Contents

Pr ef ace

Part

N

w

e
N~NouohwNR

NRONRPNNNNNMODNNNNDNDNDNDD

PWRONNNNNNNNNNNNN R

W W 0 W W W W W
e

PRAPPORWWWONE

N -

N -

WN P

abhwnNPE

wWN P

Manual . The occurrence, neasurenent, nechanics, prediction,
and control of subsidence

Introduction, by Wrking Goup 8.4, International Hydrol ogical Programe

Background i nformati on

Pur pose and scope of gui debook
Cccurrence of subsidence

Ceol ogi cal environments of occurrence
Probl ens and renedi al steps

Acknow edgnent s

Ref er ences

Fi el d neasurenent of deformation, by Joseph F. Pol and, Soki Yanmanoto,
and Wirki ng Goup

I ntroduction

Vertical displacenent

Precise leveling by spirit leveling

O her techniques for measuring | and-surface displacenent
Ext ensoneter wells

Si ngl e and doubl e pi pe extensoneters
Anchor ed- cabl e and pi pe extensoneters
Slip joints

Tel escopi ¢ ext ensonet er

Ext ensonet er records

O her techniques of subsurface nmeasurenent
Gener al

Casi ng-col | ar | oggi ng

Radi oacti ve-bull et | oggi ng

Hori zontal di spl acenent

Land- surface di spl acenent

Subsur face di spl acenent

Ref er ences

Mechani cs of |and subsidence due to fluid withdrawal, by Joseph F. Pol and
and Wirki ng Group

I ntroduction

Theory of aquifer-system conpaction

Anal ysis of stresses causi ng subsidence
Types of stresses

Conput ati on of stress change
Conpressibility and storage characteristics
Stress-strain analysis

Soi | - mechani cs t echni ques

The conpressibility environnment

Ref er ences



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

NNNNNNOOAWN R

el ettt at ot ol o E o o alatatals
oo IMIMNDIMDPMDIMBIADIMDIMWONE
O WNPEP

51

511
512
5.2

521
5.2.2
523
524
5.3

53.1
53.2
5.3.3
534
535
5.3.6

ONNNOUTAWNR

Laboratory tests for properties of sedinents in subsiding areas, by

A. |. Johnson and Working G oup

I ntroduction

Fi el d sanpling

Conposite | ogs of core holes

Met hods of | aboratory anal ysis
Particle-size distribution
Perneability

Unit wei ght

Specific gravity of solids
Porosity and void ratio

Moi sture content

Atterberg limts

Liquid limt

Plastic limt

Consol i dati on

Results of |aboratory anal yses
Particle-size distribution

Sedi nent classification triangles
Statistical measures

Pernmeability

Specific gravity, unit weight, and porosity
Atterberg limts and indices
Consol i dati on

Estimating the conpression index
Correl ation of conpression indices
Estimati ng coefficients of consolidation
Ef fect of soil classification

Rel ati onshi p of consolidation characteristics and liquid linmts

Ref erences

Techniques for prediction of subsidence, by German Figueroa Vega,
Soki Yamamoto, and Working Group (Section 5.3.6 by Donald C. Helm)

Empirical methods

Extrapolation of data by naked eye
Application of some suitable curve: Nonlinear extrapolation
Semi-theoretical approach
Wadachi's (1939) model

Ratio of subsidence volume to liquid withdrawal

Ratio of subsidence to head decline

Clay content-subsidence relation

Theoretical approach

General remarks

Compressibility relationships and total potential subsidence
Differential equations of ground-water flow in an aquifer-aquitard system
Uncoupling the system and solving a simpler problem
Simplified subsidence modeling

