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Introduction

| Introduction, by Working Group 8.4, International
Hydrological Programme

1.1 BACKGROUND | NFORVATI ON

The increasing exploitation of ground water, especially in basins filled with unconsolidated
al luvial, lacustrine, or shallow marine deposits, has as one of its consequences the sinking or
settlement of the land surface--land subsidence (see d ossary, Appendix D).

The occurrence of major |and subsidence due to the withdrawal of ground water is relatively
conmon i n highly devel oped areas. Case studi es on | and subsi dence and on renedi al nmeasures taken
wi Il be useful for devel oping areas facing simlar problens in the future.

The problens of land subsidence were included in the programme of the International
Hydrol ogi cal Decade. During the Decade the major action with respect to | and subsi dence was the
organi zation of the International Synposium on Land Subsidence held in Tokyo in 1969. The
subj ect has al so been retained under the franework of the International Hydrol ogi cal Programe
and included in the work plan for the first phase of the Programe (1975-1980) as | HP subproj ect
8. 4.

In April 1975, the Intergovernmental Council for the International Hydrol ogi cal Programe,
at its first session in Paris, established a Wrking Goup for coordination of |HP subproject

8.4, "lnvestigation on |land subsidence due to ground-water exploitation." The Wrking G oup
nmenbers are listed below In addition, A |. Johnson, Vice President of the International
Associ ati on of Hydrological Sciences, was the designated liaison from that international

or gani zati on.
UNESCO Wor ki ng Group on Land Subsi dence

Due to G ound-Water Wt hdrawal

M. Joseph F. Pol and, Chairnan M. lvan Johnson

U S. Geol ogical Survey Representative of |AHS

Rm W 2528, Federal Building Wodwar d- Cl yde Consul tants
2800 Cottage Wy 2909 West 7th Avenue
Sacranento, California 95825 Denver, Col orado, 80204

Mr. German Figueroa Vega Mr. Soki Yamamoto

Comision de Aguas de Valle de México Rissho University

Balderas No. 55-20. Piso. 4-2-16 Osaki, Shingawa-ku

México 1, D.F. Tokyo 141, Japan

Ms. Laura Carbognin
National Research Council
1364 San Polo

Venice, Italy 30125

1.2 PURPOSE AND SCOPE OF GUI DEBOOK

The group was asked to prepare a gui debook on subsi dence due to ground-water wi thdrawal, paying
particular attention to neasures to control and arrest subsidence, the use of artificial
recharge, and the repressuring of aquifers. The goal was to produce a gui debook that will serve
as a guide to engineers, geologists, and hydrol ogi sts faced with the probl emof |and subsidence,
particularly in devel oping countries. They may be asked to answer the questions of whether |and
subsi dence is occurring, if so, where and at what rate, the cause or causes, and what can be
done to stop it or at least slowit down. The gui debook should be of assistance in planning and
undertaking the field studies.
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The first session of the Wrking Goup was held in Decenber 1976 in connection with the
Second | AHS- UNESCO | nternati onal Synposium on Land Subsidence in Anaheim California. At that
nmeeting the group drafted the general outline of the gui debook and deci ded on the distribution
of work.

The gui debook is organized in tw parts. Part | is a nmanual of seven chapters on the
occurrence, nmeasurenent, nechanics, prediction, and control of land subsidence due to
groundwat er withdrawal. It has been prepared as a joint effort of the Wrking G oup nenbers.

Part Il is a series of invited case histories of |and subsidence due to ground-water
wi t hdrawal , prepared by individual authors. The first chapter in Part Il (Chapter 8) is a brief
di scussion of other types of |and subsidence witten by Ms. Alice Al len. Subsidence may occur
from many other causes than w thdrawal of ground water. Sonme occurrences are due to natural
causes and some are the work of man. Anyone investigating subsidence due to ground-water
wi t hdrawal should have at |east an elenentary know edge of other types of subsidence and the
geol ogic environments in which they are likely to occur. Al though the present discussion by M.

Allen is brief, it contains 62 references, which should prove very helpful to the reader who
wi shes to | earn nore about any particul ar subsi dence process.
The second chapter in Part Il (Chapter 9) consists of 15 case histories of subsidence due to

ground-wat er wi t hdrawal , prepared by individual authors. These case histories cover a wi de range
of conditions and magnitudes of subsidence. O the occurrences described, 12 are areas of
ground-water withdrawal for use and 3 represent conditions where ground water is withdrawn as a
step in obtaining a resource. These are Latrobe Valley, Australia (withdrawal to permt mining
brown coal), Nigata, Japan (withdrawal to obtain natural gas), and Wirakei, New Zeal and
(wi t hdrawal of hot water for geothernmal power).

1.3 OCCURRENCE CF SUBSI DENCE

The chief source of information on areas of |and subsidence due to ground-water withdrawal is
the Questionnaire on Land-Subsidence OCccurrence, Research, and Renmedial Wrk that was
distributed worldwide in 1975-78 by A |. Johnson, then President of the International
Conmi ssion of Subsurface Water of |AHS. The results of this survey are being conpiled for
publication by UNESCO and | AHS. O her sources of data are (1) the 15 case histories in Part Il
of this casebook, (2) the Proceedings of the Ist International Synposiumon Land Subsi dence held
in Tokyo, Japan, in Septenber 1969, and (3) the Proceedings of the 2nd International Synposium
on Land Subsidence held in Anaheim California, in Decenber 1976.

Table 1.1, based on the information |isted above, summarizes infornation on 42 subsidence
areas worldw de, of which 18 are in the United States and 10 are in Japan (Figure 1-1).
Actual |y, Japan has the | argest nunber of subsiding areas of any country. According to Yamanoto
(1977, p. 9 and Figure 2), the nunber of subsiding areas in Japan has reached 40 and is still
i ncreasing. Mst of the subsidence is due to ground-water withdrawal from thickly popul ated
topographically | ow areas bordering the ocean. Only the 10 chief subsidence areas in Japan due
to ground-water wi thdrawal are reported in Table 1.1 and shown in Figure 1.1. Al of these
border the ocean.

