g h t l y  modif ied).  S i x  aqu i fe rs  appear, f o u r  o f  which are extens ive ly  exp lo i t ed  (2nd, 4th, 
5 t h  and 6th).  

Permeabi l i ty ,  gra in-s ize and c l a y  chemistry o f  aqu i fe rs  and aqui tards are repor ted i n  
tab les  1, 2 and 3, whose values were obtained by analyzing the cores o f  the VE 1 CNR and two 
o the r  t e s t  boreholes L I D O  1 and MARGHERA 1. 

50 

100 

150 

200 

250 

3011 

351 

n 

E 

a 

" 

k 

AOU,FERs 
+,; ..,.: .,.. :. 

MARGHERA 1 VE 1 C.N.R. (Venezla West) VE 2 C.N.R.(Venezia East) LIDO 1 

io 

100 

150 

200 

250 

300 

150 

AQUITARDS 

F igu re  9.3.2 Hydrogeological  map o f  t he  conf ined aqu i fe r  system updated us ing the e l e c t r i c  
logs recorded i n  deep t e s t  boreholes. 
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Table 9.3.1 Average permeab i l i t y  o f  samples taken from VE 1 CNR Borehole (placed i n  Venice), 
from l a  bora t o r y  t e s t s  . 

Depth 
(metres) 

Aqui fers  
(average h o r i z o n t a l  permeab i l i t y )  

A q u i  t a  r d s  
(average v e r t i c a l  permeab i l i t y )  

74- 81 3 x 10-3 cm/sec 
81-124 

124-132 
132-153 
153-163 
163-181 
181- 2 03 
203-235 
235-260 
260-302 
3 O 2-3 18 
318-340 

1 x 10-3 cm/sec 

1 x 10-3 cm/sec 

4 x 10-5 cm/sec 

6 x cm/sec 

2 x 10-4 cm/sec 

10-6 cm/secl 

7 x 10-8 cm/sec 

3 x 10-6 cm/sec 

5 x 10-7 cm/sec 

6 x cm/sec 

6 x cm/sec 

The ath aqu i fe r  i s  e x p l o i t e d  o n l y  a t  Marghera, s ince a t  Venice i t s  permeab i l i t y  i s  
too  low. 

Table 9.3.2 Summary o f  g r a i n  s i z e  ana lys is  as measured i n  the  labora tory  on samples taken from 
t h e  VE 1 CNR borehole ( a f t e r  Gambolati, e t  al., 1974). 

Depth 
(metres) 

L i tho types  
Coarse f r a c t i o n  Sands S i l t s  Clays 

O- 50 0.3 38.0 41.7 20.0 
51-100 0.7 50.0 35. O 14.3 

101-150 46.2 42.2 11.6 
151-200 0.4 33.6 48.2 17.8 
201-250 --- 26.0 54.0 20. O 
251-300 5.6 38.4 34.8 21.2 
301-350 --- 13.5 61.6 24.9 

Average 1.0 35.1 45.4 18.5 

Permeabi l i ty  (Table 9.3.1) was def ined by labora tory  t e s t s  performed o n l y  on c lean sand f o r  

The p r e v a i l i n g  f r a c t i o n  (Table 9.3.2) i s  s i l t ,  fo l lowed by sand and clay.  
The i l l i t e  i s  dominant (Table 9.3.3); ins tead the most p l a s t i c  one, montmor i l lon i te ,  i s  i n  

general r a t h e r  scarce, and i t s  r e l a t i v e  abundancy grows towards t h e  h i s t o r i c a l  center  and Lido. 
Some d e t a i l s  o f  the  mechanical p r o p e r t i e s  o f  these s o i l s  are given here (see a recent and 

more complete paper by R i c c e r i  and B u t t e r f i e l d ,  1974). The values of t h e  c o m p r e s s i b i l i t y  coef- 
f i c i e n t  (%=(Ae/Ap) ( l / l+eo) )  versus depth (F igure 9.3.3) have been computed by oedometric 
t e s t s  a t  t h e  a c t u a l  " in  s i t u "  pressure (pol i n  t h e  load ing  (%I) and unloading (mv2) 
curves. The maximum 
upper 100 metres and tw ice  the  values o f  po f o r  the  others. I n  F igure  9.3.3, s o l i d  l i n e s  
connect the  values m v l  and %2 f o r  each sample; dashed l i n e s  r e f e r  t o  oedometric t e s t s  where 
loads were increased s l i g h t l y  above po and then gradua l ly  reduced t o  zero. The two c o e f f i -  
c i e n t s  decrease w i t h  inc reas ing  depth. I n  p a r t i c u l a r ,  %2 seems r a t h e r  i n s e n s i t i v e  t o  t h e  
maximum load app l ied  i n  t h e  t e s t ,  and i t s  average value i s  about 20 p e r  cent  o f  mvl .  

The reader i s  r e f e r r e d  t o  the  b ib l iography  f o r  f u r t h e r  in fo rmat ion  about the  p h y s i c a l  
aspects o f  the  Venetian formations. 

aqu i fe rs  and s i l t  c l a y  f o r  aquitards. 

l o a d  a t t a i n e d  i n  these t e s t s  was 5+20p0 f o r  the  samples coming from t h e  
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Table 9.3.3 Percentages o f  various clay-types i n  the core samples taken from MARGHERA 1, VE 1 
CNR, and L I N  1 t e s t  boreholes ( a f t e r  Mozzi e t  a l . ,  1975). 

Test boreholes 

Clay Minerals 
MARGHERA VENICE 

Aver age 
L ID0 

I l l i t e  48.75 48.45 48.00 48.40 
Ch lor i te  33.75 28.00 30.00 30.58 
K a o l i n i t e  11.25 12.80 9.00 11.02 
Montmoril lonite 6.25 10.75 13.00 10.00 

9.3.3 HISTORY OF THE PHENOMENA 

By comparing the development o f  the a r tes ian  exp lo i ta t ion  and o f  subsidence, three periods 
appear distinguishable: the f i r s t  before 1952, the second from 1952 t o  1969 and the l a s t  
a f  terwards. 

I n  Figure 9.3.4 the average piezometric l e v e l  i n  d i f fe rent  places of the Venetian area i s  
p l o t t e d  versus time. 

9.3.3.1 Period before 1952 

When the ar tes ian  exp lo i ta t ion  was not very intensive, subsidence was due only t o  na tura l  
causes; i t s  r a t e  was about one mi l l imet re  per year (Leonardi, 1960; Fontes and Bortolami, 1972). 

The extract ion o f  the a r tes ian  water began about i n  1930 when the f i r s t  fac tor ies  were 
established i n  Marghera. The piezometric l e v e l  remained above the ground l e v e l ,  except i n  
Venice, where i t  became lower since the time of World War II. The average decrease was slow 
a l l  over the area, up t o  the f i f t i e s ,  when an intensive exp lo i ta t ion  started, due t o  the strong 
i n d u s t r i a l  development (Figure 9.3.4).  

9.3.3.2 Period between 1952 and 1969 

Af te r  1950 the changes became more evident. Artesian water was very a c t i v e l y  withdrawn 
(Serandrei Barbero, 1972) and i n  the f i f t i e s  a l l  the hydraulic heads declined below the 
surface. I n  the i n d u s t r i a l  area the average r a t e  reached 0.70 m/y, which i s  d e f i n i t e l y  higher 
than i n  any other p a r t  o f  the area (Figure 9.3.4). The observed minima were attained i n  1969; 
i n  Marghera the fourth and f i f t h  aquifers went down t o  16 m below surface and i n  Venice the 
t h i r d  and f i f t h  went t o  7 m below. From 1952 t o  1969, as an average i n  the i n d u s t r i a l  zone, a 
hydraulic head loss o f  more than 1 2  m was recorded. I n  Marghera the withdrawal occurred i n  
about 50 wells,  and i t  was about 460 1/s i n  1969; i n  Venice there were about 10 ac t ive  wells,  
but i n  f a c t  only one (10 l / s )  represented the whole extract ion o f  the c i t y .  A s ign i f icant  
r a t i o  o f  1 t o  50 existed between the exp lo i ta t ion  i n  the h i s t o r i c a l  center and i n  Marghera. 

I n  the period 1952-1968 geodetic surveys showed an average Subsidence o f  6.5 m / y  i n  the 
i n d u s t r i a l  area and 5 mm/y i n  the c i t y .  The most alarming f igures appeared between 1968 and 
1969, where maxima were observed of more than 17 mm i n  Marghera and 1 4  mm i n  Venice (Caputo e t  
a l . ,  1971) (Figure 5 ) .  Overa l l  between 1952 and 1969 the l o c a l  average subsidence was over 11 
cm i n  the i n d u s t r i a l  zone and about 9 cm i n  the c i t y ,  with l o c a l  maxima o f  1 4  and 10 cm 
respect ively (Figure 9.3.5) 

9.3.3 Years between 1969 and 1975 

These years are characterized by a grea t  number o f  experimental data and theore t ica l  studies 
worth describing. 

Af te r  d r i l l i n g  the deep t e s t  hole,  VE 1 CNR, previously mentioned, two important steps 
were c a r r i e d  out: the annual r e p e t i t i o n  o f  the geodetic survey for  cont ro l l ing  the ground 
movement i n  the area and the i n s t a l l a t i o n  o f  a network o f  112  piezometers ( 2 4  o f  which were 
continuously recording) for  cont ro l l ing  the s ix  exploited aquifers (Figure 9.3.6) .  Therefore 
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Figure 9.3.3 Coefficients of compressibil i ty m,l and mv2 versus depth. 
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Figure 9.3.4 Average piezometric l e v e l s  from 1910 t o  1975. 
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Figure 9.3.5 Comparative p l o t  o f  the leve l l ings  i n  1968 and 1969 as referred t o  1952. 
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Figure 9.3.6 Map o f  the 1 1 2  piezometers. 

i t  was poss ib le  t o  annual ly reconst ruct  the a l t i m e t r i c  p r o f i l e s  and t h e  maps o f  t he  equipoten- 
t i a l  l i n e s  (e.g., see Figure 9.3.7 which r e f e r s  t o  t h e  5 t h  aqu i fe r  f o r  1975. S im i la r  behaviour 
holds t r u e  f o r  t he  previous years).  

I n  general, a f t e r  t he  minima recorded i n  1969, one can observe a gradual  and remarkable 
improvement i n  the  piezometr ic surfaces. I n  1975, t h e  average recovery i n  t h e  i n d u s t r i a l  area 
reached a maximum o f  over 8 m, and i n  Venice more than 3 m. This new behaviour can be seen i n  
Figure 9.3.4 and i t  i s  a l s o  w e l l  shown i n  Figure 9.3.8, where t h e  progressive reduc t i on  o f  t h e  
depressurized area i n  recent years i s  evident.  

S i m i l a r l y  t o  what happened when p iezometr ic  l e v e l s  were dec l in ing,  a ground-surface rebound 
i s  now accompanying +he piezometr ic recovery. A f t e r  a s t a b i l i t y  per iod,  which i s  ev ident  from 
the 1973 survey ( F o l i o n i  e t  al., 1974), the 1975 l e v e l l i n g  shows a rebound o f  t he  l a n d  which, 
i n  the h i s t o r i c a l  center, i s  more than 2 cm w i t h  respect  t o  1969 (F igure 9.3.9). Even t a k i n g  
i n t o  account the range o f  t he  e r r o r s  a f f e c t i n g  the  a l t i m e t r i c  curve ( G u b e l l i n i  and DeSanctis 
Recciardone, 1972), t h e  v a r i a t i o n  o f  t h e  ground l e v e l  i n  t h i s  area remains p o s i t i v e .  This i s  
cons is tent  w i t h  what appears i n  the t i d a l  records i n  Rovinj  and Bakar (on the  Yugoslavian coast, 
which i s  taken t o  be s t a b l e )  and those i n  Venice. U n t i l  1969, t he  average annual sea l e v e l  
recorded a t  Venice was apparent ly increas ing w i t h  respect  t o  t h a t  o f  t h e  other two s ta t i ons .  
I n  recent years t h i s  d id  n o t  occur any more (Tomasin A., p r i v a t e  communication based on 
o f f i c i a l  data) .  

9.3.4 DISCUSSION 

9.3.4.1 Analysis o f  experimental data 

We w i l l  now analyze the most recent  data, i.e., those from the  p e r i o d  when the  phenomena 

Looking a t  t h e  isopiezometr ic maps, we noted t h a t  
show a reverse trend. 

1. the  piezometr ic surfaces o f  t h e  aqu i fe rs  i n  the  Venetian area show s t rong  
depression, assuming the shape o f  an i n v e r t e d  asymmetrical cone t y p i c a l  o f  
l o c a l i z e d  pumpage (Mozzi e t  al., 1975); 

2. t h e  maximum drawdown i n  a l l  t he  aqu i fe rs  occurs i n  t h e  Marghera area, which 
appears as the main wi thdrawal center.  Minor discrepancies are seen i n  t h e  
i s lands  o f  Murano, üurano, Le Vignole and Lido: 

3. t he  greatest  depressur izat ion i s  found i n  the  4 t h  and 5 t h  aqui fers ;  
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Figure 9.3.7 Piezometric surface of the 5th aquifer i n  1975. Equipotential  l i n e s  are given i n  
metres a.ç.1. 

Figure 9.3.8 Boundary of the areas where average piezometric l e v e l  i s  above (+) or below (-) 
the ground l e v e l  i n  1970, 1973 and 1975. 
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Figure 9.3.9 Comparison o f  the  average piezometr ic l e v e l s  and ground l e v e l s  over mainland ( A )  
and Venice ( B I .  

4. t h e  development o f  t h e  e q u i p o t e n t i a l  l i n e s  shows t h a t  pumpage a t  Marghera a f f e c t s  
the n a t u r a l  hyd rau l i c  balance o f  t h e  aqu i fe rs  a l so  i n  t h e  h i s t o r i c a l  center, 
where the  l o c a l  wi thdrawals do n o t  account f o r  the  observed drawdown; 

5. t he  distance between e q u i p o t e n t i a l  l i n e s  gets  smal ler  landward. F igure 9.3.7 
a l s o  suggests t h a t  a no - f l ux  boundary c o n d i t i o n  e x i s t s  seaward. Th is  i s  i n  
keeping w i t h  t he  reconst ructed geology. 

The aqui fer  recovery i s  due t o  a decrease i n  t h e  water e x p l o i t a t i o n .  Since 1970, some 
areas i n  the  d i s t r i c t  have been suppl ied by the  p u b l i c  aqueduct. The i n d u s t r i a l  a c t i v i t y  o f  
Marghera has been reduced. Above a l l ,  w e l l  d r i l l i n g  was p r o h i b i t e d  i n  t h e  Venetian p l a i n .  I n  
January 1975, the new i n d u s t r i a l  aqueduct, suppl ied by t h e  S i l e  River, was put i n t o  operat ion 
(a  60 per cent reduct ion i n  t h e  number o f  a c t i v e  w e l l s  was observed i n  Marghera f rom 1969 t o  
1975, when the  withdrawal was est imated t o  be about 200 l / s ) .  

The r a i s i n g  o f  the hyd rau l i c  l e v e l s  i s  c e r t i n l y  n o t  due t o  the  increased recharge o f  t h e  
aqui fers ,  s ince i n  the l a s t  decade the  n a t u r a l  water supply i n  t h e  recharge area i s  d im in i sh ing  
(Carbognin e t  aï., i n  p ress ) .  
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The l e v e l l i n g s ,  as a l ready stated, show the  cessat ion o f  t he  subsidence and a c e r t a i n  
rebound. The c lose connection between withdrawal and subsidence i s  ev ident  i n  Figure 9.3.9, 
where t h e  a l t i m e t r i c a l  v a r i a t i o n s  and the average piezometr ic l e v e l  v a r i a t i o n s  are given f o r  
t h e  pe r iods  1952-69 and 1969-75, along t h e  same sec t i on  from the  mainland t o  Venice. Graphical 
comparison v i s u a l i z e s  the presence o f  minima i n  the  i n d u s t r i a l  zone, and s i m i l a r  behaviour o f  
t h e  processes during e x p l o i t a t i o n  and recovery. I n  t h e  rebound phase, however, we n o t i c e  t h a t  
wh i l e  a t  Marghera a s t rong recovery determines a s l i g h t  a l t i m e t r i c a l  rebound, a t  Venice a minor 
p iezometr ic  recovery causes a greater  rebound. This can be ascr ibed t o  t h e  d iverse nature of 
t he  cohesive s o i l s  a t  Marghera and Venice. 

The assumption o f  t h e  interdependence between the piezometr ic and the a l t i m e t r i c  v a r i t i o n s  
was s t a t i s t i c a l l y  v e r i f i e d .  I n  f a c t ,  t he  l i n e a r  c o r r e l a t i o n  coe f f i c i en t ,  w i t h  a 95 per cent 
p r o b a b i l i t y ,  i s  between 0.70 and 0.92. The connection between the two va r iab les  i s  therefore 
expected t o  be extremely high. Consequently, t h e  c o e f f i c i e n t  o f  determinat ion i nd i ca tes  t h a t  
t h e  p iezometr ic  v a r i a t i o n s  account fo r  70 per cent  of the a l t i m e t r i c  ones, i n  terms o f  variance 
and i n  the l i m i t i n g  hypothesis o f  l i n e a r  behaviour. The r e s i d u a l  var iance must be explained by 
o the r  factors ,  such as n a t u r a l  subsidence and loading by bui ld ings,  bu t  a l s o  e r r o r s  i n  measure- 
ments and d e v i a t i o n  from the  l i n e a r  hypothesis. 

The i n t e r p r e t a t i o n  o f  t he  subsidence t o  p iezometr ic  v a r i a t i o n s  r a t i o  ( R  = 'I/Ah) i s  a lso 
i n t e r e s t i e .  I t s  t r e n d  i n  t h e  years 1952-69 (Figure 9.3.10-A) i s  progress ive ly  r i s i n g  from the  
i n d u s t r i a l  zone (1/109) towards the  h i s t o r i c a l  center ( 1 / 5 4 ) .  This v a r i a t i o n  can be a t t r i b u t e d  
t o  t h e  already noted gradual  increase towards Venice o f  the more compressible s o i l s .  It 
exp la ins  why i n  Venice, where l ess  water was pumped than i n  Marghera, a subsidence o f  the same 
magnitude was observed. A s i m i l a r  behaviour i s  found i n  the  rebound phase (F igure 9.3.10-B) 
between 1969 and 1975. However i n  t h i s  per iod,  t h e  curve l i e s  d e f i n i t e l y  below the  other one, 
thus conf i rming t h a t  t h e  e l a s t i c i t y  o f  t he  system i s  very l im i ted .  

INDUSTRIAL 
ZONE 

VENEZIA 

1952 -'69 

1969 -'75 

Figure 9.3.10 The r a t i o  o f  subsidence t o  piezometr ic v a r i a t i o n s  from the  i n d u s t r i a l  zone t o  
Venice; A, set t lement and B, rebound. 
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9.3.4.2 P r e d i c t i v e  s imulat ions w i t h  t he  new records 

PREDICTION 
-4 * 

Recently, a numerical model based on t h e  c l a s s i c a l  d i f f u s i o n  .equation and one-dimentional 
v e r t i c a l  conso l i da t i on  has been used t o  s imulate the  pas t  behaviour o f  t h e  Venice subsidence 
and t o  p r e d i c t  t h e  f u t u r e  set t lement o f  t he  c i t y  (Gambolati and Freeze, 1973; Gambolati e t  a l ,  
1974; Gambolati e t  al. ,  1975). A complete d e s c r i p t i o n  o f  t h e  approach together w i t h  an 
extensive discussion o f  t he  under ly ing assumptions may be found i n  t h e  works c i t e d .  

The model has been app l i ed  again by us ing  the  new records t o  check i t s  a b i l i t y  t o  reproduce 
t h e  complex event a t  hand and t o  v e r i f y  "a p o s t e r i o r i "  i t s  p r e d i c t i v e  capaci ty.  

To date the pumpage a t  Marghera has been reduced t o  40 pe r  cent  o f  i t s  maximum value (460 
1/s i n  1969) and t h i s  change i n  the  withdrawal r a t e  has been assumed t o  have occurred i n  1970, 
f o r  i t  i s  apparent from Figure 9.3.4 t h a t  the f l ow  f i e l d  recovery i n  Marghera s t a r t e d  i n  1970. 
Permea- b i l i t y  d i s t r i b u t i o n  i s  the same as t h a t  used i n  the  previous s imu la t i on  (Gambolati e t  
al. ,  1974) wh i l e  t h e  s o i l  compress ib i l ty  i n  rebound has been increased t o  20 pe r  cent o f  t h e  
corre- sponding values i n  compression, as i s  evidenced by t h e  most recent  l abo ra to ry  t e s t s  
summarized i n  Figure 9.3.3. Therefore, t h e  new r e s u l t s  are s l i g h t l y  d i f f e r e n t  f rom the  e a r l y  
p r e d i c t i o n s  given i n  f i g u r e s  2 1  and 22 o f  t he  paper by Gambolati e t  al. ,  1974. 

Figure 9.3.11 and Figure 9.3.12 show t h e  piezometr ic dec l i ne  i n  t h e  f i r s t  a q u i f e r  (where 
the l a r g e s t  amount o f  data i s  a v a i l a b l e )  and the  Venice subsidence respec t i ve l y  versus t ime as 
provided by the mathematical model us ing  the  updated records. For the  b e n e f i t  o f  t h e  reader 
the behaviour during t h e  c a l i b r a t i o n  p e r i o d  has been repor ted as we l l .  The comparison w i t h  t h e  
experimental observat ions i n d i c a t e  a f a i r l y  good agreement, and e s p e c i a l l y  so, i f  one considers 
the degree o f  unce r ta in t y  which i s  i n e v i t a b l y  r e l a t e d  t o  p h y s i c a l  events o f  such a g rea t  
complexity. This i s  f u r t h e r  evidence o f  t he  adequacy o f  t h e  above model t o  r e l i a b l y  p r e d i c t  
t he  set t lement o f  Venice. A t  t h e  same t ime the  r e s u l t s  a l l ow  the conclusion t h a t  t he  numerical  
models can be u s e f u l  t o o l s  t o  i n v e s t i g a t e  and keep under c o n t r o l  l and  subsidence caused by 
subsurf ace f l u i d  removal. 
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Figure 9.3.11 Piezometric dec l ine versus t ime i n  the  f i r s t  aqu i fe r .  The c losed c i r c l e s  
represent experimental records and the  s o l i d  l i n e  gives t h e  response o f  t h e  
model us ing  t h e  new data i n  our possession. 
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Figure 9.3.12 Subsidence i n  Venice versus t ime as provided by the  model us ing  t h e  new data i n  
our possession. The experimental records ( O )  are ind icated.  

9.3.5 CONCLUSIONS 

The r e s u l t s  o f  t he  experimental research have confirmed t h a t  a l so  i n  the  case o f  Venice, t he  
s i n k i n g  was caused by the a r tes ian  withdrawals. Also s t a t i s t i c a l  analys is  a t t r i b u t e s  70 per  
cent o f  l and  subsidence occu r r i ng  between 1952-1969 t o  the  withdrawal o f  t he  underground water. 

The experimental data showed t h a t  t he  pumpage performed a t  Marghera has g r e a t l y  a l t e r e d  
the  n a t u r a l  f l ow  f i e l d  under the  h i s t o r i c a l  center and t h a t  the e f f e c t s  o f  the  r e s u l t i n g  
subsidence are n o t  un i fo rm ly  d i s t r i b u t e d .  I n  f a c t ,  f o r  every metre o f  p iezometr ic decl ine,  the 
subsidence i n  the i n d u s t r i a l  area and i n  Venice was respec t i ve l y  1 and 2 centimetres. This i s  
connected t o  the r e l a t i v e  increment towards Venice o f  the c lay-type s o i l s ,  which are more 
compressible, making the  l e v e l  o f  the c i t y  more dependent on the  piezometr ic s i t u a t i o n .  

S o i l  deformations r e l a t e d  t o  hyd rau l i c  head v a r i a t i o n s  occur i n  a r e l a t i v e l y  sho r t  t ime 
due t o  the  f a c t  t h a t  aqui tards are mainly s i l t y  and each o f  them i s  i n t e r r u p t e d  by th in sandy 
laye rs  which f a c i l i t a t e  the  drainage. 

But t he  most s i g n i f i c a n t  f a c t  t h a t  a r i s e s  from our i n v e s t i g a t i o n  remains i n  any case t h e  
sudden r i s e  o f  t he  piezometr ic l e v e l s  recorded i n  the  whole area since 1970, and r e l a t e d  t o  a 
s i g n i f i c a n t  reduct ion o f  the a r t e s i a n  withdrawals i n  the  l a s t  years. It i s  a l s o  important t h a t  
t he re  i s  a p a r a l l e l  surface rebound ( 2  cm i n  Venice), t h a t  ensures t h a t  l and  subsidence has 
been arrested. This r e s u l t  i s  i n  agreement w i t h  t he  p red ic t i ons  from the mathematical model. 

Since a more c a r e f u l  use o f  the underground waters g ives a very qu ick recovery, one can 
t r u s t  t h a t  a complete re-establ ishment o f  t he  n a t u r a l  hyd rau l i c  balance can be obtained, maybe 
w i t h  f u r t h e r  i n t e r v e n t i o n  against  wast ing water (which can be estimated t o  be about 4.5 m3/s 
due t o  the  spontaneous s p i l l i n g  i n  the adjacent areas which i n f l uence  the  Venetian aqui fer  
system) . 

Recovery w i l l  not ,  however, b r i n g  back t h e  l and  t o  the o r i g i n a l  p o s i t i o n ,  as i t  has been 
demonstrated t h a t  t he  r e v e r s i b i l i t y  o f  t he  compaction o f  t h e  aqui tards i s  poss ib le  f o r  on l y  20 
per cent  (which would correspond t o  a rebound o f  about 3 cm). 
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Although t h e  drawdown o f  t h e  p iezomet r ic  l e v e l s  due t o  t h e  i n t e n s i v e  e x t r a c t i o n s  o f  1952-69 
was t h e  p r i n c i p a l  cause o f  t h e  subsidence, we do n o t  see a need f o r  s topp ing  t h e  r e s i d u a l  
ex t rac t ions .  

Because o f  t h e  uns tab le  s i t u a t i o n  o f  Venice, i t  i s  necessary t o  cont inue t h e  c o n t r o l  o f  
t h e  p iezomet r ic  l e v e l s  o f  t h e  a q u i f e r s  and t h e  ground a l t i m e t r y .  Th is  i s  t h e  o n l y  system by 
which we can evidence p o s s i b l e  f u t u r e  v a r i a t i o n s  f rom t h e  present  t rend.  
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Nc&e by t h e  authors: 

A f t e r  1975, bo th  p iezometr ic  and geodetic surveys were continued on the  s tud ied area. The 1978 
s i t u a t i o n  shows t h a t  t h e  n a t u r a l  repressur ing o f  the aqu i fe rs  has continued and today a r t e s i a n  
heads are coming back t o  t h e  value recorded before the over-pumpage i n  1952. A t  the  same t ime 
p r e c i s e  l e v e l i n g  shows t h a t  the  land has s t a b i l i z e d  a f t e r  the a975 rebound. 
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Case History No. 9.4. Tokyo, Japan, by Soki 
Yamamoto, Rissho University, Tokyo, Japan 

9.4.1 TOPOGRAPHY AND GEOLOGY OF TOKYO 

Tokyo i s  s i t u a t e d  a t  the  bottom o f  the  Kwanto s t r u c t u r a l  basin,  t h e  b iggest  p l a i n  i n  Japan. 
Kwanto P l a i n  i s  surrounded by mountains and h i l l s  on t h e  nor th ,  west, and south where basement 
rocks o f  T e r t i a r y  and Pre-Ter t iary  age are exposed. The o v e r l y i n g  new s t r a t a  dip t o  the  center  
o f  the  basin.  

A l l  t h e  r i v e r s ,  such as the  R. Tone, the  R. Ara, and t h e  R. Tama, s t a r t  from t h i s  d iv ide ,  
t r a n s p o r t i n g  t h e i r  sediments i n t o  Old Tokyo Bay. They developed fans a t  the  f o o t  o f  t h e  moun- 
t a i n  and a d e l t a i c  p l a n  a t  t h e i r  mouths i n  Tokyo Bay. 

A f t e r  t h e  i n t e r m i t t e n t  up l i f t ,  broad te r races  were formed on t h i s  bas in  (F igure 9.4.1); on 
t h e  surface o f  t h e  ter races,  th in vo lcanic  ashes (Tephra) o f  d i f f e r e n t  o r i g i n s  and deposited a t  
d i f f e r e n t  t imes are found. The maximum th ickness o f  sedimentary rocks above t h e  basement com- 
p l e x  i s  about 300 m a t  t h e  center  o f  the  basin.  

The met ropo l is  o f  Tokyo i s  loca ted  on t h e  upland and lowland. The s t r a t i g r a p h i c  succession 
and schematic cross sec t ion  i n  the  Tokyo area are shown i n  Table 9.4.1 and F igure 9.4.2. There 
are many b u r i e d  v a l l e y s  i n  the  lowland where an a l t e r n a t i o n  o f  f a i r l y  t h i c k  sand and g r a v e l  
layers  are deposited, under la in  by the  Tokyo Group (F igure 9.4.3). 

9.4.2 HYDROLOGY 

The areas i n  Tokyo where l a n d  subsidence has taken p lace  are the  Musashino upland and t h e  a l l u -  
v i a l  lowland. There are two groups o f  aqui fers ,  shal low and deep ones. The main shal low aqui- 
fer  on the lowland (Koto) i s  Holocene sand and gravels  and t h a t  on the  upland area i s  Musashino 
g r a v e l  which i s  ex tens ive ly  d i s t r i b u t e d .  I n  add i t ion ,  deep a r t e s i a n  water i s  obta ined from t h e  
Tokyo Group i n  the  lowland and the  Tokyo and Kazusa Groups i n  the  upland. The Kazusa Group i n  
the  lowland contains n a t u r a l  methane gas which was produced f o r  mun ic ipa l  supply i n  t h e  Koto 
d i s t r i c t .  The l a r g e  scale ground water development s t a r t e d  i n  1914 i n  Tokyo. A f t e r  t h a t  t ime, 
the  number o f  deep w e l l s  w i t h  l a r g e  diameters increased r a p i d l y .  I n  an area extending from t h e  
nor thern  p a r t  o f  the a l l u v i a l  lowland t o  the  southern p a r t  o f  Saitama Prefecture,  there  was a r -  
t e s i a n  f low o f  ground water un t i l  the  l a t t e r  h a l f  o f  t h e  1920’s. A t  t h a t  t ime t h e  ground-water 
l e v e l  i n  the  Koto d i s t r i c t  had f a l l e n  t o  about 1 0  m below t h e  ground surface. The ground-water 
l e v e l  continued t o  f a l l  year a f t e r  year, but toward t h e  end o f  World War II it  rose again tempo- 
r a r i l y .  Af ter  the  War, as t h e  q u a n t i t y  o f  ground-water withdrawals increased, t h e  ground-water 
l e v e l  again went down u n t i l  August, 1971, when i t  reached a low o f  minus 63.94 m from t h e  mean 
sea l e v e l  o f  Tokyo Bay (Tokyo P e i l )  i n  t h e  nor thern  p a r t  o f  the  a l l u v i a l  lowland. 

Figure 9.4.4 shows the  annual change o f  t h e  ground-water l e v e l  i n  se lec ted  observat ion 
we l ls .  

The annual amounts o f  ground-water withdrawal i n  Tokyo from 1964 t o  1975 are  shown i n  Table 
9.4.2. 
t i t y  began t o  decrease by 1966, and i t  f e l l  t o  128,000 m3/day, o r  about a tenth,  i n  1975. 
This dec l ine  i s  a t t r i b u t e d  t o  the withdrawal r e s t r i c t i o n s  imposed t o  c o n t r o l  l a n d  subsidence. 
F igure 9.4.5A shows the  d i s t r i b u t i o n  o f  withdrawals by ward i n  1967, and F igure 9.4.5B shows t h e  
annual t o t a l ,  1950-1967. 

I n  the  nor thern p a r t  o f  Tokyo, the  d r i l l i n g  o f  w e l l s  t o  a depth o f  up t o  160 m had been 
banned by December, 1971; by May, 1974 d r i l l i n g  of  w e l l s  w i t h  a depth exceeding 160 m was a ïs0  
banned. As a r e s u l t ,  t h e  q u a n t i t y  o f  ground-water wjthdrawals, which amounted t o  80,000-90,000 
rn3/day i n  t h e  p e r i o d  from May, 1972 t o  1973, decreased t o  7,000-8,000 m3/day a f t e r  May, 
1974. E’urthermore, the  ground-water l e v e l ,  which was lowest (T.P.* minus 48.9 m)  i n  July, 1971, 
rose again gradually, as the q u a n t i t y  o f  4round-water withdrawals decreased. 

I n  t h e  23 wards, 1,160,000 m3/day o f  ground water was withdrawn i n  1964, but t h e  quan- 

* T. P. = Tokyo Bay datum 

175 



Guidebook to studies of land subsidence due to ground-water withdrawal 

F igu re  9.4.1 Geomorphological map o f  Kwanto L i s t r i c t  ( a f t e r  Kaizuka). 1, A l l u v i a l  lowland; 2, 
D i l u v i a l  upland; 3, T e r t i a r y  h i l l ;  4, mountain: 5, volcano. 

9.4.3 LAND SUBSIDENCE 

I n  1923, a severe earthquake occurred near Tokyo, causing widespread damage i n  the Koto region, 
east o f  the c i t y  o f  Tokyo. I n  order t o  study the c r u s t a l  d isturbance which might have accompa- 
n ied  t h i s  severe earthquake, a prec ise l e v e l i n g  was rerun i n  t h i s  region. A s  a r e s u l t ,  i t  was 
found t h a t  the land subsidence was as a whole increasing gradual ly  year by year. I t  was a lso 
found t h a t  the ex ten t  o f  t he  reg ion where the land subsidence was then advancing occupied an 
area of about 100 km2, s i t ua ted  between the Sumida and the Arakawa r i v e r s ,  which f l ow  through 
the reg ion from n o r t h  t o  south. 
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Table 9 .4 .1  Strat igraphic succession i n  Tokyo 

~ 

Up iard Area Low land Area 

lodobashi Toshima Hongo Tachikawa 
Terrace Terrace Terracc Terrace 

' Upper(loose sand & gravel) Yurakucho Formation i Lower(sof clay, j (Black so)1 and peat) j 

Nanagochi Formation I 

I (alternation o f  sand & clay) 

3 

Bur led terrace 

Hongo For- 
rnation 

(sand & gravel) 

Loamy clay 
Formation 

Tokvo Formaiion ialternation o f  sand and s t i f f  c i a d  

Bur ied terrace 
gravel- 1 

~- 
Tokyo Gravel (sand; and gravel) N a  

I 

N3 Edogawa Formation ; Upper 1 ialternation 01 gravel. sand and clay) 
Lower (sand with gravel) 

I 

( M i u r a )  Kazusa Grovp ialternation o f  sand and mudstone) 

- Topographic surface (after Tokyo Institute .o f  Civil Engineering 1969) - Unconformity 

50rn 
O 

- 50m 
- 100m Pleistocone d. 

Figure 9 .4 .3  Geologic cross section. 
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Figure 9.4.4 Secular t rend o f  ground-water l eve l s .  Small c i r c l e s  i n d i c a t e  ground-water l e v e l s  
a t  the t ime o f  bore d r i l l i n g  near AZUMA-A and B (node 4 )  

Table 9.4.2 Amounts o f  ground-water wi thdrawal i n  Tokyo. 

Unit: 1000m3/day 

1964 1965 1966 1967 1968 1969 1970 1971 1972 1973 1974 1975 

23wards 1162 1017 805 732 679 674 747 550 324 283 195 128 

Tama 353 480 536 594 626 765 953 891 853 861 818 790 

I Total I 1515 1497 1341 1326 1305 1439 1700 1441 1177 1144 1013 918 

Data from Bureau of  Environmental Protection, Tokyo Metropolitan Government 

I n  assoc iat ion w i t h  the advancement o f  such a l o c a l  subsidence, severa l  remarkable phenom- 
ena occurred, such as “ l i f t  up” o f  masonry bu i l d ings  and w e l l  pumps and inundat ion by r i v e r s  and 
sea t i d e .  

I n  order t o  make c lea r  the general  features o f  the subsidence, p rec i se  l e v e l i n g  along the 
network o f  the l e v e l i n g  routes i n  Tokyo was s tar ted.  I t  takes, however, considerable t ime t o  
ca r ry  out  the l e v e l i n g  survey on the network, i nc lud ing  a l l  bench-marks i n  Tokyo. Therefore, 
the l e v e l i n g  survey has been repeated f requent ly  on the network o f  bench-marks i n  the reg ion 
where the land subsidence i s  greatest .  

I n  the f i r s t  s t a g e . o f  study o f  the subsidence, the l e v e l i n g  was repeated a t  i r r e g u l a r  in -  
t e rva l s .  Afterwards, i t  was thought t o  be inconvenient t o  work ou t  v e r t i c a l  displacements based 
on the data o f  p rec i se  l e v e l s  repeated a t  i r r e g u l a r  i n te rva l s ,  s ince the amounts of the subsi- 
dence became l a r g e r  and the ra tes  o f  the subsidence were d i f f e r e n t  from place t o  place. There- 
fore, i n  the Koto region, i.e., t he  reg ion east o f  the Sumida r i v e r ,  where the subsidence was 
greatest ,  the l e v e l i n g  was repeated every two years, dur ing the pe r iod  from 1938  t o  1946. Since 
then, l e v e l i n g  has been repeated every year i n  t h i s  region. 

F i r s t  order l e v e l i n g  and observat ions o f  the compaction o f  s o i l  l aye rs  and the ground-water 
l e v e l s  by means o f  observat ion w e l l s  were a l s o  c a r r i e d  out.  As o f  January, 1976, the area sur- 
veyed by l e v e l i n g  extended t o  900 km2, using 632 bench-marks where the l eve l i ngs  are made 
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Figure  9.4.5 Amounts of  ground-water withdrawal; A, by ward; B, by year. 
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every year. The compaction o f  s o i l  l aye rs  and the changes o f  ground-water l e v e l s  are observed 
a t  68 observat ion we l l s  located a t  34 s i t e s  (F igure 9.4.6). The water- leve l  p l o t s  are dashed. 

Land subsidence has occurred i n  the Koto d i s t r i c t  s ince around 1900 and i n  the eastern p a r t  
o f  the a l l u v i a l  lowland (Edogawa Ward) s ince 1920. On the other  hand, i n  the Musashino upland, 
land subsidence began t o  occur i n  the l a t t e r  h a l f  o f  the 1950's. 

The maximum subsidence i n  Tokyo i s  about 4.6 m and the maximum r a t e  i s  27 cm/yr (Figure 
9.4.7). The t o t a l  subsiding area i n  Kwanto (Tokyo, Chaiba, Kanagawa, and Saitama) amounts t o  
2420 km2 and the area where the subsidence amounts t o  more than 1 0  cm/yr i s  s t i l l  about 100 
km2. 

I n  order t o  prevent or abate such a r a t e  of subsidence, the pumping o f  ground water was 
r e s t r i c t e d  as s tated above, and thus the r a t e  has dropped year a f t e r  year s ince 1972. 

O 
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Figure 9.4.6 Secular changes o f  land subsidence and ground-water l e v e l s  i n  Tokyo. 
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Figure 9.4.7 T o t a l  subsidence i n  Tokyo from 1938 t o  1975. 

9.4.4 PARAMETERS 

S o i l  t e s t s  were c a r r i e d  o u t  on undis turbed core samples. Consolidation t e s t s  were made by ap- 
p l y i n g  one-d i rec t iona l  pressure. Cc va lue ranged from 0.2 t o  1.2 and has t h e  tendency o f  i n -  
c reas ing  w i t h  inc reas ing  water content. The % value var ies  as fo l lows:  

A l l u v i a l  c l a y  2 - 3 x cm2/kg 
D i l u v i a i  c l a y  2 - Ci x 
T e r t i a r y  c l a y  l ~ l O - ~  - 4 ~ 1 0 - ~ .  

K: hydrau l i c  c o n d u c t i v i t y  
Tokyo Group 
Kazusa Group 

2.1 x 10-1 cm/sec 
1.3 x 
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9.4.5 COUNTERMEASURES 

I n  Tokyo, the l o c a l  government l e g i s l a t e d  a Metropol i tan Ground-water Law, superposed on the 
" I n d u s t r i a l  Ground-water Law" and "Bu i l d ing  Ground-water Law." Moreover, they constructed dikes 
f o r  f loods and h igh  t i des ,  pumping i n s t a l l a t i o n s  f o r  drainage, water-supply works f o r  indust ry ,  
and polder  systems. The estimated cost  f o r  the countermeasures f o r  the p e r i o d  1957 through 1970 
i s  about 225 m i l l i o n  U.S. do l l a rs .  

The regulat ions f o r  ground-water withdrawal are as fo l lows:  

1. Res t r i c t i ons  under t h e  I n d u s t r i a l  Water Law. 
The r e s t r i c t i o n s  are designed t o  reduce t h e  ground-water withdrawals by 
Supplying s u b s t i t u t e  waters. The main r e s t r i c t i o n s  are described chrono- 
l o g i c a l l y  i n  t h e  fo l l ow ing :  

January 1961: A ban on d r i l l i n g  a new w e l l  i n  the southern p a r t  o f  t h e  

July 1963: A ban on d r i l l i n g  a new w e l l  i n  t he  nor thern p a r t  o f  the 

June 1966: Pumping o f  ground water i n  the  southern p a r t  o f  the a l l u v i a l  

December 1971: Pumping o f  ground water i n  the nor thern p a r t  o f  t h e  

A p r i l  1975: Pumping o f  ground water i n  the  eastern p a r t  o f  the a l l u v i a l  

a l l u v i a l  lowland ( the Koto d i s t r i c t ) .  

a l l u v i a l  lowland ( t h e  Johoku d i s t r i c t ) .  

lpwland ( t h e  Koto d i s t r i c t )  was r e s t r i c t e d .  

a l l u v i a l  lowland ( t h e  Johoku d i s t r i c t )  was r e s t r i c t e d .  

lowland ( t h e  Edogawa d i s t r i c t  ) was r e s t r i c t e d .  

2. Res t r i c t i ons  under the  Law C o n t r o l l i n g  Pumping o f  Ground Water f o r  Use i n  
Bui ld ings 
The law aims a t  h o l d i n g  i n  check t h e  pumping o f  ground water f o r  a i r  con- 
d i t i o n i n g  and other  non-dr inking purposes i n  medium- and h i g h r i s e  b u i l d -  
ings. The progress o f  r e s t r i c t i o n s  under t h e  law i s  descr ibed chronologi-  
c a l l y  i n  the  fo l lowing:  

July 1963: A ban on the d r i l l i n g  o f  new w e l l s  i n  the a l l u v i a l  lowland. 
Ju l y  1965 and July 1966: R e s t r i c t i o n s  on the  pumping of ground water i n  

May 1973: The r e s t r i c t i o n  was extended t o  the  whole area o f  t he  23  wards, 
the a l l u v i a l  lowland. 

and t h e  c o n t r o l  o f  ground-water wi thdrawals was strengthened. 