Other types of subsidence models

5.3.6.1 Depth-porosity model
5.3.6.2 Agquitard-drainage model

5.3.6.3

54

6.1
6.2

vi

Influence of material within the unpumped overburden

References

Economic and social impacts and legal considerations, by Joseph F. Poland,

Laura Carbognin, Soki Yamamoto, and Working Group

General comments
Italy

89

89
89

94
96
100

101
102
103
105
106

112

119

89

93
93

100
100

107
110

114

119
119



Contents

6 Economi ¢ and social inpacts and | egal considerations, by Joseph F. Pol and
Laura Carbognin, and Soki Yamanoto--Conti nued

6.3 Japan 120
6.3.1 Soci oeconomi ¢ i nmpacts 120
6.3.2 Ground-water |aw in Japan 121
6.4 United States 122
6.4.1 Economi ¢ and soci al inpacts 122
6.4.1.1 Houston-Gal veston area, Texas 122
6.4-1.2 San Joaquin and Santa Cara Valleys, California 123
6.4.2 Legal devel opnents in California and Texas 123
6.5 Ref er ences 125
7 Revi ew of nethods to control or arrest subsidence, by Joseph F. Pol and

and Wirki ng Group 127
7.1 Summary of avail abl e nmet hods 127
7.1.1 Ceneral statenent 127
7.1.2 Reduct i on of punping draft 127
7.1.3 Artificial recharge of aquifers fromthe |Iand surface 127
7.1.4 Repressuring of aquifers through wells 128
7.2 Revi ew of nethods used 128
7.2.1 Summary st at enent 128
7.2.2 Shanghai, Chi na 129
7.2.3 Veni ce, Italy 129
7.2.4 Japan 129
7.2.5 United States 130
7.3 Ref er ences 130
Part |l Case histories of |and subsidence due to ground-water w thdrawa
8 Types of |and subsidence, by Alice S. Allen 133
8.1 I ntroduction 133
8.2 The rol e of subsurface solution in subsidence 133
8.2.1 Sal t 133
8.2.2 Gypsum 134
8.2.3 Car bonat e rocks 135
8.3 The rol e of subsurface nechanical erosion in subsidence 135
8.4 Lateral flow as a subsidence nmechani sm 137
8.5 Conpaction as a cause of subsidence 137
8.5.1 Loadi ng 137
8.5.2 Dr ai nage 138
8.5.3 Vi bration 138
8.5.4 Extraction of pore fluids 138
8.5.5 Hydr oconmpacti on 138
8.6 Tect oni ¢ subsi dence 139
8.6.1 Di scussi on 139
8.7 Ref er ences 139
9 Case histories 143
9.1 Latrobe Valley, Victoria, Australia, by CS doe 145
9.2 Shanghai, China, by S. Luxiang and B. Manfang 155
9.3 Venice, Italy, by L. Carbognin, et al. 161
9.4 Tokyo, Japan, conpiled by S. Yananoto 175
9.5 Gsaka, Japan, conpiled by S. Yamanoto 185

Vii



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

9 Case histories--Continued

9.6 Nobi Pl ain, Japan, conpiled by S. Yamanoto

9.7 Ni i gata, Japan, conpiled by S. Yananoto

9.8 Mexico, D.F., Mexico, by G E Figueroa Vega

9.9 Wi rakei, New Zeal and, by P. F. Bixley

9.10 Bangkok, Thailand, conpiled by S. Yamanoto

9.11 Al abama, U.S. A, by J. G Newton

9.12 Houst on- G aveston Regi on, Texas, U S. A, by R K Gbrysch
9.13 San Joaquin Valley, California, U S. A, by J. F. Poland and B. E. Lofgren
9.14 Santa Clara Valley, California, U S A, by J. F. Poland

9.15 Ravenna, Italy, by L. Carbognin, et al.

Appendi xes

A Instrunent capabilities for measuring |and-surface displacenent
B. Capabi lities of existing subsidence nonitoring instrunents

C. Li st of synmbols used in text, part |

D. d ossary

E. Metric conversion table

viii

195
205
217
233
241
245
253
263
279
291

Al
B-1
C1
D1
E-1