In terms of vertical magnitude, the subsiding areas listed in Table 1.1 range fromreported
m nor casing protrusion i n Bangkok, Thailand, and 0.15 mof subsidence in Venice, Italy, to 15 m
in the Cheshire district of Great Britain where rock salt has been mned by solution since Roman
times. As a result of man-induced sinkhol e devel opment in carbonate terrane in Al abama, we even
have a reported maxi mnum of 37 m The areal extent of subsidence, worldw de, ranges from 10 knf
in the San Jacinto Valley to 13,500 knf in the San Joaquin Valley, both in California (USA).

Figure 1.2 shows the geographic |ocation of the 17 areas in the United States (exclusive of
the Al abama sinkhole area) on a nmap of conterminous United States. Subsidence of the |and
surface in the 17 areas ranges from 0.3 m at Savannah, Georgia to 9 m on the west side of the
San Joaquin Valley (Los Banos-Kettleman City area) in California (Figure 1.3). Subsidence
exceeding 1 netre occurs in four States: Texas, Arizona, Nevada, and California. The areal
extent ranges from 10 kn? in San Jacinto Valley, California, to 13,500 kn? in the San Joaquin
Valley. California is the State ranki ng nunber one for the dubious honor of having the |argest
area of subsidence --about 16, 000 knf. Close behind is Texas wth 12, 000 km’-; and Arizona is
third with 2,700 kn?.
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Figure 1.1 Chi ef subsi dence areas in Japan.
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Introduction

1.4 GEOLOG CAL ENVI RONMENTS OF OCCURRENCE

Subsi dence due to ground-water w thdrawal develops principally wunder two contrasting
environnents and nechanics. One environnent 1is that of carbonate rocks overlain by
unconsol i dated deposits, or old sinkholes filled with unconsolidated deposits, that receive
buoyant support fromthe ground-water body. Wien the water table is | owered, the buoyant support
renoved, and the hydraulic gradient increased, the unconsolidated material may nove downward
into openings in the underlying carbonate rocks, sonetines causing catastrophic collapses of the
roof. In A abama, according to J. G Newton (1977 and Chapter 9.11), an estimted 4,000 nan-
i nduced si nkhol es have formed since 1900 in contrast to less than 50 natural collapses. In the
United States manmade sinkhole occurrence is conmon in carbonate terranes from Florida to
Pennsyl vani a, nunbering many thousands. The individual sinkhole area is snmall, however, the
diameter wusually ranging from 1 to 100 m (Stringfield and Rapp, 1977). Carbonate terrane
susceptible to sinkhole formation when the water table is |owered occurs in many parts of the
world. In populated areas the formation of sinkholes can produce a variety of problens rel ated
to the maintenance of manmade structures and the pollution of water supplies. Newton discusses
sone of these problems in Chapter 9.11. The overall subject is broad and beyond the scope of
thi s gui debook.

The other environment and by far the npbst extensive occurrence is that of young
unconsol i dated or semi consolidated clastic sedinments of high porosity laid down in alluvial
I acustrine, or shallow marine environnments. Al nost all the subsiding areas included in Table 1.1
are underlain by semconfined or confined aquifer systens containing aquifers of sand and/or
gravel of high pernmeability and |ow conmpressibility, interbedded with clayey aquitards of |ow
vertical perneability and high conpressibility under virgin stresses. Al the conpacting
deposits were nornally |oaded, or approximately so, before nman applied stresses exceeding
preconsol idation stress. These aquifer systens conpact in response to increased effective
stress caused by artesian-head decline in the coarse-grained aquifers and tinme-dependent pore-
pressure reduction in the fine-grained conpressible aquitards, causing |and-surface subsidence.

O the principal clay mnerals--montnorillonite, illite, and kaolinite--nmontnorillonite is
the nost conpressible. Montnorillonite is the predom nant clay mneral in the conpacting aquifer
systens in southwestern United States--California (Meade, 1967), south-central Arizona (Pol and,
1968), and Texas (Corliss and Meade, 1964)--also in Mexico Cty (Marsal and Mazari, 1959).
Montmorillonite conprises 60 to 80 per cent of the clay-mneral assenblage in each of these
areas. Illite is the chief clay mneral in the Taipei basin (Hvmang and Wi, 1969), and in the
Quat ernary deposits in Tokyo (Tokyo Metropolitan Govt., 1969).

Anot her occurrence of subsidence due to ground-water withdrawal that is not represented in
Table 1.1 has devel oped at many sites in Sweden and Norway and probably in other glaciated areas
of simlar geologic and hydrol ogi c environments. According to Broms, Fredriksson, and Carlsson
(1977), nost of the bedrock in Sweden is crystalline rock, favorable for construction of
underground structures, especially tunnels, because of high strength and because |oose and
weat hered parts have been renoved by the glaciation. After the |latest glaciation, clay and silt
were deposited on a thin layer of till or sand and gravel resting on the bedrock surface
especially in bedrock depressions that conmonly are indicative of tectonic zones deepened by the
ice. The areas covered with clay are small but the urban regions are nostly in these areas. Deep
tunnel s cutting through tectonic zones act as drains, |lowering the pore-water pressure first in
the pervious bottom |l ayers (confined aquifers), and then gradually (over a period of years) in
the overlying clay layer. Broms and others (1977) describe damages cause by this type of
subsi dence and steps that can be taken to nmitigate or prevent the subsidence. They can be
summari zed as foll ows:

1. Before the construction of a tunnel, by avoiding areas which can be affected by sub-
si dence

2. During the construction, by pregrouting;

3. After the construction, by grouting, in order to reduce the | eakage or by artificia
infiltration of water to nmaintain the pore pressure in the conpressible |ayers

Moreover it is often possible to decrease the subsidence in soft clays by preloading. It is also
possible to preload the conpressible layers in advance by tenporarily |owering the groundwater
| evel by punping fromdeep wells.
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1.5 PROBLEM5S AND REMEDI AL STEPS

Princi pal problenms caused by the subsidences listed in Table 1.1 are (1) differential changes in
el evation and gradi ent of stream channels, drains, and water-transport structures, (2) failure
of water-well casings due to conpressive stresses generated by conpaction of aquifer systens,
(3) tidal encroachment in low and coastal areas, and (4) in areas of intensive subsidence,
devel opnent of tensional or conpressional strain in engineering structures. Additional details
on problenms are discussed in the case histories of Chapter 9.