3. Res t r i c t i ons  under the  Tokyo' Metropol i tan Environmental P o l l u t i o n  Con t ro l  
Ordinance. 
The ordinance r e s t r i c t e d  the d r i l l i n g  o f  new w e l l s  i n  areas n o t  covered by 
the two laws mentioned above. 

4. Suspension o f  drawing ground water con ta in ing  n a t u r a l  gas 
The Tokyo Me t ropo l i t an  Government i n  December 1972 bought the  min ing r i g h t s  
f o r  water-soluble n a t u r a l  gas ex t rac ted  i n  t h e  neighborhood o f  the Ara 
River estuary, and thereby suspended t h e  pumping o f  gas-water (3,000 
m3/day) from the  Kazusa Group. 

On the  other  hand, i n  the  Tama d i s t r i c t ,  t h e  d r i l l i n g  o f  new w e l l s  f o r  
i n d u s t r i a l  water and water f o r  non-dr inking purposes ( f o r  example, t he  
supply o f  bath water)  i s  r e s t r i c t e d  under t h e  Metropol i tan Ordinance men- 
t i o n e d  i n  ( 3 )  above, but w i t h  an increase i n  populat ion i n  t h e  d i s t r i c t ,  
the demand f o r  ground water cl imbed from 350,000 m3/day i n  1964 t o  some 
900,000 m3/day i n  1971. 

The replacement d r i n k i n g  water and b u i l d i n g  water are suppl ied from the River Tone through 
the Musashi aqueduct and the i n d u s t r i a l  water i s  suppl ied from the  Metropol i tan i n d u s t r i a l  
Water works on the  Tone which i s  prov ided by the  cons t ruc t i on  o f  h i g h  dams on the  upper p a r t  OP 
t h i s  r i v e r .  
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Case History No. 9.5. Osaka, Japan, by Soki 
Yamamoto, Rissho University, Tokyo, Japan 

9.5.1 GEOLOGY OF OSAKA 

The Osaka bas in surrounded by the Rokko and Ikoma Ranges i s  one o f  t he  t y p i c a l  Quaternary basins 
i n  the K i n k i  Tr iangle.  The Rokko e leva t i on  reaches more than 900 m i n  the  h ighes t  p a r t  and the  
s i n k i n g  Osaka bas in has been f i l l e d  by the Pleistocene Osaka group and the l a t e r  sediments which 
are c e r t a i n l y  over 6 0 0  m i n  thickness i n  the  c e n t r a l  p a r t  o f  t he  basin. The ho r i zon  belonging 
t o  the  lower Pleistocene which i s  the same one recognized a t  a depth o f  more than 500 m by bor-  
i n g  i n  the Osaka bas in can be confirmed a t  t h e  he igh t  o f  500 m i n  the  Rokko Range. The ampl i -  
tude o f  the f o l d i n g  o f  t h e  basement represented by the  Osaka bas in and the  Rokko Range i s  
considered t o  reach more than 1,000 m s ince the e a r l y  Pleistocene (F igure 9.5.1 and 9.5.2). 

Complex t h r u s t  systems have developed espec ia l l y  along the boundary zones between u p l i f t s  
and subsidences. The beds o l d e r  than t h e  middle Pleistocene are d i v i d e d  by t h i n  t u f f  beds o f  
Mao, Mal, Ma2, --- , Mal2, and have been s t rong ly  d i s tu rbed  by f a u l t i n g  everywhere around 
the Osaka basin. Terrace deposi ts have been confirmed t o  be displaced by f a u l t i n g  a t  many 
places. For example, t h e  g ran i te  mass o f  Rokko has t h r u s t  up against  t h e  h igher  te r race  
deposi t .  

A wide te r race  developed i n  the  nor thern p a r t  o f  the Osaka basin; i t  i s  named the  I t a m i  
ter race,  and i s  t h e  lowest one i n  t h i s  area. The I t a m i  gravels composing t h i s  te r race  surface 
gen t l y  d i p  t o  the center o f  t h e  Osaka basin. A radiocarbon age determinat ion made on a wood 
fragment contained i n  the  I t a m i  c l a y  which i s  o v e r l a i n  by t h e  I t a m i  gravels  i s  29,800+1,200 
years B.P. 

The d i s t r i b u t i o n  o f  the " A l l u v i a l  deposi ts"  i n  Osaka has been revealed by b o r i n g  and the 
sonic Sparker survey. The deposi ts i n d i c a t e  the curvature o f  the surface o f  t h e  basement and 
may suggest the shape o f  basin-forming recent subsidence o f  the Osaka bas in  (Table 9.5.1). 

9.5.2 HYDROLOGY AND SUBSIDENCE 

The f i r s t  l a y e r  below the ground surface i s  an a l l u v i a l  l a y e r  except on the  Uemachi upland run- 
n i n g  south from the  v i c i n i t y  o f  Osaka Castle. The average thickness o f  t h i s  a l l u v i a l  c l a y  l a y e r  
i s  about 1 5  m. The thickness becomes greater  as i t  approaches the coas ta l  zone. Below the  
Al luvium are very t h i c k  D i i u v i a l  deposi ts o f  Pleistocene age, which c o n s i s t  o f  a l t e r n a t i o n s  o f  
sand and c l a y  layers.  Both a l l uv ium and d i l uv ium laye rs  form an e x c e l l e n t  aqu i fe r  i n  t h i s  
d i s t r i c t  (F igure 9.5.3). 

The ground water head was very h i g h  i n  the c i t y  u n t i l  about 50  years ago. It i s  repo r ted  
t h a t  even f l ow ing  a r t e s i a n  w e l l s  could be seen a t  some p a r t s  o f  the c i t y .  W i t h  t he  development 
o f  indust ry ,  however, t he  use o f  ground water gradual ly  increased and l a n d  subsidence due t o  
the  withdrawal o f  ground water began t o  appear. Before 1928, the  l and  subsidence i n  the  c i t y  
was very s l i g h t ,  be ing a t  a r a t e  o f  6-13 mm/yr. This s l i g h t  subsidence i s  considered t o  be t h e  
r e s u l t  o f  the n a t u r a l  movement o f  the ea r th  c r u s t  and o f  the n a t u r a l  conso l i da t i on  o f  t h e  newly 
deposited a l l u v i a l  c lay.  

A f t e r  t h a t  time, however, a remarkable increase i n  use o f  ground water caused an increase 
i n  the  r a t e  o f  subsidence (Table 9.5.2). 

Since t h a t  time, p rec i se  l e v e l i n g  f o r  t h e  wider p a r t  i n  the c i t y  has been c a r r i e d  o u t  every 
year by the Osaka Municipal  O f f i c e  f o l l o w i n g  the  suggestion o f  M. Imamura. Besides the  l e v e l -  
ing, the  amount o f  conso l i da t i on  o f  s o i l  l a y e r  and the  a r t e s i a n  heads o f  var ious aqu i fe rs  (O.P.* 
-33 m, O.P. -62 m, O.P. -176 m )  w e r e  observed by se l f - reco rd ing  apparatus by K. Wadachi a t  Kujoh 
Park i n  1938. Figure 9.5.4 shows the t o t a l  amount o f  subsidence o f  var ious bench marks i n  

* O.P. (Osaka P e i l )  means the lowest low-water l e v e l  observed i n  Osaka Por t  i n  1885 and 
t h i s  l e v e l  i s  used as the standard datum i n  Osaka area. 
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Figure 9 . 5 . 1  General geologic map. 
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Elevai im Elevation r .  Rokko 

t levari on 
Osa 

L i. + + t + + + - r 4 +  \+ 

Alluvium Upper Pleistccene Formations Ed Osaka Gmup (Upper) 

Figure 9.5.2 Diagrammatic p r o f i l e  o f  the Osaka bas in (Ikebe & Takenaka). 

western Osaka and secular v a r i a t i o n  o f  the a r tes ian  head a t  the Kujoh w e l l  1 7 6  m deep. As seen 
i n  t h i s  f igure,  the r a t e  o f  subsidence seems t o  be c l a s s i f i e d  i n t o  four  phases. I n  the f i r s t  
pe r iod  from 1935 t o  1943  the land subsidence was very r a p i d  as the i ndus t r y  i n  the c i t y  devel- 
oped. I n  the second p e r i o d  from 1 9 4 4  t o  1951, land subsidence was very s l i g h t  o r  sometimes 
stopped. A t  t h a t  time, i n d u s t r i a l  a c t i v i t y  was g r e a t l y  depressed by the war d i sas te r  and the 
use of ground water decreased. I t  began t o  increase again i n  the t h i r d  pe r iod  from 1952  t o  1964 
because o f  the remarkable increase o f  i n d u s t r i a l  water use. From 1964  t o  the present, i t  has 
decreased because of  the regu la t i ons  against  ground water use. The v a r i a t i o n  o f  ground water 
head i s  almost s i m i l a r  t o  t h a t  o f  land subsidence. 

The a r t e s i a n  head and r a t e  o f  subsidence are c l o s e l y  c o r r e l a t e d  a t  the Kujoh wel l .  I n  s p i t e  
o f  some unconformity of peak years, however, the general  features o f  the v a r i a t i o n  i n  the a r te -  
s i a n  water head and i n  the r a t e  o f  subsidence show a c lose correspondence and suggest a causal  
connection between these phenomena. The pe r iod  when land subsidence stopped corresponds t o  the 
pe r iod  o f  recovery o f  the ground waterihead (Figure 9.5.4). 

The t o t a l  subsidence dur ing 34 years from 1935 t o  1968 i n  Osaka i s  shown by the i s o p l e t h s  
i n  Figure 9.5.5. I n  t h i s  f i gu re ,  i t  can be not iced t h a t  the subsidence i s  l a r g e r  nearer t o  the  
coas ta l  zone, and a zone o f  l i t t l e  subsidence i s  l e f t  i n  the upland i n  the middle o f  Osaka where 
no a l l u v i a l  cover ing ex is ts .  
c e s s f u l l y  decreasing. 

I n  s p i t e  o f  the success i n  prevent ing land subsidence i n  Osaka C i t y ,  the subsidence i n  
eastern and nor thern Osaka has increased remarkably du r ing  the recent few years. These reg ions 
have been developed l a t e l y  and many f a c t o r i e s  which demand much ground water have been b u i l t .  

The subsidence area covers about 570 km2 a t  present, but  i s  suc- 

9.5.3 PARAMETERS 

Th@ compression index Cc was obtained by the standard oedometer t e s t .  The value var ies f r o m  
0.2 t o  1.8 and i s  p r o p o r t i o n a l  t o  the l i q u i d  l i m i t  WL. The equat ion of the regression l i n e  
i s  C, = 0.017 (wL - 37). The preconsol idat ion pressure va r ies  from 2 t o  50 (kg/cm2). I t  
increases p r o p o r t i o n a l l y  t o  the  depth and i s  genera l ly  l a r g e r  than the present e f f e c t i v e  over- 
burden pressure. 

9.5.4 ECONOMIC AND SOCIAL IMPACT 

Th is  can be seen from F igu re  9.5.6 eas i l y .  T o t a l  amounts o f  i n d u s t r i a l  products are presented 
i n  yen d e f l a t e d  i n  economic appra i sa l  o f  1965. 
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Table 9.5.1 S t r a t i g r a p h i c  c o r r e l a t i o n  o f  geology i n  Osaka. 

S 1 a n d I d 

K I N K 1  di". 

s t  r m i i l  r a p h v  

4 < I  K i r d a  1omulion 

9.5 - 5 COUNTERMEASURES WITH LEGAL REGULATION 

Due t o  l a n d  subsidence, t h e  ground surface o f  a p a r t  o f  western Osaka has sunk below sea l e v e l  
and t h e  c i t y  i s  exposed t o  the danger o f  f l oods  caused by storm surges i n  Osaka Bay. Subsid- 
ence areas below h i g h  t i d e  have extended t o  about 100 km2. 

I n  1934 a ve ry  l a r g e  f l o o d  occurred, caused by t h e  Muroto Typhoon, t h e  b igges t  typhoon 
t h a t  ever a t tacked Osaka. An area o f  about 49 km2 was f looded by t h e  storm surge o f  O.P. + 
4.20 m. I n  order t o  prevent  f u r t h e r  d i sas te rs ,  t he  d ikes have been r e p a i r e d  and b u i l t  more 
s a t i s f a c t o r i l y .  
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Figure 9.5.3 Geologic cross s e c t i o n  o f  Osaka. 

Table 9.5.2. Change o f  ground water wi thdrawal i n  Osaka 

6 - 0  

Kobe G r o u p  
Osaka G r o u p  

/ Bed Rock 

Discharge amount 
Year x 103 m3/year 

192 O 956 
1930 6386 
1940 18997 
1945 19309 
1953 30000 
1954 37440 
1955 57440 

Discharge amount 
Year x 103 m3/year 

1956 65060 
1957 93120 
1958 110720 
1959 130420 
1960 144100 
1961 130420 
1962 123680 

Discharge amount 
Year x 103 &/year 

1963 94780 
1964 791 9 O 
1965 56120 
1966 344 1 O 
1967 15400 
1968 4660 
1974 42 
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Figure 9.5.4 Secular changes of land subsidence and ground-water l e v e l  i n  Osaka. 
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N 

Figure 9.5.5 Isopleths o f  amount o f  land subsidence i n  Osaka area from 1935 t o  1968 (cm). 
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Figure  9.5.6 Land subsidence and i n d u s t r i a l  p roduc t ion  i n  Osaka Prefecture. ( I n d u s t r i a l  
p roduc t ion  i s  i n f l a t e d  to  the  value o f  1965.) 

Besides these prevent ion  works, t he  use o f  ground water has been gradua l ly  regulated i n  
accordance w i t h  t he  progress o f  the  i n d u s t r i a l  water supply works f o r  d e l i v e r i n g  surface water, 
which was planned as the  s u b s t i t u t e  f o r  ground water. I n  1962, Osaka C i t y  constructed indus- 
t r i a l  water supply works and i n  1970, the Osaka p re fec tu ra l  government a l s o  constructed indus- 
t r i a l  water supply works in t roduc ing  water from the River Yodo  which s t a r t e d  f r o m  Lake Biwa, 
the  b igges t  l ake  i n  Japan. 
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1959, Jan- 

1962, Nov. 

1963 Jul. 

1965, Oct. 

1966, Jun. 

O I 2 3 4 S K m  

Annotation: 

- 21 
2 ----- Allowable maximum sectional area o f  pumping tube (cm 

Required least depth o f  wells under the surface 600 - - - - - -  i m )  

F i g u r e  9.5.7 Regulated areas aga ins t  use o f  ground water for  indus t ry .  

Because o f  the r e g u l a t i o n  against  t h e  use o f  ground water i n  Osaka C i t y  l a n d  subsidence 
t h e  c i t y  g r a d u a l l y  decreased and has almost stopped a t  present  (F igures 9.5.7 and 9.5.8). 

i n  
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Case History No. 9.6. Nobi Plain, Japan, by Soki 
Yamamoto, Rissho University, Tokyo, Japan 

9.6.1 TOPOGRAPHY AND GEOLOGY OF NOB1 PLAIN 

The Nobi P l a i n  under la in  by young sediments i s  s i t u a t e d  i n  the c e n t r a l  p a r t  of Japan and i s  
about 1800 km2 i n  area. This  p l a i n  faces I s e  Bay, where the I b i ,  Nagara, Kiso, and Shonai 
r i v e r s  discharge, and i s  composed o f  a l l u v i a l  fans, f l o o d  p la ins ,  d e l t a i c  p la ins ,  terraces, 
reclaimed lands, and f i l l e d - u p  ground (Figure 9.6.1). 

The west-east p r o f i l e  o f  the southern p a r t  o f  t h i s  area i s  i l l u s t r a t e d  i n  F igure 9 . 6 . 2 .  
The basement block i n  the Nobi P l a i n  area bounded by the Yoro f a u l t  has t i l t e d  and i s  covered 
w i t h  sediments d ipp ing westward. The depth o f  s t r a t a  i s  about 2,000 m t o  the  basement rocks. 

The subsurface s t ra t i g raphy  o f  these sediments i n  the p l a i n  has been explored on the bas is  
o f  borehole m a t e r i a l  obtained from severa l  thousands o f  water w e l l s  and t e s t  borings. The 

1. Mountain and H i l l  2. Terrace 
3. A l l u v i a l  Fan and Cone 
4 .  Flood P l a i n  5 .  D e l t a i c  P l a i n  
6.  F i l led-up Ground 
7 .  Reclaimed Land 

Figure 9.6.1 Topographic features of the Nobi P la in .  
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Figure 9.6.2 West-east p r o f i l e  o f  t h e  Nobi p l a i n .  

c 

Table 9.6.1 The Subsurface Strat igraphy i n  t h e  Nobi P l a i n  

SANAGE 
\ 

HOLOCENE 

PLEISTOCENE 

PLIOCENE 

NANYO FORMATION ( H )  
( loose upper sand bed and 
very  s o f t  marine c l a y  bed) 

(N) 
( a l t e r n a t i o n  o f  sand and s i l t  bed) 

DAICHI GRAVEL BED (G1) 
ATÇUTA FORMATION (D3) 

1 NOB1 FORMATION 

(upper sand and c l a y  beds and 
unconsolidated lower marine c l a y  bed) 

DAIN1 GRAVEL BED (G2)  
AMA FORMATION GROUP 

( a l t e r n a t i o n s  o f  semiconsolidated 
sand, c l a y  and grave l  beds) 

PRE-AMA FORMATION GROUPS 
( a l t e r n a t i o n s  o f  semiconsolidated 

(Thickness) 
10-60 m 

10-20 m 
10-30 m 

10-100 m 

5-30 m 

30-100 m 

30-70 m 
sand, c l a y  and grave l  beds) 

TOKAI GROUP 
( a l t e r n a t i o n s  o f  semiconsolidated 
c lay,  sand and grave l  beds) 

M I O C E N E  S E R I E S  

200-1000 m 

. . . . . 

P R E - T E R T I A R Y  B A S E M E N T  R O C K S  

geo log ica l  succession o f  these sediments i s  shown i n  Table 9.6.1, and a geologic cross sec t ion  
i n  F igure 9.6.3. 

The middle Pleistocene and younger sediments are composed o f  an a l t e r n a t i o n  o f  c lay,  sand 
and g r a v e l  beds. Changes i n  sedimentary environments and c l i m a t i c  f l u c t u a t i o n s  o f  these sedi-  
ments have been s tud ied  by means o f  m i c r o f o s s i l  analyses o f  numerous core samples (Nobi P l a i n  
Quaternary Research Group, 1976). 

Semiconsolidated fresh-water l a c u s t r i n e  c l a y  beds and f l u v i a l  sand and g r a v e l  beds are 
in terbedded i n  t h e  lower h o r i z o n  o f  the  Pleistocene sediments, t h e  so-ca l led P r e - h a  Formation 
Groups. The Ama Formation Group and the younger sediments are composed o f  a l t e r n a t i o n s  o f  
f l u v i a l  sand o r  g rave l  beds and unconsolidated marine c l a y  beds, deposited under i n n e r  bay 
condi t ions.  Each o f  these marine c l a y  beds shows a sel imentary c y c l e  from t ransgress ive t o  
regress ive  phase, and represents a r e l a t i v e l y  warm per iod,  i n t e r g l a c i a l  epoch o r  i n t e r s t a d i a l .  
I n  co lder  periods, the  grave l  beds have been deposited as e i t h e r  t e r r a c e  o r  r i ver -bed gravels  
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Geologic cross sec t i on  o f  Nobi P la in .  

I I  

i n  t h e  v a l l e y s  formed dur ing the p e r i o d  o f  low sea l e v e l  f a l l i n g .  The r i ve r -bed  g r a v e l  
deposited i n  the bottom o f  the v a l l e y s  du r ing  a maximum stage o f  sea l e v e l  f a l l i n g  reaches 20 m 
or more i n  thickness. The te r race  g rave l  beds are genera l ly  t h inne r  than the  v a l l e y  bottom 
gravel  beds. These two types o f  g rave l  beds a re  d i s t r i b u t e d  under almost t he  whole area o f  t h e  
Nobi P la in .  Bur ied topography such as h i l l s ,  ter race,  and v a l l e y s  formed i n  the process o f  
sea- level  lower ing i s  depicted i n  the  base contour map o f  these gravel  beds. The b u r i e d  
topography and types of gravel  beds a f f e c t  ground-water y i e l d  i n  t h i s  p l a i n .  The marine c l a y  
beds ove r l y ing  the  g rave l  beds have a t t a i n e d  more than 30 m i n  th ickness i n  the va l leys,  and 
spread f a r  and wide under the p l a i n  area except f o r  the a l l u v i a l  f an  area, where t h e  c l a y  beds 
thin out  and grade i n t o  sand o r  g rave l  beds (F igure 9.6 .3) .  
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Figure 9.6.4 Subsidence o f  bench marks and withdrawal o f  ground water i n  the Nobi Plain.  

Table 9.6.2 Withdrawal o f  ground water i n  the Nobi Plain.  

Year m3/day 

1925 
1945 
1950 
1955 
1960 
1965 
1970 
1973 

1638 
129088 
154040 
360301 
849338 

1552764 
3002128 
3514195 

9.6.2 HYDROLOGY 

I n  the a l l u v i a l  fan area, p r e c i p i t a t i o n  and surface water percolate downward through these per- 
meable sand and grave l  beds, and recharge ground water i n  the Nobi Plain.  A super f ic ia l  sand 
bed, the upper member o f  the Nanyo Formation, as much as 1 5  m thick,  contains unconfined ground 
water which i s  recharged d i r e c t l y  from p r e c i p i t a t i o n  and i n f i l t r a t i o n  o f  i r r i g a t e d  water. The 
grave l  beds, G l ,  G2, and others interbedded i n  clay beds, are a r tes ian  aquifers and supply 
a la rge  quanti ty  o f  ground water. Before the pumping was la rge ly  developed, many flowing wel ls  
tapped these grave l  beds i n  most o f  the Nobi Plain.  

The increasing withdrawal of ground water i n  the Nobi P l a i n  i s  shown i n  Tables 9.6.2 and 
9.6.3. The use for  industry amounts t o  60 per cent o f  the t o t a l .  

Recent annual withdrawals o f  ground water i n  the Nobi P l a i n  equal 32 per cent o f  the annual 
r a i n f a l l  on t h i s  plan. This volume i s  much la rger  than the na tura l  recharge o f  ground water. 

I n  the 1 9 2 0 ' ~ ~  the piezometric l e v e l s  o f  confined aquifers were above the ground surface i n  
most of t h i s  p l a i n .  I n  the 1 9 4 0 ' ~ ~  flowing wel ls  were s t i l l  observed i n  Ogaki, Kanie, and 
Kasugai d i s t r i c t s .  But since then, the piezometric leve ls  have declined due t o  the increase i n  
the number of a r tes ian  wells.  
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Table 9.6.3 Use o f  ground water for  each purpose i n  the Nobi P l a i n  (1973). 

I tem T o t a l  Industry Bu i I d  ings Water Supply Ag r i c u  1 t u  r e 

Withdrawal 3,802,293 2,290,015 343,025 477,028 692,225 
o f  Ground Water 
i m3 /d ay ) 

Percentage 100 60 9 13 18 

9.6.3 LAND SUBSIDENCE 

The records o f  three bench marks depicted i n  Figure 9.6.4 show the evolut ion of  land subsidence 
i n  t h i s  area. During the period from 1950 t o  1973, the subsidence increased exponential ly and 
some areas subsided more than 20 cm i n  1973. 

Figure 9.6.5 shows a comparison between the areas subsiding more than 2 cm/yr from Feb., 
1961 t o  February, 1962, and from November, 1972 t o  November, 1973. This f igure  i l l u s t r a t e s  how 
the subsiding area i n  t h i s  p l a i n  enlarged from 1961 t o  1973. 

The subsidence o f  t h i s  p l a i n  during about 1 5  years from February, 1961 t o  November, 1975 
i s  shown i n  Figure 9.6.6. The southern p a r t  o f  Nagashima facing the I s e  Bay se t t led  147 cm 
during these 1 5  years. The t o t a l  subsiding area i s  1140 km2 (Environment Agency, Japan, 
1976). By 1973, 363 km2 had become lower than the mean high-sea l e v e l  (1.1 m higher than the 
mean sea l e v e l ) ,  248 km2 lower than the mean sea l e v e l ,  and 37 km2 lower than the mean 
low-sea l e v e l  ( 1 . 4  m lower than the mean sea l e v e l ) .  The area below mean sea l e v e l  enlarged 
from 186 km2 i n  1961 t o  248 km2 i n  1973. 

Regulations for  withdrawal o f  ground water i n  the Nobi P l a i n  are as follows: 

1. 

2. 

3. 

The I n d u s t r i a l  Water Law (established i n  1956) 
The areas designated by the I n d u s t r i a l  Water Law are supplied with 
i n d u s t r i a l  water from surface sources instead of  r e s t r i c t i o n  on pumping of 
ground water. The regulations for  these areas are shown i n  Table 9.6.4. 

Regulations by Ordinance o f  Aichi  Prefecture 
Aichi  Regulation Zone I (enforced on 30 September 1974) 
This regulat ion zone was decided considering the r a t e  o f  subsidence 
greater  than 5 cm/year i n  1972 and/or 1973. I n  t h i s  zone, a newly 
bored w e l l  must meet the fol lowing conditions: 

a. The depth o f  s t ra iner  should not be greater than 10 m. 
b. The inside area o f  discharge pipe should be less  than 19 

c.  The power o f  motor should be less than 2.2 kw. 
d. 

cm2. 

T o t a l  discharge should be less  than 350 m3/daym. 
Concerning the wel ls  tha t  existed before the regulation, f low meters 
were i n s t a l l e d  i n  them and the discharge records are reported t o  the 
Pre fec tura l  o f f i c e  every year. Since the 1s t  o f  January, 1976, the 
withdrawal o f  ground water from ex is t ing  wel ls  was r e s t r i c t e d  wi th in  
80 per cent o f  the discharge i n  the past (Figure 9.6.7).  
Aichi  Regulation Zones II and III (enforced on 1 Apri1.1976) 
The regulations for  newly bored we l ls  and ex is t ing  we l ls  are the same 
as those for  Zone I, except t h a t  fo r  the ex is t ing  wel ls  i n  Zone II, 
the withdrawal from the 1 s t  of A p r i l ,  1977 i s  going t o  be r e s t r i c t e d  
wi th in  80 per cent o f  the discharge i n  the past,  and for the ex is t ing  
wel ls  i n  Zone III, the withdrawal i n  future i s  going t o  be r e s t r i c t e d  
wi th in  the discharge i n  the past. 

Regulations by Ordinance o f  Mie Prefecture (enforced on 1 A p r i l  1975) 
The regulations for  newly bored wel ls  and ex is t ing  wel ls  a re  the same as 
those explained f o r  Aichi  Regulation Zones II and III, where Mie 
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Table 9.6.4 Regulat ions f o r  the Areas Designated by the  I n d u s t r i a l  Water Law 

Area zone Allowed Depth o f  
(See Fig.  9.6.7) St ra iner  

I n s i d e  Area o f  
Discharge Pipe 

Southern N1 

Nagoya N2 

Indus t r i a l  
Area o f  

designated 
i n  1960 

deeper than 80 m 
deeper than 300 m 

deeper than 90 m 
deeper than 180 m 

l e s s  than 46 cm2 
greater than 46 cm2 

l e s s  than 46 cm2 
greater than 46 cm2 

Indus t r i a l  
Area o f  
Yokkaichi 
dkSignated 

and 1963 

Y 1  

i n  1957 y 2  

deeper than 1 0 0  m 
deeper than 230 rn 

deeper than 50 m 
deeper than 150 m 

l e s s  than 2 1  cm2 
from 2 1  crn2 t o  46 cm2 

2 l e s s  than 2 1  cm 
from 2 1  crn2 t o  46 an2 

Table 9.6.5 Dealing w i t h  e x i s t i n g  w e l l s  i n  the  case where the s t r a i n e r s  are deeper than 1 0  m 
i n  Nagoya 

Zone Wells f o r  Bui ld ings Wells f o r  I ndus t r y  

I Changed t o  use c i t y  water Change t o  t h e  i n d u s t r i a l  
s ince 16 NOV. 1975 water supply as soon as 

poss ib le  

II Changed t o  use c i t y  water 
s ince 16 Nov. 1976 

III Increasing withdrawal i s  forbidden 

Regulat ion Zones I and II correspond t o  A i c h i  Regulat ion Zones II and 
III, respec t i ve l y .  

4. Regulat ion by Ordinance o f  Nagoya C i t y  (enforced on 16 November 1974) 
According t o  the  ordinance o f  Nagoya C i t y ,  a new w e l l  can be al lowed only  
i n  the  case where the s t r a i n e r  i s  not  deeper than 1 0  m and the  i n s i d e  
area o f  discharge p i p e  i s  l e s s  than 19 an2. E x i s t i n g  deep we l l s  are 
being t r e a t e d  as shown i n  Table 9.6.5. The r e g u l a t i o n  zones o f  Nagoya 
C i t y  are overlapped by t h e  r e g u l a t i o n  zones o f  A i ch i  Prefecture.  
Therefore, t he  wi thdrawal o f  ground water i n  Nagoya i s  c o n t r o l l e d  by 
ordinances o f  Nagoya C i t y  and A i c h i  Prefecture. 

Figure 9.6.8 shows the  subsidence o f  Nagashima dur ing t h e  recent t e n  years and piezometr ic 
l e v e l s  o f  the 1 s t  conf ined aqu i fe r  (GI) and t h e  2nd confined aqu i fe r  ( G 2 )  measured a t  
Matsunaka observat ion w e l l  du r ing  the  recent f i v e  years. The conf ined aqu i fe rs  G1 and G2 
are l oca ted  a t  depths between 40 m t o  60 m and 100 m t o  115 m respec t i ve l y  a t  t h e  observat ion 
s i t e .  Concerning the  piezometr ic l eve l s ,  seasonal changes are superposed on t o t a l  t rends o f  
ground water l eve l s .  The seasonal drops o f  p iezometr ic l e v e l s  are caused by the  increase o f  
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more than 2 cm/yr. 

Figure 9.6.6 Subsidence f O K  15  years from February 1961 to  November 1975 i n  the Nobi P la in .  
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9 Y  T I E  INDUSTRIAL 
'NATER L A W  

Figure 9.6.7 R e s t r i c t i o n  o f  withdrawal o f  ground water i n  the Nobi P la in .  

pumpage f o r  coo l i ng  and i r r i g a t i o n  i n  summer. The piezometr ic l e v e l  of the deeper confined 
aqui fer  i s  lower than the  one o f  the shal lower conf ined aqui fer ,  because ground water o f  b e t t e r  
q u a l i t y  i s  pumped up i n  p l e n t y  from the deep aqui fer .  

The p iezometr ic  l e v e l s  o f  aqu i fe rs  show recover ing t rends since 1974. Re f lec t i ng  t h i s  
favorable t u r n  i n  the ground water s i t ua t i on ,  the subsiding area became smaller and the r a t e  of 
subsidence decreased. 

Moreover, severa l  rebounding areas appeared around the area having reduced subsidence. 

(See Figure 9.6.9.) 

9.6.4 PARAMETERS 

The compression index Cc va r ies  v e r t i c a l l y  and h o r i z o n t a l l y  i n  c l a y  l aye rs  and the values are 
c l o s e l y  r e l a t e d  t o  the  sedimentary facies.  The value i s  the l a rges t  i n  the middle hor izon o f  
f i n e r  mater ia ls.  L a t e r a l  d i s t r i b u t i o n  o f  the mean Cc value ca l cu la ted  by averaging v e r t i c a l  
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Figure 9.6.8 Subsidence and ground water conditions a t  Nagashima during recent years. 

var iat ions r e f l e c t s  the sedimentary environment o f  the clay bed. I t  varies from 0.3 t o  0.8 
from the margin o f  t h i s  p l a i n  t o  the c e n t r a l  area. There i s  a good cor re la t ion  between eo 
and Cc which can be expressed as follows: 

Cc = 0.5 (eo - 0.5) 

where eo i s  the na tura l  void r a t i o  of c lay.  

9.6.5 SELECTED REFERENCES 

IIDA, K. ,  SAZANAMI, T., KUWAHARA, T., and K.  UESHITA. 1977. Subsidence of the Nobi P la in ,  
IAHS Pub. NO. 121, p. 47-54. 

KUWAHARA, T. ,  UESHITA, K. ,  and K.  IIDA. 1977. Analysis of  land subsidence i n  the Nobi P la in ,  
IAHS Pub. No. 121,  p.  55-64. 
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Figure 9.6.9 Subsidence and rebound of  the Nobi P l a i n  from November 1974 t o  November 1975 
(un i t :  cm/yr). 
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Case History N O .  9.7. Niigata, Japan, by Soki 
Yamamoto, Rissho University, Tokyo, Japan 

9.7.1 TOPOGRAPHY AND GEOLOGY 

N i i g a t a  P l a i n  i s  t he  l a r g e s t  coas ta l  p l a i n  along the  Japan seacoast. It i s  bounded on t h e  east  
by mountains, on the south and west by h i l l s  and on t h e  n o r t h  by t h e  Japan Sea, w i t h  coas ta l  
sand dunes. Through the  center o f  t h i s  p l a i n  the R. Shinano, t h e  R. Agano and t h e i r  branches 
f low down from south t o  n o r t h  i n t o  the Japan Sea. Along these r i v e r s ,  e s p e c i a l l y  on down 
reaches, t he re  are many back marshes, swamps, and lakes (F igure 9.7.1.). 

This area i s  a t y p i c a l  s y n c l i n a l  bas in w i t h  deposi ts o f  Cenozoic age under la in  by a 
basement complex (Figure 9.7.2. ) . The subsurface geology o f  t h i s  area cons is t s  o f  Holocene , 
Pleistocene and Neocene deposits. The s t r a t i g r a p h i c  c o r r e l a t i o n  i s  as shown i n  Table 9.7.1. 

9 * 7 2 HYDROLOGY 

I t  had been w e l l  known t h a t  there was abundant methane gas i n  t h i s  area. The major gas 
rese rvo i r s  i n  the  N i i g a t a  gas f i e l d  belong t o  the Uonuma Group o f  Pleistocene age which i s  
character ized by the  a l t e r n a t i o n  o f  c lay,  sand and g rave l  beds. Gas reservo i rs ,  i.e., conf ined 
aqu i fe rs  c o n s i s t i n g  o f  sand and gravel ,  are f i l l e d  w i t h  brack ish t o  s a l i n e  water. 

Large q u a n t i t i e s  o f  s a l i n e  ground water conta in ing d isso lved gas are pumped up from w e l l s  
as much as 1000 metres deep, tapping r e l a t i v e l y  unconsolidated segments o f  t h e  G l ,  
G2,....G7 l aye rs  of Cenozoic age (Figure 9.7.3. ). Shallow aqu i fe r  G1 i s  e x p l o i t e d  f o r  
domestic use, but the others are e x p l o i t e d  f o r  i n d u s t r i a l  uses (Figures 9.7.4. and 9.7.5.). 
About 200 m i l l i o n  cubic metres o f  methane was produced i n  1958, 6 0  per  cent  o f  t h e  methane gas 
product ion i n  Japan. 

The producing w e l l s  increased r a p i d l y  t o  1959 near t h e  mouth o f  t he  R. Shinano a long t h e  
coast o f  the Japan Sea. W i t h  increase o f  t h e  amount o f  ground-water wi thdrawal from gas wel ls ,  
the r a p i d  lower ing o f  the groundwater l e v e l  was recognized. The pe rmeab i l i t y  o f  the gas 
rese rvo i r s  va r ies  from 50 t o  200 m i l l i d a r c y s .  

9.7.3 SUBSIDENCE 

Although no a t t e n t i o n  had been paid,  about 1930 the  land subsidence i n  N i i g a t a  was i n d i c a t e d  by 
geologis ts  as "Pseudo-sinking'' o f  sea coast. Subsidence o f  t h e  N i i g a t a  area, e s p e c i a l l y  t h e  
harbor d i s t r i c t ,  became not iceable by 1955 (Figure 9.7.6.). Most o f  the harbor area which 
i n i t i a l l y  was on ly  1 - 2  m above mean sea l e v e l  had been damaged by inundat ion from t h e  sea. 

The r e s u l t s  o f  f i r s t - o r d e r  l e v e l i n g  over t h i s  area were reexamined and ext raord inary 
subsidence was recognized. Another area o f  surface subsidence had occurred i n  t h e  i n l a n d  p a r t  
of the N i i g a t a  Pla in ,  i n  the  southern p a r t  o f  N i i g a t a  c i t y .  I n  1959, the  center  o f  t he  
subsidence was located near Shirone town, and the subsidence r a t e  was about 14 cm i n  t e n  
months. Based on the data o f  compaction meters, i t  was concluded t h a t  the compaction was 
located i n  the zone shal lower than 1 2 0  m depth, which i s  c o r r e l a t e d  w i t h  t he  Holocene and 
younger Pleistocene deposits. As shown i n  Figure 9.7.7, about 10,000 w e l l s  producing n a t u r a l  
gas f o r  domestic use are l oca ted  i n  t h i s  area. The amount o f  t h e  ground-water wi thdrawal from 
these w e l l s  i n  1960 was est imated t o  be approximately 60 ,000  m3/day. 

F i r s t -o rde r  l e v e l  surveys have been made i n  N i i g a t a  and i t s  v i c i n i t y  by t h e  Japan 
Geographical Survey I n s t i t u t e  i n  1898, 1930, 1951, 1955 and 1957, and l e v e l i n g  has been 
conducted a t  6-month i n t e r v a l s  s ince 1957. (See Figure 2.2. ) The subsidence o f  20 cm a t  t h e  
harbor mouth i n  6 months i nd i ca tes  an annual r a t e  o f  40 cm. By 1959, t h e  annual r a t e  had 
increased t o  54 cm a year. 

Long-term graphs o f  e l e v a t i o n  change f o r  f i v e  bench marks which are representat ive o f  t h e  
subsidence t rend  are shown i n  Figure 9.7.8. They show a slow subsidence o f  about one h a l f  a 
cent imetre per  year from 1898 t o  1952 and a r a p i d  acce le ra t i on  s ince 1955. The cause o f  the  
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F igure 9.7.1 Physiographic map o f  N i i g a t a  area. 

slow subsidence p r i o r  t o  1952 has not been explained. Na tu ra l  gas production, shown i n  Figures 
9.7.4 and 9.7.5, began about 1947 and increased r a p i d l y  i n  the f i f t i e s .  The volume o f  gas- 
bear ing water pumped repor ted l y  has been about equal t o  the volume o f  gas recovered. Because 
o f  t he  coincidence i n  t ime and p lace o f  the increase i n  r a t e  o f  subsidence and o f  f l u i d  w i t h -  
drawal, we concluded t h a t  t he  cause of  the  accelerated subsidence i s  the withdrawal o f  the water 
and gas. This wi thdrawal has decreased the  f luid pressure i n  the  gas-bearing zones and has 
caused the compaction o f  sediments. 

The r a t e  and d i s t r i b u t i o n  o f  compaction i n  depth i s  being observed by means o f  1 2  novel  
compaction recording wel ls ,  i n s t a l l e d  i n  1958-1959, and ranging i n  depth from 20 t o  1190 m. 
When the r e s u l t s  obtained from these observat ion we l l s  were analyzed, they showed a remarkable 
c o n t r a c t i o n  o f  t he  l a y e r  from 380 t o  610 m depth. The subsiding area o f  N i i g a t a  d i s t r i c t s  i s  
about 430 km2. 
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Figure 9.7.2 Diagrammatic cross sec t ion  o f  N i iga ta .  

9.7.4 PARAMETERS 

1x10-2 - 5 ~ 1 0 - ~  cm2/kg 
1x10-1 - 1x10 0 cm2/min. 

MV 
CV 

9.7-5 LEGAL ASPECTS AND COUNTERMEASURES 

Since 1960, c o n t r o l  o f  ground-water withdrawal has been undertaken by p u t t i n g  area "A" 
completely under the ban o f  gas produc t ion  (F igure  9.7.9). They a l s o  es tab l i shed area " B I "  
where e x t r a c t i o n  o f  gas from shallower r e s e r v o i r s  than G6 i s  p roh ib i ted ,  and "C," where gas 
produc t ion  i s  permi t ted  w i t h i n  the l i m i t  o f  t h e  p a s t  product ion record.  Over a l l  t h i s  area, 
new d r i l l i n g  i s  p roh ib i ted .  

Besides l e g a l  r e s t r i c t i o n s  , hydrogeologis ts  had c a r r i e d  on experiments o f  water i n j e c t i o n  
i n t o  gas reservo i rs  s ince 1966 o r  so. The i n j e c t i v i t y  index i s  u s u a l l y  l e s s  than a quar te r  o f  
the p r o d u c t i v i t y  index. A f t e r  1965, the  gas company s t a r t e d  t o  i n j e c t  s a l i n e  water i n t o  f o u r  
r e s e r v o i r s  ( G 4 - l ,  G5, G5-l, G6) .  The change o f  ground-water l e v e l  and compaction o f  
these layers  has been observed i n  t h i s  area (F igures 9.7.10, 9.7.11, 9.7.12, and 9.7.13). 
Since 1973, a l l  t h e  pumped water, about 110,000 cubic  metres per  day, a f t e r  gas separation, has 
been i n j e c t e d  i n t o  t h e  gas r e s e r v o i r s  through i n j e c t i o n  wel ls ,  w i t h  no surface drainage. 

The t o t a l  est imated cos t  o f  countermeasures over the  whole N i i g a t a  area i s  d i f f i c u l t  t o  
est imate but the d i r e c t  cos t  i s  est imated as $12 m i l l i o n  f o r  the  p e r i o d  1957 t o  1974. 

9.7.6 SELECTED REFERENCES 

AOKI, S. 1977. Land subsidence i n  N i iga ta .  IAHS Pub. No. 121, p. 629-634. 

HOKURIKU AGRICULTURAL BUREAU. 1965. Land subsidence o f  a g r i c u l t u r a l  land  i n  N i iga ta ,  pp. 
1-485. 

ISHIWADA, Y. 1969. Experiments on water i n j e c t i o n  i n  the  N i i g a t a  gas f i e l d .  IASH Pub. No. 88, 
pp. 629-634. 

20 7 



Guidebook to studies of land subsidence due to ground-water withdrawal 

Table 9 .7 .1  Geological cor re la t ion  and gas reservoir .  

G, Conglomerate 
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1w- -1961 

Figure 9.7.6 Subsidence o f  bench marks on selected points i n  N i iga ta  and v i c i n i t y ,  i n  
m i  11 ime t r e s . 
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Figure 9.7.7 D i s t r i b u t i o n  o f  gas we l l s  and t o t a l  amount o f  l and  subsidence du r ing  the p e r i o d  
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Figure 9.7.8 Change of ground height i n  N i iga ta  ( m ) .  
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Figure 9.7.9 Regulation by law i n  N i i g a t a  area. 
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O 5 I O k r n  - 
F i g u e  9.7.10 Land subsidence during 1973-74. 
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Figure 9.7.11 P r o f i l e  o f  water i n j e c t i o n  experimental s t a t i o n  ( a t  Kurosaki).  
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F igure  9.7.12 Change i n  ground-water l e v e l s  a t  observat ion we l l s  (Kurosaki).  
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Case History No. 9.8. Mexico, D. F.,Mexico, by 
German E. Figueroa Vega, Cornision de Aguas del Valle 
de México, Mexico, D. F. 