Rermedi al or protective measures of sone sort have been taken in 10 of the 15 case-history
areas and 30 of the 42 areas listed in Table 1.1. The various steps that have been taken to

control or aneliorate subsidence will be discussed in Chapter 7. The nethods enployed and the
results attained should be of interest to anyone facing a subsi dence problemdue to water-1evel
decline from overpunping. In Part | of this guidebook, frequent reference will be nade to

pertinent case histories.
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2 Field measurement of deformation, by Joseph F.
Poland, Soki Yamamoto, and Working Group

2.1 | NTRODUCTI ON

Decline of the water level in wells causes increase in effective stress--that is, increase in
the part of the overburden load that is supported by the sedi ments being stressed. The resulting
strain is primarily expressed as a vertical shortening or conpaction of the stressed sedi nents
and consequent subsidence of the land surface. Horizontal displacenent also occurs but in a
| esser anount.

In this chapter we wll describe briefly the methods used for neasuring vertica
di spl acenent of the land surface (subsidence or uplift), vertical displacement of subsurface
deposits (conmpaction or expansion), horizontal displacenent of the |and surface, and horizonta
di spl acenent of subsurface deposits.

2.2 VERTI CAL DI SPLACEMENT

2.2.1 Precise leveling by spirit leveling

The el evati on of bench marks at |and surface commonly is determ ned by precise |eveling, using
an engineer’'s level and a level rod. This is the npbst practical nethod for neasuring vertica
di spl acenent of bench marks in nonitoring subsidence. Equi pment and procedures are described

briefly in nost engineer’s handbooks and in detail in "The Manual of GCeodetic Leveling"
(Rappl eye, 1948). Once a network of bench marks has been established and surveyed by precise
| eveling, a second survey at sonme |later date will show whether vertical noverment has occurred,

where, and how nuch.

The bench-mark net should be designed to cover the area known or suspected to be subsiding
and to extend into a broader regional network at two or three reference bench marks assumed to
be stabl e because they are on bedrock or for sone other reason. The bench-mark net can be tied
to a tidal bench mark if the subsiding area is near the seacoast. Spacing of bench marks in the
net is normally in the range of 400 to 1,000 m but may be nuch closer in areas of special
interest, such-as ties to structures, or a closely spaced set of bench marks to define novenent
on surface faults. Bench marks shoul d be pl aced where danger of destruction is mnimal. They are
installed as permanent marks that in the past usually have consisted of a brass cap, suitably
identified, and grouted into a concrete bl ock or post, into bedrock, or attached securely to the
top of a pipe or rod. As the need for greater accuracy and for elimnating surficial
di sturbances has increased, "deep-seated" bench narks are being installed in increasing
nunbers. They consist of rods 5 to 10 mlong, driven into the ground and protected by an outer
sl eeve through the top 3-4 m the zone of surficial disturbances (such as frost-heave,
dessication, swelling, oxidation, root growh, and animal burrowing). This type of cased-rod
bench mark is particularly well suited for use in nonitoring areas of present or potential |and
subsi dence where annual elevation changes of a few mm may be of interest if they represent
el astic response of an aquifer system but should be elimnated if they represent surficia
di st ur bance.

To reduce vandalism a mark that is | ess obvious than a brass cap should be used. A convex-
headed bolt or pin, projecting a few nm above the concrete or pipe-cap, or a carriage bolt with
a nut on the enbedded end can be used. The bench-nmark designation can be scribed in the concrete
before it hardens.?

! Detail on installation and protecting of bench marks is available in a publication of the
National GCceanic and Atnmospheric Administration (NOAA). Rockville, M, USA 20852. Entitled
Ceodetic bench marks, by R P. Floyd, it is NOAA Manual NOS NGS1, 1978, 50 pages
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Near - surface deposits may contain organic materials subject to bacterial deconposition and
consequent settlenent of the land surface when the water table is lowered in order to grow
crops. Such conditions exist in the peat beds of the Fens in England, in the Florida Evergl ades
(Stephens and Johnson, 1951), and in the Sacranento-San Joaquin Delta in California (Wir
1950). In such areas, bench marks installed to measure change in el evation of subjacent deposits
shoul d be rods or pipes driven firmy into the subjacent deposits and preferably protected from
change in the thickness of the overlying organic deposits by an outer pipe sleeve. Furthernore,
structures that extend down to the subjacent deposits, such as bridge piers or tidal gages, can
serve as sites for the establishnment of additional bench marks

Figure 2.1 shows the network of level lines established by the United States Coast and
Ceodetic Survey (now National Geodetic Survey) in the subsidence area of the Santa Clara Valley
in northern California. This network, which is 400 kmlong, was first leveled in 1934 and has
been releveled 11 tines since then. Note that three transverse lines extend southwest into
consol i dated rock and across the well-known San Andreas fault, and three extend east across the
Hayward fault. Both faults are active.

In bench-mark surveys of subsiding areas, the leveling may be of first or second order.

First order class | leveling is double run and requires that the allowabl e discrepancy between
duplicate lines does not exceed 3. /K mm where K is the length of the bench-mark line in
kil ometres. Second order class | leveling requires a closure of not to exceed 6.K nm and
costs half to two-thirds as nmuch per kilometre as first order class |I. Partly because of the
di fference in cost between first-order | eveling and second-order leveling, it is conmon practice
in resurveying a network in a subsiding area to select principal lines for first-order

releveling and secondary |lines for second-order releveling. It is extrenely inmportant that ties
to "stable" ground, to consolidated rock, or to tidal gages, should be included in the first-
order |eveling.
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Figure 2.1 Map showi ng network of level lines in the San Jose subsidence area, Santa O ara
Valley, California (nodified after National GCeodetic Survey; nunbers identify
| evel lines).
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The releveling pattern at Niigata, Japan, is illustrated in Figure 2.2. The principa
first-order leveling lines are identified by the larger circles ("First Cass Bench") and those
for second-order leveling by the snmaller circles. Furthernore, the network is divided into three
zones based on rate of subsidence and the econom c significance of subsidence: the coastal area
nort heast of Uchino is releveled every half year, the zone northeast of Yahi ko once a year, and
the inland zone north of Nagaoka every two years.

Saving tine is another reason for using second-order |leveling on the secondary lines in a
subsi ding area. The second-order leveling will cover the distance about twice as fast as first
order leveling. In an area that is subsiding 15 to 30 cmper year, a junction point could settle
1 to 3 cm by the tine a loop is closed. Any procedures that reduce loop closing tine are
beneficial. The time of year when the leveling is done is inportant in a heavily punped basin
for exanple, one where the annual fluctuation of artesian head is 10-30 m Commonly the water
level in wells is drawn down in the spring and sumer and rises in the autum and w nter when
wi thdrawal is |less. Hence, effective stresses are nuch greater in the sumer than in the w nter

¢ First Class Bench
o Second Class Bench

______ Half year cycle

, NIIGATA
———Une year cycle

—— Two years cycle

Figure 2.2 Distribution of bench marks in Niigata,
Japan.
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and the full annual conpaction of the aquifer system may occur in 5 to 6 nonths (see Lofgren
1968, Figure 3). In such areas, |eveling should be acconplished during or immediately follow ng
the period of rising water |evel when conpaction and subsi dence are m ni nal

Al'l the subsidence maps in the case histories of Part Il were prepared from change in the
el evation of bench marks surveyed at two different times by the leveling procedure. If the
bench-mark net has been rel evel ed several tines, the magnitude and distribution of subsidence
along a line of bench marks can be shown as a series of profiles, one for each releveling,
referred to a common base. Figure 9.14.4 is an exanple of a series of 10 subsidence profiles
drawn from surveys from 1919 to 1967, all referred to a 1934 base. 1934 was the first year that
the entire line of bench marks was surveyed

Leveling is a labor-intensive procedure, and as a result the cost has doubled in recent
years. The cost of constructing a pipe extensoneter that extended to the base of the fresh
ground-water reservoir or to the depth tapped by the deepest water wells mght well be | ess than
the cost of one releveling of an extensive bench-mark network 300 to 600 km in |length. An
extensoneter placed near the center of a subsidence area could furnish a continuous record of
| and- surface position and thus woul d be a subsi dence nmonitor, provided that (1) no conpaction of
sedi nents occurred at depths beneath the extensonmeter footing, and (2) no vertical tectonic
novenent devel oped. As a subsidence nmonitor, it would furnish informati on needed to decide when
to relevel the bench-mark net. Furthernore, under such circunstances, the top of the inner pipe
of a pipe extensoneter (see Figure 2.5B) would be a reference bench mark of constant el evation
and hence a fixed tie for releveling the net. Such a constant reference bench mark near the
center of a bench-mark net could elimnate the need for releveling to a regional reference bench
mar k many kil ometres distant.

A gui delines manual for surface nonitoring of geothermal areas (Van Til, 1979) was prepared
recently to serve as a guide to nonitoring the magni tude and direction of |and-surface novenents
prior to, during, and foll owi ng withdrawal of geothermal fluids fromthe ground. This manual not
only di scusses the design of systens and procedures for nonitoring subsidence but al so descri bes
the capabilities and limtations of instrunents available for nonitoring purposes. Anyone
concerned with the design or operation of a subsidence nonitoring systemshould find the Van Ti
manual very helpful. Table D1 from this manual, sunmarizing instrument capabilities for
nmeasuring | and-surface displacenents, is included as Appendix A in this guidebook

2.2.2 O her techniques for neasuring | and-surface di spl acenent

O her instruments utilized in neasuring or nonitoring differential vertical displacenent at
land surface are the theodolite with retroreflective targets, capable of neasuring vertica

angles to 1 second of arc or better, nanoneters for nonitoring settlenment of structures or |and
surface, and tiltneters for nmeasuring ground tilt. Van Til (1979) has summarized in tabular form
the availability, performance characteristics, accuracy, and installation and operating
requirements of 8 types of manoneters and 6 types of tiltneters used for nonitoring vertica

di spl acenents at |and surface (see Appendix A). Tide gage records, float nmeasurenent on water
bodi es, and changes in drainage pattern also can be very helpful in defining differential

el evation changes or tilting.

2.2.3 Ext ensoneter wells

2.2.3.1 Si ngl e and doubl e pi pe extensometers

Ext ensonmeter wells that have been devel oped to neasure vertical novenent or change in thickness

of sediments or rocks are simlar in principle but vary in detail. Japanese scientists pioneered
in the developnent of this type of observation well. In the early 1930's they installed the
"single pipe well" (also called "single tube well") at several sites in Japan

The single pipe well (Figure 2.3A), if installed to a shallow depth and passing through
soft clay to an aquifer of sand or gravel, may accurately record by increased protrusion of the
pi pe at land surface the amount of conpaction that has occurred in the soft clay. However, at
depths greater than 50 to 100 m the weight of the overlying sedinents devel ops substantial
|lateral pressure on the pipe. This pressure, which increases with depth, increases the
frictional resistance to novenent and hence enhances the tendency for the pipe to nove
vertically in accord with the surrounding sedinments. Thus, as the depth to the conpacting
interval increases, the percentage of the conpaction that w Il appear as increased pipe
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Single Pipe Well Double Pipe Well
Compaction Compaction
recorder Hydrograph recorder Hydrograph

1-beam
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{nner iron pipe

Orilled hole
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Outer iron pipe

Iron pipe Centralizer

Cement grout

metal basket

Screen

Iron shoe

A
Screen
Sliding attachment
Case pipe
B
Figure 2.3 D agram of Japanese extensoneters. A, Single pipe well; B, Doubl e pipe well

(from Tokyo Metropolitan Gov't, 1969, Fig. 18).

protrusi on above |and surface decreases and conpressional shortening of the pipe at depth
i ncreases. Therefore, although increased protrusion of a single pipe well above the I and surface
is an indicator of subsidence, it should not be considered a reliable nmeasure of the magnitude
of conpaction for depths greater than 30 to 60 netres.