9.8.1 GEOLOGY 

Mexico C i t y  i s  located i n  the southwestern p o r t i o n  o f  t h e  Va l l ey  o f  Mexico. The general  geolog- 
i c a l  features o f  the zone are shown i n  Figure 9.8.1. i n  which i t  may be seen t h a t  t he  most 
ancient outcrops, i n  the upper p a r t  o f  t h e  western and nor thern ranges of the zone, are andesi t -  
i c  and d a c i t i c  f o rmî t i ons  o f  t h e  middle Te r t i a ry ,  o v e r l a i n  on t h e i r  slopes by vo lcanic  and a l l u -  
v i a l  formations o f  the upper T e r t i a r y  and Quaternary (Cornision Hydrologica de l a  Cuenca d e l  
Va l l e  de México, 1961b). 

The southern range i s  almost completely covered by Quaternary b a s a l t i c  emissions and the  
f l a t t e r  p o r t i o n  o f  t h e  c i t y  i s  c o n s t i t u t e d  by Quaternary l a c u s t r i n e  c lays.  These c lays  o v e r l i e  
Quaternary c l a s t i c s  t h a t  c o n s t i t u t e  t h e  aqu i fe r  whose ove rd ra f t  has caused t h e  subsidence. The 
d e f i n i t i o n  o f  t h e  symbols which appear i n  F igure 9.8.1. i s  g iven i n  Table 9.8.1. 

The c layey format ion has a va r iab le  th ickness from O t o  5 0  m. w i t h  some i n t e r c a l a t i o n s  o f  
f i n e  sands and s i l t s ,  v o i d  r a t i o s  up t o  1 5  and water contents up t o  650 per cent. As a 
consequence, i t s  shearing s t rength i s  very low and i t s  compress ib i l i t y  very high. 

The aqu i fe r  contains t h i c k  s t r a t a  o f  g rave l  and sand o f  good pe rmeab i l i t y .  Wells are 
general ly o f  h igh  y i e l d  ( 1 8 0  t o  360 m3/h r  o r  more) w i t h  s p e c i f i c  capac i t i es  ranging between 
18 and 36 m3/h r /m and more. 

The mechanical p roper t i es  o f  Mexico C i t y  clays, espec ia l l y  t h e i r  low shear ing strength,  
make i t  necessary t o  c a r r y  ou t  spec ia l  s o i l  mechanics s tud ies p r a c t i c a l l y  i n  a l l  types of 
foundations. 

I n  general, foundations by continuous slabs are poss ib le  on ly  i n  b u i l d i n g s  w i t h  no more 
than 4 o r  5 s t o r i e s .  I n  any b u i l d i n g  h igher  than t h i s ,  i t  i s  necessary t o  r e s o r t  t o  the  use Of 

compensated foundations which present d i f f i c u l t i e s  due t o  s t a b i l i t y  problems i n  slopes and i n  
bottoms o f  excavations. An eas ier  a l t e r n a t i v e  i s  t h e  use o f  f r i c t i o n  o r  p o i n t  p i l e s .  I n  t h i s  
way i t  has been poss ib le  t o  const ruct  b u i l d i n g s  up t o  42 s t o r i e s  high. 

Because o f  s i m i l a r  problems i n  the  cons t ruc t i on  o f  sewage tunnels and t h e i r  shaf ts ,  i t  has 
been necessary t o  use sh ie lds  and compressed a i r  and, i n  some cases, very  spec ia l  cons t ruc t i on  
methods. 

The Mexico C i t y  c lays have been stud ied from a minera log ica l  standpoint  by nuclear 
spectrography, e l e c t r o n i c  microscopy, and interchange o f  cat ions and thermic d i f f e r e n t i a l  
ar ia lysis t o  determine t h e i r  composition. Their  approximate composit ion i s  80 per cent 
montmor i l lon i te  and 15 per  cent k a o l i n i t e ,  w i t h  some b e i d e l l i t e ,  i l l i t e ,  and h a l l o y s i t e .  The 
clayey mater ia ls  are mixed w i t h  2 t o  20 per cent o f  t h e  t o t a l  weight o f  s o l i d s  (mixtures o f  
sands and f o s s i l s )  t o  which some i n v e s t i g a t o r s  a t t r i b u t e  the e l a s t i c  p roper t i es  o f  c lays 
(Marsal and Mazari, 1959). 

9.8.2 HYDROLOGY 

The p o r t i o n  o f  the v a l l e y  which contains the C i t y  o f  Mexico has an area o f  approximately 958 
km2. The annual p r e c i p i t a t i o n  ranges from 6 0  mm i n  t h e  lower zone t o  1300 mm i n  t h e  h igher  
zone, w i t h  an average on the order o f  890 mm per year. 

The p o t e n t i a l  evaporation ranges between 1900 mm per  year f o r  the lower zone and 900 mm 
f o r  t h e  higher zone, w i t h  an average o f  the order o f  1300 mm. 

The mean r u n o f f  o f  t he  p e r i o d  1948-60, w i t h i n  the 958 km2, i n c l u d i n g  the  urban area of 

the c i t y  , was 20.5 per  cent and i n  the nonurbanized area (238 km2),  14.6 pe r  cent (Comisidn 
Hydrologica de l a  Cuenca d e l  Va l l e  ds México, 1963). 

Figure 9.8.2, which shows a north-south s t r a t i g r a p h i c  p r o f i l e  o f  t he  c i t y ,  and Figure 
9.8.3, which shows an east-west s t r a t i g r a p h i c  p r o f i l e  (Marsal and Mazari, 1959), a l l o w  US t o  
appreciate t h a t  the permeable outcrops are i n  the  slopes o f  t h e  mountains. This i s  why those 
zones are the main recharge areas o f  the aqu i fe r  under e x p l o i t a t i o n .  I n  s p i t e  o f  t h i s ,  
i n f i l t r a t i o n  may occur i n  the  clayey zone as happens i n  the nor thern p a r t  o f  the c i t y  which has 
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Figure 9.8.1 Geologic map ( a f t e r  Cornision H y d r o l k i c a  de l a  Cuenca d e l  V a l l e  de México, 1961). 
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Table 9.8.1 Geological  symbols and u n i t s .  

A l l u v i a l s ,  l a c u s t r i n e  and c l a s t i c  deposi ts 

I n t e r s t r a t i f i c a t i o n  o f  lavas and t u f f s  
Ash cones 
Andesite l ava  domes 
Andesite l ava  
I n t e r s t r a t i f i c a t i o n  o f  lavas and b a s a l t  t u f f s  
Ash cones 

Nuees ardents, peleans, lahars,  
F l u v i a l  conglomerates, pumice horizons, s o i l s  
and t u f f s  

Nuees ardents o f  ashlar  stone type, pumice 
horizons, s o i l s  and t u f f s  
E l u v i a l  deposi ts 

Und i f f e ren t i a ted  vo lcanic  rocks Tepozotlan 
range andesite. Guadalupe range daci tes.  
Range deposits. 
Ajusco andesi te 
Andesite se r ies  o f  t he  Cruces range. 
Und i f f e ren t i a ted  vo lcanic  se r ies  o f  the 
Xonchitepec range. 

Quaternary basal t -andesi te 
vo lcanic  se r ies  

Quaternary Chich inautz in  
vo lcanic  se r ies  

Quaternary Upper Tarango 
format i o n  

T e r t i a r y  Lower Tarango 
format ion 

T e r t i a r y  vo lcanic  rocks 

a s i m i l a r  s t ra t igraphy.  Here there i s  a so la r  evaporator f o r  t he  i n d u s t r i a l  e x p l o i t a t i o n  o f  
br ines.  Water remains a l l  year on the  surface and i t  has been determined by c a r e f u l  balances 
t h a t  the y e a r l y  i n f i l t r a t i o n  l o s s  i s  20 cm. As i t  i s  est imated t h a t  i n  the c i t y  t h e  f r e s h  water 
l oss  i n  the ne t  leakage i s  almost 30 per cent, t he re  may be a l o c a l  i n f i l t r a t i o n  on t h e  order 
o f  2 m3/s o r  more. 

It i s  r a t h e r  d i f f i c u l t  t o  est imate the  h i s t o r i c a l  development o f  l o c a l  pumpage because, 
even now, no f l ow  measurements are made i n  most o f  the wel ls.  

Taking i n t o  considerat ion t h e  e x i s t e n t  f r a c t i o n a l  i n fo rma t ion  and t h e  repo r ted  popu la t i on  
a t  d i f f e r e n t  dates, i t  has been est imated t h a t  the ext ract ion,  which began around 1850, i s  
p resen t l y  on the order o f  1 2  m3/s. The approximate development i s  shown i n  Table 9.8.2 
(Figueroa Vega, 1973a and 1977). 

I n  regard t o  deep piezometr ic developments, t he re  are s i m i l a r  problems, s ince t h e i r  de- 
t a i l e d  measurement has been made on ly  during the l a s t  10  years. Notwithstanding, from e x i s t e n t  
data i n  the Wel l  Register i t  has been poss ib le  t o  reconst ruct  p a r t i a l l y  t he  e v o l u t i o n  as shown 
i n  Figures 9.8.4 and 9.8.5. Evolut ions p r i o r  t o  1948 may be est imated o n l y  by the  f a c t  t ha t ,  
according t o  o l d  l o c a l  d r i l l e r s ,  many w e l l s  w i t h i n  t h e  Lake zone o f  t h e  c i t y  were s t i l l  f l o w i n g  
we l l s  a t  the beginning o f  t h i s  century. The water t a b l e  has remained near l y  constant 1 t o  2 m 
below the l and  surface throughout the  p e r i o d  o f  ground-water development. 

9.8.3 LAND SUBSIDENCE 

The subsidence o f  Mexico C i t y  i s  one o f  the  most remarkable cases i n  a l l  the world. 
The phenomenon, which began during t h e  pas t  century, was discovered casual ly  as a r e s u l t  

o f  a polemic about the subsidence o f  t he  gates o f  San Lazaro, a t  the beginning o f  t h e  main sew- 
age channel o f  the c i t y .  

I n  February 1925, Roberto Gayol, author o f  t h e  p r o j e c t  o f  t he  sewage n e t  o f  t h e  c i t y  and 
d i r e c t o r  o f  i t s  construct ion,  demonstrated before t h e  Associat ion o f  Engineers and A r c h i t e c t s  
o f  Mexico t h a t  the problem was j u s t  the r e s u l t  o f  t he  general subsidence o f  the bottom o f  t h e  
va l l ey ,  present ing as evidence two p r e c i s i o n  leve l ings,  made i n  1877 and 1924, o f  a monument 
located near the Cathedral (Gayol, 1925). Gayol a t t r i b u t e d  t h e  pheonomenon t o  t h e  e f f e c t  o f  
the r e c e n t l y  bu i l t  drainage system. 
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Figure 9.8.2 North-south geological p r o f i l e  ( a f t e r  Marsal and Mazari, 1959).  

I n  sp i te  of the importance o f  the discovery, 23 years elapsed before Nabor C a r r i l l o  demon- 
s t ra ted  t h a t  the main cause o f  the subsidence was the extract ion o f  ground-water by we l ls  f o r  
municipal use ( C a r r i l l o ,  1948 

C a r r i l l o ,  using a p r o f i l e  consisting o f  an aquifer  over la in  by clayey s t r a t a  and assuming 
a l i n e a l  d i s t r i b u t i o n  within the  clays f o r  the neut ra l  pressures a t  the beginning and end o f  the 
process o f  consolidation, found the evolution o f  neut ra l  pressures i n  the aqu i fe r ,  correspond- 
i n g  t o  a constant subsidence v e l o c i t y  o f  the surface o f  the clay ( C a r r i l l o ,  1948). 

After  t h a t ,  other invest igators continued developing these ideas (Marsal, H i r i a r t ,  and San- 
doval, 1951). By c o l l e c t i n g  a l l  the ava i lab le  information regarding precision level ings and me- 
chanical propert ies o f  the l o c a l  clays, they reconstructed the h i s t o r y  of  the subsidence and 
made a f i r s t  p red ic t ion  about i t s  probable fu ture  t o t a l  magnitude, as shown i n  Figure 9.8-6 
(Marsal, 1952). 

A t  the same time, bench marks and piezometric stat ions were i n s t a l l e d  f o r  the observation 
o f  subsidence and the evolut ion o f  the neut ra l  pressures a t  d i f f e r e n t  depths. I n  accordance 
w i t h  the consolidation theory, the neut ra l  pressures are d i r e c t l y  r e l a t e d  w i t h  the phenomenon, 
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Figure 9.8.3 East-west geological p r o f i l e  ( a f t e r  Marsa1 and Mazari, 1 9 5 9 ) .  

Table 9 . 8 - 2 .  Orders o f  magnitude o f  ground water pumpage i n  Mexico C i ty .  

Pumping Rate 
Year (m3/s 

1860 
1910 
1930 
1940 
1950 
1960 
1970 
1974 

0 . 0  
0.5 
1.5 
6.  O 
9.0 
9. O 
9. O 

12 .  O 
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Figure 9.8.4 Change i n  ground-water l e v e l ,  1948-1975. 
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Figure 9 . 8 . 5  Change i n  ground-water l e v e l ,  1969-1975. 
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Figure 9.8.6 P o t e n t i a l  upper l i m i t s  of subsidence ( a f t e r  Marsal, 1 9 5 2 ) .  
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since t h e i r  reduct ion causes a load t rans fe r  t o  the  s o i l  s t ructure,  w i t h  i t s  consequent 
reduct ion o f  volume and r e s u l t i n g  subsidence o f  i t s  surface. 

As f o r  the mechanical p roper t i es  of the c lays i n  the c i t y ,  a huge q u a n t i t y  o f  i n fo rma t ion  
has been co l lected,  g i v i n g  r i s e  t o  a s t a t i s t i c a l  presentat ion o f  the e x i s t i n g  data and t o  a 
s t r a t i g r a p h i c  zoning o f  t he  c i t y ,  which may be seen i n  Figure 9.8.7 (Marsal and Mazari, 1959). 

Here, i n  the presence o f  three main zones, may be not iced: t he  H i l l s  Zone, l oca ted  over 
t u f f s  o f  low compress ib i l i ty ,  the T rans i t i on  Zone, and the Lake Zone, l oca ted  over c lays o f  
high compress ib i l i ty .  

I n  1954 the Hydro log ica l  Commission o f  the Va l l ey  o f  Mexico, w h i c h  i s  now the  Water 
Commission o f  the Va l l ey  o f  Mexico, took charge o f  t he  observat ion o f  t he  subsidence, adopting 
f o r  t h i s  the already establ ished pract ices.  Since then more piezometr ic s t a t i o n s  have been 
i n s t a l l e d ,  and new p r e c i s i o n  l e v e l l i n g s  performed, as w e l l  as other  observat ions t o  be 
mentioned l a t e r  i n  t h i s  paper. 

The data r e l a t i v e  t o  the above have been publ ished p rev ious l y  (Comisidn Hydroldgica de l a  
Cuenca d e l  Va l l e  de México, B o l e t i n  de Mech ica  de Suelos Num. 1, 1953; 2, 1958; 3, 1961a; 4 ,  
1965; 5, 1967; 6, 1970; and 7, 1975). 

Accordingly, the subsidence o f  Mexico C i t y  has been known since 1891 f o r  the o l d  p a r t  o f  
the c i t y  and since 1952 fo r  t h e  t o t a l  c i t y  area. 

For the  purposes o f  the present paper, some other f i g u r e s  have been selected (Figures 
9.8.8 through 9.8.11) showing, f o r  the o l d  p a r t  o f  t he  c i t y ,  the subsidence du r ing  t h e  per iods 
1891-1952, 1952-1973, and 1891-1973, and f o r  a l l  the c i t y  dur ing the p e r i o d  1952-1973. I n  the  
same way, Figure 9.8.12 shows the  observed subsidence through t ime o f  severa l  se lected points .  

O n  the other hand, Tables 9.8.3 and 9.8.4 show the mean v e l o c i t y  o f  subsidence i n  the o l d  
p a r t  o f  the c i t y  and i n  t h e  t o t a l  area f o r  d i f f e r e n t  per iods.  The general  evo lu t i on  o f  
subsidence i n  Mexico C i t y  can be v i s u a l i z e d  through the  maps, graphs, and tab les  inc luded 
herein. It may be seen t h a t  a t  some places i t  has almost reached 9 metres. Figure 9.8.12 
shows the general t r e n d  o f  subsidence, which has evolved as an i n v e r t e d  "S" o f  asymptotic 
nature, w i t h  a remarkable d iminut ion i n  recent years. 

I n  a d d i t i o n  t o  the  subsidence, s u p e r f i c i a l  cracks have been observed i n  two zones: a long 
Paseo de l a  Reforma and a p a r a l l e l  s t ree t ,  w i t h i n  t he  c layey zone, and i n  the northwestern p a r t  
o f  the Ci ty ,  i n  the  tuf faceous zone. Those o f  the f i r s t  zone have brought about t h e  demol i t ion 
o f  severa l  houses and a p a r t  o f  a school and a l s o  caused ser ious damage t o  the  abutments o f  a 
r e c e n t l y  b u i l t  br idge. The l a t t e r  are even more impressive. 

The subsidence o f  the c i t y  has a l so  been no t i ced  through the  p r o t r u s i o n  o f  w e l l  casings. 
Table 9.8.5 shows a comparison between observed p ro t rus ions  an? measured subsidences i n  severa l  
wel ls .  

I t  has been shown by c o r r e l a t i o n  s tud ies t h a t  f o r  the pe r iod  1970 - 1973, approximately 75  
per  cent o f  the t o t a l  subsidence was due t o  conso l i da t i on  o f  the c layey s t r a t a  and the  
remaining 25 per cent t o  the compression o f  t he  ma te r ia l s  o f  the deep s t r a t a  t h a t  c o n s t i t u t e  
the aqui fer .  

There i s  no doubt about the  main cause of Mexico C i t y ' s  subsidence: the o v e r d r a f t  o f  t h e  
aqui fer .  As a rough est imate the weight o f  t he  b u i l d i n g s  con t r i bu te  on ly  1 0  t o  1 5  per cent o f  
the t o t a l  subsidence. 

Since 1972 a d i g i t a l  model has been developed t o  s imulate the subsidence o f  Mexico C i t y .  
The c e n t r a l  idea i s  t o  reduce the system o f  p a r t i a l  d i f f e r e n t i a l  equations which represent the  
behavior o f  the coupled system aqui fer -consol idat ing s t r a t a  t o  an i n t e g r o d i f f e r e n t i a l  equat ion 
f o r  the aqu i fe r  alone, i n c l u d i n g  the  i npu ts  by conso l i da t i on  through a convolut ion o r  memory 
term (Figueroa Vega, 1973b and 1977). 

Some p re l im ina ry  r e s u l t s  show t h a t  the s imu la t i on  i s  possible,  w i t h i n  t he  l i m i t a t i o n s  
imposed by the employed s i m p l i f i c a t i o n s .  

The model i s  p resen t l y  i n  i t s  c a l i b r a t i o n  stage, which has been impaired because data per-  
t a i n i n g  t o  the aqui fer  are r e l a t i v e l y  scarce (Figueroa Vega, 1977). 

9.8.4 ECONOMIC AND SOCIAL IMPACT OF SUBSIDENCE 

It i s  d i f f i c u l t  t o  est imate the economic and s o c i a l  impact o f  the subsidence o f  Mexico C i t y .  
Among the main r e s u l t i n g  damages are those t o  bu i l d ings ,  sidewalks, and pavements, no t  t o  
mention the  continuous d i s l o c a t i o n  o f  the freshwater and sewage nets. 

On the other hand, the sewage o f  the  c i t y ,  which o r i g i n a l l y  dra ined by g rav i t y ,  has been 
e l im ina ted  by pumping since the  f l o o d  which occurred dur ing 1951. 
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Figure 9.8.7 Zoni f icat ion o f  the c i t y  ( a f t e r  Marsa1 and Mazari, 1959). 
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Figure 9.8.8 Subsidence (Old C i t y ) ,  1891-1952 ( a f t e r  Comiçion H id ro log i ca  de l a  Cuenca d e l  
V a l l e  de México, 1953) .  

The constant danger o f  new f l oods  i n  case of  an e l e c t r i c  system f a i l u r e ,  compelled the 
c i t y  a u t h o r i t i e s  t o  b u i l d  a Deep Sewage System, w i t h  a capaci ty  of 200 m 3 / ~  and a l e n g t h  on 
the order o f  60 krn. Complementary c o l l e c t o r s  are p resen t l y  under const ruct ion.  

The t o t a l  cost  o f  the p r o j e c t  would have been much less,  if i t  had been poss ib le  t o  e l i m i -  
nate the sewage by g rav i t y .  On the other hand, the ove rexp lo i ta t i on  and the consequent ground- 
water dec l ines have ra i sed  the cos t  o f  ground-water ext ract ion,  and the l o s s  o f  water due t o  
d i s l o c a t i o n  of t he  d i s t r i b u t i o n  net  has been estimated up t o  1 5  m3/s. 

Because o f  above-mentioned factors ,  the subsidence of Mexico C i t y  could conceivably be more 
expensive than b r ing ing  water from other  watersheds t o  avoid the o v e r e x p l o i t a t i o n  of  the l o c a l  
aqui fer .  
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Figure 9.8.9 Subsidence ( O l d  C i t y ) ,  1952-1973 ( a f t e r  Cornision de Aquas d e l  Va i l e  de México, 
1975 ) . 

9.8.5 LEG= ASPECTS 

From a l e g a l  standpoint, t he  ground water i n  Mexico belongs t o  the n a t i o n  and f o r  t h i s  reason no 
l e g a l  a c t i o n  i s  taken against  i t s  overexplo i ta t ion.  As a r e s u l t ,  s o c i a l  costs  o r i g i n a t i n g  from 
o v e r d r a f t  are normal ly covered through t a x a t i o n  and water ra tes.  

9.8.6 MEASURES TAKEN TO CONTROL OR AMELIORATE SUBSIDENCE 

Soon a f t e r  the f loods o f  1951, the C i t y  a u t h o r i t i e s  began b r i n g i n g  water from other sources 
ou ts ide  the  Basin and managed t o  keep the l o c a l  e x t r a c t i o n  constant f o r  many years, as shown i n  
Table 9.8.2. The e f f e c t  o f  t h i s  may be appreciated i n  the f i n a l  p o r t i o n  o f  the curves of 
F igure 9.8.12. 

The accelerated growth of the c i t y  i n  the  l a s t  years, which has been an average on the  
order o f  5 per  cent  annual ly,  has made i t  necessary t o  increase s l i g h t l y  t he  l o c a l  ext ract ions,  
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Figure 9.8.10 Subsidence (Old C i t y ) ,  1891-1973 ( a f t e r  Cornision de Aguas d e l  V a l l e  de México, 
1 9 7 5 ) .  

as shown i n  the same table. Nevertheless, l a rge  p r o j e c t s  t o  b r i ng  water from other  watersheds 
are now under way i n  order t o  s a t i s f y  the f u t u r e  demands and, i f  possible,  t o  be able t o  
d imin ish  the l o c a l  e x t r a c t i o n  i n  order t o  solve the subsidence problem. Add i t i ona l l y ,  the  
cons t ruc t ion  of sewage treatment p lan ts  f o r  i n d u s t r i a l  use i s  now under way and r e c i r c u l a t i o n  
of  water i n  i n d u s t r i e s  i s  being made mandatory i n  order t o  shut down some of the  we l l s  employed 
by the indus t r ies ,  as these consume almost 30 per cent  of  the water used by the c i t y .  I t  i S  

estimated t h a t  i n  the near fu tu re  the s u b s t i t u t i o n  o f  t rea ted  sewage water f o r  ground water f o r  
i n d u s t r i a l  use could be o f  the order o f  5 t o  7 m3/s. 

The e f f e c t  o f  these measures w i l l  undoubtedly reduce or cancel  the subsidence o f  the C i t y  
o f  Mexico. The schedule f o r  t h i s  depends now on p o l i t i c a l  dec is ions and on a v a i l a b i l i t y  o f  
funds. 
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F igu re  9.0.11 Subsidence ( t o t a l  a rea) ,  1952-1973 ( a f t e r  Cornision de Aquas d e l  V a l l e  de México). 

2241 

2240 

2239 

2230 

7 2231 
v) 

O 2230 

E 2235 

2234 

0 2233 

e 

Y 

z 

t- 

> 

- 
a 2232 

w 2231 

2241 

2240 

2239 

2238 

22% 

2235 

2234 

2233 

2232 

2231 

2229 

F igu re  9.8.12 Subsidence e v o l u t i o n  a t  se lec ted  s i t e s  ( a f t e r  Cornision de Aquas d e l  V a l l e  de 
México ) . 
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Table 9.8.3 Mexico C i t y  subsidence (older par t )  (from Figueroa Vega, 1977, Table 2) .  

From - t o  
T o t a l  subsidence 

(m) 
Ave r age 
( d y e a r )  

1891 - 1938 
1938 - 1948 
1948 - 1950 
1950 - 1951 
1951 - 1952 

1952 - 1953 
1953 - 1957 
1957 - 1959 
1959 - 1963 
1963 - 1966 

1966 - 1970 
1970 - 1973 

2.12 
0.76 
0.88 
0.46 
0.15 

0.26 
0.68 
O. 24 
0.22 
o. 21  

0.28 
0.17 

0.045 
0.076 
0.440 
0.460 
0.150 

0.260 
9.170 
0.120 
0.055 
0.070 

0.070 
0.051 

Table 9.8.4 Mexico C i t y  subsidence ( t o t a l  area) (from Figueroa Vega, 1977, Table 3 ) .  

From - t o  
Tota l  Subsidence 

(m) 

1952 - 1959 
1959 - 1963 
1963 - 1966 
1966 - 1970 
1970 - 1973 

1.014 
0.440 
0.254 
0.260 
O. 203 

0.140 
0.110 
0.080 
O. 065 
0.059 

Table 9.8.5 Wel l  casings protrusion (from Figueroa Vega, 1977, Table 4 ) .  

Well  

Protrusion 
1970 - 1973 

(m) 

Subsidence 
1970 - 1973 

(m) 

San Juan de Aragon Campamento 
Czda. Guadalupe 
Sta. I s a b e l  Tola 
Monumento de l a  Revolucion Fronton México 
Jardin  de l o s  Angeles No. 2 
Insurgentes Norte 1407 
Peni tenciar ia  Jardin 
Gomez Far ias  No. 6 1  
Monumento de l a  Revolucion Procuraduria 
Jardin  de los  Angeles No. 3 
Jardin  de los  Angeles No. 1 

O. 304 
0.130 
O. 259 
0.179 
0.076 
0.199 
0.233 
O 113 
0.323 
0.100 
O 146 

0.440 
0.172 
0.320 
o. 200 
0.145 
O. 283 - 
0.140 - 
0.145 
O. 150 
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Case, History No. 9.9. The Wairakei Geothermal Field, 
New Zealand, by Paul F. Bixley, Ministry of Works and 
Development, Wairakei, New Zealand 

9.9.1 INTRODUCTION 

The Wairakei geothermal area i s  located 8 km n o r t h  o f  Lake Taupo i n  the  center o f  t h e  North 
I s l a n d  o f  New Zealand (F igure 9.9.1). Geothermal i nves t i ga t i ons  a t  Wairakei began i n  1950 and 
culminated w i t h  the commissioning o f  t he  f i r s t  stage o f  the power s t a t i o n  i n  1950 and the  sec- 
ond stage i n  1964 b r i n g i n g  the i n s t a l l e d  capaci ty  t o  192 MWe. Steam i s  suppl ied t o  the power 
s t a t i o n  by 64 wel ls ,  most o f  which produce a steam-water mix ture a t  the wellhead. The m ix tu re  
i s  separated, the steam piped t o  t h e  power s t a t i o n  and waste water dumped i n t o  t h e  Waikato 
River. The 6 4  product ion we l l s  cover an area of  2 km2 r e f e r r e d  t o  i n  t h i s  paper as the  "pro- 
duct ion f i e l d . "  

The f i r s t  i n d i c a t i o n  o f  ground movement came i n  1956 when discrepancies were found i n  t h e  
l e v e l s  o f  severa l  benchmarks s ince t h e  prev ious survey i n  1950 (Hatton, 1970). One benchmark 
had subsided 76 mm. A l e v e l l i n g  network was establ ished and gradual ly  expanded u n t i l  by 1971, 
the most recent comprehensive survey, t he  area o f  subsiding ground was found t o  exceed 30 
km2- one immediately n o r t h  
o f  the eastern product ion f i e l d  and the  o the r  a t  K a r a p i t i ,  a reg ion o f  n a t u r a l  thermal a c t i v i t y  
about 3 km south o f  the product ion f i e l d .  Economic i n t e r e s t  has centered on the zone o f  r a p i d  
subsidence northeast o f  t h e  product ion f i e l d ,  as steam mains t o  the  power house, and channels 
ca r ry ing  separated water pass across t h i s  zone. Benchmarks i n  t h i ç  zone are l e v e l l e d  t o  t h i rd  
order standards annual ly ( t h i r d  order accuracy i s  w i t h i n  1 2  nun\ km, where k m  i s  k i lometres o f  
l i n e  t raversed) .  

Within t h i s  area were two zones o f  r e l a t i v e l y  r a p i d  subsidence; 

9.9.2 GEOLOGY 

The geology o f  the Wairakei geothermal f i e l d  has been discussed i n  d e t a i l  by Gr ind ley (1965). 
The product ion f i e l d  i s  under la in  by a near f l a t  sequence o f  a c i d  volcanics,  cons i s t i ng  of s i x  
basic u n i t s  down t o  1.2 k m  (most we l l s  are d r i l l e d  t o  600-1200 m, one w e l l  i s  d r i l l e d  t o  2.5 
km). These u n i t s  are: Recent Pumice, Wairakei Breccia, Huka F a l l s  Formation, Haparangi 
Rhyol i te,  Waiora Formation and Wairakei Ign imbr i tes.  Almost a l l  product ion comes from w i t h i n  
t h e  Waiora Formation where a c t i v e  f a u l t s  have been in te rcep ted  by d r i l l h o l e s  (Grindley , 1965 ) . 
There i s  a l s o  evidence f o r  a permeable zone i n  the  Waiora Breccia j u s t  above the Wairakei 
I gn imbr i t e  contact  (Bol ton,  1970). 

WAIRAKEI IGNIMBRITES: Hard welded ash f low t u f f ,  th ickness 950 m i n  the  
s i n g l e  ho le  pene t ra t i ng  t h i s  formation. 

WAIORA FORMATION: Pumice sandstone, pumice brecc ia and t h i n  (up t o  7 0  m )  
i g n i m b r i t e  sheets. To ta l  th ickness 400 m i n  t h e  western sec t i on  o f  t he  
product ion f i e l d ,  t h i cken ing  r a p i d l y  t o  t h e  east t o  greater  than 750 m. 

HAPARANGI RHYOLITE: A n  extensive r h y o l i t e  s i l l ,  i n t ruded  i n t o  t h e  Waiora 
Formation t o  the west o f  t he  product ion area. Maximum thickness 450 m. 

HUKA FALLS FORMATION: Bedded mudstone and tuf faceous sandstone; th ickness 
60-220 m. 

WAIRAKEI BRECCIA: Chalazoidi te and v i t r i c  t u f f  conformably o v e r l y i n g  t h e  
Huka F a l l s  Formation; d i f f e r e n t i a t e d  from t h e  Huka F a l l s  Formation by 
the incoming o f  chalazoid i tes.  Maximum thickness 1 7 0  m. 

RECENT PUMICE: S u p e r f i c i a l  deposi ts up t o  30 m t h i c k ,  c o n s i s t i n g  o f  a l l u -  
vium der ived from the  d i ssec t i on  o f  under ly ing formations together w i t h  
ash and p u m i c e / l ù p i l l i  shower mater ia l .  

The r e l a t i o n s h i p  between these u n i t s  i s  shown on the cross sec t i on  ABC (F igure 9.9.2). 
The age o f  the above sequence ranges from lower-mid Pleistocene f o r  t h e  Wairakei Ignim- 

b r i t e s  t o  poss ib l y  as young as 20,000 years BP f o r  t h e  Wairakei Breccia (Browne, 1973). 
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3 6  36' 

Figure 9.9.1 Land subsidence 1956 t o  1971, o f  Wairakei-Tauhara geothermal areas, New Zealand. 
Lines of equal subsidence i n  mil l imetres per year. Reservoir boundaries are 
taken as the estimated 200° temperature contour a t  the production l e v e l ,  based 
on surface r e s i s t i v i t y  measurements and downhole temperature p r o f i l e s .  

The Haparangi Rhyol i te  a t  Wairakei i s  considered tenta t ive ly  t o  be an in t rus ive  r h y o l i t e  of l a t e  
Huka age (Grindley 1965). 

9.9.3 STRUCTURE 

The Wairakei production f i e l d  i s  located on a s t ruc tura l  high si tuated between the major Taupo- 
Reporoa Basin t o  the east and a ser ies o f  smaller block and basin structures t o  the west. 
Structure i s  l a r g e l y  control led by a ser ies o f  normal f a u l t s  which s t r i k e  northeast, p a r a l l e l  
t o  the trend of the Taupo Volcanic Zone. Most of these f a u l t s  are s t i l l  act ive.  
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Haparang; Rhyohtc 

Figure 9.9.2 Cross sec t i on  ABC through Wairakei geothermal rese rvo i r  showing geo log ica l  s t ruc-  
ture.  V e r t i c a l  scale twice the h o r i z o n t a l  scale. 

9.9.4 ROCK PROPERTIES 

Cores taken from i n v e s t i g a t i o n  we l l s  d r i l l e d  i n t o  the hot  water reservo i r  a t  Wairakei  have been 
extens ive ly  tested fo r  wet and d r y  bu lk  densi t ies,  p a r t i c l e  densi ty  and po ros i t y .  

I n  1975 Terra Tek Inc .  conducted a se r ies  o f  comprehensive t e s t s  on selected cores from 
Wairakei f o r  Systems Science and Software Inc. ( P r i t c h e t t ,  1977) .  Cores used f o r  these t e s t s  
had remained dry ing i n  the core shed f o r  t en  years before tes t i ng .  Bulk dens i t y  and p a r t i c l e  
densi ty  measurements agreed w i t h  those pkeviously done on f resh  cores. Resul ts o f  these t e s t s  
are tabulated below: 

Table 9.9.1. Proper t ies f o r  Wairakei Hot Water Reservoir Rocks. Dens i t i es  are tonnedm3 and 
e f f e c t i v e  p o r o s i t y  per cent by volume. 

Formation 
Bulk densi ty  E f f e c t i v e  Grain 
wet d r Y  p o r o s i t y  dens i t y  

Surface Pumice 
Huka F a l l s  Formation 
Waiora Formation 
Wairake i Ign imbr i t e  

1.88 1.39 
1.99 1.59 
2.02 1.64 
2.36 2.22 

49 
40 
39 
1 4  

2.71 
2.70 
2.72 
2.69 

The l i n e a r  c o e f f i c i e n t  o f  expansion f o r  the Waiora Formation was found t o  be 8.2 x 10-6 
m/m/oC and the dry  s p e c i f i c  heat 0.71 t o  0.75 J/goC. Thermal c o n d u c t i v i t y  increased w i t h  
increasing s t r a t i g r a p h i c  depth o f  the formation: measured values (saturated) were: Surface 
Pumice 1-03 ,  Huka F a l l s  Formation 1.28, Waiora Formation 1.56, and Wairakei I g n i m b r i t e  2.11 
w/mOc. 
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9 - 9.5 HYDROLOGY 

The product ion f i e l d  covers an area o f  2 km2 but t h i s  i s  on l y  p a r t  o f  a much l a r g e r  reser-  
v o i r ,  as shown on F igure 9.9.1. Down t o  depths explored by d r i l l i n g  (1.2 km, and one w e l l  t o  
2.5 km) the  Waiora Formation, a heterogeneous mixture o f  a c i d  vo lcanic  py roc las t i cs ,  v i t r i c  
t u f f s ,  sediments, and a r h y o l i t e  s i l l ,  forms t h e  aqu i fe r  system from which geothermal f l u i d s  
are withdrawn. A ho t  water rese rvo i r  (over 2OO0C) cover ing an area o f  11 km2 has been 
de l i nea ted  by d r i l l i n g  and geophysical explorat ion.  

A t  Wairakei 100 w e l l s  have been completed i n  the product ion area, 16 deep exp lo ra t i on  we l l s  
i n  t h e  h o t  water r e s e r v o i r  ou ts ide  the product ion area and four  deep and two shal lower w e l l s  
completed i n  the  "cold" area outs ide t h e  h o t  water reservo i r .  

Exploratory  w e l l s  d r i l l e d  outs ide the  h o t  water rese rvo i r  have shown t h a t  there are hydro- 
l o g i c a l  connections between these "cold" w e l l s  and the h o t  water rese rvo i r .  Well  223, a "cold" 
Wel l  5 km west o f  t he  product ion area, reac ts  almost immediately t o  changes i n  drawoff r a t e  i n  
the  product ion f i e l d  (Bolton, 1970). Bol ton used the  steep pressure gradients between c o l d  
w e l l s  and the h o t  water r e s e r v o i r  as evidence f o r  some k i n d  o f  low pe rmeab i l i t y  b a r r i e r  between 
the  h o t  water r e s e r v o i r  and t h e  surrounding c o l d  water, down t o  depths o f  a t  l e a s t  1 kin. 

$he Wairakei h o t  water r e s e r v o i r  i s  connected hyd ro log i ca l l y  t o  another ho t  water r e s e r v o i r  
o f  about the  same s i z e  l oca ted  8 k m  t o  the  SE a t  Tauhara (F igure 9.9.1). This r e s e r v o i r  has not  
been explo i ted.  

The in tens i ve  p a t t e r n  o f  ac t i ve ,  no r theas t - s t r i k i ng  f a u l t s  through t h e  Wairakei r e s e r v o i r  
i s  t he  major c o n t r o l  on f l u i d  flow. These f a u l t s  penetrate t h e  Huka F a l l s  Formation "caprock" 
a l l ow ing  t h e  escape o f  h o t  f l u i d s  t o  feed n a t u r a l  thermal features, and when pressure cond i t i ons  
are s u i t a b l e  they may a l l o w  c o l d  water from the  surface water t a b l e  t o  penetrate t h e  ho t  water 
system. The f a u l t s  a l s o  p rov ide  channels f o r  v e r t i c a l  i n f l o w  o f  hot water i n t o  the aqu i fe r  sys- 
tem from below. Wi th in  the h o t  water f i l l e d  aqu i fe r  system f a u l t s  a l l o w  r a p i d  propagat ion o f  
pressure changes. 

Thus the ho t  water a q u i f e r  system a t  Wairakei i s  unconfined, i n  t h a t  the "caprock" i s  pene- 
t r a t e d  by a c t i v e  f a u l t s  and the same f q u l t s  prov ide channels f o r  i n f l o w  o f  hot  water i n t o  the  
system from below. I n  addi t ion,  although there seem t o  be impermeable b a r r i e r s  around t h e  hot  
water systems down t o  depths o f  a t  l e a s t  1 km, the  c o l d  w e l l s  located outs ide t h e  h o t  water 
r e s e r v o i r  are a f f e c t e d  by pressure change w i t h i n  t h e  rese rvo i r .  

9.9.6 HISTORIC DElTELOPMENT OF MASS WITHDRAWAL 

The withdrawal h i s t o r y  from the Wairakei rese rvo i r  i s  shown i n  Figure 9.9.3. O u t p u t  from t h e  
"western" w e l l s  inc ludes a l l  i n v e s t i g a t i o n  w e l l s  located outs ide the product ion f i e l d  ana w e l l  
204 which blew ou t  i n  1960 and continued t o  discharge uncon t ro l l ed  u n t i l  1 9 7 3  when discharge 
ceased. Heat wi thdrawal from t h e  product ion f i e l d  i s  c u r r e n t l y  1570  MW, and n a t u r a l  heat d i s -  
charge i s  of  the order o f  400 MW (both r e l a t i v e  t o  12OC). Current mass withdrawal r a t e  i s  
about 5500 t /h .  

9.9-7 CHANGE OF PRESSURE I N  THE AQUIFER SYSTEM 

Average pressures a t  1 5 2  m below sea l e v e l  i n  the  product ion f i e l d  are p l o t t e d  on Figure 9.9.3. 
Pressure changes due t o  wi thdrawal o f  mass and heat are discussed i n  d e t a i l  by Bol ton ( 1 9 7 0 )  and 
P r i t c h e t t  (1977). Bol ton po in ted  o u t  t h a t  t h e  behavior o f  the Wairakei rese rvo i r  i s  p r i m a r i l y  
governed by the  sa tu ra t i on  pressure-temperature r e l a t i o n  f o r  water. Hydrostat ic pressufes 
throughout the r e s e r v o i r  have fo l lowed the trends shown on Figure 9.9.3. However, i n  the  upper 
p a r t s  o f  the aqu i fe r  system below the  product ion f i e l d  a zone f i l l e d  w i t h  saturated steam has 
developed. Pressure drop i n  t h i s  zone depends on changes i n  steam temperature. 

9.9.8 LAND SUBSIDENCE 

Surveys show an area o f  over 30 km2 i s  subsiding a t  more than 1 0  mm/year (Figure 9.9.1). 
W i t h i n  t h i s  area are two smaller zones each o f  about 1 km2 which have subsided comparatively 
r a p i d l y .  The zone a t  K a r a p i t i ,  3 km south o f  the product ion f i e l d ,  was the most r a p i d l y  subsid- 
i n g  p a r t  of  t h e  survey network u n t i l  about 1963, when the subsidence r a t e  decreased t o  t h e  same 
r a t e  as f o r  t he  surrounding ground surface. Subsidence a t  bench mark AA77 w i t h i n  t h i s  zone i s  
p l o t t e d  on Figure 9.9.4. 
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Figure 9.9.3 Wairakei h o t  water r e s e r v o i r :  mass withdrawal and aqu i fe r  pressure, 1952-1976. 
(Pre-1962 pressures a f t e r  Bolton, 1970.) 

About 1960 the subsidence r a t e  a t  bench mark A97  began t o  increase and over the next  few 
years the zone of r a p i d  subsidence immediately n o r t h  of the éastern product ion f i e l d  shown on 
Figure 9.9.5 was del ineated. Subsidence a t  bench mark A97 i n  t h i s  zone i s  shown on F igu re  
9.9.4. Subsidence o f  A97 between 1971 and 76 continued a t  135 mm/year compared w i t h  138 mm/year 
between 1966 and 7 1  as shown on Figure 9.9.4. Economic i n t e r e s t  centres on t h i s  zone o f  subsid- 
ence as b o t h  the  steam and waste water channels from t h e  product ion f i e l d  cross t h e  subsiding 
basin. Bench marks i n  t h i s  zone are surveyed annual ly t o  t h i r d  order standards. 

Subsidence a t  bench marks -8,  a t  Tauhara, and AA15 t o  the  west o f  t he  Wairakei p roduc t i on  
f i e l d  are a l s o  shown on Figure 9.9.4. 

9.9 9 HORIZONTAL MOVEMENT 

The network which has been se t  up t o  measure h o r i z o n t a l  movement a t  Wairakei has been descr ibed 
by S t i l w e l l  (1975), and Hatton (1970) showed the  ca l cu la ted  and measured h o r i z o n t a l  s t r a i n  
along the  steam mains due t o  subsidence. The h o r i z o n t a l  c o n t r o l  network was re-surveyed i n  
1977 and vector  d i r e c t i o n s  shown by Ç t i l w e l l  were confirmed. Vector movement i s  genera l l y  
toward the  center o f  subsidence. Annual h o r i z o n t a l  movement between 1968 and 77 was about 1 1 0  
mm/year a t  a rad ius  o f  250 m from t h e  centre o f  subsidence, decreasing t o  about 1 5  mm/year a t  
750 m radius.  

9-9-10 CAUSE OF SUBSIDENCE 

Subsidence i n  the  area shown on Figure 9.9.5 must be r e l a t e d  t o  t h e  wi thdrawal o f  geothermal 
f l u i d s .  However, t h e  more widespread subsidence as shown on Figure 9.9.1, a l though probably  
r e l a t e d  t o  the  underground ho t  water system, may be t h e  r e s u l t  o f  n a t u r a l  events r a t h e r  than 
withdrawal o f  f l u i d s  i n  the  product ion area. Browne (1973) po in ted  o u t  t h a t  a t  t h e  Broadlands 
geothermal area ( 2 0  km NE o f  Wairakei)  a n a t u r a l  r a t e  o f  subsidence O €  3.6 mm/year may have 
been occurr ing f o r  the l a s t  3400 years. Withdrawal of f l u id  a t  Wairakei has r e s u l t e d  i n  a 
number o f  cont inu ing changes. The most s i g n i f i c a n t  o f  these i s  the o v e r a l l  lower ing o f  
hyd ros ta t i c  pressures i n  the  aqu i fe r  and the c r e a t i o n  of a steam zone i n  t h e  upper p a r t  o f  t h e  
aqui fer  i n  the product ion f i e l d .  Computer model l ing by P r i t c h e t t  (1977) suggests t h a t  t h e  
gradual lower ing o f  temperatures i n  t h i s  zone of saturated steam has been a major f a c t o r  i n  
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YEAR 

F igure 9.9.4 Subsidence a t  selected bench marks. For l oca t i ons  see Figure 9.9.1. Benchmark 
A97 f i r s t  surveyed 1950, AA8 and AA15 1956, and A77 1959. 

c o n t r o l l i n g  the l o c a t i o n  and magnitude of subsidence. McNabb (1977) has suggested t h a t  pressure 
changes i n  the aqu i fe r  a l l ow ing  c o o l  surface water t o  penetrate f i s s u r e s  i n  the "caprock" and 
c o o l  t h i c k  sect ions of  under ly ing formations could account f o r  the observed subsidence. 

I t  i s  probable t h a t  the observed subsidence i s  the r e s u l t  o f  f a l l i n g  hyd ros ta t i c  pressure 
i n  the deeper p a r t  o f  the aqu i fe r  system, f a l l i n g  steam pressure i n  the upper p a r t  o f  the aqui- 
f e r  and poss ib l y  the i n t r u s i o n  o f  c o l d  water from the surface water t a b l e  i n t o  the aqui fer  
system. 

There has been no evidence o f  subsidence causing casing prot rus ion.  Most casing s t r i n g s  
are cemented i n t o  the  Huka F a l l s  Formation, thus the format ion causing subsidence must l i e  below 
the Huka "caprock." 

Hatton and S t i l w e l l  drew a c o r r e l a t i o n  between the thickness o f  the producing aqui fer  
(Waiora Formation) and the amount o f  subsidence. 

, 
9.9.11 ECONOMIC IMPACT OF SUBSIDENCE 

The major s t ruc tu res  a f f e c t e d  by subsidence are the steam p i p e l i n e s  from the product ion f i e l d  
t o  the power house and the channels c a r r y i n g  separated geothermal water t o  waste. D i f f e r e n t i a l  
subsidence has had no observed e f f e c t  e i t h e r  on the power house or  on a n c i l l a r y  bu i l d ings  
around the product ion f i e l d .  

Both h o r i z o n t a l  and v e r t i c a l  movement have occurred along the steam mains route. Maximum 
movement i s  near bench mark A97 (Figure 9.9.5), where h o r i z o n t a l  movement i s  about 75 mm/year 
and v e r t i c a l  movement 130 mm/year. As  the steam mains CKOSS the edge o f  the subsiding basin, 
d i f f e r e n t  sect ions are put i n  tension and compression (Hatton, 1970) .  Movement i s  accommodated 
t o  some extent  by the  expansion loops which were b u i l t  i n t o  the p i p e l i n e s  t o  a l l ow  f o r  thermal 
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Figure 9.9.5 Subsidence r a t e  i n  Wairakei product ion f i e l d ,  1964-74. Redrawn from Figure 1, i n  
S t i l w e l l ,  Ha l l ,  and Tawhai, 1975, "Ground Movement i n  New Zealand Geothermal 
F ie lds, "  i n  Proceedings of Second U.N. Symposium on the Development and Use of 
Geothermal Resources: San Francisco, May 1975. 

expansion. When these loops reach the l i m i t  o f  the t rave l ,  sect ions are e i t h e r  added or 
removed from the p i p e l i n e  t o  res to re  the loops t o  t h e i r  proper operat ing pos i t i ons .  

The waste water channels have a spec ia l  s l i d i n g  j o i n t  t o  a l low movement between d i f f e r e n t  
sect ions of the re in fo rced  concrete l i n i n g .  

No measures are taken t o  c o n t r o l  the r a t e  o r  l o c a t i o n  o f  subsidence. Instead, the amount 
o f  subsidence and i t s  e f f e c t s  are c l o s e l y  monitored i n  areas o f  economic i n t e r e s t  and remedial 
a c t i o n  taken when i n s t a l l a t i o n s  are endangered. 
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Table 9.10.1 Aqui fer  c h a r a c t e r i s t i c s  

C o e f f i c i e n t  o f  
Aqu i fe r  Locat ion o f  t e s t e d  w e l l  t r a n s m i s s i b i l i t y  Permeabi l i ty  Storage c o e f f i c i e n t  

[m2/hr 1 [m/hr 1 

Nakhon Luang 

Bangkok Bang Pun 160 
Phra Pradaeng Pom Phra 110 

Phra Pradaeng 70 
Wat Phai  Ngoen 120 
Wat Phai Ngoen 65 
Lum P h i n i  Park 100 
Pak K r e t  1 1 0  
Bang Bua 125 
Dept. o f  M inera i  

Resources 50 

Chun  Navy Base 

3.40 
3.74 

2.38 
2.38 
2.21 
3.40 
2.55 
3.45 

2.65 

L O O  10-4 - 

L O O  10-4 
L O O  10-4 
2.00 10-4 

2.2 10-3 
- 

2.60 10-4 

Table 9.10.2. Ground water pumpage f o r  p u b l i c  water supply i n  Bangkok‘ 

Year Pumping r a t e  Year Pumping r a t e  
i m’/day) ( m3/day ) 

1965 84,314 1971 331,966 
1966 199,170 1972 318,276 
1967 316,963 1973 362 , 738 
1968 342,963 1974 370,032 
1969 310,027 1975 350,000 
1970 307,540 1976 345,000 

lSource o f  data: Bangkok Met ropo l i tan  i ia te r  Works Author i ty .  
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Case History No. 9.10. Bangkok, Thailand, compiled by 
Soki Yamamoto, Rissho University, Tokyo, Japan 

9.10.1 GEOLOGIC FORMATIONS AND GROUND WATER 

The Lower Cen t ra l  P la in ,  approximately 120 k i lometres i n  w id th  and 200 k i lometres i n  length,  was 
o r i g i n a l l y  formed by the accumulation o f  c l a s t i c  sediments more than 2,000 metres t h i c k  i n  the 
fau l t / f l exu re  depression since T e r t i a r y  t ime (F igure 9.10.1). 

The ground surface o f  Bangkok i s  e n t i r e l y  under la in  by b lue t o  gray marine c l a y  up to  30 
metres th ick,  known as the Bangkok Clay. The upper 1 5  metres of the Bangkok Clay, genera l l y  
c a l l e d  the Bangkok So f t  Clay, i s  very s o f t  and highly'  compressible. The lower pa r t ,  re fe r red  
t o  as the Bangkok S t i f f  Clay, which i s  ra the r  s t i f f  and l e s s  compressible, extends t o  an average 
depth o f  25-30 metres. The water i n  these c lays  i s  very s a l i n e  and sa l t y .  

The water-bearing formations o f  Bangkok cons is t  mainly o f  sands and g rave ls  w i t h  minor c l a y  
lenses. They are s i m i l a r  i n  occurrence and composit ion but can be zoned according t o  the  geo- 
e l e c t r i c a l  p roper t i es  (Figure 9.10.2) i n t o  8 p r i n c i p a l  a r tes ian  aqui fers,  separated by t h i c k  
con f in ing  c l a y  o r  sandy c l a y  layers:  namely: 

Bangkok Aqui fer  ( 5 0  m zone) , Sam Khok Aqui fer  (300 m zone), 
Phra Pradaeng Aqui fer (100 m zone), Phaya Thai Aqui fer  (350 m zone), 
Nakhon Luang Aqui fer  (150 m zone), Thon B u r i  Aqui fer  ( 4 5 0  m zone), 
Nonthaburi Aqui fer  (200 m zone), Pak Nam Aquifer (550 m zone). 

Aqui fer  c h a r a c t e r i s t i c s  of three aqu i fe rs  are l i s t e d  i n  Table 9.10.1. These aqu i fe rs  
genera l ly  extend the f u l l  w idth and leng th  o f  the Pla in .  Most w e l l s  i n  Bangkok penetrate the 
second, t h i r d  and f o u r t h  aqui fers  because they are h i g h l y  product ive,  w i t h  a C o e f f i c i e n t  of 
T r a n s m i s s i b i l i t y  of  40-130 m2hr (150,000-250,000 ga l l ons  per day per foot) , and y i e l d  water 
o f  r e l a t i v e l y  exce l l en t  q u a l i t y .  The f i r s t  aqui fer ,  immediately beneath the Bangkok Clay, 
g ives s a l i n e  water whereas the f i f t h  and s i x t h  aqu i fe rs  are not  popular due t o  t h e i r  g rea te r  
depths and water o f  i n f e r i o r  q u a l i t y .  The seventh and the e i g h t h  have been proved t o  y i e l d  
f resh water bu t  have been tapped by on ly  few wel ls.  The sediments a t  depths from 650 metres t o  
the metamorphic basement rocks a t  about 2,000-3,000 metres have been ind i ca ted  by e l e c t r i c  w e l l  
logging t o  y i e l d  brack ish t o  s a l i n e  water. I n  the nor thern p a r t  o f  the Lower Cen t ra l  P la in ,  
however, f resh  ground water could be obtained from the f i r s t  aqui fer .  

Ground water has been exp lo i ted  f o r  domestic supply i n  Bangkok f o r  the pas t  s i x  o r  seven 
decades, but  heavy u t i l i z a t i o n  began i n  1957 when t h e  surface water f o r  domestic and i n d u s t r i a l  
use could no t  meet demand. For many years, about one th i rd o f  the t o t a l  p u b l i c  water supply i n  
Bangkok has come from the aqui fers  (Table 9.10.2.). 

I t  i s  est imated t h a t  the present t o t a l  pumpage f o r  domestic and i n d u s t r i a l  use i s  as h i g h  
as 700,000 m3/day. This  pumping r a t e  exceeds the safe y i e l d  and b r ings  about an acute 
problem o f  water l e v e l  decl ine.  A t  an e a r l y  stage of development, the water l e v e l  was about a t  
the ground surface bu t  i t  gradual ly  f e l l  u n t i l  cones o f  depression developed i n  many areas. I n  
1958-1959 the water l e v e l  i n  the center o f  Bangkok was about 8-9 metres f r o m  the ground surface 
whi le  t h a t  i n  the suburbs was 4.5-6 metres. Since 1967 a remarkable change o f  water l e v e l  
could be observed. During 1968-1969 the depth t o  water l e v e l  i n  h e a v i l y  pumped area was 22-25 
metres, and 10-12 metres i n  the suburbs. A t  present the general  depth t o  water l e v e l  i s  30 
metres whi le  t h a t  a t  the center o f  the cone o f  depression i s  i n  excess o f  33 metres (F igure 
9.10.3). The annual r a t e  o f  dec l i ne  i n  the water l e v e l  i s  now as h igh  as 3-4 metres for the  
100-metre, 150-metre and 200-metre aqui fers .  I n  the 50-metre aqu i fe r  the water l e v e l  i s  a l s o  
f a l l i n g  about 1 metre a year due t o  the i n t e r c e p t i o n  o f  recharging water a t  the nor thern p a r t  
o f  the Plain.  The consequences o f  heavy pumpage are not  on l y  the ove r -d ra f t  o f  aqu i fe rs  but 
a l so  the s a l t  water encroachment i n t o  the southern p a r t  o f  the Bangkok Metropol is  and the  
p o s s i b i l i t y  of land subsidence. 
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Figure 9.10.1 Hydrogeologic map o f  the Lower Centra l  P l a i n  o f  Thai land ( a f t e r  Piancharoen, 
1977, F igure 1). 

9.10.2 PROBLEMS OF LAND SUBSIDENCE 

There i s  no ser ious damage due t o  land subsidence i n  Bangkok a t  the present t ime although f lood-  
i n g  i n  l o c a l i z e d  areas i s  be l ieved t o  be a r e s u l t  o f  a reduct ion i n  the a l t i t u d e  o f  the ground 
surface. However, t he  p o s s i b i l i t y  o f  l and  subsidence due t o  the e f f e c t  o f  deep w e l l  pumping has 
been spoken o f  by s o i l  s c i e n t i s t s  f o r  many years but  no d e f i n i t e  s c i e n t i f i c  proofs  could be 
issued. No systematic i n v e s t i g a t i o n  o r  observat ion leading t o  a r e l i a b l e  q u a n t i t a t i v e  expres- 
s ion  o f  subsidence behavior has been made t o  date. 
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Figure 9.10.2 Hydrogeologic north-south sec t i on  o f  the Lower Chao Phraya Del ta  showing 
p r i n c i p a l  aqu i fe rs  o f  Bangkok Me t ropo l i s  ( c o r r e l a t e d  by e l e c t r i c  and gamma-ray 
l ogs )  ( a f t e r  Piancharoen, 1977, Figure 2 ) .  

9.10.3 INVESTIGATION PROGRAMS 

Since the  t e s t s  and accompanying evidence are f a r  from conclusive, t he  problem o f  l and  subsid- 
ence and whether Bangkok i s  s i n k i n g  i s  s t i l l  debatable. Many geologis ts  and hyd ro log i s t s  
be l ieve t h a t  the present deep w e l l  pumpage, most ly  below 150 metres, has no e f f e c t  on l and  sub- 
sidence, and if there i s  any subsidence e x t e r n a l  loads are t o  blame. Local  f l o o d i n g  i s  a l so  
bel ieved t o  be due t o  poor drainage i n  Bqngkok. Three p r o j e c t s  are now being submitted f o r  
cqnsiderat ion;  namely, t he  l e v e l i n g  i n  the  Bangkok Metropol i tan Area f o r  t h e  i n v e s t i g a t i o n  Of 

l and  subsidence, the i n v e s t i g a t i o n  o f  l and  subsidence caused by deep w e l l  pumping, and the 
development and management s tud ies o f  ground water resources i n  the  Bangkok area. These pro- 
grams w i l l  be i n t e r r e l a t e d  and aimed f o r  comp1,etion w i t h i n  f ou r  years w i t h  a t o t a l  budget o f  
about 1.5 m i l l i o n  U.S. do l l a rs . *  

9.1 O 4 SELECTED REFERENCES 

PIANCHAROEN, C. 1977. Ground water and land  subsidence i n  Bangkok, Thailand. IAHS. Pub. No. 
121 ,  pp. 355-364. 

PIANCHAROEN, C. , and C. CHUAMTHATSONG. 1978. Ground water o f  Bangkok Metropol is ,  Thai land. 
IAH Memoire, Vol. X I  (Budapest), pp. 510-528. 

* According t o  Dr. Pr inya Nutalaya o f  t he  Asian I n s t i t u t e  o f  Technology, progressive p r o t r u s i o n  
o f  water-wel l  casings has been noted i n  Bangkok ( o r a l  communication t o  Joseph F. Poland, 
September 1978). This would suggest t he  beginnings o f  sediment compaction and l a n d  subsidence. 

243 



Guidebook to studies of land subsidence due to ground-water withdrawal 

100'30 U M' 

Figure 9.10.3 Water l e v e l  map o f  the Nakhon Luang Aquifer ( a f t e r  Piancharoen, 1977, Figure 3 ) .  
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Case History No. 9.1 1 . Alabama, U.S.A., by J. G. 
Newton, U.S. Geological Survey, Tuscaloosa, Alabama 

9.11.1 INTRODUCTION 

Sinkholes i n  Alabama are d i v ided  i n t o  two categor ies def ined as "induced" and "na tu ra l  .'I I n -  
duced sinkholes are those r e l a t e d  t o  man's a c t i v i t i e s  whereas n a t u r a l  s inkholes are not.  
Induced sinkholes are f u r t h e r  d i v ided  i n t o  two types: those r e s u l t i n g  from a dec l i ne  i n  t h e  
water t a b l e  due t o  ground-water withdrawals and those r e s u l t i n g  from construct ion.  Those 
r e s u l t i n g  from a dec l ine i n  the  water tab le,  t he  subject  o f  t h i s  case h i s t o r y ,  f a r  outnumber 
those r e s u l t i n g  from a l l  o ther  causes. In format ion presented here consis ts  o f  excerpts taken 
from f i v e  repo r t s  by t h e  author. These repor ts ,  approved f o r  p u b l i c a t i o n  by t h e  D i rec to r ,  U.S. 
Geological  Survey, are l i s t e d  w i t h  t he  references c i t e d  i n  t h i s  case h i s t o r y .  They r e s u l t e d  
from inves t i ga t i ons  by t h e  U.S. Geological Survey made i n  cooperat ion w i t h  the  Geological  
Survey o f  Alabama and/or t he  Alabama Highway Department. 

9.11.2 GEOLOGIC AND HYDROLOGIC SETTING 

The ter rane used t o  i l l u s t r a t e  s inkhole development i s  a y o u t h f u l  bas in under la in  by carbonate 
rocks such as l imestone and dolomite (F igure 9.11.1). The bas in contains a pe renn ia l  o r  
near-perennial stream. This p a r t i c u l a r  t e r rane  i s  used because i t  i s  very s i m i l a r  t o  t h a t  o f  
10  a c t i v e  areas o f  s inkhole development i n  Alabama t h a t  have been examined by t h e  author. 
Factors r e l a t e d  t o  the development o f  s inkholes t h a t  have been observed i n  these areas are 
genera l ly  app l i cab le  t o  o the r  carbonate terranes. The te r rane  i l l u s t r a t e d  d i f f e r s  f rom those 
examined on ly  i n  the  i n c l i n a t i o n  o f  beds, which i s  shown as h o r i z o n t a l  f o r  ease o f  i l l u s t r a t i o n .  

The development o f  s inkholes i s  p r i m a r i l y  dependent on past  and present r e l a t i o n s h i p s  
between carbonate rocks and water, c l i m a t i c  condi t ions,  vegetat ion,  and topography, and on the 
presence o r  absence o f  r e s i d u a l  o r  o the r  unconsolidated deposi ts o v e r l y i n g  bedrock. The source 
Of water associated w i t h  the development o f  s inkholes i s  p r e c i p i t a t i o n  which, i n  Alabama, 
genera l ly  exceeds 1,270 mm annually. P a r t  o f  t he  water runs o f f  d i r e c t l y  i n t o  streams, part 
replenishes s o i l  moisture but i s  re tu rned  t o  the  atmosphere by evaporat ion and t r a n s p i r a t i o n ,  
and the remainder perco lates downward below the  s o i l  zone t o  ground-water reservo i rs .  

Water i s  s tored i n  and moves through interconnected openings i n  carbonate rocks.  Most o f  
the openings were created, o r  e x i s t i n g  openings a long bedding planes, j o i n t s ,  f ractures,  and 
f a u l t s  were enlarged by the  so lvent  a c t i o n  o f  s l i g h l y  a c i d i c  water coming i n  contact  w i t h  t h e  
rocks. Water i n  the interconnected openings moves i n  response t o  g r a v i t y  from h igher  t o  lower 
a l t i t u d e s ,  genera l ly  toward a stream channel where i t  discharges and becomes a p a r t  o f  t he  
streamf low. 

Water i n  openings i n  carbonate rocks occurs under both water- table and a r t e s i a n  
condi t ions;  however, t h i s  study i s  concerned p r i m a r i l y  w i t h  t h a t  occu r r i ng  under water- table 
condi t ions.  The water t a b l e  i s  t he  unconfined upper surface o f  a zone i n  which a l l  openings 
are f i l l e d  w i t h  water. The con f igu ra t i on  o f  t he  water t a b l e  conforms somewhat t o  t h a t  o f  t he  
o v e r l y i n g  topography but i n  in f luenced by geologic s t ruc tu re ,  wi thdrawal o f  water, and 
v a r i a t i o n s  i n  r a i n f a l l .  The lowest a l t i t u d e  o f  t he  water l e v e l  i n  a drainage bas in  con ta in ing  
a pe renn ia l  stream occurs where the  water l e v e l  i n t e r s e c t s  t h e  stream channel (F igure 9.11.1). 
Openings i n  bedrock under ly ing lower p a r t s  o f  t he  bas in  a re  water f i l l e d .  Th is  c o n d i t i o n  i s  
maintained by recharge from p r e c i p i t a t i o n  i n  the  basin.  The water t a b l e  under l y ing  adjacent 
h igh land areas w i t h i n  t he  bas in  occurs a t  h igher  a l t i t u d e s  than t h e  water t a b l e  near t h e  
perennia l  stream. Openings i n  bedrock between the l and  surface and the  under ly ing water t a b l e  
i n  h igh land areas are a i r  f i l l e d  (F igure 9.11.1). 

The general movement o f  water through openings i n  bedrock under ly ing t h e  basin, even 
though the route may be c i r cu i tous ,  i s  toward t h e  stream channel and downstream under a gent le  
gradient  approximating t h a t  o f  t he  stream. Some water moving from h ighe r  t o  lower a l t i t u d e s  i s  
discharged through spr ings along f l a n k s  o f  t h e  bas in  because o f  t h e  i n t e r s e c t i o n  o f  t he  l and  
surface and the water tab le.  The v e l o c i t y  o f  movement o f  water i n  openings under l y ing  most o f  
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F igure 9.11.1 Schematic cross-sect ional  diagram o f  bas in showing geologic and hydro log ic  
condi t ions.  (Numbers apply t o  s i t e s  described i n  r e p o r t . )  

t he  lowland area i s  probably  s luggish when compared t o  t h a t  i n  openings a t  h igher  a l t i t u d e s .  
A mantle o f  unconsol idated deposi ts cons is t i ng  c h i e f l y  o f  res idua l  c l a y  (residuum), t h a t  

has r e s u l t e d  from the  s o l u t i o n  of  the under ly ing carbonate rocks, genera l ly  covers most o f  the 
bedrock i n  the  t y p i c a l  bas in  described. A l l u v i a l  o r  o ther  unconsolidated deposi ts o f t e n  o v e r l i e  
t h e  r e s i d u a l  c lay.  The residuum commonly contains vary ing amounts o f  cher t  debr is  t h a t  are i n -  
so lub le  remnants o f  t he  under ly ing bedrock. Some unconsolidated deposi ts are c a r r i e d  by water 
i n t o  openings i n  bedrock. These deposi ts commonly f i l l  j o i n t s ,  f ractures,  o r  other openings 
enlarged by s o l u t i o n  t h a t  under l i e  the  lowland areas. The bu r ied  contact  between the residuum 
and the under ly ing bedrock, because o f  d i f f e r e n t i a l  so lu t ion,  can be h i g h l y  i r r e g u l a r  (F igure 
9.11.1). 

9.11.3 CAUSE 

A r e l a t i o n s h i p  between the  format ion o f  s inkholes and h i g h  pumpage o f  water from new w e l l s  was 
recognized i n  Alabama as e a r l y  as 1933 (Johnston, 1933). Subsequent s tud ies i n  Alabama (Robin- 
son and others, 1953; Powel l  and LaMoreaux, 1969; Newton and Hyde, 1971; Newton and others,  
1973; and Newton, 1976) have v e r i f i e d  t h i s  re la t i onsh ip .  Dewatering o r  t h e  continuous w i t h -  
drawal o f  l a r g e  q u a n t i t i e s  o f  water from carbonate rocks by wel ls ,  quarr ies,  and mines i n  numer- 
ous areas i n  Alabama i s  associated w i t h  extremely a c t i v e  s inkhole development. Numerous c o l -  
lapses i n  these areas con t ras t  sharply w i t h  t h e i r  l ack  of occurrence elsewhere. 

Two areas i n  Alabama i n  which i n tens i ve  s inkhole development has occurred and i s  occu r r i ng  
have been stud ied i n  d e t a i l .  Both areas were made prone t o  the  development o f  s inkholes by 
major dec l ines o f  the water t a b l e  due t o  the  wi thdrawal of ground water. The format ion o f  s ink-  
ho les i n  both areas r e s u l t e d  from the  c rea t i on  and co l lapse o f  c a v i t i e s  i n  unconsolidated depos- 
i t s  caused by the dec l ines (Newton and Hyde, 1971; Newton and others,  1973). The growth o f  one 
such c a v i t y  i n  Birmingham has been photographed through a smal l  ad jo in ing  opening (Newton, 

Previous repo r t s  have descr ibed on ly  i n d i r e c t l y  o r  i n  p a r t  t h e  hydro log ic  forces r e s u l t i n g  
f rom a dec l i ne  i n  the water t a b l e  t h a t  create o r  accelerate the  growth o f  a c t i v i t i e s  t h a t  c o l -  
lapse and form sinkholes.  These forces, based on s tud ies i n  Alabama (Newton and Hyde, 1971; 
Newton and others, 1973), a re  (a )  a l o s s  o f  support t o  roo fs  o f  c a v i t i e s  i n  bedrock p rev ious l y  
f i l l e d  w i t h  water and t o  r e s i d u a l  c l a y  o r  o ther  unconsolidated deposi ts o v e r l y i n g  openings i n  
bedrock, (b) an increase i n  the  v e l o c i t y  o f  movement o f  ground water, ( c )  an increase i n  the  

1976) 
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amplitude o f  water- table f l uc tua t i ons ,  and ( d )  t h e  movement o f  water from the  l and  surface t o  
openings i n  under ly ing bedrock where recharge had p rev ious l y  been r e j e c t e d  because t h e  openings 
were water f i l l e d .  The same forces c r e a t i n g  c a v i t i e s  and subsequent co l lapses a l s o  r e s u l t  i n  
subsidence. The movement o f  unconsolidated deposi ts i n t o  bedrock where the  s t reng th  o f  t h e  
ove r l y ing  m a t e r i a l  i s  not  s u f f i c i e n t  t o  mainta in  a c a v i t y  r o o f ,  w i l l  r e s u l t  i n  subsidence a t  
t he  surface (Donaldson, 1963). 

To demonstrate forces t h a t  r e s u l t  i n  the  development o f  c a v i t i e s  and t h e i r  eventual  c o l -  
lapse, a schematic diagram i s  shown i n  Figure 9.11.2 t h a t  i l l u s t r a t e s  changes i n  n a t u r a l  
geologic and hydro log ic  condi t ions p rev ious l y  descr ibed and shown i n  Figure 9.11.1. A descr ip-  
t i o n  o f  the forces t r i g g e r e d  by a lower ing o f  the water t a b l e  fo l lows.  

The loss  o f  buoyant support f o l l o w i n g  a dec l i ne  i n  t h e  water t a b l e  can r e s u l t  i n  an immedi- 
a t e  co l lapse o f  t he  r o o f s  o f  openings i n  bedrock o r  can cause a downward m ig ra t i on  of unconsol i -  
dated deposi ts ove r l y ing  openings i n  bedrock. The buoyant support exer ted by water on a s o l i d  
(and h y p o t h e t i c a l l y )  unsaturated c l a y  o v e r l y i n g  an opening i n  bedrock, f o r  instance, would be 
equal t o  about 40 per cent  o f  i t s  weight. This determinat ion i s  based on the s p e c i f i c  g r a v i t i e s  
o f  the cons t i t uen ts  involved. S i t e  1 on Figure 9.11.1 shows the  unconsolidated deposi t  ove r l y -  
i n g  a w a t e r - f i l l e d  opening i n  bedrock. S i t e  1 on Figure 9.11.2 shows the  dec l i ne  i n  the  water 
t a b l e  and the  r e s u l t i n g  c a v i t y  i n  the deposi t  formed by the  downward m ig ra t i on  o f  t h e  unconsol i -  
dated deposi t  caused by t h e  l o s s  o f  support. 

The c rea t i on  o f  a cone o f  depression i n  an area o f  water wi thdrawal r e s u l t s  i n  an increased 
hydraul ic  gradient toward t h e  p o i n t  of  discharge (F igure 9.11.2) and a . corresponding increase 
i n  the v e l o c i t y  o f  movement o f  water. Th i s  fo rce  can r e s u l t  i n  the f l u s h i n g  out o f  the f i n e r  
grained unconsolidated sediments t h a t  have accumulated i n  t h e  interconnected openings enlarged 
by so lut ion.  Th is  movement a lso t ranspor t s  unconsolidated deposi ts m ig ra t i ng  downward i n t o  
bedrock openings t o  the p o i n t  o f  discharge o r  t o  a p o i n t  o f  storage i n  openings a t  lower 
a l t i  tudes. 

The increase i n  t h e  v e l o c i t y  o f  ground-water movement a l so  p lays  an impor tant  r o l e  i n  t h e  
development o f  c a v i t i e s  i n  unconsolidated deposits. Erosion caused by t h e  movement o f  water 
through unobstructed openings and against  j o i n t s ,  f ractures,  f a u l t s ,  o r  o ther  openings f i l l e d  
w i t h  c l ay  o r  o ther  unconsolidated sediments r e s u l t s  i n  the  c rea t i on  o f  c a v i t i e s  t h a t  enlarge 
and eventual ly  co l lapse (Johnston, 1933; Robinson and others, 1953). 

.I JG 

Figure 9.11.2 Schematic cross-sect ional  diagram o f  bas in showing changes i n  geologic and 
hydro log ic  condi t ions r e s u l t i n g  from water withdrawal. (Numbers apply t o  s i t e s  
descr ibed i n  repor t . )  

247 



Guidebook to studies of land subsidence due to ground-water withdrawal 

Pumpage r e s u l t s  i n  f l u c t u a t i o n s  i n  ground-water l e v e l s  t h a t  are o f  greater  magnitude than 
those occu r r i ng  under n a t u r a l  condi t ions.  The magnitude o f  these f l u c t u a t i o n s  depends p r i n c i -  
p a l l y  on v a r i a t i o n s  i n  water wi thdrawal and on f l u c t u a t i o n s  i n  n a t u r a l  recharge. The repeated 
movement o f  water through openings i n  bedrock against  ove r l y ing  residuum o r  other unconsolida- 
t e d  sediments causes a repeated a d d i t i o n  and sub t rac t i on  o f  support t o  the sediments and re -  
peated s a t u r a t i o n  and drying. This  process might be best  termed "erosion from below" because 
i t  r e s u l t s  i n  the c r e a t i o n  o f  c a v i t i e s  i n  unconsolidated deposits, t h e i r  enlargement, and 
eventual  col lapse. F luctuat ions o f  the water t a b l e  against  t he  r o o f  o f  a c a v i t y  i n  unconsol i -  
dated deposi ts near Greenwood, Alabama, have been observed and photographed through a smal l  
co l lapse i n  the center o f  t he  roo f .  These f luctuat ions,  i n  conjunct ion w i t h  t he  movement o f  
surface water i n t o  openings i n  the ground, r e s u l t e d  i n  the format ion of the c a v i t y  and i t s  c o l -  
lapse (Newton and others, 1973). 

A d r a s t i c  dec l ine o f  the water t a b l e  i n  a lowland area (Figure 9.11.2) i n  which a l l  open- 
ings i n -  the  under ly ing carbonate rock were p rev ious l y  water f i l l e d  (F igure 9.11.1) commonly 
r e s u l t s  i n  induced recharge o f  surface water. This recharge was p a r t l y  r e j e c t e d  p r i o r  t o  the  
dec l i ne  because t h e  under ly ing openings were water f i l l e d .  The q u a n t i t y  o f  surface water a v a i l -  
ab le as recharge t o  such an area i s  genera l ly  l a rge  because o f  the r u n o f f  moving t o  and through 
i t  from areas a t  h igher  a l t i t u d e s .  

The inducement o f  surface-water i n f i l t r a t i o n  through openings i n  unconsolidated deposi ts 
interconnected w i t h  openings i n  under ly ing bedrock r e s u l t s  i n  the c r e a t i o n  o f  c a v i t i e s  where the 
m a t e r i a l  o v e r l y i n g  the openings i n  bedrock i s  eroded t o  lower a l t i t u d e s .  Repeated r a i n s  r e s u l t  
i n  the progressive enlargement o f  t h i s  type cav i t y .  A corresponding t h i n n i n g  o f  t h e  c a v i t y  roo f  
due t o  t h i s  enlargement eventual ly  r e s u l t s  i n  a col lapse. The p o s i t i o n  o f  t h e  water t a b l e  below 
unconsolidated deposi ts and openings i n  bedrock t h a t  i s  favorable t o  induced recharge i s  i l l u s -  
t r a t e d  i n  Figure 9.11.2. S i tes 2, 3, and 4 on Figure 9.11.2 i l l u s t r a t e  a co l lapse and c a v i t i e s  
i n  unconsolidated deposi ts t h a t  were formed p r i m a r i l y  o r  i n  p a r t  by induced recharge. The crea- 
t i o n  and eventual  co l lapse o f  c a v i t i e s  i n  unconsolidated deposi ts by induced recharge i s  the 
same process described by many authors as "p ip ing"  or "subsurface mechanical erosion" where i t  
has been app l i ed  mainly t o  col lapses occu r r i ng  on noncarbonate rocks (Al len,  1969). 

I n  an area o f  s inkhole development where a cone o f  depression i s  maintained by constant 
pumpage (F igure 9.11.2), a l l  o f  the forces described are i n  operat iop even though only  one may 
be p r i n c i p a l l y  responsible f o r  the c r e a t i o n  o f  a c a v i t y  and i t s  col lapse. For instance, t h e  in- 
ducement o f  recharge from the surface ( s i t e  2 on Figure 9.11.2) where the water t a b l e  i s  main- 
t a ined  a t  depths w e l l  below the base o f  unconsolidated deposits, can be s o l e l y  responsible f o r  
t he  development o f  c a v i t i e s  and t h e i r  col lapse. I n  contrast ,  a c a v i t y  r e s u l t i n g  from a l o s s  o f  
support ( s i t e  1 on Figure 9.11.2) can be enlarged and col lapsed by induced recharge i f  i t  has 
i n t e r s e c t e d  openings interconnected w i t h  t he  surface. I n  an axea near the outer  margin o f  the 
cone ( s i t e  4 on Figure 9.11.2), t he  c r e a t i o n  o f  a c a v i t y  and i t s  co l lapse can r e s u l t  from a l l  
forces. The c a v i t y  can o r i g i n a t e  from a l o s s  o f  support; can be enlarged by the con t inua l  ad- 
d i t i o n  and sub t rac t i on  o f  support and the a l t e r n a t e  we t t i ng  and d r y i n g  r e s u l t i n g  from water- 
l e v e l  f l u c t u a t i o n s ;  can be enlarged by the increased v e l o c i t y  o f  movement o f  water; and can be 
enlarged and co l lapsed by water induced from the  surface. 

9.11.4 MAGNITUDE AND AREAL EXTENT 

It i s  est imated t h a t  more than 4,000 induced sinkholes, areas o f  subsidence, o r  o ther  r e l a t e d  
features have occurred i n  Alabama s ince 1900. Most o f  them have occurred since 1950. Almost 
a l l  have r e s u l t e d  from a dec l ine i n  the water t a b l e  due t o  ground-water withdrawals. 

Dewatering o r  t he  continuous withdrawal o f  l a rge  q u a n t i t i e s  o f  water from carbonate ,rocks 
by wel ls ,  quarr ies,  and mines i n  numerous other  areas i n  Alabama i s  associated w i t h  extremely 
a c t i v e  s inkhole development. Numerous col lapses i n  these areas con t ras t  sharp ly  w i t h  t h e i r  lack 
o f  occurrence i n  adjacent geo log i ca l l y  and hyd ro log i ca l l y  s i m i l a r  areas where withdrawals of 
water are minimal. For example, i n  f i v e  areas examined by the  author i n  no r th -cen t ra l  Alabama 
i n  Jef ferson and Shelby Counties, an estimated 1,700 col lapses, areas o f  subsidence, o r  o ther  
associated features have formed i n  a t o t a l  combined area o f  about 36 km2. 

I n  Alabama, most induced sinkholes r e l a t e d  t o  water withdrawals from wel ls ,  except those 
d r i l l e d  s p e c i f i c a l l y  f o r  dewatering purposes, were found w i t h i n  1 5 0  m o f  t h e  s i t e  o f  withdrawal. 
The y i e l d  o f  these we l l s  commonly exceeds 22 l / s .  Most sinkholes r e l a t e d  t o  quarry operat ions 
were found w i t h i n  600 m o f  t he  p o i n t  o f  withdrawal; those r e l a t e d  t o  mining operat ions can occur 
severa l  k i lometres from t h e  p o i n t  o f  withdrawal. 

Recent col lapses forming sinkholes i n  Alabama i n  areas i n  which l a r g e  q u a n t i t i e s  of  ground 
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water are being withdrawn genera l ly  range from 1 t o  90 m i n  diameter and from 0.3 t o  30 m i n  
depth. The la rges t ,  located i n  a wooded area i n  Shelby County, apparent ly occurred i n  a matter 
o f  seconds i n  December 1972. The co l lapse was about 90 m i n  diameter and 30 m deep (F igure 
9.11.3). 

9.11.5 ECONOMIC IMPACT 

Cost ly  damage and numerous accidents have occurred o r  near ly  occurred i n  Alabama as a r e s u l t  o f  
col lapses beneath highways, s t reets ,  ra i l r oads ,  bu i ld ings,  sewers, gas p ipe l i nes ,  vehic les,  
animals, and people. Unfortunately,  no inventory  o f  costs  o r  l o s s  i n  proper ty  values has been 
made. The maintenance and p r o t e c t i o n  o f  highways i n  s inkhole prone areas i n d i c a t e  costs  
r e s u l t i n g  from t h e i r  development. The cos t  o f  f i l l i n g  col lapses, l e v e l i n g  pavement and 
monitor ing subsidence along l e s s  than a k i lometre of I n t e r s t a t e  Highway 59 i n  Birmingham, 
Alabama, dur ing the pe r iod  1972-77 i s  est imated t o  have exceeded $250,000 (L. Lockel l ,  o r a l  
commun,). The estimated cos t  o f  b r i dg ing  a p a r t  of t h i s  area, and planned safety measures f o r  
highways crossing two s i m i l a r  areas near Birmingham exceeds $4,660,000 (C. Ke l l y ,  o r a l  
commun.). The need f o r  these p r o t e c t i v e  measures i s  w e l l  i l l u s t r a t e d  by the damage t o  a 
warehouse i n  1973 (Figure 9.11.4) t h a t  resu l ted  from a co l lapse adjacent t o  I n t e r s t a t e  Highway 
59 i n  Birmingham. 

F igure 9.11.3 Sinkhole r e s u l t i n g  from col lapse near Calera i n  Shelby County, Alabama 
(photograph by C u r t i s  F r i z z e l l ) .  
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F igu re  9.11.4 Collapse i n  warehouse near I n t e r s t a t e  Highway 59 i n  Birmingham, Alabama (photo- 
graph by T. V. Stone). 

9.11.6 CORRECTIVE MEASURES 

I d e a l l y ,  the development o f  s inkholes can be e l iminated or minimized by ceasing the pumpage 
t h a t  causes the dec l i ne  o f  t he  water table.  The cessat ion o f  o r  d r a s t i c  decrease i n  s inkhole 
a c t i v i t y  f o l l ow ing  a recovery of  the  water t a b l e  has been recognized p rev ious l y  (Foose, 1953; 
Newton and Hyde, 1971; Newton, 1976). Most e f f o r t s  i n  Alabama have been d i r e c t e d  toward 
measures minimizing s inkhole development and e l im ina t i ng  p o t e n t i a l  hazards and damage t o  
s t r u c t u r e s  ra the r  than deal ing w i t h  the cause. The measures t h a t  have been or  w i l l  be u t i l i z e d  
inc lude br idg ing,  adding a d d i t i o n a l  support, the removal o f  unconsolidated deposi ts ove r l y ing  
bedrock, grout ing,  minimizing the d i v e r s i o n  o f  n a t u r a l  drainage, and the cons t ruc t i on  of flumes 
and o the r  impermeable drainage systems. 
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Case History No. 9.12. The Houston-Galveston Region, 
Texas, U.S.A., by R. K. Gabrysch, US. Geological 
Survey, Houston, Texas 

9.12.1 INTRODUCTION 

The Houston-Galveston reg ion  o f  Texas, as described i n  t h i s  repor t ,  includes a l l  o f  H a r r i s  and 
Galveston Counties and p a r t s  o f  Brazor ia,  F o r t  Bend, Waller, Montgomery, L ibe r t y ,  and Chambers 
Counties (F igure 9.12.1) . Land-surface subsidence has become c r i t i c a l  i n  p a r t s  o f  t he  reg ion  
because some low- l y ing  areas along Galveston Bay are subject  t o  inundat ion by normal t ides,  and 
an even l a r g e r  p a r t  o f  the reg ion  may be subject  t o  catast rophic  f l o o d i n g  hy hurr icane t i des .  
Hurricanes r e s u l t i n g  i n  t i d e s  o f  3.0-4.6 metres above sea l e v e l  s t r i k e  t h e  Texas coast on the  
average o f  once every 1 0  years. 

Land-surf ace subsidence due t o  f l u i d  Withdrawals was f i r s t  documented i n  the Goose Creek 
o i l  f i e l d  i n  H a r r i s  County ( P r a t t  and Johnson, 1926). Since then, numerous repo r t s  on 
subsidence i n  t h e  Houston-Galveston reg ion  have a t t r i b u t e d  subsidence t o  the  compaction o f  
f ine-gra ined m a t e r i a l  associated w i t h  t he  o i l -  and water-bearing sands. The more recent 
repo r t s  (Winslow and Doyel, 1954; Winslow and Wood, 1959; Gabrysch, 1969; and Gabrysch and 
Bonnet, 1975a) present data and i n t e r p r e t a t i o n s  of reg iona l  subsidence and i t s  r e l a t i o n  t o  the  
withdrawals o f  ground water f o r  munic ipa l  supply, i n d u s t r i a l  use, and i r r i g a t i o n .  The authors 
o f  these repo r t s  recognized t h a t  subsidence due t o  the  removal o f  o i l  and gas has occurred i n  
t h e  region, bu t  t he  data are no t  s u f f i c i e n t  t o  descr ibe i n  d e t a i l  t he  l o c a l i z e d  areas o f  
occurrence. 