As demand for ground water increased in Japan and water wells were drilled to greater
dept hs, Japanese scientists designed a "double pipe well" (Figure 2.3B) to neasure conpaction
accurately. A double pipe well was installed at OGsaka in 1938. The double pipe well consists
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of two concentric iron or steel pipes, inserted into a vertically bored hole. The inner pipe is
isolated from the sedinments by the outer pipe, and is centered within the outer pipe by
centering devices (centralizers). The apparent rising of the inner pipe indicates the relative
downward displ acenent of the |-beam based on the land surface with respect to the top of the
i nner pipe. Thus, the anount of conpaction of the sedinents between the |land surface and the
bottom of the inner pipe can be recorded. The water level in the outer pipe represents the pore-
water level or artesian pressure of the aquifer, transmtted through the screen section
installed in the outer pipe. This water level is registered by a float-operated water-|eve
recorder when the space between pipes permts.

Note (Figure 2.3B) that the outer pipe is suspended in the well, with a slidable sleeve of
oversi ze casing hanging on the base of the outer pipe and resting on the well bottom By this
means, the weight of the outer pipe is renobved fromthe well bottom and suspended at the |and
surface.

At the Funabashi-2 well in Chiba (Figure 2.4) the dianeter of the outer tube to 60 m depth
is 350 mm to acconmpdate a water-level float, but below that depth is reduced to 200 nm The
di aneter of the inner tube is 80 nmm The annulus between the outer tube and the hole wall is
cenented at 60 m and 75 m depth. The bottom part of the outer tube has the sliding sleeve
("casing tube") attachment to prevent |oading of the well bottom by the weight of the outer
tube. The sleeve, closed on the bottomwith a bearing plate, is landed on a solid sandy |ayer
and supports the inner tube. Thus, the outer tube can nove i ndependently fromthe inner tube and
the sleeve. Figure 2.4 also shows the design of the centralizer--the device centering the inner
tube in the outer tube (B)--and details of the instrunentation for recording conpaction (or
subsi dence) and water-level fluctuation (C). If the double tube extensoneter well extends
through and beneath the base of the conpacting sedinments, the extensoneter records gross
conpaction, which equals |and subsidence if no tectonic novement contributes to the change in
| and-surface el evation. However, if the bottom of the well is within the conpacting interval
the extensoneter records conpaction--a partial conponent of the |and subsidence.

The validity of the extensoneter record depends on the stability of the base of the inner
tube with respect to the geologic formation, the stability of the instrument platform with
respect to land surface, the degree in which friction between the outer and inner tubes can be
m ni m zed, and the accuracy of the neasuring apparatus

The wei ght of the capped sleeve is conposed of its dead weight and the weight of the inner
tube. In the Funabashi-2 well, at the bottom plate of the sleeve, the load on the sand-grave
layer is about 2.9 netric tons. Myerhof (1956) derived a formula to evaluate an ultimate
bearing resistance R, by the nunber of blows on the sanpling spoon during perfornmance of a
standard penetration test:

Ry = 40 NAp,

where N is the average of N blows per foot in a depth interval between 1.0 d downward and 4. 0d
upward fromthe base of the tube, A, is the area of the base of the tube, and d is the dianeter
of the pile. The diameter of the sliding sleeve (casing tube) in the Funabashi well is 225 mm
(Figure 2.4). Thus, A, = 0.040 nf. In general, the N value of the sand layer in the Diluvium
(Pleistocene) is nore than 30. Considering the large factor of safety we can use a reduced
formul a of

R, = 30 NA, = 30 x 30 x 0.040 nf = 36 tons.

Then in this case with 0.040 nf base area, the steel tube of the well can bear about a 36-ton
|l oad. According to the above calculation, the Funabashi-2 well wll not sink into the sand-
gravel layers. Differences between the results of conpaction recorders and di al gauges and al so
di fferences between the results of water-level recorders and taped neasurenent are very snmall.
Hence, it is concluded that extensonmeter wells having the same construction as the Funabashi-2
wel | should furnish a good record of comnpaction or subsidence, provided down hole friction is
mnimal (the well bore is close to vertical).

2.2.3.2 Anchor ed- cabl e and pi pe extensoneters
The United States Geol ogical Survey (USGS) has devel oped extensoneters (conpaction recorders)
of two types, anchored-cable and free-pipe, both of which are illustrated in Figure 2.5. The

anchor ed-cabl e extensoneter (A) was first installed in 1955 in an unused irrigation well 620 m
deep on the west side of the San Joaquin Valley. The extensoneter consists of a heavy anchor
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Figure 2.5 Recording extensonmeter installations. A, Anchored-cable assenbly; B, pipe
assenbl y.

(subsurface bench mark) enplaced in the formation beneath the bottom of a well casing; the
anchor is attached to a cable that passes over sheaves at the land surface and is
counterwei ghted to mai ntain constant tension. The cable is connected to a recorder that supplies
a tine-graph of the noverment of the land surface with respect to the anchor--the conpaction or
expansion of the sediments within that depth range. The inked curve on the recorder chart
commonly is anplified 10:1 by suitable gear conbinations. The accuracy of the anchored-cable
ext ensonet er depends on the plunbness and the straightness of the well casing, the durability
and stretch characteristics of the downhole cable, and especially on the success of mnimzing
cabl e-casing friction. As pointed out by Lofgren (1969), the cable nust rermain at constant
length during the period of record. If the length changes due to tenperature changes, fatigue
el ongation, or untwi sting, the I ength change is indistinguishable fromthe record of compaction

The cabl e now used is a 1/8-inch (3.175 m) di aneter preforned stainless steel, 1 x 19 strand,
reverse-lay "aircraft" cable. In order to mnimze frictional drag of the surface sheaves, a
"teeter bar" on a knife-edge fulcrum (Figure 2.5A and Lofgren, 1969, Figure 8) was designed

Changes as small as 0.1 to 0.2 mmin the thickness of an aquifer system can be recorded wth
this equi pnent.