9.12.2 GEOLOGY AND HYDROLOGY OF THE HOUSTON-GAT,VESTON REGION 

The aqu i fe rs  i n  t h e  Houston-Galveston reg ion are composed o f  sand and c l a y  beds t h a t  are not  
p e r s i s t e n t  i n  e i t h e r  l i t h o l o g y  o r  thickness. The beds grade i n t o  each other  both l a t e r a l l y  and 
v e r t i c a l l y  w i t h i n  shor t  distances; consequently, d i f f e r e n t i a t i o n  o f  geolog ica l  format ions on 
d r i l l e r s '  logs and e l e c t r i c a l  logs i s  almost impossible. However, by use o f  both the l ogs  and 
the hyd rau l i c  p r o p e r t i e s  o f  t h e  aqui fers ,  t he  subsurface u n i t s  have been d i v ided  i n t o  th ree  
major aqu i fe r  systems and one con f in ing  system (Jorgensen, 1975). 

The age o f  t he  geologica l  formations composing the  aqu i fe rs  and the  c o n f i n i n g  l a y e r  ranges 
from Miocene t o  Holocene. The deepest aqu i fe r  con ta in ing  freshwater i s  t he  Jasper a q u i f e r  o f  
Miocene age, which i s  separated from the o v e r l y i n g  Evangeline and Chicot aqu i fe rs  by the  
B u r k e v i l l e  c o n f i n i n g  layer.  The two p r i n c i p a l  a q u i f e r  systems o f  t he  reg ion are the  Chicot 
aqu i fe r  o f  Pleistocene age and t h e  Evangeline aqu i fe r  o f  Pl iocene age. The B u r k e v i l l e  
con f in ing  l aye r  i s  probably p a r t  o f  t he  Fleming Formation o f  Miocene age. 

The aqu i fe rs  are under a r t e s i a n  cond i t i ons  throughout most o f  t he  region, but l i t t l e  
in format ion on the  hyd rau l i c  p r o p e r t i e s  o f  t he  Jasper a q u i f e r  i s  ava i l ab le  because i t  i s  
undeveloped. Reports o f  t e s t  holes i n  the  Jasper (W.  F. Guyton, o r a l  commun., 1977) i n d i c a t e  
t h a t  the hyd rau l i c  head i n  t h e  Jasper i s  above land surface, which probably approximates the  
o r i g i n a l  condi t ions.  It i s  assumed t h a t  w i t h  no change i n  head, compaction o f  t h e  deposi ts i n  
the  Jasper system has no t  occurred; therefore,  t he  discussion o f  subsidence i n  t h i s  r e p o r t  w i l l  
be r e s t r i c t e d  t o  a discussion o f . t h e  Evangeline and Chicot aqu i fe r  systems. 

The Evangeline a q u i f e r  system i s  composed o f  the Gol iad Sand and poss ib l y  t h e  upper p a r t  
o f  t he  Fleming Formation. The system contains sands t h a t  y i e l d  freshwater o f  good q u a l i t y  i n  
about the  i n l a n d  two- th i rds o f  t h e  region. The t r a n s m i s s i v i t y  o f  t he  aqu i fe r  system ranges 
from less  than 460m2/d t o  about 1,400 m2d. The h o r i z o n t a l  hyd rau l i c  c o n d u c t i v i t y  i s  about 
4.57 metres per  day, and the storage c o e f f i c i e n t  ranges € rom about 0.00005 t o  more than 0.001.  

The Chicot a q u i f e r  system i s  composed o f  the W i l l i s  Sand, Bent ley Formation, Montgomery 
Formation, Beaumont Clay, and t h e  Quaternary a l l uv ium and includes the  deposi ts from t h e  land 
surface t o  the t o p  o f  t he  Evangeline aqui fer .  The t r a n s m i s s i v i t y  o f  t he  Chicot a q u i f e r  ranges 
from O t o  about 1,858 m2/d. The h o r i z o n t a l  hyd rau l i c  conduc t i v i t y  i s  about tw ice  t h a t  o f  t he  
Evangeline aqui fer ,  and t h e  storage c o e f f i c i e n t  ranges from 0.00004 t o  0.20. The l a r g e r  values 
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Figure 9.12.1 Locat ions o f  p r i n c i p a l  areas o f  ground-water withdrawals and average ra tes  o f  
pumping i n  1972. 

o f  t h e  storage c o e f f i c i e n t  occur i n  t h e  nor thern p a r t  o f  the reg ion where the aqu i fe r  crops out  
and i s  p a r t l y  under water- table condi t ions.  

Both the  Evangeline and the  Chicot a q u i f e r  systems conta in  many laye rs  o f  c l a y  interbedded 
w i t h  the water-bearing sands. The c lay  beds are general ly l ess  than 6 metres t h i c k ,  but 
l o c a l l y  they r e t a r d  the v e r t i c a l  movement of  water. Every sand bed, therefore,  has a d i f f e r e n t  
hyd rau l i c  head. Data from cores o f  t he  c l a y  beds were obtained a t  s i x  s i t e s  f o r  evaluat ion o f  
subsidence i n  t h e  Houston-Galveston region. The minera l  composit ion o f  27 samples from 5 s i t e s  
were a l s o  determined (Gabrysch and Bonnet, 197533 and unpublished data).  Montmor i l lon i te  i s  the 
p r i n c i p a l  m ine ra l  cons t i t uen t  o f  t he  c l a y  beds, which a l so  conta in  smal ler  amounts o f  i l l i t e ,  
c h l o r i t e ,  and k a o l i n i t e .  
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9.12.3 DEVELOPMENT OF GROUND WATER 

Development o f  ground water i n  the  Houston-Galveston reg ion  f o r  mun ic ipa l  supply and i r r i g a t i o n  
began i n  the  1890's. Ground-water withdrawals increased gradua l ly  t o  about 4.4 m 3 / ~  (cub ic  
metres per  second) w i t h  popu la t ion  growth, increased i r r i g a t i o n ,  and i n d u s t r i a l  use un t i l  t he  
l a t e  1930's. Construct ion o f  t he  l a r g e  i n d u s t r i a l  complex i n  the  reg ion  began i n  1937, and by 
1954 ground-water pumping had increased t o  about 18 m3/s. 

Ground-water pumping decreased t o  about 14 m3/s by 1959 because o f  t he  i n t r o d u c t i o n  o f  a 
supply o f  surface water i n  1954 from nearby Lake Houston on the  San Jacinto River. By 1962, 
ground-water pumping was again a t  a r a t e  o f  about 18 m3/s. 

Pumping o f  ground water f o r  mun ic ipa l  supply, i n d u s t r i a l  use, and i r r i g a t i o n  was 
approximately 46 p e r  cent, 3 3  p e r  cent, and 2 1  pe r  cent, respec t ive ly ,  of t he  t o t a l  o f  23 
m3/s pumped i n  1972. The p r i n c i p a l  areas o f  pumping and the  average d a i l y  r a t e s  o f  pumping 
i n  1972 i n  each area are  shown on F igure  9.12.1. 

The pumping o f  l a r g e r  amounts o f  ground water has resu l ted  i n  water - leve l  decl ines du r ing  
1943-73 o f  as much as 61 metres i n  w e l l s  completed i n  the  Chicot aqu i fe r  and as much as 99 
metres i n  we l ls  completed i n  the  Evangeline aqu i fe r  (Figures 9.12.2 and 9.12.3). The maximum 
average annual r a t e  o f  water- level  dec l ine  f o r  1943-73 was 2.0 metres i n  the  Chicot a q u i f e r  and 
3.3 metres i n  the  Evangeline aqu i fe r .  During 1964-73, t he  maximum r a t e  o f  dec l ine  was 3.0 
metres i n  the  Chicot and 5.4 metres i n  the  Evangeline. 

Pumping i n  1975 f o r  a l l  uses was 22 m3/s. 

9.12.4 SUBSIDENCE OF THE LAND SURFACE 

The area o f  t he  grea tes t  amount o f  subsidence co inc ides  w i t h  t he  area o f  t he  grea tes t  amount o f  
artesian-pressure decl ine, which i s  east-southeast o f  Houston a t  Pasadena. F igure  9.12.4 shows 
t h a t  as much as 2.3 metres o f  subsidence occurred a t  Pasadena between 1943 and 1973. It should 
be noted, however, t h a t  w i t h i n  the-  e n t i r e  reg ion  o f  subsidence, more than one center occurs. 
These areas are i nd i ca ted  by the  closed contours on Figure 9.12.4. 

Some o f  t he  centers o f  subsidence may be associated w i t h  t he  pumping o f  o i l  and gas and 
some may be associated w i t h  the  pumping o f  ground water. Add i t i ona l  compl icat ions i n  ana lyz ing  
the  causes and a r e a l  d i s t r i b u t i o n  o f  subsidence r e s u l t  from the  vary ing  thicknesses o f  i n d i v i d -  
u a l  beds o f  f ine-gra ined mater ia l ,  t he  vary ing  t o t a l  th ickness o f  f ine-gra ined mater ia l ,  t he  
v e r t i c a l  d i s t r i b u t i o n  o f  changes i n  a r t e s i a n  head, and t h e .  r e l a t i o n  o f  compress ib i l i t y  t o  depth 
o f  b u r i a l .  A n  example o f  t h e  e f fec ts  o f  compress ib i l i t y  and depth o f  b u r i a l  occurs i n  the  
southern p a r t  o f  H a r r i s  County where about 55 p e r  cent o f  t he  Subsidence i s  due t o  compaction 
i n  the  Chicot aqu i fe r ,  which composes o n l y  t h e  upper one-fourth o f  t he  est imated compacting 
i n t e r v a l .  

Figure 9.12.5 shows subsidence f b r  1964-73. The maximum amount o f  subsidence du r ing  t h i s  
p e r i o d  was about 1.1 metres. The ind i ca ted  maximum average r a t e  f o r  t he  9-year p e r i o d  i s  about 
0.12 metre pe r  year as compared t o  the  maximum average r a t e  o f  0.08 metre p e r  year f o r  t he  30- 
year pe r iod  1943-73. D u r i n g  t he  l a s t  p a r t  o f  t he  1943-73 per iod,  t he  r a t e  o f  subsidence accel-  
erated, and the  area o f  subsidence increased. The area i n  which subsidence i s  0.3 metre o r  
more increased from about 906 square k i lomet res  i n  1954 t o  about 6,475 square k i lomet res  i n  
1973. 

The maps showing the  amounts o f  subsidence (Figures 9.12.4 through 9.12.6) were construc- 
t e d  from data obtained from the  l e v e l i n g  program o f  t he  Na t iona l  Geodetic Survey ( fo rmer l y  the  
U.S. Coast and Geodetic Survey) supplemented by data obtained from l o c a l  i ndus t r i es .  Some suh- 
sidence occurred before 1943, but the  amount i s  d i f f i c u l t  t o  determine. However, an approxima- 
t i o n  o f  t he  amount and ex ten t  o f  t he  subsidence t h a t  occurred between 1906 and 1943 i s  shown on 
Figure 9.12.6. By 1943, fou r  centers of subsidence were apparent. The centers a t  Pasadena, 
Baytown, and Texas C i t y  were the  r e s u l t  o f  ground-water pump ing ;  and the  center i n  the  Goose 
Creek o i l  f i e l d  r e s u l t e d  from the  produc t ion  o f  o i l ,  gas, and sal twater.  

Because o f  t he  nature o f  depos i t ion  o f  t he  aqu i fe r  systems, each sand bed has a d i f f e r e n t  
hydrau l i c  head, and each c l a y  l a y e r  i s  under a d i f f e r e n t  amount o f  stress.  The water - leve l  de- 
c l i n e s  shown by Figures 9.12.2 and 9.12.3 a re  the  maximum dec l ines  t h a t  have occurred i n  each 
o f  t he  aqui fers.  Water- level measurements i n d i c a t e  t h a t  t he  water t a b l e  i s  approximately a t  
i t s  o r i g i n a l  p o s i t i o n  (about 2 t o  6 metres below land  surface).  Piezometers i n s t a l l e d  a t  d i f -  
f e r e n t  depths a t  each o f  e i g h t  s i t e s  are used t o  de f ine  the  po ten t i omet r i c  p r o f i l e s .  The d i f -  
ferences between the  measurements i n  t h e  piezometers and the  o r i g i n a l  po ten t iomet r ic  surfaces 
de f ine  the  s t ress  p r o f i l e .  As an example, a t  a s i t e  i n  the  Pasadena area, t he  depths t o  water 
below Land surface i n  January 1978 were as fo l lows:  
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Figure  9.12.2 Approximate decl ines o f  water l e v e l s  i n  we l ls  completed i n  the  Chicot aqui fer ,  
1943-73 

Piezometer depth (metres) 

1 0  
30  

119 
221 
2 8 4  
4 0 3  
552 
8 2 8  

Depth t o  water (metres) 

1.85 
4.31 

45.21 
100.31 
102.74 
100.44 

93.20 
47.28 

The po ten t i omet r i c  surface i n  each o f  the  two aqu i fe r  systems was 1 5  t o  3 0  metres ahove land 
surface before l a r g e  withdrawals began. 
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Figure 9.12.3 Approximate dec l ines  o f  water l e v e l s  i n  w e l l s  completed i n  the  Evangeline 
aqu i fe r  , 1943'73. 

The compress ib i l i t y  o f  t h e  a q u i f e r  system has heen estimated a t  two loca t ions .  A t  
Seabrook, i t  i s  assumed t h a t  no compaction due t o  ground-water pumping occurred below a depth 
of ahout 610 metres. Ahove 610 metres, t he  sediments inc lude ahout 243.5 metres o f  
f ine-grained mater ia l ,  and t h e  average s t ress  app l ied  t o  the  system du r ing  1943-73 was 
estimated t o  be a change i n  head o f  38.6 metres o f  water. Subsidence du r ing  1943-73 was 0.91 
metre; therefore, t he  compress ib i l i t y  o f  t he  f ine-grained ma te r ia l s  was determined t o  Fe 

0.91 d ( 2 4 3 . 5  m) (38.6) = 9.7 x lo-5m-1. 

A t  Texas C i t y ,  i t  i s  assumed t h a t  no compaction due t o  ground-water pumping occurred below 
a depth of 506 metres. Above 506 metres, t he  sediments i nc lude  about 151.5 metres o f  f i n e -  

257 



Guidebook to studies of land subsidence due to ground-water withdrawal 

c '. 
A- 

/' \ 

4 
c 

Figure 9.12.4 Subsidence of t h e  land surface, 1943-73. 
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Figure 9.12.5 Subsidence o f  the land surface, 1964-73. 
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Figure 9.12.6 Approximate subsidence o f  the  land surface, 1906-43. 
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grained mater ia l ,  and the average s t ress  app l i ed  t o  the  system du r ing  1964-73 was est imated t o  
be a change i n  head o f  5.7 metres o f  water. Subsidence d u r i n g  1964-73 was 0.18 metre; there- 
fore,  the compress ib i l i t y  o f  t he  f ine-grained m a t e r i a l  was determined t o  be: 

0.18/(151.5 m )  (5 .7 m) = 2 .1  x 10-4m-1. 

The weighted average compress ib i l i t y  as determined by l abo ra to ry  conso l i da t i on  t e s t s  o f  15 
cores from three s i t e s  was 3.2 x iO-4m-i. Because t h e  sediments were s t i l l  undergoing com- 
pression, t h e  compress ib i l i t i es  determined a t  t he  Seabrook and Texas C i t y  s i t e s  are minimum 
estimates o f  s p e c i f i c  storage. 

It has been suggested by some inves t i ga to rs  tha t ,  i n  a d d i t i o n  t o  inundat ion o f  l a n d  by ti- 
d a l  waters, some i f  no t  a l l  o f  the numerous e x i s t i n g  f a u l t s  i n  the  Houston-Gaiveston r e g i o n  are 
reac t i va ted  by man-caused land-surface subsidence. Attempts have been made t o  r e l a t e  the f a u l t  
a c t i v i t y  t o  subsidence, but because o f  a l a c k  o f  data t h e  r e l a t i o n s h i p s  are no t  c lea r .  

I n  1977, a network o f  measurement s ta t i ons ,  about 0.6 k i lometre apart ,  were establ ished 
along a l i n e  about 70 k i lometres l o n g  from the approximate center o f  subsidence westward along 
U.S. Highway 90 t o  the H a r r i s  County boundary. I n  addi t ion,  c l o s e l y  spaced marks f o r  hor izon-  
t a l  and v e r t i c a l  c o n t r o l  w i l l  be establ ished a t  t h ree  a c t i v e  f a u l t s .  The purpose o f  t h i s  net -  
work i s  t o  measure h o r i z o n t a l  s t r a i n  associated w i t h  subsidence and t o  r e l a t e  t h i s  s t r a i n  t o  
movement along the f a u l t  planes. 

It has a l so  been hypothesized ( K r e i t l e r ,  1977) t h a t  the numerous f a u l t s  a c t  as p a r t i a l  
b a r r i e r s  t o  ground-water f low and the re fo re  c o n t r o l  o r  "compartmentalize" subsidence; however , 
the data on artesian-pressure f l u c t u a t i o n s  i n  the area do no t  support t h i s  hypothesis. 

Most o f  t he  damage r e s u l t i n g  from subsidence i s  r e l a t e d  t o  the  lower ing o f  land-surface 
e levat ions i n  the v i c i n i t y  o f  Galveston Bay and the subsequent inundat ion by t i d a l  waters. Sev- 
e r a l  roadways have been r e b u i l t  a t  h igher elevat ions;  f e r r y  landings have been r e b u i l t ;  and 
levees have been constructed t o  rec la im  o r  p r o t e c t  some areas. The cost  o f  the damages r e -  
s u l t i n g  from subsidence have been estimated i n  some areas, but comprehensive s tud ies f o r  the 
e n t i r e  reg ion have not  been made. Jones and Larson (1975, t a b l e  5 )  est imated the  annual cost  
o f  subsidence du r ing  1969-74 t o  be $31,705,040 i n  2,448 square k i lometres o f  t he  area most sev- 
e r e l y  a f f e c t e d  by subsidence. I n  t h e i r  est imate o f  costs, Jones and Larson a t t r i b u t e d  f a u l t -  
caused s t r u c t u r a l  damage t o  man-caused subsidence. 

One outstanding example o f  both the s o c i a l  and economic impacts o f  subsidence i s  i n  t h e  
Brownwood subdiv is ion on the west s ide o f  Baytown. The area o f  the subdiv is ion has subsided 
more than 2.4 metres s ince 1915, and some homes i n  the  subd iv i s ion  are permanently f looded by 
water from the bay. The U.S. Army Corps of Engineers has recommended t h a t  t h e  e n t i r e  subd iv i -  
sion, cons i s t i ng  o f  448 homes occupied by 1,550 residents,  be purchased by the  Federal Govern- 
ment and t h e  i nhab i tan ts  be re loca ted  a t  a cost  o f  about $40 m i l l i o n .  

9.12.5 FUTURE SUBSIDENCE I N  THE REGION 

Ground-water pumping i n  the Houston-Gaiveston reg ion  increased a t  a r a t e  o f  about 6 per  cent  
per  year before about 1967. Since then, ground-water pumping has been a t  an almost s tab le  
ra te,  poss ib l y  because o f  r e c i r c u l a t i o n  o f  coo l i ng  water by i ndus t r y  and increased use o f  sur-  
face water from Lake Houston. As a r e s u l t ,  t he  r a t e  o f  dec l i ne  i n  water l e v e l s  has decreased 
s i g n i f i c a n t l y  i n  many p a r t s  o f  the reg ion since t h e  e a r l y  1970's. Records from borehole ex- 
tensometers (compaction moni tors)  i n d i c a t e  a decreased r a t e  o f  subsidence a t  seven s i t e s  scat-  
t e r e d  throughout the region. The decrease i n  t h e  r a t e  o f  subsidence, which began about Çeptem- 
ber 1976, s t rong ly  suggests a r e f l e c t i o n  o f  t h e  decreased r a t e  o f  water- leve l  decl ine.  

Water from a new source, Lake L i v ings ton  on the  T r i n i t y  River, about 97 k i l omet res  east  o f  
Houston has become a v a i l a b l e  recen t l y ;  and vo luntary  commitments t o  purchase t h i s  water have 
been made by a l l  major i n d u s t r i e s  us ing  ground water i n  the southern h a l f  o f  H a r r i s  County. As 
a r e s u l t ,  ground-water pumping w i l l  decrease by about 3.1 m3/s i n  the  area o f  maximum 
artesian-pressure dec l ine and subsidence. A n  analog-model study o f  the e f f e c t s  o f  t he  de- 
creased pumping suggests a maximum water- leve l  recovery o f  about 30 metres i n  the  center of t he  
bowl o f  subsidence. Data are no t  s u f f i c i e n t  t o  determine the head recovery necessary t o  s top 
subsidence, but the r a t e  o f  subsidence i s  expected t o  decrease s u b s t a n t i a l l y .  By June 1977, 
the increased use o f  surface water had caused a decrease i n  ground-water pumping o f  about 0.8 
m3/s. Local ly ,  t he  recovery i n  a r t e s i a n  head has been as much as 18 metres. 

The Harris-Galveston Coastal Subsidence D i s t r i c t  was created by t h e  Texas L e g i s l a t u r e  i n  
1975 t o  "provide f o r  the r e g u l a t i o n  o f  t he  wi thdrawal o f  ground water w i t h i n  t he  boundaries o f  
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t he  D i s t r i c t  f o r  t he  purpose of ending subsidence which con t r i bu tes  t o  o r  p r e c i p i t a t e s  f lood-  
ing, inundation., or  overf low o f  any area w i t h i n  the D i s t r i c t ,  i n c l u d i n g  wi thout  l i m i t a t i o n  r i s -  
i n g  waters r e s u l t i n g  from storms o r  hurr icanes." The D i s t r i c t  p lans t o  monitor t he  s t ress-  
s t r a i n  r e l a t i o n s h i p s  w i t h  a d d i t i o n a l  compaction monitors and piezometers designed f o r  i n s t a l l a -  
t i o n  p r i o r  t o  the  expected vo luntary  decrease i n  ground-water pumping. The data c o l l e c t e d  w i l l  
be t h e  bas is  f o r  c o n t r o l l i n g  pumping by t h e  issuance o f  w e l l  permits.  

The c o n s t i t u t i o n a l i t y  o f  t he  subsidence d i s t r i c t  has been tes ted  i n  a Texas D i s t r i c t  Court 
i n  a s u i t  t i t l e d  Sammy Beckendorf , e t  a l .  , versus the  Harris-Galveston Coastal Subsidence Dis- 
t r i c t .  The D i s t r i c t  prevai led,  but Beckendorf, e t  al. ,  have appealed t h e  rul ing o f  t h e  cour t .  
Other l awsu i t s  against  t h e  D i s t r i c t  have been f i l e d  but have not  come t o  t r i a l .  TWO other  law- 
s u i t s  ( smith-Southwest I n d u s t r i e s  , e t  a l .  , versus Friendswood Development Company , e t  a l .  ; and 
E. R. Brown, e t  al., versus Exxon Company, U.S.A., e t  a l . ) ,  whereby the  p l a i n t i f f s  seek t o  es- 
t a b l i s h  blame and recover damages from subsidence, have n o t  come t o  t r i a l .  
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Case History No. 9.13. San Joaquin Valley, California, 
U.S.A., by Joseph F. Poland, U%. Geological Survey, 
Sacramento, California, and Ben E. Lofgren, Woodward- 
Clyde Consultants, San Francisco, California 
9.13.1 INTRODUCTION 

The p r i n c i p a l  areas of land  subsidence due t o  ground-water withdrawal i n  C a l i f o r n i a  a re  i n  the  
San Joaquin Va l ley  and the  Santa Clara Va l ley  (F igure  9.13.1). A case h i s t o r y  f o r  t he  Santa 
Clara Va l ley  i s  inc luded elsewhere i n  t h i s  pub l i ca t i on .  I n  the  San Joaquin Val ley,  Subsidence 
due t o  ground-water withdrawal occurs i n  th ree  areas--the Los Banos-Kettleman C i t y  area on the  
c e n t r a l  west side, t he  Tulare-Wasco area on the  southeast border, and the  Arvin-Maricopa area 
a t  the  south end (Figure 9.13.1). 

Since 1956, the  U . S .  Geological  Survey has c a r r i e d  on two i n v e s t i g a t i v e  programmes i n  the  
San Joaquin Valley. One, a study o f  l and  subsidence, was c a r r i e d  on i n  cooperation w i t h  t he  
C a l i f o r n i a  Department o f  Water Resources. The other, a f e d e r a l l y  f inanced research p r o j e c t  on 
the  mechanics o f  aqu i fe r  systems, had t w o  major goals: t o  determine the  p r i n c i p l e s  c o n t r o l l i n g  
the  deformation o f  aqu i fe r  systems i n  response t o  change i n  g ra in - to -gra in  load, and t o  ap- 
p r a i s e  the  change i n  storage c h a r a c t e r i s t i c s  as the  systems compact under increased e f fec t i ve  
stress. D u r i n g  t he  20 years o f  research under these two pro jec ts ,  many o f  t he  causes and e f -  
f e c t s  o f  land  subsidence have been documented. Sixteen of  the  p r i n c i p a l  repo r t s  have been pub- 
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Figure 9.13.1 Areas o f  land  subsidence i n  C a l i f o r n i a  due t o  ground-water withdrawal. 
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l i s h e d  as pro fess iona l  papers of t he  Geological  Survey, t he  subsidence repo r t s  i n  the  Profes- 
s i o n a l  Paper 437 ser ies,  and the  mechanics o f  aqu i fe r  systems papers i n  the  Professional  Paper 
497 Series. The f o l l o w i n g  case h i s t o r y  concerning subsidence i n  the  San Joaquin Va l ley  i s  t a -  
ken c h i e f l y  f rom t h e  summary r e p o r t  by Poland, Lofgren, I re land,  and Push (U.S.  Geol. Survey 
Prof .  Paper 437-H, 1975). More d e t a i l e d  i n fo rma t ion  i s  ava i l ab le  i n  pub l ished repor ts  on the  
th ree  areas. 

9.13.2 GEOLOGY 

The San Joaquin Va l l ey  inc ludes  the  southern two-thirds o f  the  Cen t ra l  Val ley, an area o f  
26,000 km2. It i s  a broad s t r u c t u r a l  downwarp bordered on the  east by the  g r a n i t i c  complex 
o f  t he  S ie r ra  Nevada and on the  west by the  complexly fo lded and f a u l t e d  Coast Ranges. The top  
o f  t he  basement complex o f  t he  S ie r ra  Nevada b lock  d ips  gent ly  westward beneath the  va l ley .  
La te  Cenozoic con t inen ta l  deposi ts form the  f l o o r  o f  the v a l l e y  and a t t a i n  maximum thickness o f  
5,000 m near the  south edge. 

The c o n t i n e n t a l  deposi ts a re  c h i e f l y  o f  f l u v i a l  o r i g i n  but conta in  several  extensive 
in te rbeds  of  l a c u s t r i n e  o r i g i n .  The f l u v i a l  deposi ts cons is t  o f  l e n t i c u l a r  bodies o f  sand and 
gravel ,  sand, and s i l t  deposi ted i n  stream channels, and shee t l i ke  bodies o f  s i l t  and c l a y  l a i d  
down on f l o o d  p l a i n s  by slow-moving overf low waters. 

Along the  east s ide  o f  t h e  v a l l e y  the  sediments deposited by the  major streams i s s u i n g  
from the  S ie r ra  Nevada--from the  Merced River south t o  the  Kings River--have formed a ser ies  o f  
coalescing a l l u v i a l  fans, character ized by a mass o f  coarse permeable deposits, l a r g e l y  tongues 
and lenses o f  sand and gravel, t h a t  extend t o  and beyond the  topographic t rough o f  the  va l ley .  

I n  more than h a l f  o f  t he  San Joaquin Va l l ey  area t h a t  l i e s  south of Los Banos, the  depos- 
i t s  con ta in ing  freshwater can be d i v ided  i n t o :  (1) an upper u n i t  o f  c lay,  s i l t ,  sand, and 
g rave l  c h i e f l y  a l l u v i a l - f a n  and f l ood -p la in  deposi ts o f  heterogeneous character; ( 2 )  a middle 
un i t  c o n s i s t i n g  o f  a r e l a t i v e l y  impermeable diatomaceous lacus t r i ne  c lay;  and ( 3 )  a lower u n i t  
o f  c lay,  s i l t ,  sand, and some gravel, i n  p a r t  l a c u s t r i n e  deposits, t h a t  extends down t o  the  
beds con ta in ing  s a l i n e  water. The upper and middle u n i t s  are Pleistocene age; t he  lower unit  
i s  o f  Pleistocene and Pl iocene age. Together, these th ree  un i ts  appr?ximately c o n s t i t u t e  the  
Tulare Formation. The middle un i t  i s  t he  Corcoran Clay Member o f  t he  Tulare Formation ( M i l l e r ,  
Green, and Davis, 1971). 

9.13.3 HYDROLOGY 

The con t inen ta l  freshwater-bearing deposi ts can be subdivided i n t o  two p r i n c i p a l  hydrologic 
u n i t s .  The upper un i t ,  a semiconfined aqu i fe r  system w i th  a water table,  a l s o  termed the  
"upper water-bearing zone,'' extends from the  land surface t o  the  t o p  o f  t he  Corcoran Clay Mem- 
be r  a t  a depth rang ing  from O t o  275 m below the  land surface. The lower unit, a conf ined 
a q u i f e r  system, a l s o  termed the  "lower water-bearing zone,'' extends from the  base o f  t he  Cor- 
coran Clay Member down t o  the  sa l i ne  water body. The thickness o f  t h i s  confined system ranges 
from 60 t o  more than 600 m. The Corcoran Clay Member, which ranges i n  thickness from O t o  40 
m, i s  t he  p r i n c i p a l  con f i n ing  bed beneath a t  l e a s t  13,000 km2 o f  the  San Joaquin Val ley.  The 
do t ted  l i n e  i n  F igure  9.13.2 def ines the  general ex ten t  o f  t h i s  p r i n c i p a l  con f i n ing  bed i n  the  
va l ley .  South o f  B a k e r s f i e l d  the  c o n f i n i n g  bed has been designated the  E c lay  by C r o f t  (1972). 

Year ly e x t r a c t i o n  o f  ground water f o r  i r r i g a t i o n  i n  the  San Joaquin Va l ley  increased slow- 
l y  from 2,500 hm3 i n  the  middle 1920's t o  3,700 hm3 i n  1940. Then, during World War II and 
t h e  f o l l o w i n g  two decades, t h e  r a t e  o f  e x t r a c t i o n  increased more than t h r e e f o l d  t o  f u r n i s h  i f -  
r i g a t i o n  water t o  r a p i d l y  expanding a g r i c u l t u r a l  demands. By 1966, pumpage o f  ground water was 
12,000 hm3 p e r  year. 

Th is  very l a r g e  withdrawal caused subs tan t i a l  ove rd ra f t  on the  c e n t r a l  west s ide and i n  
much o f  t he  southern p a r t  o f  t he  va l ley ,  mostly w i t h i n  t he  shaded area o f  F igure  9.13.2. The 
withdrawal i n  these ove rd ra f t  areas i n  t h e  1950's and e a r l y  s i x t i e s  was a t  l e a s t  5,000 hm3 
p e r  year. During the  p e r i o d  o f  long-continued excessive withdrawal, t he  head (po ten t iomet r ic  
surface) i n  the  conf ined a q u i f e r  system between Los Ranos and Wasco was drawn down 60 t o  180 m. 
South o f  Bakers f i e ld  the  head dec l ine  was more than 1 0 0  m. 

Impor ta t ion  o f  surface water t o  these areas of ser ious ove rd ra f t  began i n  1950 when water 
from the  San Joaquin R iver  was brought south through the  Fr iant-Kern Canal, which extends t o  
the  Kern River (F igure  9.13.2). About 80 pe r  cent o f  t he  average annual d e l i v e r i e s  o f  1,250 

264 



37' 

36' 

35' 

Case History 9.13: San Joaquin Valley, California, U.S.A. 

1 3 1  119' 118' 

.................. ................... .................... ................... .................... . . . . . . . . . . . . . . . . . . . . .  

OutIrne of valley 
Drawn chieh on boundary 

of consolidated rocks 

Area where subsidence due 
to water-level decline is 
more than 0 . 3  meter 

Area of subsidence due to 
hydrocompaction 

Area of little or no 
subsidence 

e..ea.eo. 

Approximate boundary of 
principal confining 
bed where known 

T 

Figure 9.13.2 Pe r t i nen t  geographic features o f  c e n t r a l  and southern San Joaquin Va l l ey  and 
areas a f f e c t e d  by subsidence. 
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hm3 o f  water f rom t h i s  cana l  i s  s o l d  t o  i r r i g a t i o n  d i s t r i c t s  south o f  t he  Kaweah River, 
most ly  i n  the  Tulare-Wasco subsidence area. 

Large surface-water imports from the  nor thern  p a r t  o f  t he  s t a t e  t o  overdrawn areas on the  
west s ide  and south end o f  t he  v a l l e y  are be ing  suppl ied through the  C a l i f o r n i a  Aqueduct (Fig- 
u r e  9.13.2). The jo in t -use  segment o f  t he  aqueduct between Los Banos and Kettleman C i t y  serves 
the  San L u i s  p r o j e c t  area o f  t he  U.S. Bureau o f  Reclamation and t ranspor ts  State-owned water 
south o f  Kett leman C i t y .  Surface-water d e l i v e r i e s  t o  the  San L u i s  p r o j e c t  area increased from 
250 hm3 i n  1968, t h e  f i r s t  year, t o  about 1,360 hm3 i n  1974. Also, by 1973 the  C a l i f o r n i a  
Aqueduct de l i ve red  860 hm3 t o  the  southern p a r t  o f  t he  San Joaquin Va l l ey  (south o f  Kettleman 
C i t y ) ,  and i s  scheduled eventua l l y  t o  supply 1,670 hm3 under long-term contracts.  

As a r e s u l t  o f  these l a r g e  surface-water imports, the  r a t e  o f  ground-water withdrawal de- 
creased sharp ly  and t h e  dec l i ne  o f  a r t e s i a n  head was reversed i n  most o f  t he  areas o f  over- 
d r a f t .  By the  e a r l y  1970's many hundreds of i r r i g a t i o n  we l l s  were unused, a r tes ian  heads were 
recover ing  a t  a r a p i d  ra te ,  and ra tes  o f  subsidence were sharply reduced. 

9.13.4 LAND SUBSIDENCE 

Subsidence i n  t h e  San Joaquin Va l l ey  i s  o f  th ree  types. I n  descending order  o f  importance 
these a re  (1 )  subsidence due t o  the  compaction o f  aqu i fe r  systems caused by the  excessive w i t h -  
drawal o f  ground water; ( 2 )  subsidence due t o  the  compaction o f  mo is tu re-de f ic ien t  deposi ts 
when water i s  f i r s t  appl ied--a process known as hydrocompaction; and ( 3 )  l o c a l  subsidence 
caused by t h e  e x t r a c t i o n  o f  f l u i d s  from severa l  o i l  f i e l d s .  

O i l - f i e l d  subsidence i s  due t o  the  same process as subsidence caused by excessive p u m p i n g  
o f  ground water--a lower ing  o f  f l u i d  l e v e l  and consequent increase o f  e f f e c t i v e  s t ress  on the  
sediments w i t h i n  and adjacent t o  the  producing beds. However, measured o i l - f i e l d  subsidence i n  
t h e  San Joaquin Val ley,  which has been discussed b r i e f l y  by Lofgren (1975) , i s  l ess  than 0.6 m 
a t  t he  few o i l  f i e l d s  where p e r i o d i c  r e l e v e l i n g  has def ined i t s  magnitude. Th is  type o f  sub- 
sidence has n o t  c rea ted  any problems i n  the  va l ley .  

Hydrocompactible depos i ts  occur l o c a l l y  on the  west and south f l anks  o f  t he  v a l l e y  (see 
F igure  9.13.2). These a re  near-surface a l l u v i a l - f a n  deposits, l a r g e l y  mud f lows, s t i l l  above 
the  water table.  They have been moisture d e f i c i e n t  ever s ince deposit ion, c h i e f l y  because o f  
t h e  low r a i n f a l l  i n  t h e  area. When water i s  f i r s t  appl ied, t h e  c l a y  bond i s  weakened and the  
deposi ts compact. Subsidence o f  1.5 t o  3 m i s  common and l o c a l l y  i t  exceeds 4.5 m (Lofgren, 
1960; B u l l ,  1964). The C a l i f o r n i a  Aqueduct (Figure 9.13.2) passes through a t  l e a s t  65 km o f  
deposi ts suscept ib le t o  hydrocompaction, and precompaction by prolonged we t t i ng  o f  t he  aqueduct 
al inement was c a r r i e d  on f o r  about one year p r i o r  t o  the  p l a c i n g  o f  the  concrete l in ing.  

Subsidence due t o  the  compaction o f  a q u i f e r  systems i n  response t o  excessive dec l ine  o f  
water l e v e l s  had a f f e c t e d  about 13,500 km2 o f  the  San Joaquin Va l ley  by 1970. Figure 9.13.3 
dep ic t s  the  d i s t r i b u t i o n  and magnitude o f  subsidence exceeding 1 f o o t  (0.3 m )  t h a t  had occurred 
by 1970--af fect ing an  area o f  11,100 km2. Three centers o f  subsidence are conspicuous on 
t h i s  map. The most conspicuous i s  t he  l ong  narrow trough west o f  Fresno t h a t  extends 140 km 
f rom ï ,os Banos t o  Kett leman C i t y  ( r e f e r r e d  t o  subsequently as the  west-side area).  Maximum 
subsidence i n  t h i s  area t o  1977 was 29.5 f e e t  (9.0 m), 16 km west o f  Mendota. The second cen- 
t e r ,  between Tu lare  and Wasco, i s  de f ined hy two closed 12-foot (3.7-m) l i n e s  o f  equal subsid- 
ence, 32 and 48 km south o f  Tulare, respec t ive ly .  Maximum subsidence t o  1970 was 4.3 m, a t  a 
benchmark 32 km south o f  Tulare. The t h i r d  center, 32  km south o f  Bakersf ie ld,  has subsided a 
maximum o f  9.2 f e e t  (2.8 m), most ly s ince World War II. Note t h a t  t he  C a l i f o r n i a  Aqueduct was 
cons t ruc ted  through t h e  f u l l  140 km of t he  subsidence trough extending from Los Banos t o  Ket- 
t leman C i ty ,  as w e l l  as through the  southwestern edge o f  t he  subsidence bowl south o f  
Bakers f ie ld .  

The cumulative volume o f  subsidence i n  the  San Joaquin Va l l ey  (Figure 9.13.4) grew s lowly  
un t i l  t he  end of World War II. W i t h  t he  grea t  increase i n  ground-water e x t r a c t i o n  i n  t h e  
1940's and 1 9 5 0 ' ~ ~  however, t he  cumulative volume o f  subsidence soared t o  12,350 hm3 by 1960, 
and reached 19,250 hm3 by 1970. Th is  very l a rge  volume i s  equal t o  one-half t h e  i n i t i a l  
storage capaci ty o f  Lake Mead o r  t o  the  t o t a l  discharge from a l l  water we l ls  i n  the  San Joaquin 
Va l l ey  f o r  1.5 years a t  t he  1966 ra te .  Th is  volume o f  subsidence represents water o f  compac- 
t i o n  der ived  almost who l ly  from compaction o f  t he  f ine-grained h i g h l y  compressible c layey 
in te rbeds  (aqu i ta rds) ,  i n  response t o  the  increase i n  e f f e c t i v e  s t ress  as a r tes ian  head i n  
conf ined system decl ined. The volume o f  subsidence fo r  any i n t e r v a l  o f  l e v e l i n g  c o n t r o l  
obtained by p lan imet ry  o f  t he  subsidence map f o r  t h a t  per iod.  A l l  l e v e l i n g  data used i n  
p repara t i on  o f  subsidence maps and graphs were by the  Na t iona l  Geodetic Survey ( fo rmer l y  
Coast and Geodetic Survey). 
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Figure 9.13.4 Cumulative volume o f  subsidence, San Joaquin Valley, C a l i f o r n i a ,  1926-70. 

The west-side area has experienced t h e  most severe subsidence (F igure 9.13.5 ) ; the re fo re  
severa l  i l l u s t r a t i o n s  w i l l  be presented t o  show the r e l a t i o n  between water- leve l  change ( s t r e s s  
change) and compaction o r  subsidence i n  t h a t  area. Subsidence has a f f e c t e d  about 6,200 km2 
and the  volume o f  subsidence, about two- th i rds o f  t h e  v a l l e y  
t o t a l .  The cumulative volume o f  ground-water pumpage i n  t h e  west-side area through March 1969 
i s  est imated as 35,200 hm3 (Figure 9.13.6). This cumulative pumpage has been p l o t t e d  w i t h  
cumulat ive subsidence a t  a sca le o f  3 t o  1. The c o r r e l a t i o n  i s  remarkably consistent,  i nd i ca -  
t i n g  t h a t  throughout the 43 years s ince subsidence began (1926 i n t o  1969), about one- th i rd  o f  
the water pumped has been water o f  compaction der ived from the  permanent reduct ion o f  pore 
space i n  the  f ine-gra ined compressible aqui tards.  

F igure 9.13.7 i l l u s t r a t e s  the r e l a t i o n  o f  subsidence t o  artesian-head change s ince 1943 a t  
a s i t e  16 km southwest o f  Mendota. Bench mark S661, located w i t h i n  t h e  28-fOOt (8.5-n) l i n e  o f  
equal  subsidence i n  Figure 9.13.5, subsided 8 m from 1943 t o  1969, i n  response t o  a water- level  
dec l i ne  o f  nea r l y  1 2 5  m as measured i n  nearby wel ls .  The r a t e  o f  subsidence a t  t h i s  s i t e  
reached a maximum of 0.54 m per year between 1953 and 1955 but decreased t o  0 .04  m per year be- 
tween 1972 and 1975, due c h i e f l y  t o  s u b s t a n t i a l  recovery o f  a r tes ian  head. S t a t i c  water l e v e l  
began t o  recover i n  1969 and by 1977 had r i s e n  73 m above the  1968 summer low l e v e l  because o f  

1926-69, was about 11,850 hm3, 
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EXPLANATION 

(FEET x 0 .305 : METRE 

Figure 9.13.5 Land subsidence i n  the Los Banos-Kettleman C i t y  area, Cal i forn ia ,  1926-69. 

1 9 2 0  1 9 3 0  1940 1 9 5 0  1 9 6 0  1 9 7 0  

Figure 9.13.6 Cumulative volume of  subsidence and pumpage, Los Banos-Kettleman C i t y  area, 
Ca l i fo rn ia .  Points on subsidence curve indicate  times o f  leve l ing  control.  
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Figure 9.13.7 Subsidence and artesian-head change 16 ki lometres southwest o f  Mendota. 

t h e  l a r g e  imports o f  surface water through the C a l i f o r n i a  Aqueduct and the  consequent reduct ion 
i n  pumpage. 

I f  two o r  more extensometers (compaction recorders) are i n s t a l l e d  i n  adjacent w e l l s  o f  
d i f f e r e n t  depths, t h e  records from t h e  mul t ip le-depth i n s t a l l a t i o n  w i l l  i n d i c a t e  the  magnitude 
and r a t e  o f  compaction ( o r  expansion), no t  on ly  w i t h i n  t h e  t o t a l  depths o f  i n d i v i d u a l  w e l l s  but 
a l s o  f o r  t he  depth i n t e r v a l s  between w e l l  bottoms. Figure 9.13.8 shows the record o f  com- 
p a c t i o n  from 1958 through 1971 i n  th ree  adjacent extensometer we l l s  i n  t h e  west-side area. The 
s i t e  i s  adjacent t o  t h e  C a l i f o r n i a  Aqueduct a t  the no r th  end of the southern 16-foot (4.9-m) 
l i n e  o f  equal subsidence i n  Figure 9.13.5. The wel ls  are 152, 213, and 610 m deep. Measured 
compaction i n  the  1 3  years was about 0.42 m, 0.97 m, and 3.40 m, respect ive ly .  Thus the  com- 
p a c t i o n  i n  the  213-610-m depth i n t e r v a l  was 2.43 m. The dashed l i n e  represents subsidence o f  a 
sur face bench mark a t  t h i s  s i t e  as determined by repeated l e v e l i n g  from stable bench marks 
(b lack  dotes on t h e  dashed l i n e  show dates o f  l e v e l i n g ) .  I n  the  e a r l y  1960's the  r a t e  o f  com- 
p a c t i o n  measured i n  the  610-111 w e l l  ( N l )  was near ly  equal t o  the  r a t e  of subsidence. Subse- 
quent ly  t he  r a t e  o f  compaction o f  deposi ts below the 610-m depth gradual ly  increased, due t o  
increased pumping and d e c l i n i n g  pore pressures i n  deeper we l l s  d r i l l e d  i n  t h e  1 9 6 0 ' s .  This  
deeper compaction caused the  departure o f  the subsidence p l o t  from the compaction p l o t  f o r  w e l l  
N1- 
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Figure 9.13.8 Compaction and subsidence a t  Cantua s i t e ,  65 k i lomet res  southwest of Fresno, 
Ca l i f o rn ia .  

9.13.5 COMPRESSIBILITY AND STORAGE PARAMETERS 

I n  the  l a t e  1 9 5 0 ' ~ ~  as one phase o f  the  research on land subsidence and compaction o f  a q u i f e r  
systems, the  Geological  Survey d r i l l e d  f o u r  core holes i n  the  Los Banos-Kettleman C i t y  (west 
s ide)  area rang ing  i n  depth from 305  t o  670 m, 'and two core holes i n  the  Tulare-Wasco area t o  
depths o f  232 and 670 m., Cores were tes ted  i n  the  Hydrologic Lahoratory f o r  p a r t i c l e - s i i e  d i s -  
t r i b u t i o n ,  s p e c i f i c  g r a v i t y  o f  so l ids ,  d r y  uni t  weight, p o r o s i t y  and vo id  r a t i o ,  hyd rau l i c  con- 
d u c t i v i t y  (normal and p a r a l l e l  t o  bedding) and A t te rhe rg  l i m i t s .  Resul ts have been pub l ished 
(Johnson, Moston, and Morr is,  1968). X-ray d i f f r a c t i o n  s tud ies  o f  85 samples from the  westside 
cores and 26 samples from t.he Tulare-Wasco cores i nd i ca ted  t h a t  about 70 p e r  cent o f  t he  c lay-  
minera l  assemblage i n  these deposi ts o f  Pl iocene t o  Holocene age cons is t s  o f  montomor i l lon i te  
(Meade, 1967, Tables 11-13). 

Laboratory conso l i da t i on  t e s t s  were made by the  Bureau o f  Reclamation on 60  f ine-gra ined 
cores from the  f o u r  core holes i n  the  west-side area and on 22 f ine-gra ined cores from the  two 
core holes i n  t h e  Tulare-Wasco area. Parameters tes ted  inc luded the  compression index, Cc, a 
measure o f  t he  compress ib i l i t y  o f  t h e  sample, and the  c o e f f i c i e n t  o f  consol idat ion,  Cc, a 
measure o f  t he  t ime-rate o f  consol idat ion.  Resul ts have heen pub l ished ( Johnson and otyers,  
1968, Tables 8 and 9) .  The range of t he  compression index, Cc, was much wider than f o r  
samples from the  Santa Clara Val ley:  I n  the  Los Banos-Kettleman C i t y  area the  range was 0.09 
t o  1.13; i n  the  Tulare-Wasco area i t  was 0.25 t o  1.53. However, a l l  values grea ter  than 0.47 
were e i t h e r  from l a c u s t r i n e  c lays  o r  from t h e  f ine-grained marine s i l t s t o n e  i n  t h e  Richgrove 
core ho le  12 km east o f  Delano. 

The subsidence volume represents pore-space reduc t ion  occu r r i ng  c h i e f l y  i n  the  
f ine-grained compressible aquitardç. I n  the  west-side area, t he  volume o f  subsidence from 1926 
t o  1969 was about 11,850 hm3, d i s t r i b u t e d  over 6,200 km2. I f  the  subsidence had been d i s -  
t r i b u t e d  evenly over t h i s  area, i t  would average about 1.9 m. Roughly h a l f  t he  sediments i n  
the  p r i n c i p a l  aqu i fe r  system a re  f ine-grained coinpressible aqui tards.  Assuming the  average 
composite th ickness o f  t he  compacting aqu i ta rd  i s  1 5 0  m and the  average i n i t i a l  p o r o s i t y  i s  40 
p e r  cent, a mean subsidence of 1.9 m would represent an average reduc t ion  i n  p o r o s i t y  o f  rough- 
l y  1 p e r  cent  i n  these f ine-grained beds ( f r o m  4 0  t o  39.2 p e r  cent) .  I n  the  smal l  area where 
the  maximum 8.8 m o f  subsidence has occurred, t he  l o c a l  reduc t ion  i n  pore space o f  aqu i ta rds  
would be roughly 4 p e r  cent ( f rom 40 t o  36.3 p e r  cent) .  

The subsidence/head-decline r a t i o  ( s p e c i f i c  subsidence) i s  t he  r a t i o  hetween land subçid- 
ence and the  hyd rau l i c  head dec l ine  i n  the  coarse-grained permeable beds o f  t he  compacting 
aqu i fe r  system, f o r  a common t ime i n t e r v a l .  I t  can be expressed as the  change i n  thickness p e r  
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unit change i n  e f f e c t i v e  s t r e s s  (Ab/Ap'). This r a t i o  i s  u s e f u l  as a f i r s t  approximation of  com- 
p r e s s i b i l i t y ;  i t  i s  a l s o  u s e f u l  f o r  p r e d i c t i n g  a lower l i m i t  f o r  t he  magnitude of subsidence i n  
response t o  a s tep increase i n  v i r g i n  s t ress  ( s t r e s s  greater  than pas t  maximum). I f  pore pres- 
sures i n  the  f ine-gra ined aqui tards were eventual ly  t o  reach e q u i l i b r i u m  w i t h  those i n  adjacent 
aqu i fe rs  a f t e r  a s tep increase beyond preconsol idat ion stress, compaction would cease and t h e  
subsidence/head-decline r a t i o  would i n d i c a t e  the  t r u e  v i r g i n  compress ib i l i t y  o f  t h e  system. 

I n  t h e  west-side area du r ing  the  p e r i o d  1943-60 the  dec l ine o f  a r t e s i a n  head f o r  the lower 
zone ranged from 30 t o  120 m ( B u l l  and Poland, 1975, Figure 251, r e s u l t i n g  i n  subsidence i n  the  
17-year p e r i o d  o f  0.3 t o  4.9 m (Bul l ,  1975, F igure 1 0 ) .  The subsidence/head-decline r a t i o  f o r  
t h a t  same p e r i o d  ranged a r e a l l y  from 0.01 t o  0.08 ( B u l l  and Poland, 1975, F igure 3 2 ) .  I n  other 
words, t he  head dec l ine requ i red  t o  produce 1 metre of subsidence ranged from 1 0 0  t o  1 2  m. A 
subsidence/head-decline r a t i o  can be de r i ved  from Figure 9.13.7 f o r  t he  p e r i o d  1947 t o  1965. I n  
the  18 years, bench mark Ç661 subsided 6.86 m, and the pumping l e v e l  i n  nearby w e l l s  dec l ined 
95 m. Thus, f o r  t h a t  t ime span the  r a t i o  a t  t h a t  s i t e  equaled 0.07. 

I n  the  Tulare-Wasco area, the subsidence/head-decline r a t i o  ranged from 0.01 t o  0.06 (Lof-  
gren and Klausing, 1969, Figure 69). I n  t h e  Arvin-Maricopa area, t h e  subsidence/head-decline 
r a t i o  f o r  t h e  8-year p e r i o d  1957-65 ranged from 0.01 t o  0.05 (Lofgren, 1975, P la te  5B). 

Areal  v a r i a t i o n  i n  the  subsidence/head-decline r a t i o  can be produced by one or  more o f  
severa l  factors .  These inc lude  v a r i a t i o n  i n  the  i n d i v i d u a l  and gross aggregate th ickness of 
the compacting aqui tards and v a r i a t i o n  i n  compress ib i l i t y  and v e r t i c a l  hyd rau l i c  conduc t i v i t y  
o f  t he  i n d i v i d u a l  aqui tards.  Such a r e a l  v a r i a t i o n  i n  compress ib i l i t y  and hyd rau l i c  conduct iv i -  
t y  can be caused by v a r i a t i o n  i n  g r a i n  s ize,  i n  depth of compacting beds ( i n  overburden load) ,  
i n  geologic format ion tapped, i n  e x i s t i n g  preconsol idat ion stress,  i n  clay-mineral  assemblage, 
and i n  o the r  d iagenet ic  e f fec ts .  Furthermore, because the  subsidence values a v a i l a b l e  f o r  com- 
p u t i n g  the  r a t i o  seldom represent u l t i m a t e  subsidence f o r  a designated change i n  s t ress w i t h i n  
aqui fers ,  t ime i s  an impor tant  f ac to r .  According t o  so i l - conso l i da t i on  theory, t he  t ime re-  
q u i r e d  fo r  an a q u i t a r d  t h a t  i s  d r a i n i n g  t o  adjacent aqu i fe rs  t o  reach a s p e c i f i e d  percentage o f  
u l t i m a t e  cornpaction v a r i e s  d i r e c t l y  as (1) the  square o f  t he  d r a i n i n g  thickness and ( 2 )  t he  r a -  
t i o  o f  compress ib i l i t y  t o  v e r t i c a l  hyd rau l i c  conduc t i v i t y .  V a r i a t i o n  i n  the thicknesses o f  t he  
many v e r t i c a l - d r a i n i n g  aqui tards encountered a t  any se lected s i t e  obviously makes t h a t  s i t e  
unique i n  i t s  r a t e  o f  compaction, even i f  a l l  other f a c t o r s  are equal. I n  the  depth i n t e r v a l  
214 t o  610 m a t  west-side w e l l  16/15-34N18 fo r  example, i n t e r p r e t a t i o n  o f  t he  micro log def ined 
60 aqui tards ranging i n  th ickness from 0.6 m t o  1 5  m and averaging 4.5 m. 

One o the r  f a c t o r  d i r e c t l y  a f fec t i ng  the  accuracy o f  t h e  subsidence/head-decline r a t i o  i s  
the appropriateness o r  t he  accuracy o f  the change-in-stress value used. Even i n  a ground-water 
b a s i n  con ta in ing  a s i n g l e  conf ined a q u i f e r  system i t  i s  d i f f i c u l t  t o  o b t a i n  measurements o f  head 
change t h a t  t r u l y  represent the  average s t ress  change on aqu i ta rd  boundaries w i t h i n  the f u l l  
wel l -depth i n t e r v a l  exper iencing a measured compaction o r  subsidence. Thus , observat ion we l l s  
used t o  de r i ve  stress-change values , whether f o r  subsidencefiead-change r a t i o s  o r  f o r  s t ress-  
s t r a i n  p l o t s ,  should be se lected o r  constructed very c a r e f u l l y .  

B u l l  (1975, p. 49-82) made. a study o f  geologic fac to rs  t h a t  caused a r e a l  d i f f e rences  i n  
s p e c i f i c  uni t  compaction i n  t h e  Los Banos-Kettleman C i t y  area f o r  t h e  p e r i o d  1943-60. The fac- 
t o r s  i nc luded  t o t a l  app l i ed  stress,  l i t h o f a c i e s ,  and source and mode o f  deposi t ion.  

F i e l d  measurements o f  compaction o r  expansion o f  sediments and t h e  c o r r e l a t i v e  change i n  
f l u id  pressure(s)  can be u t i l i z e d  t o  const ruct  s t ress -s t ra in  curves and t o  der ive storage and 
compress ib i l i t y  parameters. One example (F igure 9.13.9) i s  f o r  a w e l l  176 m deep on the  west 
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Figure 9.13.9 Stress change, compaction, and s t r a i n  f o r  a w e l l  i n  western Fresno County, c a l i -  
f o rn ia .  
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s ide  o f  t h e  va l l ey .  Depth t o  water i s  p l o t t e d  increas ing upward ( i nc reas ing  s t ress ) .  Change 
i n  depth t o  water represents change i n  e f f e c t i v e  s t ress  i n  t h e  aqu i fe rs  i n  the  conf ined aqu i fe r  
system (upper zone) t h a t  i s  106 m t h i c k .  Along the  abscissa the lower scale i s  t he  measured 
compaction and the upper scale i s  t he  s t r a i n  (measured compaction/compacting th i ckness ) .  The 
y e a r l y  f l u c t u a t i o n  o f  water l e v e l  caused by the seasonal i r r i g a t i o n  demand and the  permanent 
compaction t h a t  occurs each summer du r ing  the  heavy pumping season when the  depth t o  water i s  
greatest  produce a se r ies  o f  s t r e s s - s t r a i n  loops. The lower p a r t s  o f  t he  descending segments 
o f  the annual loops f o r  t he  three winters  1967-68 t o  1969-70 are approximately p a r a l l e l  
s t r a i g h t  l i n e s ,  i n d i c a t i n g  t h a t  t he  response i s  e s s e n t i a l l y  e l a s t i c  i n  both aqu i fe rs  and aqui-  
t a r d s  when the depth t o  water i s  l ess  than about 55 m. The heavy dashed l i n e  i n  t h e  1968 loop 
represents the average slope o f  t he  segments i n  the e l a s t i c  range o f  s t ress.  The r e c i p r o c a l  of 
the slope of  t h e  l i n e  i s  t he  component o f  t h e  storage c o e f f i c i e n t  due t o  deformation o f  t h e  
aquifer-system skeleton, sker and equals 1.2 x The component o f  average s p e c i f i c  
storage due t o  e l a s t i c  deformation, S&eI equals Ske/106 m = 1.1 x 10-5m-1. The aver- 
age e l a s t i c  compress ib i l i t y  o f  t h e  aqu i fe r  system skeleton, akel i s  Sske/Yw; i f  ïw ( t h e  
un i t  weight o f  water)  equals 1, the numerical values o f  ake and Sske are i d e n t i c a l .  

For increase i n  e f f e c t i v e  s t ress  i n  t h e  range o f  l oad ing  exceeding p reconso l i da t i on  
stress,  the " v i r g i n "  compaction o f  aqui tards i s  c h i e f l y  inelast ic--nonrecoverable upon decrease 
i n  s t ress.  A t  P ix ley,  27 k m  south o f  Tulare (F igure 9.13.3), compaction and change i n  s t ress  
f o r  a conf ined aqu i fe r  system 108-231 m below land  surface has been measured since 1958. R i l e y  
(1969) showed from a s t r e s s - s t r a i n  p l o t  t h a t  t he  mean v i r g i n  compress ib i l i t y  o f  t h e  aqui tards 
(aggre a te  th ickness 75 m )  i n  t h i s  conf ined aqu i fe r  segment 1 2 3  metres t h i c k  was 7.5 x 
10-4m-c1 and the mean e l a s t i c  compress ib i l i t y  o f  the aqu i fe r  system was 9.3 x lO-%n- ' .  
Thus, f o r  the aqu i fe r  system segment 123  metres t h i c k  a t  t h i s  s i t e ,  t h e  mean v i r g i n  compressi- 
b i l i t y  o f  the aqui tards i s  about 80 t imes as l a rge  as the  mean e l a s t i c  compress ib i l i t y  of t he  
conf ined system. 

Figure 9.13.10 shows a general ized p l o t  o f  water l e v e l  f o r  t he  conf ined a q u i f e r  system 3 2  
k m  south o f  Mendota (Figure 9.13.5) from 1905 t o  1964 and t h e  seasonal h i g h  and low i n  observa- 
t i o n  w e l l  16/15-34N4 f o r  1961-77. This w e l l  taps the  conf ined system. The r e g i o n a l  water 
l e v e l  dec l ined about 1 2 0  m from 1905 t o  1960 and the  r a t e  o f  dec l ine accelerated as t h e  ground- 
water wi thdrawal increased. By 1960 the seasonal low had dec l ined below the  base o f  t h e  con- 
f i n i n g  c lay,  producing a water- table condi t ion.  Surface-water imports t o  t h e  west-side area 
began i n  1968. As the imports increased, ground-water pumpage decreased and water l e v e l s  r e -  
covered sharply.  From 1968 t o  1976 t h e  water l e v e l  a t  w e l l  34N4 rose 82 metres. Then, du r ing  
1977, the second o f  two severe drought years, t h e  imports decreased t o  370 hm3 and pumping 
d r a f t  from both o l d  and newly d r i l l e d  w e l l s  soared t o  about three t imes the  1976 r a t e .  AS a 
r e s u l t  the water l e v e l  i n  w e l l  34N4 f e l l  50 m i n  the  8 months t o  August 1977. 

The changing s t ress as i n d i c a t e d  by t h e  hydrograph o f  w e l l  34N4 and the r e s u l t i n g  s t r a i n  
a t  t h i s  s i t e  as measured by an extensometer i n  w e l l  34N1 since 1959 are c l e a r l y  d isp layed i n  
Figure 9.13.11. Well  16/15-34NlI 610 m deep, i s  equipped w i t h  an anchored-cable extensometer. 
A t ime p l o t  o f  cumulative measured compaction a t  t h i s  s i t e  was in t roduced e a r l i e r  (F igure 
9.13.8). I n  Figure 9.13.11, the measured compaction i s  p l o t t e d  as an annual bar graph f o r  com- 
pa r i son  w i t h  t h e  f l u c t u a t i o n s  o f  t he  water l e v e l  i n  w e l l  N4. Note t h a t  t h e  water l e v e l  i n  w e l l  
N4 began a sharp r i s e  l a t e  i n  1968 as surface-water impor ts  began. I n  response t o  t h e  sharp 
recovery o f  water l e v e l ,  compaction decreased r a p i d l y  a f t e r  1968 but d i d  no t  cease u n t i l  1975. 
During t h i s  p e r i o d  o f  r i s i n g  water l e v e l s  i n  the  coarse-grained aqui fers ,  nonrecoverable v i r g i n  
compaction continued through 1974 i n  the  c e n t r a l  p a r t s  o f  t h e  t h i c k e r  aqui tards,  exceeding the  
cont inu ing smal l  e l a s t i c  expansion o f  the preconsol idated aqu i fe rs  and the  t h i n n e r  aqui tards.  
The water l e v e l  i n  w e l l  N4 reached a seasonal h i g h  o f  107 m below land  surface i n  November 
1976. Ear ly  i n  February 1977, when water l e v e l  was 1 1 2  m below land  surface (on l y  5 m below t h e  
seasonal h igh ) ,  v i r g i n  compaction resumed i n  w e l l  N1. By March 30, 1977, when water l e v e l  was 
15 m below the seasonal high, t he  maximum compaction r a t e  o f  t h e  season was a t ta ined .  The 
e a r l y  February water l e v e l  1 1 2  m below land  surface c l e a r l y  def ined the p reconso l i da t i on  s t ress  
i n  the  c e n t r a l  segments o f  t he  t h i c k e s t  o r  l e a s t  permeable aqui tards o r  both. As the  drawdown 
increased, more and more o f  t he  slow d r a i n i n g  compressible beds began t o  c o n t r i b u t e  water o f  
compaction. By yearend, about 1 2  cm o f  renewed nonrecoverable compaction had occurred. 

During the f i r s t  pe r iod  o f  water- level  dec l ine (1905-68 i n  Figure 9.13.10), water o f  com- 
pac t i on  represented about one - th i rd  o f  t h e  t o t a l  water pumped from west-side w e l l s  (F igure 
9.13.6). By 1968, many o f  t h e  aqui tards were preconsol idated near l y  t o  t h e  1968 s t ress  l e v e l .  
Ea r l y  i n  the second pe r iod  o f  water- leve l  dec l ine ( i n  1977), the response o f  the preconsol ida- 
t e d  sediments was c h i e f l y  e l a s t i c  and the  c o n t r i b u t i o n  o f  water o f  compaction was much l e s s  
than one- th i rd  o f  the t o t a l  pumpage. Hence the water l e v e l  f e l l  very r a p i d l y .  
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Figure  9.13.10 Long-term t r e n d  o f  water l e v e l s  near Cantua Creek, and seasonal high and low 
l e v e l s  i n  observat ion w e l l  16/15-34N4 since 1960. (Modif ied from Lofgren, 
1979, F igure  8.) 

F igure  9.13.12 d i sp lays  a s i m i l a r  t rend  o f  water- level  recovery and reduced compaction, 
fo l lowed by an abrupt head dec l ine  and renewed compaction dur ing  1977. Observation w e l l  
20/18-6D1 i s  25 km n o r t h  o f  Kett leman C i t y  (F igure  9.13.4) and adjacent t o  the  C a l i f o r n i a  Aque- 
duct. The abrupt head dec l ine  o f  76 m i n  1977 momentarily increased the  s t ress  i n  the  aqu i fe rs  
t o  1967 l e v e l s  and stresses i n  the  c e n t r a l  p a r t s  o f  t he  aqu i ta rds  once again exceeded precon- 
s o l i d a t i o n  stresses. I n  response, v i rg in  compaction o f  the  aqu i ta rds  exceeded t h a t  o f  1968. 
Such s t ress ing  and d i f f e r e n t i a l  compaction i n  the  v i c i n i t y  o f  t he  aqueduct i s  of concern i n  
sus ta in ing  the  i n t e g r i t y  o f  such structures.  Th is  p a r t i c u l a r  problem appears t o  be of l o c a l  
extent,  however--the i n t e n s i t y  o f  t h e  head dec l i ne  i n  w e l l  6D1 i s  due l a r g e l y  t o  pumping o f  a 
new i r r i g a t i o n  w e l l  d r i l l e d  e a r l y  i n  1977 w i t h i n  60 m o f  the  aqueduct. 

9.13.6 ECONOMIC AND SOCIAL IMPACTS 

The extensive major subsidence i n  the  San Joaquin Va l ley  has caused several  problems. The d i f -  
f e r e n t i a l  change i n  e leva t i on  o f  t he  land surface has created problems i n  maintenance o f  water- 
t ranspor t  s t ruc tu res ,  i n c l u d i n g  canals, i r r i g a t i o n  and drainage systems, and stream channels. 
Both the  Delta-Mendota Canal and the  Fr iant-Kern Canal (Figure 9.13.3), two major s t ruc tu res  o f  
t he  Cen t ra l  Va l l ey  P ro jec t  o f  t he  Bureau o f  Reclamation, have requ i red  remedial work because o f  
subsidence. A l s o  i n  the  p e r i o d  1926-72, d i f f e r e n t i a l  subsidence has steepened the  channel o f  
t h e  San Joaquin R iver  about 2 m i n  the  24 km before i t  reaches the  v a l l e y  t rough and has f l a t -  
tened the  channel about 2 m i n  t h e  nex t  50 km downstream. These changes have a f fec ted  the  
t ranspor t  c h a r a c t e r i s t i c s  o f  t he  r i v e r  and have a l t e r e d  levee requirements. 

Another problem common t o  the  subsiding areas i n  the  San Joaquin Va l ley  i s  t he  f a i l u r e  o f  
water w e l l s  as a r e s u l t  o f  compressive rup ture  o f  casings caused by the  compaction o f  t he  aqui- 
f e r  systems. I n  the  west-side area, where subsidence has been greatest ,  many hundreds o f  deep 
i r r i g a t i o n  we l l s  have requ i red  c o s t l y  r e p a i r  o r  replacement. According t o  Wilson (1968), dur- 
ing  1950-61 approximately 1,200 casing f a i l u r e s  were reported i n  275 i r r i g a t i o n  we l ls  i n  an 
area o f  1,600 km2 t h a t  spans the  reg ion  of most i n tens i ve  subsidence. Wel l  r e p a i r  and re -  
placement cos ts  a t t r i b u t a b l e  t o  subsidence i n  the  th ree  subsiding areas have been many m i l l i o n s  
o f  do l l a rs .  
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Figure 9.13.11 Seasonal f l u c t u a t i o n s  o f  water l e v e l  i n  w e l l  16/15-34N4 and measured compaction 
i n  observat ion w e l l  16/15-34N1 near Cantua Creek. (Modi f ied from Lofgren, 
1979, F igure 10 . )  

The need f o r  preconsol idat ion o f  deposi ts suscept ib le t o  hydrocompaction s u b s t a n t i a l l y  i n -  
creased t h e  cons t ruc t i on  costs o f  t he  C a l i f o r n i a  Aqueduct. The aqueduct passes through about 
65 km o f  suscept ib le  deposits. The approximate cost  f o r  treatment by p rewe t t i ng  f o r  the reach 
from Kettleman C i t y  t o  t h e  Tehachapi Mountains has been estimated as $20 m i l l i o n  (Lucas and 
James, 1976, p. 5 4 1 ) .  Preconsol idat ion o f  the suscept ib le  areas between Los Banos and K e t t l e -  
man C i t y  cost  an a d d i t i o n a l  est imated $5 m i l l i o n .  

The subsidences have increased considerably t h e  number and cost  o f  surveys made by govern- 
mental agencies and by p r i v a t e  engineer ing f i r m s  t o  determine t h e  e levat ions of bench marks o r  
cons t ruc t i on  s i t e s  and t o  e s t a b l i s h  grades. I n  addi t ion,  r e v i s i o n  o f  topographic maps has been 
more frequent and more expensive than i n  nonsubsiding areas. 

9.13.7 LEGAL ASPECTS 

So f a r  as known, no l e g a l  act ions have been taken as a r e s u l t  o f  the subsidence. 

275 



Guidebook to studies of land subsidence due to ground-water withdrawal 

v) 
W 

E 100- 

5 

W 
3 

W ; 1 2 0 .  
a 
a 
v> 

O 
z 
œ 
A 

8 140 .  

m 
A 
w 

œ 
W 
c 

160 
O 
c - - - 
c 
O 
W 
n 

180 - 

-L 

20/18-601 
WATER LEVEL 

- DEPTH = 307 HETRES 

- I 1 I 

I - 
20/18-601 

v) 
Y 
œ 

0 . 3 0  

E 

0.15 - 
c 
U 
œ 
O = 

O R  
1960 1985 1970 1975 1980 - 

Figure 9.13.12 Seasonal f l u c t u a t i o n s  o f  water l e v e l  and measured compaction i n  observat ion 
w e l l  20/18-6D1 northeast o f  Huron. 

9.13.8 MEASURES TAKEN TO CONTROL OR AMELIORATE SUBSIDENCE 

The severe subsidence i n  a l l  three areas i n  the San Joaquin Val ley has been g r e a t l y  reduced by 
the impor ta t i on  o f  surface water and the  consequent decrease i n  ground-water pumping, as de- 
sc r i bed  e a r l i e r  i n  t h i s  case h i s t o r y .  

I n  t h e  Tulare-Wasco area, the import  'of surface water from the San Joaquin River through 
the  Fr iant-Kern Canal began i n  1950. I n  the next 23 years, 1950-1972, t h e  d e l i v e r i e s  t o  t h i s  
area from the  canal  averaged about 830 hm3 pe r  year, roughly 80 per cent o f  the surface-water 
supply t o  the area (Lofgren and Klausing, 1969). I n  the  f i r s t  13  years o f  t h i s  per iod 
(1950-62), ground-water pumpage averaged about 1,230 hm3 per  year and continued a t  about t h i s  
r a t e  i n t o  the  1970's. Thus, t h e  water imported from the San Joaquin River  t o  the area d u r h g  
the  23-year p e r i o d  1950-72 equaled about one-quarter of the t o t a l  water supply and two- th i rds 
o f  t he  ground-water pumpage. 

Hydrographs o f  w e l l s  tapping the  semiconfined t o  conf ined aqu i fe r  system i n  the  eastern 
p a r t  of the Tulare-Wasco area show a water- level  recovery o f  about 60 m from 1950 t o  1970. As 
a r e s u l t ,  subsidence decreased t o  l e s s  than 3 cm per  year i n  most o f  the eastern area as 
1962-70. O n  t he  other  hand, hydrographs f o r  w e l l s  tapping the conf ined aqu i fe r  system i n  the  
western p a r t  o f  t he  Tulare-Wasco area show cont inued dec l ine o f  water l e v e l s  s ince t h e  1950's; 
the supplemental i r r i g a t i o n  supply from the Fr iant-Kern Canal t o  the western p a r t  has been i n -  
s u f f i c i e n t  t o  achieve a balance w i t h  ground-water pumping. As a r e s u l t ,  subsidence has cont in-  
ued a t  ra tes  l o c a l l y  exceeding 9 c m  per  year. 

I n  the  west-side area, t h e  import o f  surface water through the C a l i f o r n i a  Aqueduct, which 
began i n  1968, soon replaced most o f  t he  ground-water pumpage. For example, ground-water pump- 
age i n  the  west-side area averaged 1,300 hm3 p e r  year from 1960 t o  1967, before the imports 
began. By 1974, surface water imports t o  the  west-side area reached 1,400 hm3 per  year and 
pumpage had decreased t o  roughly 250 hm3 per  year. The great  decrease i n  ground-water pump- 
age and the consequent recovery of  t he  a r t e s i a n  head i n  the conf ined aqu i fe r  system have near ly  
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e l im ina ted  the  subsidence problem f o r  t h e  present. However, any de f ic iency  i n  surface-water 
impor ts  cou ld  t r i g g e r  renewed pumping, renewed head dec l ine,  and renewed subsidence, as i n  t h e  
severe drought year o f  1977. 
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Case History No. 9.14. Santa Clara Valley, California, 
U.S.A., by Joseph F. Poland, U.S. Geological Survey, 
Sacramento, California 

9.14.1 INTRODUCTION 

Land subsidence i n  the  c e n t r a l  p a r t  of t he  Santa Clara Valley--beneath the  southern p a r t  o f  San 
Francisco Bay and extending t o  the  southern edge o f  San Jose--was f i r s t  recognized i n  1932-33. 
Relevel ing o f  a l i n e  o f  f i r s t - o r d e r  l e v e l s  establ ished by the  Na t iona l  Geodetic Survey i n  1912 
showed about 1 .2  m o f  subsidence i n  downtown San Jose i n  1933. The subsiding area extends 
southward about 40 k m  from Redwood C i t y  and N i l e s  pas t  San Jose, has a maximum wid th  o f  22 h., 
and includes about 750 km2. As shown by Figure 9.14.1, most of t h i s  c e n t r a l  area experienced 
0.3 t o  2.4 m (1 t o  8 f e e t )  o f   subsidence^ from 1934 t o  1967. 

9.14.2 GEOLOGY 

The Santa C lara  Va l ley  i s  a s t r u c t u r a l  t rough extending 1 1 0  km southeast from San Francisco. 
The va l l ey  i s  bounded on the  southwest by the  Santa Cruz Mountains and the  San Andreas f a u l t  
and on the  northeast by the  D iab lo  Range and the  Hayward f a u l t .  The consol idated bedrock bor- 
der ing  the v a l l e y  i s  shown as a s ing le  un i t  i n  Figure 9.14.1; i t  ranges i n  age from Cretaceous 
t o  Pl iocene and cons is ts  l a r g e l y  o f  sedimentary rocks but inc ludes  areas o f  metamorphic and i g -  
neous rocks. 

The fresh-water-bearing deposi ts forming the  ground-water r e s e r v o i r  w i t h i n  t he  v a l l e y  a re  
c h i e f l y  o f  Quaternary age. They inc lude ( 1 )  the  semiconsolidated Santa Clara Formation and as- 
sociated deposi ts o f  Pl iocene and Pleistocene age and ( 2 )  t he  unconsolidated a l l u v i a l  and bay 
deposits o f  Pleistocene and Holocene age. The Santa Clara Formation, which crops ou t  on t h e  
southwest and northeast f l anks  o f  t h e  va l l ey ,  cons is ts  o f  poo r l y  sor ted  conglomerate, sand- 
stone, s i l t s t o n e ,  and c l a y  as much as 600 m t h i c k  i n  outcrop (Dibhlee, 1966). Where exposed, 
t h i s  format ion has a low t ransmiss i v i t y  and y i e l d s  on ly  smal l  t o  moderate q u a n t i t i e s  o f  water 
t o  we l ls  (1 t o  6 l / s ) - - r a r e l y  enough f o r  i r r i g a t i o n  purposes. 

The unconsolidated a l l u v i a l  and bay deposi ts o f  c lay,  s i l t ,  sand, and g rave l  o v e r l i e  t h e  
Santa Clara Formation and associated depgsits; t h e i r  upper surface forms the  v a l l e y  f l o o r .  They 
conta in  the  most p roduc t ive  aqu i fe rs  o f  t he  ground-water reservo i r .  Wel ls range i n  depth f rom 
90 t o  360 m. The deeper w e l l s  probably tap  the  upper p a r t  o f  t he  Santa Clara Formation 
although t h e  contac t  w i t h  t he  o v e r l y i n g  a l l uv ium has no t  been d i s t i ngu ished  i n  w e l l  logs. Wel l  
y i e l d s  i n  the  v a l l e y  range from 20 t o  160 l / s  ( C a l i f .  Dept. Water Resources, 1967, p l .  6 ) .  The 
a l l u v i a l  deposi ts a re  a t  l e a s t  460 m t h i c k  beneath c e n t r a l  San Jose. However, t he  l o g  o f  a 
w e l l  d r i l l e d  t o  a depth o f  468 m revealed a lack  o f  water-bearing m a t e r i a l  below a depth o f  300 
m. Coarse-grained deposi ts predominate on the  a l l u v i a l  fans near t h e  v a l l e y  margins where t h e  
stream gradients are steeper. The p ropor t i on  o f  c lay  and s i l t  l aye rs  increases bayward. For  
example, a we l l - l og  sec t i on  extending 20  km northward from Campbell t o  A l v i so  (Tolman and Po- 
land, 1940, F igure  3) shows t h a t  t o  a depth o f  150 m, the  cumulative th ickness o f  c l a y  l aye rs  
i n  the  deposi ts increases from 25 pe r  cent near Campbell t o  80 p e r  cent near Alv iso.  

I n  1960, the  U.Ç. Geological  Survey d r i l l e d  core holes t o  a depth o f  305 m a t  t he  two cen- 
t e r s  o f  subsidence, i n  San Jose ( w e l l  16C6) and i n  Sunnyvale ( w e l l  24Ç7). (For loca t ion ,  see 
Figure 9.14.1.) The 305-111 depth was chosen because i t  was the  maximum depth o f  nearby water 
wel ls.  Cores were tes ted  i n  the  labora tory  f o r  p a r t i c l e - s i z e  d i s t r i b u t i o n ,  s p e c i f i c  g r a v i t y  o f  
so l ids ,  d r y  un i t  weight, p o r o s i t y  and v o i d  r a t i o ,  hyd rau l i c  conduc t i v i t y  (normal and p a r a l l e l  
t o  bedding), A t te rberg  l i m i t s ,  and one-dimensional conso l i da t i on  and rebound (Johnson, Moston, 
and Morris, 1968). 

X-ray d i f f r a c t i o n  studies o f  20 samples from the  two core ho les  i n d i c a t e  t h a t  montmori l-  
l o n i t e  composes about 7 0  per  cent o f  t.he c lay-mineral  assemblage i n  these deposits. Other con- 
s t i t u e n t s  a re  c h l o r i t e ,  20 per  cent, and i l l i t e ,  5-10 per  cent (Meade, 1967, p. 44). 
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Figure  9.14.1 Land subsidence from 1 9 3 4  t o  1967, Santa Clara Valley, C a l i f o r n i a .  Compiled 
f rom l e v e l i n g  o f  Nat iona l  Geodetic Survey i n  1934 and 1967. 

9.14.3 HYDROLOGY 

I n  the  c e n t r a l  p a r t  o f  F igure  9.14.1 and below a depth o f  5 0  t o  6 0  m, ground water i s  con- 
f ined. The ex ten t  o f  t he  conf ined aqu i fe r  system i s  defined roughly by the  0.6 m ( 2 - f t )  l i n e  
o f  equal subsidence i n  F igure  9.14.1. The area o f  confinement extends southward from beneath 
San Francisco Day t o  San Jose, a l so  west t o  Palo A l t o  and east t o  M i l p i t a s .  I n  the  e a r l y  years 
o f  development, w e l l s  as f a r  south as San Jose and more than 60 m deep flowed (Clark,  1924, p l .  
X V ) ,  demonstrating by t h e i r  a r e a l  d i s t r i b u t i o n  a minimal extent o f  the  con f in ing  sediments. The 
conf ined aqu i fe r  system i s  as much as 245 m t h i c k .  Around the  va l l ey  margins, ground water i s  
c h i e f l y  uncofif ined and most o f  t he  n a t u r a l  recharge t o  the  ground-water rese rvo i r  percolates 
f rom stream channels i n  a l l u v i a l - f a n  deposits. 
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The con f in ing  member o v e r l y i n g  the  conf ined aqu i fe r  system has a th ickness rang ing  from 45 
t o  60 m. Although predominantly composed o f  lenses and tongues o f  c l a y  and s i l t ,  i t  contains 
some channel f i l l i n g s  and lenses o f  permeable sand and gravel .  This c o n f i n i n g  member supports 
a shal low water tab le  d i s t i ngu ished  by an i r r e g u l a r  surface. As o f  1965-70, t h e  shal low water 
t a b l e  ove r l y ing  much of  t he  conf ined system was less  than 1 0  m below the  land surface (Webster, 
1973). A t  l e a s t  near the  Bay, t he  shal low water t a b l e  d i d  not f l u c t u a t e  appreciably dur ing  the  
p e r i o d  o f  prolonged artesian-head dec l ine  te rmina t ing  i n  1966. 

The development o f  i r r i g a t e d  a g r i c u l t u r e  i n  the  v a l l e y  began about 1900 and expanded t o  a 
maximum about t h e  end o f  World War II. A f t e r  1945, popu la t ion  pressures caused a grea t  t r a n s i -  
t i o n  o f  land  use from a g r i c u l t u r a l  t o  urhan and i n d u s t r i a l  development. A g r i c u l t u r a l  pumpage 
increased from about 50 h m 3  pe r  year i n  1915-20 t o  a maximum o f  127 hm3 p e r  year i n  1945-50 
(1  cuh ic  hectometre, hm3, = 1 x lO6m3 = 810.7 acre- fee t ) .  By 1970-75 most o f  t he  or -  
chards had been replaced hy houses, and a g r i c u l t u r a l  pumpage had decreased t o  25 hm3 pe r  
year. Municipal  and i n d u s t r i a l  pumpage, on the  o the r  hand, increased from 27 hm3 per  year i n  
1940-45 t o  162 h m 3  p e r  year i n  1970-75- T o t a l  pumpage (Figure 9.14.2, bottom graph) i n -  
creased near l y  f o u r f o l d  f r o m  1915-20 t o  1960-65--from 6 0  t o  22R hm3per year--but then de- 
creased 1 9  p e r  cent t o  185 hm3 by 1970-75, i n  response t o  a r a p i d  increase i n  surface-water 
h p o r t s ,  discussed l a t e r .  

The h i s t o r i c a l  increase i n  withdrawal o f  ground water was a p r i n c i p a l  f a c t o r  i n  causing a 
f a i r l y  continuous and severe 50-year dec l ine  o f  a r tes ian  head. I n  the  sp r ing  o f  1916, t h e  a r -  
t e s i a n  head i n  index w e l l  7R1 i n  San Jose was 3.7 m above land surface (F igure  9 . 1 4 . 2 ) ;  by the  
autumn o f  1966 i t  was 5 5  m below land surface. The second major f a c t o r  i n  t h i s  50-year dec l ine  
o f  59 m was the  negat ive t rend  of the  l o c a l  water supply. The upper l i n e  i n  F igure  9.14.2 i s  a 
p l o t  o f  t he  cumulative departure, i n  p e r  cent, of t he  seasonal r a i n f a l l  a t  San Jose from the  
50-year seasonal mean, 1897-90 t o  1946-47 ( C a l i f .  S ta te  Water Resources Board, 1955, p -  26). 
The 50-year mean i s  34.85 cm. Except f o r  t he  6-year wet pe r iod  1936-42, t he  departure i n  the  
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Figure 9.14.2 Artesian-head change i n  San Jose i n  response t o  r a i n f a l l ,  pumpage, and imports. 
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50 years 1916-66 was genera l l y  negative; t h e  cumulative departure o f  310 per  cent from 1916 t o  
1966 represents a cumulative "def ic iency"  i n  r a i n f a l l  o f  about 108 cm. 