This type of extensoneter is being used in California, Nevada, and Arizona in wells as much
as 700 m deep. Detailed tests of the accuracy of a sinmilar cable-type extensoneter have been
made at the Groningen gas field in The Netherlands (de Loos, 1973).

For reasons of econony, nost cable extensoneters have been installed in unused irrigation
wells, after cleaning out the casing and deepening the hole about 10 m bel ow the casi ng shoe
The anchor weight of roughly 100 kilograns is then lowered into the open hole in the sedinments
several netres bel ow and i ndependent of the well casing.

To elimnate nmuch of the cable-casing friction problemand thus inprove the accuracy of the
extensoneter record the USGS has installed since 1966 about 30 free-pipe extensoneters in
California, Arizona, Louisiana, and Texas, to depths as great as 1,000 m These pipe
extensoneters (Figure 2.5B) are simlar in principle to the Japanese doubl e pipe well. However,
they differ in sone features. The inside diameter of the well casing (outer pipe) commonly is 4
to 5 inches (10 to 13 cm) and the outside dianeter of the couplings on the inner (extensoneter)
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pi pe ranges from2 to 3.4 inches (5.1 to 8.6 cm. Thus, the space between the casing and the
ext ensoneter pipe couplings is only about 2 inches (5 cn); hence, casing centralizers have not
been used to center the extensoneter pipe. Centralizers have been used, however, in the annulus
bet ween the casing and the borehole wall, to center the casing, especially when the | aw requires
cenent to be placed in this annulus to protect the ground water of good quality from
contanmination by water of poor quality at greater depth. Centralizers usually are spaced 15 to
30 m apart.

In about half the installations, a bearing plate on the bottom of the extensometer pipe is
| anded on the surface of a cenment plug (placed in the open hole before the casing is run). In
the remainder of the installations, the extensometer pipe is cenented in place in a pocket
drilled below the casing shoe. In either case, the top of the cenent plug is placed at |east
three m below the bottom of the casing shoe so that the dead weight of the casing does not
stress the extensoneter footing. Furthernmore, this procedure minimzes the possibility that
i ncreasi ng downward | oads, resulting from continuing conpaction at shallower depths, wll be
transmitted through the casing to the extensoneter footing. If the cenmenting of the extensoneter
footing is acconplished after that pipe has been run into the open-hole pocket, the cenent
slurry can be punped into the pocket directly through the extensoneter pipe. Care nust be
exerci sed, however, in calculating (1) the quantity of cement slurry needed to fill the desired
interval of the pocket, and (2) the quantity of followp water needed to displace npbst of the
slurry from the pipe into the pocket wi thout thinning the slurry with water. If the pipe is
rai sed several metres as soon as the followp water has been pumped into the pipe, the water
pressure into the pipe and casing can be equalized and the pipe can then be lowered again to
rest in the hardening slurry.

Three free-pi pe extensoneters have been operated since 1975 at a site within a subsiding
area in Baton Rouge, Louisiana. These extensoneters record conpaction of the sedinments and
wat er -l evel change within each of the three depth zones. The extensoneter pipes extend to depths
of 254, 518, and 914 m The installations and the record obtained through 1979 have been

described by Witeman (1980). The deepest extensoneter indicates an annual |and-surface
fluctuati on of about 4 cm apparently an elastic response.

The conversion of an abandoned oil-test hole at Wsthaven, California, into a dua
extensoneter and a dual water-Ilevel observation well is described in this gui debook because such
abandoned oil-test holes are available in many countries, and the cost of conversion is only a
smal| fraction of the cost of drilling and conpleting one or nore new extensonmeter wells. Figure
2.6 is a diagrammatic sketch of the converted well. This summary of the conversion is condensed

chiefly fromPoland and Ireland (1965). Wen the oil-test hole was drilled, a surface string of
11-3/4 inch (29.84 cm casing was installed fromland surface to 611 m Cenent was punped into
the annular space around the casing, from the bottom shoe to l|land surface, providing a
continuous seal to protect the fresh ground water. On abandonnment a cenent plug was placed in
the well between 1930 and 2030 feet (588 and 619 m.

The bl ank casing was converted to a dual water-level observation well in April 1958. The
11-3/4 inch casing was gun perforated at two depth intervals, near the top and base of the
confined aqui fer system (see Figure 2.6). To obtain hydraulic separation of the two perforated
intervals, a 4-inch dianeter pipe with a packer flange at its base was run to a depth of 860
feet (262 m; a cenent plug was then placed on top of the packer, thus sealing the annulus
between the two casings. Initially, the inner pipe was suspended in tension by a casing hanger
resting on the top of the 11-3/4 inch casing. Four nonths after the inner pipe was installed,
t he hanger appeared to be rising off the top of the 11-3/4 inch casing, indicating shortening of
the casing between | and surface and the cenented packer. Begi nning in August 1963 the shortening
of the full length of casing above the basal cenment plug was neasured by |owering an anchor
wei ght on top of the cement plug and counterweighting the cable at land surface (see Figure
2.6). Thus the conversion of the oil-test hole provided two water-Ilevel observation wells and
two extensoneters: a pipe-type to 845 feet (258 n) and a cable-type to 1,930 feet (588 m bel ow
I and surface.

Mont hly nmeasurenents from 1964 to the end of 1970, inclusive, indicated conpaction from 0O-
845 ft (0-258 m) was 1.94 ft (0.59 m, and fromthe land surface to 1,930 ft (0-to-588 n) was
3.57 ft (1.09 m.

These observations at the Westhaven site indicate that even heavy oil-well casing encased
in a cenent jacket is too weak to resist the conpressional force of the conpacting sedinents.
Even in the shallow depth interval fromland surface to 845 ft (258 nm), the increased protrusion
in seven years was only equal to 12 per cent of the subsurface shortening in that interval. It
is concluded that in an area subsiding because of sedinent conpaction due to decrease in fluid
pressure, the top of a well casing is not a stable reference bench mark, even if the casing
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wel | s 20/ 18-1102 and 1103 (from Pol and and Ireland, 1965).

ext ends bel ow t he compacting sedi nents. Al so, the evidence is clear that increased protrusion of
a casing above the | and surface, even though an indicator of |and subsidence, is not a reliable
measure of either conpaction or subsidence. Bull (1975, p. 41-45) cites additional evidence
concerning the mnor anmount of casing protrusion conpared to subsurface casing conpression in
wells on the west side of the San Joaquin Vall ey.