The 50-year dec l ine  i n  a r t e s i a n  head from 1916 t o  1966 c l e a r l y  was caused by the  cumula- 
t i v e  e f f e c t  o f  genera l l y  d e f i c i e n t  r a i n f a l l  and r u n o f f  and a f o u r f o l d  increase i n  withdrawals. 
The p l o t  o f  artesian-head dec l ine  a t  index w e l l  7R1 conforms i n  general w i t h  the cumulative de- 
p a r t u r e  o f  r a i n f a l l  a t  San Jose. 
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9.14.4 LAND SUBSIDENCE 

Land subsidence was f i r s t  noted i n  1932-33 when bench mark P7 i n  San Jose, estab l ished i n  1912, 
was resurveyed and found t o  have subsided 1.2 m. As a r e s u l t ,  a val leywide network o f  bench 
marks was es tab l i shed i n  1934 (Poland and Green, 1962, F igure 3) .  The t o t a l  leng th  o f  survey 
l i n e s  comprising t h i s  bench-mark ne t  was about 400 lun. From 1934 t o  1967 the Nat iona l  Geodetic 
Survey ( fo rmer ly  t h e  U.S. Coast and Geodetic Survey) resurveyed the  network from "stable" bed- 
r o c k  t i e s  a dozen t imes t o  determine changes i n  e leva t ion  o f  the bench marks; the l a t e s t  f u l l  
survey o f  the  network was i n  1967. I n  t h e  33 years 1934-67, subsidence along l i n e s  o f  bench- 
mark c o n t r o l  ranged from 0.3 t o  1 .2  m'under t h e  Bay t o  2.4 m i n  San Jose (F igure 9.14.1). About 
260 km2 subsided more than 1 m. The subsidence record f o r  bench mark P7 i n  c e n t r a l  San Jose 
i s  p l o t t e d  i n  F igure 9.14.3, together  w i t h  the a r t e s i a n  head i n  nearby index w e l l  7R1, taken 
f rom F igure  9.14.2. The b lack dots  on the  subsidence curve i n d i c a t e  times o f  bench-mark sur- 
veys. The f l u c t u a t i o n s  o f  a r t e s i a n  head represent the change i n  s t ress  on the  confined aqui- 
f e r  system; t h e  subsidence i s  the  r e s u l t i n g  s t r a i n .  Subsidence o f  bench mark P7 began about 
1918 (note d o t t e d  i n f e r r e d  segment o f  subsidence p l o t  represent ing the p e r i o d  1912 t o  1919) and 
reached 1.4 m i n  1934. From 1938 t o  1947 subsidence stopped, dur ing a p e r i o d  o f  artesian-head 
recovery, i n  response t o  above-normal r a i n f a l l  and recharge. (The n a t u r a l  recharge was supple- 
mented by c o n t r o l l e d  p e r c o l a t i o n  releases from newly constructed de ten t ion  reservo i rs  on the  
l a r g e r  streams.) Subsidence resumed i n  1947 as a consequence o f  a r a p i d l y  d e c l i n i n g  ar tes ian  
head due t o  d e f i c i e n t  r a i n f a l l  and inc reas ing  demand f o r  ground water (F igure 9.14.2); i t  at -  
t a i n e d  i t s  f a s t e s t  average r a t e  i n  1960-63 (0.22 m/year), i n  response t o  the  r a p i d  head dec l ine  
o f  1959-62 dur ing  a drought p e r i o d  (see F igure  9.14.2). By 1967 bench mark P7 had subsided 
3.86 m. 

F igure  9.14.4 shows land-subsidence p r o f i l e s  along l i n e  A-A' from Redwood C i t y  t o  Coyote 
from 1912 through 1969 ( f o r  loca t ion ,  see F igure  9.14.1). The spr ing  1934 l e v e l i n g  was used as 
a re ference base because t h i s  was t h e  f i r s t  complete l e v e l i n g  o f  the net. Note t h a t  from 1934 
t o  1967, maximum subsidence o f  2.6 m was near bench mark W 1 1 1 ,  4.8 km northwest o f  bench mark 
P7; a l s o  t h a t  f rom 1934 t o  1960 t h e  grea tes t  subsidence along l i n e  A-A' was 1.7 m, a t  bench 
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Figure  9.14.3 Artesian-head change and land subsidence, San Jose. 
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SAN JOSE 
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Figure 9.14.4 P r o f i l e s  o f  l and  subsidence, Redwood C i t y  t o  Coyote, Ca l i f o rn ia ,  1912-69. 

mark J l l l  i n  Sunnyvale. Changes i n  the  r a t e  and magnitude o f  artesian-head dec l ine doubtless 
have caused such geographic v a r i a t i o n s  i n  subsidence r a t e  and magnitude w i t h  time. 

The volume o f  subsidence (pore-space reduct ion)  planimetered from the 1934-67 subsidence 
map (Figure 9014.1) was about 617 hm3. I f  the  r a t i o  o f  t he  pre-1934 subsidence volume t o  the  
1934-67 subsidence volume i s  assumed t o  be equal t o  the r a t i o  o f  t he  pre-1934 subsidence o f  
bench mark P7 t o  the  1934-67 subsidence o f  t h a t  bench mark, then the  t o t a l  subsidence volume 
from 1912 t o  1967 i s  about 975 hm3. 

Prot rus ion o f  w e l l  casings above t h e  l and  surface and inundat ion of  lands near t h e  south 
end o f  San Francisco Bay a l s o  have furn ished evidence o f  subsidence. Prot rus ion o f  w e l l  cas- 
i ngs  has been common i n  the subsiding area (Tolman, 1937, p. 345). Many o f  the casings gradu- 
a l l y  protruded 0.6-1 m above ground l e v e l  but usua l l y  were c u t  o f f  before p ro t rud ing  higher. 
This p ro t rus ion  i nd i ca tes  t h a t  compaction o f  the deposi ts occurred i n  the depth i n t e r v a l  above 
the bottom o f  t he  p ro t rud ing  casing. However, such p r o t r u s i o n  o f t e n  i s  accompanied by compres- 
s ion  and rupture o f  t he  casing a t  depth and thus suppl ies on ly  a minimal value o f  subsidence. 
I n  general, the deeper the  compacting i n t e r v a l ,  the smaller w i l l  be the  p r o t r u s i o n  i n  propor-  
t i o n  t o  t h e  subsidence, because the  f r i c t i o n a l  drag o f  t he  format ion o r  the gravel-pack on the  
casing w a l l  should increase p ropor t i ona te l y  w i t h  depth. 

Although some h o r i z o n t a l  movement doubtless has occurred i n  t h e  subsidence area i n  associ- 
a t i o n  w i t h  t he  subsidence, no surveys o r  evidence o f  h o r i z o n t a l  movement are known t o  t h e  
author. 
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The comparison of artesian-head change and subsidence from 1916 t o  1967 (F igure  9.14.3) 
demonstrates beyond a reasonable doubt t h a t  t he  increase i n  e f f e c t i v e  s t ress  r e s u l t i n g  from the  
d e c l i n i n g  a r t e s i a n  head caused the  compaction and the  subsidence. 

9.14.5 EXTENSOMETERS TO MEASURE COMPACTION 

Extensometers (compaction recorders) were i n s t a l l e d  by the  Geological  Survey i n  1960 i n  the  
cased core  ho les  305 m deep i n  San Jose (16C6) and i n  Sunnyvale (24C7) and i n  several  unused 
water-supply we l ls .  (For  loca t ion ,  see F igure  9.14.1.) The purpose o f  t h i s  equipment was t o  
measure the  r a t e  and magnitude o f  compaction occu r r i ng  between t.he land surface and the  w e l l  
bottom. When f i r s t  i n s t a l l e d ,  t he  extensometer consisted o f  an anchor placed i n  t h e  format ion 
below the  casing bottom, at tached t o  a cable t h a t  passed over sheaves a t  t he  land surface and 
was counterweighted t o  ma in ta in  constant tens ion  (Figure 2.5A). A recorder actuated by cable 
movement y i e l d s  a t ime graph o f  t he  movement o f  land  surface w i t h  respect t o  the  anchor--the 
compaction o r  expansion o f  t he  deposi ts w i t h i n  t h a t  depth range. To reduce f r i c t i o n  and i n -  
crease the  accuracy o f  measurement fou r  of  t h e  extensometers were mod i f ied  i n  1972 by rep lac ing  
t h e  cable w i t h  a f ree-standing p i p e  o f  3.8-cm diameter (Figure 2 . 5 B )  w i t h i n  t he  w e l l  casing o f  
10-cm diameter. The records obtained from these instruments show t h a t  t he  measured compaction 
t o  the  depth o f  305 m i s  nea r l y  equal t o  the  land subsidence as measured p e r i o d i c a l l y  by re lev -  
e l i n g  o f  t he  bench-mark network. Thus, these instruments func t i on  as continuous subsidence 
monitors. 

F igure  9.14.5 shows t h e  measured compaction i n  the  305-111 w e l l  i n  San Jose ( w e l l  16C6) and 
t h e  compaction and artesian-head f l u c t u a t i o n  i n  adjacent unused w e l l  16C5 (depth 277 m) through 
1975. The dashed l i n e  represents subsidence o f  adjacent bench mark J G 2  as determined by p e r i -  
od i c  r e l e v e l i n g  from s tab le  bench marks. Measured compaction of t he  conf ined aqu i fe r  system t o  
the  305-111 depth f rom J u l y  1, 1960, t o  December 31, 1976, was 1.4 m. 

9.14.6 MEASURES TAKEN TO CONTROL SUBSIDENCE 

Loca l  agencies have been working since the  1930's t o  conserve water and t o  ob ta in  water sup- 
p l i e s  adequate t o  stop the  ground-water ove rd ra f t  and r a i s e  the a r tes ian  head. The i r  program 
has i nvo lved  ( 1 )  salvage o f  f l o o d  waters from l o c a l  streams t h a t  would otherwise waste t o  the  
Bay and ( 2 )  impor ta t i on  o f  water from outs ide  the  va l ley .  I n  1935-36 f i v e  storage dams were 
b u i l t  on l o c a l  streams t o  p rov ide  de ten t ion  rese rvo i r s  w i t h  combined storage capaci ty o f  about 
62 hm3 t o  r e t a i n  f loodwaters and permi t  c o n t r o l l e d  releases t o  increase streambed pe rco la t i on  
(Hunt, 1940). The storage capac i ty  o f  de ten t ion  rese rvo i r s  was increased t o  178 hm3 i n  the  
e a r l y  1950's ( C a l i f .  S ta te  Water Resources Board, 1955, p. 5 1 ) .  
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Figure  9.14.5 Measured water - leve l  change, compaction, and subsidence i n  San Jose. 
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BY 1960, sharp ly  d e c l i n i n g  water l e v e l s  fu rn ished evidence t h a t  l o c a l  resources were n o t  
adequate t o  supply present and f u t u r e  water needs. Steps were taken t o  increase water imports 
t o  the  County. The import  o f  surface water t o  Santa Clara County began about 1940 when San 
Francisco commenced s e l l i n g  water imported from the  S ie r ra  Nevada t o  several  mun ic ipa l i t i es .  
Th is  import  increased t o  15 hm3 i n  1960 and t o  54 hm3 by 1975 (see blank segments o f  y e a r l y  
bars, upper r i g h t  graph, F igure  9.14.2). Surface water imported from the  Cent ra l  Va l ley  
through the  Sta te 's  South Bay Aqueduct f i r s t  became ava i l ab le  i n  1965; by 1974-75, t he  aqueduct 
import  was 128 hm3 (see cross-hatched p l u s  d iagona l ly  r u l e d  segments o f  yea r l y  bars, upper 
r ight  graph, F igure  9.14.2). As a resu l t ,  t o t a l  imports t o  Santa Clara County increased f i v e -  
f o l d  from 1964-65 t o  1974-75--from 37 t o  183 hm3 p e r  year. 

The recovery o f  water l e v e l  s ince 1967 has been dramatic. By 1975, the  sp r ing  high water 
l e v e l  a t  index w e l l  7R1 (F igure  9.14.2) was 32 m above t h a t  o f  1967, and about equal t o  the  
l e v e l  i n  t h i s  w e l l  i n  1925. Th is  major recovery o f  head was due primari1.y t o  the  f i v e f o l d  i n -  
crease i n  imports from the  Cent ra l  Val ley.  Two o the r  favorable f a c t o r s  were the  above-normal 
r a i n f a l l  and the  decreased pumpage (Figure 9.14.2). 

The average seasonal r a i n f a l l  a t  San Jose was 1 3  pe r  cent above normal i n  the  pe r iod  
1966-75. The cumulative departure graph (Figure 9.14.2) i nd i ca tes  an increase o f  120 p e r  cent 
o r  a cumulative excess of about 4 1  cm above normal i n  the  9-year per iod.  

The average yea r l y  pumpage o f  ground water, which had reached i t s  peak o f  228 hm3 i n  
1960-65, decreased t o  185 hm3 i n  1970-75. A p r i n c i p a l  reason f o r  t h i s  19-per cent decrease 
was a use tax  l e v i e d  on ground-water pumpage since 1964. I n  1977, f o r  example, t he  ground- 
water tax  was l e v i e d  a t  $8.50 p e r  uni t  (1 acre-f t .  o r  1234 m3) f o r  ground water ex t rac ted  f o r  
a g r i c u l t u r a l  purposes and a t  $34 pe r  unit  f o r  ground water ex t rac ted  f o r  o the r  uses. The ener- 
gy cos t  t o  the  consumer f o r  pumping ground water i n  the  Santa Clara Va l l ey  a t  1977 p r i c e s  was 
$10 t o  $15 p e r  unit .  Thus, t he  average t o t a l  cos t  f o r  ground water pumped f o r  a g r i c u l t u r a l  
purposes was about $20 pe r  un i t  and f o r  o the r  uses was about $45 p e r  u n i t .  The p r i c e  f o r  sur- 
face water de l i ve red  i n  l i e u  o f  e x t r a c t i o n  was $14 p e r  unit  f o r  water used f o r  a g r i c u l t u r e  and 
$39.50 pe r  uni t  f o r  water used f o r  o the r  purposes. The economic advantage o f  buying surface 
water, where ava i lab le ,  i s  obvious. 

Recharge t o  the  ground-water r e s e r v o i r  from regu la ted  l o c a l  r u n o f f  released t o  stream 
channels and p e r c o l a t i o n  ponds has been augmented since 1965 by water f r o m  the  South Bay Aque- 
duct t h a t  cou ld  n o t  be de l i ve red  d i r e c t l y  t o  the  user. The quan t i t y  d i v e r t e d  t o  recharge areas 
(cross-hatched segment o f  y e a r l y  bars, upper r igh t  graph, Figure 9.14.2) i n  t h e  1 0  years t o  
1975 averaged about 50 hm3 p e r  year and represent.s 56 p e r  cent o f  t he  t o t a l  import  from the  
South Bay Aqueduct. 

The marked decrease i n  r a t e  o f  subsidence i n  response t o  the  dramatic head recovery f rom 
1967 t o  1975 i s  demonstrated g raph ica l l y  by the  compaction records f r o m  the  two deep extenso- 
meters i n  San Jose and Sunnyvale (Figure 9.14.6). The r a t e  o f  measured compaction i n  w e l l  16C6 
i n  San Jose decreased from about 30 cm p e r  year i n  1961 t o  7.3 c m  i n  1967 and t o  0.3 cm i n  
1973. Net expansion ( land-surface rebound) o f  0.6 cm occurred i n  1974. I n  Sunnyvale, compac- 
t i o n  o f  the  sediments above the  305-m anchor i n  w e l l  24C7 decreased from about 1 5  cm p e r  year 
i n  1961 t o  1 .2  cm i n  1973; n e t  expansion o f  0.5 cm and 1.1 cm occurred i n  1974 and 1975, re -  
spect ively.  Very d e f i c i e n t  r a i n f a l l  i n  1975-76 and i n  1976-77 v i r t u a l l y  e l im ina ted  runo f f  and 
recharge from l o c a l  sources, and water l e v e l s  s t a r t e d  t o  dec l ine  once more i n  1976. I n  re -  
sponse, compaction and subsidence resumed once again. I n  San Jose a t  w e l l  16C6, compaction i n  
1976 was 3.5 cm, about equal t o  t h a t  i n  1968; i n  Sunnyvale, compaction was 1.6 cm. 

9.14.7 COMPRESSIBILITY AND STORAGE PARAMETERS 

Compress ib i l i t y  c h a r a c t e r i s t i c s  o f  f ine-gra ined compressible l aye rs  (aqu i ta rds)  can be obtained 
by making one-dimensional conso l ida t ion  t e s t s  o f  "undisturbed" cores i n  the  labora tory .  As one 
phase o f  t he  research on  compaction o f  t he  aqu i fe r  system, labora tory  conso l i da t i on  t e s t s  were 
made on 2 1  selected f ine-gra ined cores from the  two core holes. These t e s t s  were made i n  t h e  
Ear th  Laboratory o f  t he  Un i ted  States Bureau o f  Reclamation a t  Denver, Colorado. Parameters 
tes ted  inc luded the  compression index, Cc, a measure o f  t he  non l inear  compress ib i l i t y  o f  t he  
sample, and the' c o e f f i c i e n t  o f  consol idZkion, Cv, a measure of t he  t ime r a t e  of consol ida- 
t i o n .  Complete r e s u l t s  o f  these labora tory  tesYs have been pub l ished (Johnson and others, 
1968, Tables 8 and 9 and F igure  21). The 2 1  samples tes ted  spanned a depth range from 43 t o  
292 m below land  surface. The range o f  the  compression index, Cc, was smal l  compared t o  t h e  
range i n  the  San Joaquin Val ley:  the  maximuni value was O .  33, t h F  m i n i m u m  0.13, and the  mean 
was 0.24. O f  t he  2 1  samples, 15 had Cc values f a l l i n g  between 0.20 and 0.30. Th is  suggests - 
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Figure 9.14.6 Measured annual compaction t o  305-111 (1,000-f t )  depth. 

t h a t  t h e  nonl inear  compress ib i l i t y  c h a r a c t e r i s t i c s  o f  the aqui tards i n  the conf ined aqu i fe r  
system do not  vary widely. 

The p l o t  of v o i d  r a t i o  against  t he  l o g  o f  load ( e f f e c t i v e  s t ress ) ,  known as t h e  e- log p 
p l o t ,  can be used t o  o b t a i n  a graphic p l o t  o f  compress ib i l i t y  versus e f f e c t i v e  stress.  Such a 
graph can be used t o  est imate u l t i m a t e  compaction due t o  a step increase i n  e f f e c t i v e  stress. 
This procedure app l i ed  t o  the  l abo ra to ry  conso l i da t i on  t e s t s  a t  the Sunnyvale and San Jose core 
holes produced est imates o f  u l t i m a t e  compaction t h a t  were on ly  about one- th i rd  t o  one-half the 
values obta ined by summing f i e l d  measurements o f  compaction t o  date w i t h  r e s i d u a l  compaction 
est imated from a one-dimensional s imu la t i on  o f  t he  f i e l d  observations (Helm, 1976). The reason 
f o r  t h i s  d i s p a r i t y  i s  no t  known. Apparently t he  samples tes ted  were not  representat ive o f  t he  
aqui tards t h a t  con t r i bu ted  most t o  the observed compaction. 

Subsidence represents pore-space reduc t i on  which occurs almost whol ly i n  the  f ine-grained 
compressible aqui tards.  A t  w e l l  16C6 i n  San Jose the  conf ined a q u i f e r  system i s  244 m th i ck ,  
from 61 t o  305 m below land  surface. Based on study o f  t he  microlog, t he  conf ined system con- 
t a i n e d  38 aqui tards w i t h  a combined th ickness o f  145 m. The mean p o r o s i t y  o f  27 core samples, 
determined i n  t h e  laboratory,  was 37 pe r  cent. The t o t a l  subsidence t o  date a t  w e l l  16C6 i s  
about 4 m. A reduc t i on  o f  4 m i n  the  th ickness o f  the conf ined system requi res about 1.8 p e r  
cent  reduc t i on  i n  the  p o r o s i t y  o f  t he  aqui tards-- for  example, from 37 t o  35.2 per  cent. 

The subsidencefiead-decline r a t i o  i s  a u s e f u l  parameter i n  subsidence studies.  The r a t i o  
i s  a rough approximation o f  t he  response o f  t he  aqu i fe r  system t o  a g iven change i n  stress. A t  
San Jose, r e f e r r i n g  t o  the p l o t  o f  subsidence f o r  bench mark P7 and t h e  artesian-head change i n  
w e l l  7R1 (F igure 9.14.3), t he  a r t e s i a n  head decl ined from 6 m below land surface i n  1918 (ap- 
proximate p reconso l i da t i on  s t ress )  t o  55 m below land surface i n  1966, f o r  a ne t  change of 49 
m. Subsidence a t  bench mark P7 from 1918-66 was a b u t  3.84 m. This means t h a t  as o f  1060 the 
e m p i r i c a l  r a t i o  i s  3.84 m/49 m = 0.08. The r a t i o  o f  u l t ima te  subsidence t o  head dec l ine must 
the re fo re  be l a r g e r  than 0.08 a t  t h i s  s i t e .  Ar tes ian head as measured i n  a w e l l  casing repre- 
sents a composite pore pressure o f  a l l  aqu i fe rs  i n  the conf ined system t h a t  are tapped hy the 
observat ion we l l .  I f  and when the  pore pressures i n  f ine-grained aqui tards reach equ i l i b r i um 
w i t h  those i n  t h e  adjacent aqui fers,  compaction r i l l  cease, and t h e  r a t i o  of u l - t imate subsid- 
ence t o  head dec l i ne  w i l l  be a t r u e  measure o f  v i r g i n  compress ib i l i t y  f o r  t he  e n t i r e  i n t e r v a l  
be ing  stressed. Such an u l t i m a t e  value i s  analogous t o  a storage c o e f f i c i e n t .  

Helm ( 19771, by means o f  a one-dimensional s imulat ion o f  the long-term f i e l d  observations 
o f  subsidence a t  bench march P7 and a r t e s i a n  head a t  w e l l  7R1, provided the  parameters used f o r  
es t ima t ing  the  u l t i m a t e  compaction (subsidence) r e s u l t i n g  from a step change i n  head of 49 m; 
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the computed compaction i s  about 5.3 m. Thus, on the bas i s  o f  Helm's parameter values, t he  u l -  
t ima te  subsidence/head-decline r a t i o  would be 5.3 m/49 m = 0.11. I f  we d i v i d e  the  r a t i o  by the  
thickness o f  compacting aqui tards,  145 m, we o b t a i n  the  v i r g i n  compress ib i l i t y  ( f o r  s t ress  i n -  
crease beyond preconsol idat ion s t r e s s )  o f  t he  aqui tards:  

5.3 m/(145 m x 49 m) = 7.4 x 10-4m-1 

As the water l e v e l s  i n  the  San Jose area rose r a p i d l y  a f t e r  1967 (F igure 9.14.2), t h e  
s t r e s s - s t r a i n  curves obtained from p a i r e d  measurements o f  compaction and a r t e s i a n  head began t o  
show seasonal expansion during t h e  winter  months when the  water l e v e l  was h ighes t  and the  e f -  
f e c t i v e  s t ress  on the  conf ined system was lowest. These s t r e s s - s t r a i n  loops can be used t o  ob- 
t a i n  t h e  compress ib i l i t y  o f  t he  conf ined system i n  t h e  recoverable o r  e l a s t i c  range of stresses 
( l e s s  than preconsol idat ion s t r e s s ) .  One example (F igure 9.14.7) shows t h e  stress-compaction 
p l o t  f o r  a p a i r  o f  we l l s  i n  San Jose from 1967 through 1974. compaction was measured i n  w e l l  
16C6,11, 305 m deep, and s t ress  i n  nearby w e l l  16C5. Depth t o  water i s  p l o t t e d  i nc reas ing  up- 
ward. Change i n  depth t o  water represents an average change i n  s t ress  i n  a l l  aqu i fe rs  o f  t he  
conf ined aqu i fe r  system tapped by w e l l  16C5. The lower p a r t s  o f  t h e  descending segments o f  t h e  
annual loops f o r  the winters  o f  1967-68, 1969-70, and 1970-71 are approximately p a r a l l e l ,  as 
shown by the  do t ted  l i n e s ,  i n d i c a t i n g  t h a t  t he  response i s  e s s e n t i a l l y  e l a s t i c  i n  bo th  aqu i fe rs  
and aquitar,ds when the depth t o  water i s  l e s s  than about 55 rn. The heavy dashed l i n e  drawn 
p a r a l l e l  t o  the do t ted  l i n e s  represents the  average slope o f  t he  segments i n  t h e  range o f  
stresses l e s s  than preconsol idat ion stress.  The r e c i p r o c a l  o f  t he  slope o f  t h i s  l i n e  i s  t he  
component o f  the storage c o e f f i c i e n t  a t t r i b u t a b l e  t o  e l a s t i c  o r  recoverable deformation o f  t h e  
aquifer-system skeleton, +e, and equals 1.5 x 10-3. The component o f  average s p e c i f i c  
storage due t o  e l a s t i c  deformation, sçke, equals Ske/244 m = 6.15 x îû-6m-l. I f  
stresses are expressed i n  metres o f  water, and i f  Y, ( t h e  u n i t  weight o f  water)  = 1, t h e  
average e l a s t i c  compress ib i l i t y  o f  t he  aqu i fe r  system skeleton, ake, i s  equal numer ica l ly  t o  
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Figure 9.14.7 Stress change and compaction, San Jose s i t e .  
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I n  these computations I have assumed t h a t  i n  the range o f  stresses l ess  than preconsol ida- 
t i o n  stress,  t he  compress ib i l i t y  o f  t he  aqui tards and the  aqu i fe rs  i s  t he  same. Therefore, t he  
f u l l  th ickness o f  t he  confined aqu i fe r  system, 244 m, was used t o  der ive the  s p e c i f i c  storage 
component, sskel i n  the  e l a s t i c  range o f  stress.  

A t  these San Jose s i t es ,  then, t he  average compress ib i l i t y  o f  the aqui tards i n  the v i r g i n  
range of stress,  7.4 x m-l ,  i s  120 t imes as l a r g e  as the average compress ib i l i t y  of  
t h e  conf ined aqu i fe r  system i n  the  e l a s t i c  range o f  stress, 6.15 x 10-6 m-1. Th is  great  
di f ference i n  response t o  s t ress ing  should be kept i n  m i n d  when consider ing use o f  a q u i f e r  
t e s t s  t o  der ive hydro log ic  parameters, as w e l l  as i n  appra isa l  o f  subsidence p o t e n t i a l .  

9.14.8 ECONOMIC AND SOCIAL IMPACTS 

Subsidence has created severa l  major problems. Lands adjacent t o  San Francisco Bay have sunk 
as much as 2.4 m since 1912, r e q u i r i n g  cons t ruc t i on  and repeated r a i s i n g  o f  levees t o  r e s t r a i n  
landward movement of  t he  s a l i n e  bay water onto 44 km2 o f  land below h igh- t ide l e v e l  i n  1967. 
Also, f l ood -con t ro l  levees have been b u i l t  and maintained near the  hayward ends o f  t he  de- 
pressed stream channels. About $9 m i l l i o n  o f  p u b l i c  funds had been spent t o  1974 on such 
f l ood -con t ro l  levees t o  c o r r e c t  f o r  subsidence e f fec ts ,  according t o  L loyd  Fowler, former Chief 
Engineer o f  t he  Santa Clara Va l l ey  Water D i s t r i c t .  I n  addi t ion,  a major s a l t  company has spent 
an unknown but s u b s t a n t i a l  amount mainta in ing levees on 78 km2 o f  s a l t  ponds t o  counter as 
much as 2.4 m o f  subsidence. Several hundred water-wel l  casings have f a i l e d  i n  v e r t i c a l  com- 
pression, due t o  compaction o f  t he  sediments. The cost o f  r e p a i r  o r  replacement o f  such dam- 
aged w e l l s  has been estimated as a t  l e a s t  $4 m i l l i o n  (Ro l l ,  1967). I n c l u d i n g  funds spent on 
ma in ta in ing  the salt-pond levees, es tab l i sh ing  and resurveying the bench-mark net, r e p a i r i n g  
ra i l r oads ,  roads, and bridges, rep lac ing  o r  increas ing the s ize of storm and san i ta ry  sewers, 
and making p r i v a t e  engineer ing surveys, t he  d i r e c t  costs o f  subsidence must have been a t  l e a s t  
35 m i l l i o n  d o l l a r s  t o  date. 

A major earthquake could cause f a i l u r e  o f  the bay-margin levees, r e s u l t i n g  i n  t h e  f l o o d i n g  
o f  areas p resen t l y  below sea leve l .  The levees were constructed o f  l o c a l l y  der ived weak mater- 
i a l s  and were designed on ly  t o  r e t a i n  salt-pond water under s t a t i c  c2ndi t ions (Rogers and W i l -  
l iams, 1974). The p o t e n t i a l  f o r  such an earthquake poses a cont inu ing t h r e a t  t o  f l ood ing  o f  
t h e  estimated 44 km2 ( 4 4 0 0  hectares) o f  l and  standing below h igh  t i d e  l e v e l  as o f  1967. Such 
a t h r e a t  must have reduced t h e  value o f  t h i s  land very s u b s t a n t i a l l y  compared t o  the value i f  
i t  a l l  s t i l l  stood above mean sea l e v e l  as i t  d i d  i n  1912. This decrease i n  l and  value should 
be inc luded i n  the  gross costs  o f  subsidence. 

9.14.9 LEGAL ASPECTS 

The successful  management o f  a h i g h l y  va r iab le  water supply t o  achieve a balance w i t h  an ever- 
i nc reas ing  demand f o r  water i n  Santa Clara County (no t  shown on map) has been remarkable f o r  
severa l  reasons. F i r s t ,  maxim& development o f  l o c a l  water suppl ies and impor tat ion o f  water 
from two sources have momentarily brought supply and demand i n t o  balance. Secondly, by h u i l d -  
i n g  up the  ground-water storage i n  the  recharge area, and thus the a r tes ian  head i n  the con- 
f i n e d  system, l and  subsidence was stopped, a t  l e a s t  temporar i ly ,  by 1973. Th i rd l y ,  a l l  t h i s  
has been accomplished by bond issues, revenue from taxes, and water charges, thus avoid ing a 
drawn-out expensive l e g a l  ad jud i ca t i on  o f  the ground-water supply such as occurred i n  southern 
C a l i f o r n i a ,  i n  the  Raymond Basin (Pasadena VS. Alhambra, 1949). 

9.14.10 CONCLUSIONS 

Both the  cause o f  subsidence and t h e  means o f  i t s  c o n t r o l  are known. The evidence given here 
proves t h a t  the subsidence i s  caused by dec l ine o f  the a r tes ian  head and t h e  r e s u l t i n g  increase 
i n  e f f e c t i v e  overburden load  o r  gra in- to-gra in  s t ress on the  water-bearing beds i n  the  conf ined 
system. The sediments compact under the increas ing s t ress and the  land surface sinks. Most of 
t he  compaction occurs i n  t h e  f ine-gra ined clayey beds (aqui tards)  which are the most compressi- 
b l e  but have low permeabi l i ty .  Therefore, the escape o f  water from these slow d ra in ing  aqui- 
t a r d s  (decay o f  excess pore pressure) and the increase i n  e f f e c t i v e  s t ress are slow and t ime- 
dependent, but the  u l t i m a t e  compaction i s  l a rge  and c h i e f l y  permanent. 

288 



Case History 9.14: Santa Clara Valley, California, U.S.A. 

The subsidence has been stopped by r a i s i n g  t h e  a r t e s i a n  head i n  the  aqu i fe rs  u n t i l  i t  
equaled o r  exceeded the  maximum pore pressures i n  t h e  aquitards. The compaction and water- 
l e v e l  records being obta ined by the  Geologica l  Survey i n d i c a t e  t h a t  i f  t h e  a r t e s i a n  head can be 
maintained 3 t o  6 m above the  l e v e l s  o f  1971-73, subsidence w i l l  n o t  recur .  On  t h e  o ther  hand, 
subsidence w i l l  recommence i f  a r t e s i a n  head i s  drawn down as much as 6 t o  9 m below t h e  1971-73 
l e v e l s .  

9.14.11 EPILOGUE 

Recently the  Santa Clara Va l ley  Water D i s t r i c t  was given H i s t o r i c a l  Landmark s t a t u s  by t h e  
American Society o f  C i v i l  Engineers f o r  i t s  major c o n t r i b u t i o n s  t o  t h e  development o f  t h e .  re-  
gion. It was acknowledged t h a t  t h e  d i s t r i c t ' s  system i s  " the f i r s t  and o n l y  instance o f  a ma- 
j o r  water supply be ing  developed i n  a s i n g l e  ground-water b a s i n  i n v o l v i n g  t h e  c o n t r o l  o f  numer- 
ous independent t r i b u t a r i e s  t o  e f f e c t u a t e  almost op t ima l  conservation o f  p r a c t i c a l l y  a l l  of t h e  
sources o f  water f low ing  i n t o  the  basin." 
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Case History No. 9.15. Ravenna, Italy, by Laura 
Carbognin, Paolo Gatto, and Giuseppe Mozzi, National 
Research Council, S. Polo 1364, Venice, Italy 

9.15.1 INTRODUCTION 

Ravenna i s  about 60 km south of  t he  Po del ta ,  i n  a symmetric p o s i t i o n  w i t h  respect  t o  Venice 
(F igure 9.15.1). Land subsidence i n  t h i s  area has been observed f o r  a l o n g  t ime but on ly  re -  
c e n t l y  d i d  the  r e l a t e d  consequences become c r i t i c a l .  Progressively a f f e c t i n g  t h e  e n t i r e  t e r r i -  
t o r y  o f  about 700 km2 (Figure 9.15.2) , the subsidence inc reas ing l y  threatens no t  on l y  t h e  in-  
d u s t r i a l  area, and the urban zones, but a l so  the  surrounding vast  marshland reclamat ions which 
could be submerged once again. The existence o f  severa l  b u i l d i n g s  and h i s t o r i c a l  monuments i s  
jeopardized as wel l ,  s ince t h e i r  foundations have t o  be kept  dry  by pumping o u t  water 
continuously. 

It beFame c l e a r  from the  f i r s t  analysis,  s t a r t e d  i n  1970 by the  Nat ional  Research Counci l  
o f  Venice a t  the request o f  t h e  M u n i c i p a l i t y  o f  Ravenna, t h a t  t he  causes o f  l and  subsidence had 
t o  be mainly ascr ibed t o  t h e  removal o f  f l u i d s  from the  subsurface (Ber ton i ,  e t  al. ,  1973). 

The i n v e s t i g a t i o n  began w i t h  t h e  inventory  o f  a v a i l a b l e  s t r a t i g r a p h i c ,  hydro log ica l ,  geo- 
technical ,  and geodetic data. Unfor tunate ly  no i n fo rma t ion  was a v a i l a b l e  concerning p h y s i c a l  
and mechanical p roper t i es  o f  t he  formations. Good h i s t o r i c a l  data are a v a i l a b l e  f o r  both 
piezometry o f  the aqui fers  and subsidence. F i e l d  measurements such as l e v e l i n g  and hyd rau l i c  
head records were c a r r i e d  ou t  almost annually, us ing  networks o f  s u i t a b l y  p laced bench marks 
and piezometers, s i m i l a r l y  t o  what was done f o r  Venice. The p re l im ina ry  hydrogeologica l  in-  

F igure 9.15.1 Areas o f  Ravenna and Venezia. They are symmetric w i t h  respect t o  t h e  Po de l ta .  
(From Carbognin, e t  al., 1978, Figure 13;  publ ished w i t h  permission of t he  
American Society o f  C i v i l  Engineers.) 

291 



Guidebook to studies of land subsidence due to ground-water withdrawal 

. I  

f . . I f  Béi . I  . . .  

F igure 9.15.2 Map o f  t he  area under i n v e s t i g a t i o n  ( D i s t r i c t  o f  Ravenna). (From Carbognin, e t  
al., 1978, F igure 1; publ ished w i t h  permission o f  t h e  American Society o f  C i v i l  
Engineers.) 

v e s t i g a t i o n  w i l l  be f u r t h e r  improved by us ing  the in format ion obtained through s p e c i f i c a l l y  
programmed t e s t  holes. The research already undertaken has , however , provided a good under- 
s tanding o f  t he  o v e r a l l  Subsidence occurrence. 

A f t e r  a p re l im ina ry  d e s c r i p t i o n  o f  the geologica l  environment, t h i s  paper presents the 
h i s t o r y  o f  the pressure dec l i ne  i n  t h e  aqu i fe r  and land  sett lement and discusses t h e i r  
re la t i onsh ips .  

9.15.2 HYDROLOGICAL FEATURES 

The t o t a l  th ickness o f  Quaternary sediments i n  the Ravenna area ranges between 1500 and'3000 
metres and most ly cons is t s  o f  sandy and s i l t y - c l a y  l aye rs  o f  a l l u v i a l  and marine o r i g i n .  The 
bottom o f  the Quaternary sediments fo l lows the  s t ruc tu re  o f  the pre-Quaternary substratum, 
character ized by f o l d s  and f a u l t e d  over fo lds which are p a r a l l e l  t o  the  main t e c t o n i c  p r o f i l e s  
o f  t he  Apennines and inc lude severa l  gas-bearing t raps  a t  depths on the order o f  2000 m (Figure 
9.15.3) (Agip Minerar ia,  1969a). 

The presence o f  massive Quaternary deposi ts confirms t h a t  i n  the  past  t he  geologic subsid- 
ence was q u i t e  pronounced i n  t h i s  area and i s  s t i l l  r a t h e r  a c t i v e  (Çalv ion i ,  1957); i t  i s  ap- 
pa ren t  t h a t  the t e c t o n i c  stresses a c t i n g  along a SW d i r e c t i o n  tend t o  increase t h e  Po bas in 
curvature.  The deep s t r u c t u r e  has in f luenced the thickness o f  the  Neozoic formations and con- 
sequent ly the subsidence r a t e  e x h i b i t s  a non-uniform space d i s t r i b u t i o n  (Da1 Piaz, 1969). 

The s t ra t i g raphy  o f  t he  upper Quaternary sediments i s  no t  def ined w i t h  accuracy, due t o  
the  p a r t i a l  lack o f  informat ion.  However, i t  has been poss ib le  t o  reconst ruct  schematical ly 
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Figure 9.15.3 Very schematic cross-sect ion o f  t h e  Po Val ley between Venezia and Ravenna (Agip 
Mineraria, 1969a). 

the map o f  t he  aqu i fe r  system down t o  500 m us ing the r e l a t i v e  p o s i t i o n s  o f  t h e  in takes of sev- 
e r a l  pumping w e l l s  and other  sparse l i t h o l o g i c a l  in format ion.  

Between 90 and 430 m the  conf ined u n i t s  are w e l l  i d e n t i f i e d  and r a t h e r  continuous (F igure 
9.15.4) (Bertoni ,  e t  al. ,  1973). I n  t h e  upper 90 m the  a r e a l  c o n t i n u i t y  o f  t h e  sands i s  q u i t e  
l i m i t e d  and the  d e f i n i t i o n  o f  l a rge  important formations i s  uncer ta in .  This p o r t i o n  o f  t he  
system i s  l i t t l e  e x p l o i t e d  due both t o  reduced p r o d u c t i v i t y  and poss ib le  water p o l l u t i o n  from 
the ove r l y ing  p o l l u t e d  unconfined aqu i fe r .  Below 430 m the s a l t  content becomes very h i g h  
(Agip Minerar ia,  1972) and the water cannot be used any longer f o r  i n d u s t r i a l  and/or a g r i c u l -  
t u r a l  purposes. 

From the  in format ion avai lab le,  the aqui tards separat ing the  var ious sandy formations ap- 
pear t o  be r a t h e r  continuous w i t h  very low permeabi l i ty .  The logs suggest t h a t  l a r g e  amounts 
o f  s i l t y  sediments are present. The aqu i fe rs  shown i n  Figure 9.15.4 cons is t  most ly o f  f i n e  and 
medium sands w i t h  occasional she l l s .  However, c layey o r  s i l t y  sands a l s o  may be found which 
l o c a l l y  reduce t h e  aqu i fe r  t ransmiss i v i t y .  

The recharge o f  t h i s  conf ined mu l t i - aqu i fe r  system comes mainly from the f o o t h i l l s  o f  the 
Apennines as w e l l  as from t h e  Po River bas in  (F igure 9.15.5) (Carbognin, e t  a l . ,  1978). It i s  
c l e a r l y  impossible on t h e  basis o f  the a v a i l a b l e  records t o  q u a n t i f y  t h e  respect ive 
con t r i bu t i ons .  

9.15.3 SUBSOIL RESOURCES EXPLOITATION AND SUBSIDENCE 

It was soon q u i t e  c l e a r  t h a t  as i n  the  Venice case the  surface sett lement was caused by the  re -  
moval o f  subso i l  f l u i d s .  Since the withdrawal r a t e  i s  hard t o  assess w i t h  accuracy, t h e  beha- 
v i o u r  of t he  subsurface f low f i e l d  was kept  under p e r i o d i c  observat ion through a network o f  1 2 0  
piezometers (Figure 9.15.6). A 1972 survey o f  the area revealed t h a t  877 a c t i v e  we l l s  tapped 
the 9 conf ined aqui fers .  These w e l l s  were scat tered across the  area, but t h e  most recent  and 
product ive ones were concentrated on the  i n d u s t r i a l  zone (Bertoni ,  e t  a l . ,  1973). 

Figure 9.15.7 shows t h e  behav io r .o f  the piezometr ic l e v e l s  o f  t h e  var ious aqu i fe rs  under- 
l y i n g  the h i s t o r i c a l  center (Carbognin, e t  al. ,  1978). It i s  ev ident  from t h i s  f i g u r e  t h a t :  

t he re  was a lowering o f  t he  hyd rau l i c  head below t h e  ground l e v e l  begin- 
n i n g  i n  the  1950's; 
t h e  greatest  dec l ine occurred a f t e r  1960 , simultaneously w i t h  t he  develop- 
ment o f  t he  nearby i n d u s t r i a l  zone; 
aqu i fe rs  4 and 5 are the most i n t e n s i v e l y  explo i ted;  
among the head gradients found i n  the  aqui tards the  h ighes t  occurs between 
aqu i fe rs  3 and 4, w i t h  a d i f f e rence  o f  head o f  22.50 n; 
i n  recent years the  piezometr ic l e v e l  tends t o  be constant; 
aqu i fe rs  e x h i b i t  a somewhat independent hyd rau l i c  behavior (except perhaps 
aqu i fe rs  1 and 2 ) .  This i s  f u r t h e r  evidence t h a t  t he  bas in  under ly ing 
Ravenna i s  a r e a l  mu l t i - aqu i fe r  system. 

Piezometric records p e r m i t t e d  p e r i o d i c a l  p l o t t i n g  o f  equ ipo ten t i a l  l i nes .  As an example, 
Figure 9.15.8 gives the piezometr ic surface i n  1977 averaged over a l l  t h e  aqu i fe rs  between 1 0 0  
and 430 m (Carbognin, e t  a l . ,  1978). It may be observed t h a t  t he  maximum drawdown o f  about 40 
m occurs i n  t h e  i n d u s t r i a l  zone (it was t h e  same i n  1972). Today, however, a l a rge  dec l i ne  
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F igure 9.15.4 Schematic cross-sect ion o f  t h e  Ravenna aqu i fe r  system. (From Carbognin, e t  a l . ,  
1978, Figure 3 ;  publ ished w i t h  permission o f  the American Society o f  c i v i l  
Engineers. ) 

extends even t o  t h e  western and southern p a r t s  o f  t he  t e r r i t o r y  due t o  the  increase of water 
withdrawn f o r  a g r i c u l t u r a l  uses, seaside resor ts ,  and new i n d u s t r i a l  parks sp r ing ing  up on the 
o u t s k i r t s  o f  Ravenna. 

The asymmetric cone o f  depression develops w i t h  i t s  major a x i s  from N W  t o  SE, g r e a t l y  a€- 
f e c t i n g  the coas t l i ne .  A s t rong  gradient  appears i n  t h e  southern p a r t ,  corresponding t o  the  
d i r e c t i o n  o f  t he  Apennines recharge. 