In Mexico City, however, observed protrusion of sone water-well casings has been about the
sane magni tude as the subsidence. Poland and Davis (1969, p. 225-228 and pl. 6) show graphic
pictures taken by Ing. R Marsal in 1954 of the protrusion of casings of two wells drilled about
1923. They were drilled to a depth of about 100 m but npst of the conpaction occurs in the
hi ghly conpressible | ake clays in the top 50-60 m The subsidence at the well sites from 1891 to
1959 was 5.9 m |In 1954, one casing protruded 5.45 m and the second 4.5 m The protrusion of
5.45 by 1954 is about equal to the subsidence by 1954, proving that essentially all the
conpaction at the well site is occurring in the top 100 m of sedinents, and probably nostly in
the top 60 m The lateral pressure to this depth may not be great enough to conpress the outer
casi ng as conpaction occurs. However, the excessive protrusion is believed to be due in part to
the fact that wells are drilled using nore than one casing size

In evaluating the characteristics of cable and pipe extensonmeters, the follow ng factors
shoul d be consi dered

1. If a cased well is available, the cable extensoneter costs less to install than the
pi pe extensoneter, chiefly due to the lower unit cost of the cable conpared to the
pi pe.
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2. The cabl e extensoneter has mnimal cable-casing friction when the well casing is of
| arge diameter (30-40 cm); the friction increases when the well casing is of smal
diameter (10-15 cn), all other factors being equal

3. In contrast, the pipe extensoneter has mininmal pipe-casing friction when the well
casing is of small inside diameter (10-15 cn) and the overall space between pipe or
pi pe couplings and well casing is in the range of 4-6 cm Alternately, if the wel
casing is of large dianeter, use of pipe centralizers spaced 15 to 30 mapart between
casing and pipe, as is done in the Japanese double pipe wells (Figure 2.3B), may
produce a record as good as that obtained with the pipe-in-small-casing design. So
far as known, no conparative test has been nade.

4. The pipe extensoneter comopnly gives a nobre accurate record than the cable
ext ensoneter, all other conditions being equal

5. If awell can be drilled so plunmb and straight that the departure fromverticality at
the base does not exceed the inside dianeter of the casing, the cable can be
positioned to avoid any downhol e cabl e-casing friction. Under such circunstances the
cabl e extensoneter is nore frictionless than the pipe extensonmeter. However, a wel
drilled to a depth of 50 mand with a casing diameter (inside) of 0.3 mwould have a
departure of 0.3 mfromverticality at the bottomif the drift fromverticality was
0°20’. For a well 100 m deep, a departure from verticality of 0.3 m at the bottom
woul d require that the drift be held to 0°10°. Thus, it woul d appear that the chances
of drilling a well nore than 100 m deep that is sufficiently plunb to elimnate any
cable-casing friction are renote. The above discussion does not consider possible
cable-casing friction caused by the tendency of rotary-bored holes to develop a
spiral pattern.

A cable extensoneter at the USGS Cantua site in the San Joaquin Valley, California,
installed to a depth of 610 min a well with 10 cm casing to 595 m had so nuch cabl e-casing
friction that the equi pnent recorded no conpacti on even when as nuch as 7.6 cmof conpaction had
occurred during the prior nonth. At the time of the nonthly visit to service the equiprment, the
cabl e was stretched--that is, the counterwei ght was pushed down about 30 cmand then allowed to
rise gently. This operation triggered enough down-hol e slippage of the cable at friction points
(cabl e-casing friction) to permt the cable to nove upward and record the approxi mate conpaction
that had occurred since the last nmonthly visit. Bull (1975, p. 32 and Figure 25) has discussed
the problem and reproduced a part of the stairstepped field record fromthe extensoneter. This
ext ensoneter equi pment was installed in a corehole. Wen drilled, the plunbness of the hole was
surveyed at 30-netre intervals with a driftrmeter. The drift fromvertical was 1 degree at 90 m
depth and ranged from5 to 6 degrees between 244 and 580 mdepth. In spite of the nonverticality
of the hole (and of the casing), an interpolated cumul ative conpaction curve drawn through the
|l ow points of the stepped record produced a reasonably accurate | ong-term conpaction curve for
the deep Cantua site extensoneter. The conpaction plot for well N1 in Figure 9.P.8 is the 13-
year record of 3.4 mshortening for sedinents between | and surface and a depth of 610 m

At the Terra Bella site on the Friant-Kern Canal in the San Joaquin Valley, casing of 10-5/
8 inch (27 cm dianeter was placed in a well to a depth of 377 mand an extensoneter pipe of 1-
1/2 inch (3.8 cm diameter was inserted and |anded at a depth of 381 m No centralizers were
used. Most of the record in the field conpaction charts for this extensoneter is conposed of a
series of stair-step adjustnments with individual vertical displacenents of 0.15 to 0.3 mm (1-5
to 3 mm at the 10:1 magnification). The overall space between the well casing and the
ext ensoneter pipe-couplings is nearly 20 cm pernmitting too nmuch flexing of the inner pipe and
too many friction points. The conpaction record at this site probably could be inproved by
addi ng centralizers to center the inner pipe in the casing, by increasing the size of the inner
pi pe, or by use of a |lever and counterwei ght systemat |and surface to renpbve a substantial part
of the dead weight of the extensoneter pipe. This |last procedure should produce the greatest
reduction in pipe-casing friction.

Under nost favourable conditions, the pipe extensoneter as described in this manual wll
function satisfactorily to depths of 750 to 1,000 m The nost favourable conditions would
require straight holes--holes drilled with deviation fromthe vertical of less than 1/2 degree-
and a conbination of well casing and extensoneter pipe sizes, or use of centralizers, that
m ni m zes pipe-to-casing friction.