Between 1972 and 1977, the  maximum dec l i ne  o f  t he  piezometr ic head has no t  changed sub- 
s t a n t i a l l y  (see F igure 9.15.7). Nevertheless, even i f  encouraging, t h i s  does no t  correspond t o  
the a r r e s t i n g  o f  l a n d  subsidence, as w i l l  be seen l a t e r .  

S o  f a r  as the geodetic survey o f  t he  area i s  concerned, i t  was n o t  homogeneous i n  time. 
Although the  l and  subsidence began i n  the  e a r l y  1950's, on l y  s ince 1970 have land  l e v e l i n g s  
been sys temat i ca l l y  c a r r i e d  ou t  a t  t he  same t ime as t h e  measurement o f  t h e  piezometr ic l eve l s .  
As an example, Figure 9.15.9 shows the subsidence experienced from 1972 t o  1977. The general 
increase o f  the subsidence i n  these years i s  shown by the two maps o f  Figure 9.15.10. I n  the  
eva lua t i on  o f  t he  r a t e  o f  subsidence l i n e a r  t rends are assumed. It may be noted t h a t  t h e  area 
exper iencing subsidence exceeding 3 cm/y i n  t h e  l a t t e r  p e r i o d  i s  about 30 times greater than 
the corresponding area i n  the  former one. Moreover, a set t lement r a t e  exceeding 5 cm/y was ex- 
per ienced i n  the l a s t  few years (Figure 9.15.10b). The maximum r a t e  o f  about 11 cm was record- 
ed i n  the i n d u s t r i a l  zone between 1972 and 1973 and i n  Ravenna's h i s t o r i c a l  center about 8 cm 
was observed. 

The shape o f  t h e  subsiding areas i s  i n  close correspondence w i t h  the cone o f  depression o f  
the aqu i fe rs  i n  both per iods.  The t ime and space c o r r e l a t i o n  between ground s ink ing  and water 
withdrawals i s  c l e a r l y  evidenced i n  Figure 9.15 .Il, which shows the  average piezometr ic l e v e l  
and subsidence from 1950 t o  1977 along a l i n e  cross ing the c i t y  and extending t o  the  country 
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Figure 9.15.5 Map o f  the recharge areas o f  the Ravenna a q u i f e r  system. (From Carbognin, e t  
al., 1978, Figure 4; publ ished w i t h  permission o f  t h e  American Society o f  C i v i l  
Engineers.) 

side. This comparison stresses the near l y  absolute behaviora l  i d e n t i t y  o f  these parameters 
(Carbognin, e t  al. ,  1978). 

From 1949 t o  1977 maximum subsidence o f  about 1.20 m was recorded i n  the  i n d u s t r i a l  zone, 
but i n  general and espec ia l l y  i n  recent years (1972-1977) t h e  e n t i r e  area has been a f f e c t e d  a t  
alarming rates.  Bearing i n  m i n d  t h a t  the ground e l e v a t i o n  o f  90 pe r  cent o f  t h e  l and  between 
the c i t y  and the coas t l i ne  does n o t  exceed 1 m above sea l e v e l  and t h a t  20 per  cent o f  t h e  :at- 
t e r  i s  below mean sea leve l ,  the s i t u a t i o n  i s  becoming more and more ser ious.  

I n  the past, the main cause o f  subsidence was wrongly ascr ibed t o  gas e x p l o i t a t i o n .  The 
analyses c a r r i e d  out, though n o t  p r e c i s e l y  quant i f ied,  a l lowed us t o  est imate i t s  e f f e c t i v e  
c o n t r i b u t i o n  t o  the subsidence. W i t h  no doubt gas e x t r a c t i o n  from the  n a t u r a l  deposi ts con- 
t r i b u t e s  i n  some zones t o  increase l a n d  sett lement,  b u t  i t  has had l i m i t e d  e f f e c t s .  For in-  
stance, by superimposing t h e  subsidence contour map o f  t he  p e r i o d  1949-1972 on t h a t  o f  t h e  gas 
rese rvo i r  o f  Ravenna F ie ld ,  a good correspondence i s  observed between the  area o f  the  t r a p s  and 
area o f  the l i n e s  o f  equal subsidence, both be ing  e l l i p t i c  and w i t h  t h e i r  major axes o r i e n t e d  
i n  a NW-SE d i r e c t i o n  (Ber ton i ,  e t  al., 1973) (F igure 9.15.12). 

Likewise a comparison o f  l and  subsidence and t h e  p iezometr ic  l e v e l  recorded between 1949 
and 1972 along a l i n e  crossing the  Ravenna F i e l d  and i n d u s t r i a l  zone (Figure 9.15.13) shows a 
secondary l o c a l  maximum, A, o f  subsidence corresponding t o  t h e  l o c a t i o n  o f  the gas rese rvo i r ,  
but there i s  no corresponding piezometr ic dec l ine [ f o r  which a m i n i m u m  does n o t  e x i s t ] .  On the 
o the r  hand, the maximum, B ,  o f  subsidence over t h e  i n d u s t r i a l  zone corresponds t o  t h e  maximum 
o f  drawdown. However, t h i s  gas r e s e r v o i r  i s  p r a c t i c a l l y  depleted and i n  1972 i t s  development 
had already achieved 95 p e r  cent o f  t he  p o t e n t i a l  p r o d u c t i v i t y :  t he re fo re  the  present c o n t r i -  
b u t i o n  o f  gas withdrawal i s  probably n e g l i g i b l e .  

Unfor tunate ly  l i t t l e  i s  known about the  more recent  o f f sho re  gas e x p l o i t a t i o n s  and conse- 
quent ly  i t  i s  impossible t o  say how much they i n f l uence  the  s i n k i n g  o f  t h e  coas ta l  areas. This  
matter requi res f u r t h e r  i nves t i ga t i on .  

Among the man-induced causes o f  subsidence i t  must be remembered t h a t  marsh-land reclama- 
t i o n  occurred on a l a r g e  scale i n  t h i s  t e r r i t o r y .  Since the  reclamat ion works were completed a 
long t ime ago (over 50 years), t he  c o n t r i b u t i o n  o f  t h e  f i l l  should no longer have any i n f l u e n c e  
i n  the subsidence occurrence. 

Natura l  subsidence gives a nonnegl ig ib le  c o n t r i b u t i o n  i n  the o v e r a l l  occurrence. The 
bench mark o f  Por ta  Adriana i n  t h e  h i s t o r i c a l  center  provides a u s e f u l  i n d i c a t i o n  t o  q u a n t i f y  
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Figure  9.15.6 Map of t he  network o f  piezometers i n  the  Ravenna area. (From Carbognin, e t  a l . ,  
1978, F igure  5; pub l i shed w i t h  permission o f  t h e  American Society o f  C i v i l  
Engineers. ) 

t h i s  component s ince  i t s  e leva t i on  was recorded f o r  t he  f i r s t  t ime as e a r l y  as 1902 (F igure  
9.15.14). The data p o i n t s  o f  Figure 9.15.14 show t h a t  from 1902 t o  1950 t h e  subsidence r a t e  was 
5.14 mm/y (assuming as usua l  a l i n e a r  t r e n d  i n  t h i s  pe r iod ) ,  wh i l e  l a t e r  on the  r a t e  has 
increased g r e a t l y  due t o  the  i n tens i ve  e x p l o i t a t i o n  o f  the  subsurface resources. Since before 
1950 water consumption was very small ,  t he  value o f  5.14 mm/y may be considered as i n d i c a t i v e  
o f  t he  geologic component o f  t he  subsidence i n  Ravenna. 

To the  present t ime the  dominant f a c t o r  o f  Ravenna subsidence i s  t h e  i n tens i ve  wi thdrawal 
o f  a r t e s i a n  water i n  the  i n d u s t r i a l  zone, where the  apex o f  t he  cone o f  depression i s  always 
found. The minimal piezometr ic l e v e l s  reached i n  1972 i n  the  i n d u s t r i a l  zone have no t  changed 
but i n  s p i t e  of t h i s  a d d i t i o n a l  subsidence occurred i n  the  f o l l o w i n g  years (Figure 9.15.15). 
Th is  f a c t  i s  p a r t l y  exp la inab le  by a delay between the  head decl ines i n  t h e  aqu i fe rs  and the  
r e s u l t i n g  subsidence. As a second p a r t i a l  explanat ion i t  seems l i k e l y  a l so  t h a t  t he  main- 
tenance of a very s t rong depression i n  the  deepest aqu i fe r  over the  l a s t  f i v e  years has i n t r o -  
duced a secondary phenomenon o f  an upconing from t h e  sal t -water aqu i fe rs  l y i n g  below 430 m, 
i.e., an i r r e v e r s i b l e  p o l l u t i o n  o f  the  fresh-water system and a f u r t h e r  compaction o f  the  c lay -  
ey s o i l  aqui tard.  It i s  known i n  f a c t  t h a t  some chemical v a r i a t i o n s  o f  i n t e r s t i t i a l  water i n  
the  c l a y  s o i l s  can cause a change i n  the  electrochemical  equ i l i b r i um and there fore  a col lapse. 

Th is  contamination by  s a l t  water has been confirmed by the  chemical analyses o f  t he  aqui- 
fer waters which evidence a progressive p o l l u t i o n  i n  the  i n d u s t r i a l  zone; t h i s  i n t r u s i o n  hap- 
pened from the  under ly ing  sa l i ne  water. I n  t h e  nearby l i t t o r a l ,  s a l t  p o l l u t i o n  of the  same 
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Figure 9.15.7 Piezometric l e v e l s  from 1944 t o  1977 o f  the  var ious aqu i fe rs  below the  
h i s t o r i c a l  center o f  Ravenna. (From Carbognin, e t  al., 1978, f i g .  6; pub l i shed 
w i t h  permission o f  t h e  American Society o f  C i v i l  Engineers.) 

aqu i fe r  occurred l a t e r  but never reached the  high values recorded i n  the  i n d u s t r i a l  zone. I n  
the  coas ta l  areas, s a l t  water i n t r u s i o n  would a l so  occur l a t e r a l l y .  

As already shown i n  Figure 9.15.10b, t he  grea tes t  s i n k i n g  area a f t e r  1972 inc ludes  the  
coast l ine.  The consequences are indeed very serious. I n  f a c t  a s t r i k i n g  regress ion  o f  t he  
shore l ine  and i n  some places the  vanishing o f  the  famous beaches o f  Romagna are  the  most severe 
e f f e c t  o f  the  s ink ing  o f  t he  l i t t o r a l .  Not on l y  coas ta l  processes are responsible f o r  it, as 
was be l ieved before. 

The fo l l ow ing  examples conf i rm the  statement: 

Area o f  L i d o  Adriano: From 1957 t o  1977 the  regress ion  o f  t he  sho re l i ne  has 
been 126 m. I n  the same pe r iod  t h i s  zone has experienced a subsidence o f  
about 45 cm. W i t h  a 4 p e r  m i l l  mean average beach slope (computed up t o  the  
isobath - 8 )  , the  subsidence p r e v a i l s  on the  process o f  beach regress ion  
(Figure 9.15.16). 

Area o f  Punta Marina: Between 1957 and 1977, the  repor ted  shore l ine  regres- 
s ion  has been 70 m south o f  Punta Marina. The subsidence during these years 
has been 35 cm. Here the  mean slope i s  around 4-5 pe r  m i l l ,  and the  beach 
regression i s  most ly a t t r i b u t a b l e  t o  the  subsidence. 

9 - 1 5  a 4 CONCLUSIONS 

I t  i s  now c lea r  t h a t  subsidence i n  the  t e r r i t o r y  o f  Ravenna i s  most ly due t o  t h e  i n t e n s i v e  a r -  
t e s i a n  water e x p l o i t a t i o n  f o r  i n d u s t r i a l  pu rpses ,  and, i n  more recent t ime, f o r  a g r i c u l t u r a l  
uses. I n  some places the  s a l t  water i n t r u s i o n  has caused f u r t h e r  compaction. 

The e x p l o i t a t i o n  o f  the  gas rese rvo i r  o f  Ravenna F i e l d  has prov ided a minor l o c a l  c o n t r i -  
b u t i o n  t o  the  subsidence; t he  p o s s i b i l i t y  o f  a g rea ter  i n f l uence  from t h e  very a c t i v e  o f f sho re  
gas f i e l d s  i s  recognized and should be monitored. 
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Figure 9.15.8 Average p iezometr ic  surface i n  1977; datum i s  mean sea l e v e l .  (From Carbognin, 
e t  a l . ,  1978, Figure 7; publ ished w i t h  permission o f  t h e  American Society o f  
C i v i l  Engineers. ) 

Since 1949 t h e  average piezometr ic dec l ine has near l y  reached 45 m i n  the  i n d u s t r i a l  area; 
correspondingly the average subsidence has been about 1 m. The close r e l a t i o n s h i p  between land  
sett lement and water wi thdrawals has been c l e a r l y  proven by t h e  present analys is .  Moreover 
i f  z i r d i c a t e s  the  l a n d  subsidence induced by man (i.e., t he  o v e r a l l  s i n k i n g  minus geologica l  
component) and A h  i s  t he  p iezometr ic  dec l ine expressed i n  the  same u n i t s ,  we o b t a i n  a value 
z / A h  approximately equal t o  1/52. This r e s u l t  means t h a t  every 5 2  cm o f  wi thdrawal has pro-  
duced 1 cm o f  subsidence. These values r e l a t e d  t o  the environmental condi t ions p lace the 
Ravenna case among the  more alarming i n  the  world. 

Apart from the values themselves, i t  i s  i n t e r e s t i n g  t o  examine the t r e n d  o f  the occur- 
rence. It i s  a matter o f  concern t o  f ind t h a t  wh i l e  the  subsidence s t i l l  seemed q u i t e  l o c a l -  
i z e d  around the i n d u s t r i a l  zone u n t i l  1972, i t  has assumed a broad increase since 1972. A t  
present,  the subsidence i s  a f f e c t i n g  wide areas a t  a l a r g e  r a t e  and the  r e l a t e d  consequences 
are becoming h i g h l y  c r i t i c a l  f o r  the s u r v i v a l  o f  t h e  whole p h y s i c a l  and human environment. 

The s i t u a t i o n  i s  very  precar ious along the  l i t t o r a l  areas where a regression o f  t he  coast- 
l i n e  over 1 5 0  m has been observed i n  some points .  This threatens the most p r o f i t a b l e  i ndus t r y  
o f  Romagna, i.e., the tourism. 

The lands l y i n g  behind t h e  coas ta l  areas are i n  danger too. Bearing i n  m i n d  t h a t  they l i e  
a t  a he igh t  o f  l e s s  than 1 m above m.s.l., i f  the  present t rend  i s  maintained f o r  10 years and 
i f  some sea storm would destroy t h e  remaining dunes, 7 0  per  cent o f  t he  t e r r i t o r y  between Ra- 
venna and the beach (about 200 km2) would permanently be inundated by the sea. Some urban 
zones, t he  i n d u s t r i a l  area, a l l  harbor s t ruc tu res  and severa l  beach r e s o r t  centers are i n  t h i s  
p a r t  o f  t he  mun ic ipa l i t y .  The damages would be inca lcu lab le.  It i s  on l y  a hypothesis, b u t  no t  
a l t oge the r  u n l i k e l y .  
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Figuxe 9.15.9 Land subsidence i n  the  Ravenna area from 1972 t o  1977, expressed i n  cm. (From 
Carbognin, e t  al. ,  1978, F igure 8 ;  publ ished w i t h  permission of  the American 
Society o f  C i v i l  Engineers.) 

A l l  t h i s ,  however, i s  a simple p r o j e c t i o n  o f  t he  present t rend: a p rec i se  modeling i s  now 
i n  order. W i t h  enough in format ion on phys i ca l  and mechanical c h a r a c t e r i s t i c s  of  the s o i l s  i t  
would be poss ib le  t o  implement a mathematical s imu la t i on  O€ the subsidence which would a l l ow  us 
t o  make r e a l  p red ic t i ons  on a long-term basis  and understand the a c t u a l  behavior o f  the sys- 
tem. I n  1974 the authors (Carbognin, e t  al., 1974) suggested the  necessary operat ions f o r  in- 
ves t i ga t i ng  the knowledge on subso i l  and improving the c o n t r o l  o f  phenomenon evolut ion.  I n  any 
case t h e  subsidence c o n t r o l  i s  today no longer achievable by l o c a l  i n te rven t ion ,  but on ly  on a 
reg ional  scale because o f  the vastness o f  t he  subsidence occurrence. 
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A '  
. I  

Figure 9.15.11 Comparison between the average piezometr ic l e v e l  and the ground l e v e l  over the  
c i t y  of Ravenna and i t s  r u r a l  area. (From Carbognin, e t  a l . ,  1978, Figure 9; 
publ ished w i t h  permission o f  the American Society o f  C i v i l  Engineers.) 
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Figure  9.15.12 Comparison o f  development o f  s ink ing  area w i t h  Ravenna F i e l d  t r a p s  (subsidence 
i n  cm). 
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Figure 9.15.13 Land subsidence and piezometr ic l e v e l  over the  Ravenna F i e l d  and the  i n d u s t r i a l  
zone. (From Carbognin, e t  al., 1978, Figure 11; publ ished w i t h  permission o f  
the  American Society o f  C i v i l  Engineers.) 
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Figure  9.15.14 E leva t ion  o f  bench mark  o f  Por ta  Adriana ( h i s t o r i c a l  cen ter )  from 1902 t o  1977. 
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Figure 9.15.16 Schematic representa t ion  of  t h e  process o f  the  beach regression a t  L ido  Adriano 
area. 
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Appendix A. Instrument capabilities for measuring 
land-surface displacement 
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Appendix C. L i s t  of symbols used in text, part I 

Symbol T e n  

A Cross-sectional area 

A Area o f  p o i n t  o f  sampling spoon 

a f Area o f  manometer 

P 

b 

b' 

C 

cc 

cV 

D 

dh/dt 

E 

e 

G 

H 

h 

ha 

hC 

hU 

J 

K 

K '  

L 

mv 

Thickness; e f f e c t i v e  s t ress  due t o  buoyant weight o f  submerged deposi ts 

'Thickness o f  aqu i ta rd  

D/R 

Compression index 

C o e f f i c i e n t  o f  conso l i da t i on  

Depth t o  compressing beds 

Rate o f  subsidence 

Young's modulus 

Void ra t i on ;  e i n i t i a l  v o i d  r a t i o  

Spec i f i c  g r a v i t y  

T o t a l  subsidence 

I n i t i a l  th ickness 

Appl ied stress;  d i f f e rence  i n  head; head a t  g iven elapsed t ime 

Average head i n  aqu i ta rd  

Head i n  conf ined system 

O '  

Head a t  

Head i n  

Seepage 

Hydraui 

zero t i m e  

unconfined system 

st ress 

c conduc t i v i t y  

V e r t i c a l  hydraul ic  conduc t i v i t y  

Length o f  f l o w  

C o e f f i c i e n t  o f  volume compress ib i l i t y  
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Symbol Term 

- 
N 

n 

P 

P ’  

’a 

PO 

Q 

R 

RU 

r 

S 

SC 

‘ s  

’ke 

‘ske 

‘kv 

S 
skv 

ssw 

S f s k  

“skv 

s 

T 

t 

U 

u 
t 

‘L 

Average o f  N (blows) 

Poros i t y  

T o t a l  s t ress  i geos ta t i c  pressure); water l e v e l  

E f f e c t i v e  s t ress  ( e f f e c t i v e  overburden pressure) 

Appl ied s t ress  

Reference water l e v e l  

Amount o f  l i q u i d  production; quan t i t y  o f  water discharged i n  uni t  t ime 

Radius o f  stressed system 

U l t ima te  bear ing  res is tance 

Spec i f i c  r e t e n t i o n  

Storage c o e f f i c i e n t :  e f f e c t i v e  s t ress  due t o  weight o f  unsaturated deposi ts 

F i n a l  subsidence 

Sor t i ng  c o e f f i c i e n t  

Spec i f i c  storage 

Spec i f i c  storage o f  aqu i ta rd  (compressible bed) 

Component o f  S a t t r i b u t a b l e  t o  e l a s t i c  deformation of the aquifer-system skeleton 

Component o f  Ss due t o  e l a s t i c  deformation o f  aquifer-system skeleton 

Component o f  S a t t r i b u t a b l e  t o  i n e l a s t i c  ( v i r g i n )  deformation o f  aquifer-system 
skeleton 

Component o f  Ss due t o  i n e l a s t i c  ( v i r g i n )  deformation of aquifer-system skeleton 

Component due t o  compress ib i l i t y  o f  water 

Component of s p e c i f i c  storage due t o  compress ib i l i t y  o f  aqu i ta rd  

Skv/bf ;  b’ i s  aggregate th ickness o f  aqui tards 

Amount o f  subsidence; drawdown 

Transmissiv i ty;  t ime f a c t o r  

t ime 

Degree o f  conso l i da t i on  

Excess pore pressure a t  t ime t 

Pore pressure ( f l u i d  pressure o r  n e u t r a l  s t ress)  
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Symbol Term 

- 
V 

W 

L 
W 

W 
P 

z 

ake 

a kv 

B W  

Y 

'b 

'd 

y, 

YS 

Y W  

AP '  

V 

T 

Flow v e l o c i t y  vec tor  

Moisture content, p e r  cent o f  dry weight 

Liquid l i m i t  

P l a s t i c  l i m i t  

Spec i f i c  y i e l d  

Depth 

Compress ib i l i t y  o f  aquifer-system skeleton i n  e l a s t i c  range o f  s t ress  

Compress ib i l i t y  o f  aquifer-system skeleton i n  v i rg in  range o f  s t ress ing  

Compress ib i l i t y  o f  water 

Submerged un i t  weight 

Buoyant uni t  weight o f  saturated deposi ts 

Dry uni t  weight 

Mo is t  un i t  weight 

U n i t  weight o f  s o l i d s  

U n i t  weight o f  water 

Change i n  e f f e c t i v e  s t ress  

D i f f u s i v i t y ;  Poisson's r a t i o  

Time constant 
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Appendix D. Glossary, by Laura Carbognin and 
Working Group 

The purpose of t h i s  glossary i s  t o  exp la in  the meaning o f  terms c u r r e n t l y  r e c u r r i n g  i n  s tud ies 
on l and  subsidence due t o  ground-water withdrawals. Because t h i s  volume i s  f o r  readers w i t h  
d iverse backgrounds and Eor i n t e r e s t e d  unt ra ined personnel, the d e f i n i t i o n s  given here are 
s imp l i f i ed .  For a more d e t a i l e d  explanation, t h e  b ib l iography suggests some books which w i l l  
he lp  t h e  reader. 

AQUICLUDE 

A n  a r e a l l y  extensive body o f  saturated but r e l a t i v e l y  impermeable m a t e r i a l  t h a t  does not y i e l d  
appreciable q u a n t i t i e s  o f  water t o  wel ls.  Aquicludes c o n s t i t u t e  boundaries o f  aqui fer  f l o w  
systems; t e r m  i s  synonymous w i t h  con f i n ing  bed. 

AQUIFER 

An a r e a l l y  extensive body o f  saturated permeable m a t e r i a l  t h a t  w i l l  y i e l d  s i g n i f i c a n t  
q u a n t i t i e s  of water t o  we l l s  and springs. An aqu i fe r  includes t h e  unsaturated p a r t  o f  t he  
permeable body. Aqui fers  may be classed as unconfined o r  confined, depending upon t h e  
presence o r  absence o f  a water tab le.  An aqu i fe r  may a l s o  be c a l l e d  a water-bearing stratum. 
Unconsolidated a l l u v i a l  deposi ts o f  sand and gravel ,  porous sandstones, o r  f r a c t u r e d  
limestones are examples o f  water-bearing forniations. 

AQUIFER SYSTEM 

A heterogeneous body o f  interbedded permeable and p o o r l y  permeable l aye rs  t h a t  f unc t i ons  
reg iona l l y  as a water-y ie ld ing hyd rau l i c  u n i t .  It comprises two o r  more aqu i fe rs  (permeable 
formations) separated by l a t e r a l l y  ,discontinuous aqui tards t h a t  l o c a l l y  impede ground-water 
movement but do no t  g r e a t l y  a f f e c t  t he  o v e r a l l  hydraul ic  c o n t i n u i t y  o f  t h e  system. 

AQUITARû 

A saturated, but poor l y  permeable, bed t h a t  l o c a l l y  impedes ground-water movement and does n o t  
y i e l d  water f ree l y  t o  wel ls ,  but which may t ransmi t  appreciable water, t o  o r  f r o m  adjacent 
aqui fers.  

ARTESIAN 

The term a r t e s i a n  der ives from A r t o i s  (Lat.  Artesium), a nor thern province o f  France where 
n a t u r a l l y  f lowing we l l s  were d r i l l e d  i n  1750. Today the term a r t e s i a n  i s  appl ied t o  any w e l l  
tapping a pressure a q u i f e r  o r  simply t o  the aqu i fe r  i t s e l f .  Ar tes ian i s  synonymous w i t h  
confined. 

ARTESIAN AQUIFER 

An aqu i fe r  i n  which the  water l e v e l  r i s e s  above the base o f  t he  upper c o n f i n i n g  bed when 
penetrated by a wel l .  I n  recent years a r tes ian  aqu i fe r  has been used as a synonym f o r  
conf ined aqui fer .  
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BENCH MARK 

A r e l a t i v e l y  permanent mark, n a t u r a l  o r  a r t i f i c i a l ,  f u r n i s h i n g  a survey p o i n t  a t  a known 
e l e v a t i o n  i n  r e l a t i o n  t o  an adopted datum. Bench marks, o r  marked po in ts ,  connected by 
p r e c i s e  leve l ing ,  c o n s t i t u t e  t h e  c o n t r o l  o f  land-surface sett lement. 

COEFFICIENT OF COMPRESSIBILITY ( ~ 2 ~ ~ 1 )  

Compress ib i l i t y  i s  t h e  ap t i t ude  o f  t he  s o i l  t o  be deformed. It i s  expressed by means o f  a 
c o e f f i c i e n t  which i s  t he  r a t i o  between a v o i d  r a t i o  decrease from eo t o  e and an increase i n  
e f f e c t i v e  stress.  The value a, = eo-e/ p r e  resents the  c o e f f i c i e n t  o f  compress ib i l i t y  
f o r  t he  range p o  t o  p o  + p. 5 U n i t s  usua l l y  are cm kg". 

COEFFICIENT OF VOLUME COMPRESSIBILITY ( L * F - ~  

The compression o f  a c l a y  (aqu i ta rd )  pe r  un i t  o f  o r i g i n a l  thickness, due t o  a un i t  increase o f  
e f fec t i ve  stress, i n  the  l oad  range exceeding preconso l ida t ion  stress.  It i s  expressed by the 
e quat i on 

i n  which eo i s  t he  i n i t i a l  v o i d  r a t i o .  Un i t s  u s u a l l y  are cm2kg-'. 

COMPACTION 

A decrease i n  the  volume o f  a mass o f  sediments from any cause. I n  t h i s  guidebook, compaction 
i s  de f ined as the  decrease i n  the  thickness o f  sediments, as a r e s u l t  o f  an increase i n  
v e r t i c a l  compressive stress, and i s  synonymous w i t h  "one-dimensional consol idation," as used 
by engineers. The term compaction i s  app l ied  bo th  t o  the  process and t o  the  measured change 
i n  t hicknes s . 

I n  t h i c k  f ine-gra ined beds, compaction i s  a delayed process i n v o l v i n g  the  slow escape o f  
pore water and the  gradual t rans fe r  o f  s t ress  from neu t ra l  t o  e f fec t i ve .  U n t i l  s u f f i c i e n t  
t ime has passed f o r  excess pore pressure t o  decrease t o  zero, measured values o f  compaction 
a re  t rans ien t .  

COMPACTION, RESIDUAL 

Compaction t h a t  would occur u l t i m a t e l y  i f  a given increase i n  app l ied  s t ress  were maintained 
un t i l  steady-state pore pressures were achieved, but had not occurred as o f  a spec i f i ed  t ime 
because excess pore  pressures s t i l l  ex i s ted  i n  beds o f  low d i f f u s i v i t y  i n  the  compacting 
system. It can a l so  be de f ined as the  d i f f e rence  between (1) the  amount o f  compaction t.hat 
w i l l  occur u l t i m a t e l y  f o r  a given increase i n  app l ied  stress, and ( 2 )  t h a t  which has occurred 
a t  a s p e c i f i e d  time. 

COMPACTION, SPECIFIC (L3F-') 

The decrease i n  thickness o f  deposits, pe r  uni t  o f  increase i n  app l ied  stress, dur ing  a 
s p e c i f i c  t ime per iod.  

CONE OF DEPRESSION 

A cone o f  depression i n  the  water table,  developed around a pumping w e l l  and extending 
throughout the  area o f  i n f l uence  o f  a w e l l  ( a l s o  see drawdown). For an a r tes ian  aqu i fe r ,  t h i s  
can be c a l l e d  the  "cone o f  pressure r e l i e f "  (Tolman, 1937). 
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CONFINED AQUIFER 

Same as a r tes ian  aqu i fe r .  

CON SOL IDAT ION 

The gradual reduc t ion  i n  the  water content ( v o i d  r a t i o )  o f  a sa tura ted  s o i l ,  as a r e s u l t  o f  an 
increase i n  the  pressure a c t i n g  on it, because o f  the  add i t i on  o f  ove r l y ing  sediments o r  t he  
app l i ca t i on  o f  an ex te rna l  load. A labora tory  t e s t  c a l l e d  a one-dimensional conso l ida t ion  
t e s t  (odometric t e s t ) ,  i s  performed on s o i l  samples t o  evaluate consol idat ion.  From such a 
t e s t  t he  c o e f f i c i e n t  o f  consol idat ion,  cv, u s u a l l y  reported i n  cm’sec-l , i s  ca l cu la ted  
as the r a t i o  

K 1  
cv  = - 

mv w 

where K i s  t he  hyd rau l i c  conduct iv i t y ,  m, i s  the  Coe f f i c i en t  o f  volume compress ib i l i t y ,  and 
i s  t he  uni t  weight of water. The theory o f  consol idat ion,  developed by Terzaghi, leads 

t o  a r e l a t i o n  between degree o f  conso l ida t ion  and time: 

I n  t h i s  expression U i s  t he  degree o f  consol idat ion,  t h a t  i s ,  the  percentage o f  t o t a l  
conso l ida t ion  occur r ing  i n  some t ime t; cv i s  t he  c o e f f i c i e n t  of consol idat ion;  and H i s  
h a l f  o f  the  sample’s th ickness when the  odometric t e s t  i s  performed. 

DRAWDOWN 

As water i s  withdrawn from an aqu i fe r  by a pumped wel l ,  the  ground-water l e v e l  i s  lowered. 
Drawdown i s  the  distance the water t a b l e  o r  pressure surface i s  lowered a t  a given p o i n t  (see 
a l so  cone o f  depression). 

EXTENSOMETER 

A n  instrument used f o r  measuring v e r t i c a l  deformation o f  f ine-gra ined beds i n  the  subso i l  
under stress.  V e r t i c a l  extensometers commonly are i n s t a l l e d  when land subsidence fo l l ows  
ground-water withdrawal. Extensometers a l s o  are  used t o  measure smal l  h o r i z o n t a l  
displacements. 

HEAD, HYDRAULIC, OR STATIC 

The s t a t i c  head i s  t he  height,  r e f e r r e d  t o  a standard datum, o f  t he  surface o f  a column o f  
water t h a t  can be supported by the s t a t i c  pressure a t  a given po in t .  The s t a t i c  head i s  t he  
sum o f  t he  e leva t i on  head and the  pressure head. 

HYDRAULIC CONDUCTIVITY, K ( L T - ~ )  

If a porous medium i s  i s o t r o p i c  and the  f l u i d  i s  homogeneous, t he  hyd rau l i c  conduc t i v i t y  o f  
t he  medium i s  the  volume o f  water a t  t he  e x i s t i n g  kinematic v i s c o s i t y  t h a t  w i l l  move i n  unit  
t ime under a unit hyd rau l i c  g rad ien t  through a uni t  area measured a t  r ight  angles t o  the  
d i r e c t i o n  o f  f low. I n  the  met r ic  system i t  may be expressed i n  cm sec-’; i n  Eng l i sh  u n i t s  
i t  may be expressed i n  f e e t  day-’ (see a l s o  pe rmeab i l i t y ) .  
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HYDRAULIC GRADIENT 

The change i n  s t a t i c  head pe r  unit  o f  d is tance i n  the d i r e c t i o n  o f  the maximum r a t e  o f  
decrease i n  head i f  no t  spec i f ied.  I f  d i f f e r e n t ,  d i r e c t i o n  i s  spec i f ied.  

HYDROCOMPACTION 

The process o f  volume decrease and densi ty  increase t h a t  occurs when mois ture-def ic ient  
deposi ts compact as they are wetted f o r  the f i r s t  t ime since b u r i a l .  This type o f  land 
sett lement has a l s o  been c a l l e d  "shal low subsidence." 

LAND SUBSIDENCE 

Sinking o r  set t lement o f  the l and  surface, due t o  diverse causes and genera l ly  occurr ing on a 
l a r g e  scale. Usual ly  t he  term r e f e r s  t o  t h e  v e r t i c a l  downward movement o f  t h e  land surface 
al though small-scale h o r i z o n t a l  movements may be present. The term does not  i nc lude  
lands l i des  which have large-scale h o r i z o n t a l  displacements, o r  set t lement o f  a r t i f i c i a l  f i l l s .  

PERMEABILITY 

The capaci ty  o f  rock o r  $ s o i l  t o  t ransmi t  f l u i d  under the combined a c t i o n  o f  g r a v i t y  and 
pressure. Permeabi l i ty  i s  expressed as the v e l o c i t y  w i t h  which water, under the in f luence o f  
a given d i f f e rence  i n  head, passes through a porous medium having a c e r t a i n  cross sect ion and 
thickness. Permeabi l i ty  i s  dependent on the s ize and shape o f  the pores o f  the porous medium 
and i t  can be reduced by compaction (see a l s o  hyd rau l i c  conduc t i v i t y ) .  

PHREATIC AQUIFER 

Same as unconfined aqui fer .  

PHREATIC SURFACE 

Same as water tab le.  

PIEZOMETRIC SURFACE 

An imaginary surface co inc id ing  w i t h  t he  head o f  the water i n  an aqui fer .  (A lso see 
po ten t i omet r i c  surface.) 

POTENTIOMETRIC SURFACE 

A surface which represents the s t a t i c  head. As r e l a t e d  t o  an aqui fer ,  i t  i s  def ined by the  
l e v e l s  t o  which water w i l l  r i s e  i n  t i g h t l y  cased we l l s  (USGS). Also c a l l e d  piezometr ic 
surface i n  many countr ies.  

REBOUND 

A n  upward movement o f  s o i l  as a consequence o f  a decrease i n  e f f e c t i v e  stress.  I n  
f ine-grained s o i l s ,  rebound i s  usua l l y  much less  than the amount o f  compaction, since t h e  
l a t t e r  i s  most ly i r r e v e r s i b l e .  
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RECOVERY 

The water- level  r i s e  i n  a w e l l  occur r ing  upon the  cessat ion of discharge from t h a t  w e l l  o r  a 
nearby we l l .  

STRESS , APPLIED ( FL-2 

The downward s t ress  imposed a t  an aqu i fe r  boundary. It d i f f e r s  from e f f e c t i v e  s t ress  i n  t h a t  
i t  def ines on ly  the  ex te rna l  s t ress  tending t o  compact a deposi t  r a t h e r  than the  
grain-to-grain s t ress  a t  any depth w i t h i n  a compacting deposit.  

STRESS ,' EFFECTIVE ( FL-2 

Stress (pressure) t h a t  i s  borne by and t ransmi t ted  through the  grain-to-grain contacts o f  a 
deposit,  and thus a f f e c t s  i t s  p o r o s i t y  o r  v o i d  r a t i o  and o ther  phys i ca l  p roper t ies .  I n  
one-dimensional compression, e f f e c t i v e  s t ress  i s  t he  average grain-to-grain l oad  pe r  un i t  area 
i n  a plane normal t o  the  app l i ed  stress.  A t  any given depth, t he  e f f e c t i v e  s t ress  i s  t he  
weight (per ,un i t ,  area) o f  sediments and moisture above the  water table,  p l u s  the  submerged 
weight (per  uni t  area) o f  sediments between the  water t a b l e  and the  spec i f i ed  depth, p l u s  o r  
minus the  seepage s t ress  (hydrodynamic drag) produced by downward o r  upward components, 
respect ively,  o f  water movement through the saturated sediments above the  spec i f i ed  depth. 
Thus, e f f e c t i v e  s t ress  may be de f ined as the  a lgebra ic  sum o f  the two body stresses, 
g r a v i t a t i o n a l  s t ress  and seepage stress.  E f f e c t i v e  s t ress  may a l so  be de f ined as the  
d i f f e rence  between geos ta t i c  and n e u t r a l  stress. 

STRESS, GEOSTATIC ( F L - ~ )  

The t o t a l  load  p e r  unit  area o f  sediments and water above some p lane o f  reference. It i s  the  
sume of (1) the  e f f e c t i v e  s t ress  and ( 2 )  t he  n e u t r a l  stress.  

STRESS, NEUTRAL ( F L - ~ )  

F l u i d  pressure exerted equa l ly  i n  a l l  d i r e c t i o n s  a t  a p o i n t  i n  a saturated deposi t  by the  head 
o f  water. Neu t ra l  pressure i s  t ransmi t ted  t o  the  base o f  the  deposi t  through the  pore water, 
and does n o t  have a measurable in f luencé on the  v o i d  r a t i o  o r  on any o ther  mechanical p roper t y  
o f  t he  deposits. 

STRESS, PRECONSOLIDATION ( F L - ~ )  

The maximum antecedent e f f e c t i v e  s t ress  t o  which a depos i t  has been subjected, and which i t  
can withstand w i thout  undergoing a d d i t i o n a l  permanent deformation. Stress changes i n  the  
range l e s s  than the  preconso l ida t ion  s t ress  produce e l a s t i c  deformations o f  smal l  magnitude. 
I n  f ine-grained mater ia ls,  s t ress  increases beyond the  preconso l ida t ion  s t ress  produce much 
l a r g e r  deformations t h a t  are p r i n c i p a l l y  i n e l a s t i c  (nonrecoverable). 

STRESS , SEEPAGE ( FL-2 ) 

When water f lows through a porous medium, fo rce  i s  t r a n s f e r r e d  from the  water t o  the  medium by 
viscous f r i c t i o n .  The fo rce  t r a n s f e r r e d  t o  the  medium i s  equal t o  the  l oss  o f  hyd rau l i c  
head. Th is  force, c a l l e d  the  seepage force, i s  exerted i n  the  d i r e c t i o n  o f  f low. 

SUBSIDENCE/HEAD-DECLINE RATIO 

The r a t i o  between land  subsidence and hyd rau l i c  head dec l ine  i n  the  coarse-grained beds o f  t he  
compacting aqu i fe r  system. 
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UNCONFINED AQUIFER 

A geologic format ion o f  permeable m a t e r i a l  t h a t  has a water t a b l e  as the  upper surface. 

WATER TABLE 

The upper surface o f  the  zone o f  sa tu ra t i on  i n  a ph rea t i c  aqu i fe r  i n  which the  pressure i s  
atmospheric. 

WELL, ARTESIAN 

A w e l l  t h a t  takes water from a pressure water body. 
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Appendix E. Metric conversion table 

M u l t i p l y  inch-pound unit - BY 

inch 25.4 

f oo t  ( f t )  O. 3048  

f oo t  p e r  m i l e  ( f t / m i )  O .  1 8 9 4  

m i l e  ( m i )  1 .609 

0.45 ---- pound .---------------------------- 

f t 2 )  O. 0929 

mi ' )  2.590 

0.405 

acre- foot  ( a c r e - f t )  1,233 

square foot  

s q u a r e  m i l e  

ac re  

cubic foo t  ( f t 3 )  

acre- foot  p e r  square m i l e  
( a c r e - f t / m i 2 )  

ga l lon  p e r  m i n u t e  ( g a l / m i n )  

" TüEic  foo t  p e r  second p e r  s q u a r e  
m i l e  ( f t ' / s )  / m i 2 1  

f t  per  y e a r  ( f t / y r )  --------------- 
ga l lon  p e r  day p e r  s q u a r e  f oo t  

( ga l /d/f  t 1 

ton ( s h o r t )  

g a l l o n  p e r  day per  foo t  ( g a l / d / f t )  

pound p e r  cubic foot  ( i b / f t 3 )  

pounds p e r  square i nch  ( p s i )  

3.785 ---- 
O. O0 3785 

0.0283 

476  

6 . 3 0 9 ~ 1 0 - ~  

o. 0 1 0 9  

9 . 7 ~ 1 0 - ~  --- 

4 . 7 1 6 ~ 1 0 - ~  

O. 9 0 7 2  

1 .4  3 3 ~ 1 0 - ~  

16.05 

0 .07  

To obtain m e t r i c  uni t  

m i l l i m e t r e  (nun) 

m e t r e  (m) 

m e t r e  per  k i l o m e t r e  (m/km) 

k i l o m e t r e  (km) 

k i  i o g r a m  ( k g )  

s q u a r e  m e t r e  (m 2 

square k i l o m e t r e  ( Ian2) 

hectare ( h a )  

cubic m e t r e  (m3) 

l i t r e  ( 1 )  
cubic m e t r e  (m3) 

cubic m e t r e  (m3)  

cubic m e t r e  p e r  s q u a r e  k i l o m e t r e  (m3/km2) 

cubic m e t r e  p e r  second (m3/s)  

cubic m e t r e  p e r  second p e r  square k i l o m e t r e  
[ ( m3/s 1 /km2 1 

c e n t i m e t r e s  p e r  second (cm/s )  

c e n t i m e t r e  p e r  second (cm/s )  

m e t r i c  ton ( t )  

s q u a r e  c e n t i m e t r e  p e r  second (cm2/s) 

k i l o g r a m  p e r  cubic m e t r e  (kg/m3) 

k i l o g r a m s  p e r  square c e n t i m e t r e  ( kg/cm2) 
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ERRATA 

Page 10 

Page 50 

Page 70 

Page 104 

Pogc 106 

Page 182 

Page 233 

Page C-1 

Page D-2 

Page D-3 

Last data entry o f  tab le  1.1 should read ">15cm" 

Last l i n e  o f  t e x t  should read "load change A p '  

Line 4 o f  t e x t  should read "smaller than 4-um" 

In tegra l  term o f  equation (5.23) should s t a r t  w i t h  

" 

s (x,y,d)rF" 
36 

Equation (5.34) should end as "-F(t-6)36" 

K o f  Tokyo Group should be "2.1 x i o - *  cm/sec" 

S y m b o l  i n  penultimate l i n e  o f  para raph 2 i s  
incomplete; should read "12 m do' 
Term f o r  symbol e should read "void r a t i o "  

Equation i n  l i n e  3 o f  Coef f i c ien t  o f  compressibi l i ty  
should read 

,*av = eo - e A p" 

I n  Consolidation, symbol y f o r  u n i t  weight y w  i s  
missing from the equation and t h e  tex t ,  two l i n e s  
below. 

Guidebook t o  studies o f  land subsidence due to  ground-water 
withdrawal. Studies and reports i n  hydrology 40. 
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