The cabl e extensoneter will supply approxinmate nmeasurenents to depths of 600 to 850 m but
the results are | ess accurate, in general, than with the pi pe extensoneter
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The depth to which the pipe extensoneter equipment is operative--750 to 1,000 m-is
adequate for studies of subsidence due to ground-water withdrawal in nost of the world. Muich
ground water is punped fromaquifers less than 300 m deep and nost from aquifers |ess than 600
m deep. However, inprovenment in the accuracy of conpaction nmeasurenments at depths greater than
300 mis highly desirable. Furthernmore, in connection with the study of subsidence due to other
causes, or subsidence due to other types of fluid withdrawal, such as geothermal or oilfield
fluids, there is need for inprovenent of extensoneter design to increase the depth of usefu
nmeasurenments. For exanple, nuch or nearly all of the dead wei ght of the inner extensometer pipe
can be renmpoved by use of a lever and counterwei ght system at |and surface. Mst of the pipe
would then be in tension and the frictional stress between pipe and casing should be greatly
| essened at the tinme of conpression (or expansion) of the well casing. This method has been
applied by Ben E. Lofgren (oral comunication, Decenber 1975) to an extensoneter 317 mdeep in
Imperial Valley, California, where nore than two-thirds of the pipe weight has been renoved by a
counterwei ghted | ever designed with a 10-to-1 nechani cal advantage. Also, one highly sensitive
extensoneter was recently constructed in Arizona to a depth of 380 musing this nethod (F. S
Riley, oral commun., July 1979). In this installation the upper 75 per cent of the extensoneter
pipe was placed in tension while the lower 25 per cent remained in conpression. The neutra
point was positioned at a nmajor bend in the casing, as determined by a borehole alignnent
survey. Before installation of the | ever and counterweight this installation had severe friction
problems and produced a record characterized by intermttent stair-step novenents. After
counterwei ghting the instrument produced a snooth record of continuous conpaction

Research is needed to determ ne the accuracy of such a |lever and counterwei ght system
through a wi de span of unl oading of the extensoneter pipe, say from25 per cent to 90 per cent.
Conparison of simultaneous conpaction records from a normally |oaded pipe extensoneter and a
near by count erwei ghted extensoneter of the sane depth and construction, in an area of active
subsi dence, would be very instructive. Several stages of unloading could be applied to the
count erwei ght ed ext ensonet er

Anot her way in which the weight of the pipe in a free-pi pe extensoneter can be reduced i s by
installing a tapered pipe assenbly. For exanple, the bottom third of the pipe could be 2-1/2
inch, the mddle third 2-inch, and the upper third 1-1/2 inch; or the assenbly could be 2-inch
1-1/2 inch, and 1-inch. For an extensoneter 750 m deep, a free pipe of 2-1/2 inch constant
di ameter woul d weigh 6,580 kg. But if the pipe was installed with equal |engths (250n) of 2-1/2
inch, 2-inch, and 1-1/2 inch pipe, the weight on the bottomjoint of the 2-1/2 inch would be
decreased about 30 per cent (neglecting buoyancy effects). The decrease in weight should
decrease the cost of the installation, and sinplify the addition of a | ever and count erwei ght at
| and surface, if desired

2.2.3.3 Slip joints

When extensoneter or observation wells are being installed in an area that is subsiding at a
rapid rate, it is advisable to consider the need for installing a series of slip joints in the
casi ng during construction. Wen extensoneters were being installed on the west side of the San
Joaquin Valley of California in 1958-62, the ground-water reservoir was conpacting as rapidly as
30 cm per year. Under such circunstances, it was anticipated that the casings of deep
extensoneters woul d | ast | onger under severe conpressive forces if slip joints were inserted in
the well casing. Accordingly, at the Cantua site, for exanple, eight slip joints were placed at
60-nmetre intervals in the 4-inch casing 595 nmetres deep. Figure 2.7 shows details of the slip
joint. Each slip joint has about 0.9 m of play between the open and closed position. Since
installation in 1958, this extensoneter has shortened about 3.5 m Wthout slip joints, the
el astic conpression of the 4-inch (10 cm) casing fromfull tension when first suspended in the
well to the elastic Iimt in conpression would have been about 1.2 m The additional shortening
of 2.3 mbeyond the elastic limt of the casing nust have resulted fromconmpressional failure of
the casing or shortening of the slip joints, or both. Because this equiprment is still
functioning as an extensoneter, we conclude that a mgjor part of the 3.5 m of shortening nust
have occurred through shortening of slip joints.

2.2.3.4 Tel escopi c extensoneter
An experinental tel escopic extensoneter, designed by Ignacio Sainz Otiz, was installed in
Mexico City to a depth of 60 min 1953. Figure 2.8 shows that in the 6-year period 1953-59, 36

cm of shortening occurred in the 60-netre thickness of near-surface deposits. In the first 20-30
m below the land surface lateral stresses against the casing are small. Nevertheless,
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Figure 2.7 Di agram of slip joint.

considering the flexibility of the telescopic construction, the l|ateral stress should devel op
enough skin friction to cause the casing to shorten in accord with the surroundi ng sedi nents,
even at the shall ow depth range invol ved.

2.2.3.5 Extensoneter records

Plots of cunulative conpaction against time obtained from extensoneter records are becom ng
fairly common in the published record, in connection with field research on | and subsi dence due
to ground-water wi thdrawal. For exanple, in Japan, M yabe (1967, p. 2-3) published conpaction
pl ots obtained from extensonmeters in Tokyo and Hirono (1969) showed plots of conpaction from
extensoneters in Niigata. In the United States, extensonmeters have been operated for nore than
20 years in the San Joaquin and Santa Cara Valleys, California. Conputer plots of cunulative
conpaction through 1970 at 30 sites, together with water-level fluctuations, change in applied
stress, and subsidence at npbst of these sites, have been published (Poland, Lofgren, Ireland,
and Pugh, 1975, Figures 53-78).

In the case history for subsidence in the Santa Clara Valley, California, Figure 9.14.5
contains tine plots of conpaction for 15 years for two depth intervals at the San Jose
extensoneter site. In Figure 9.14.6 the neasured conpaction is plotted in annual increnents that
present a nore quantitative picture of the annual change in anobunt of conpaction than does the
cunul ati ve plot.

If two or nore conpaction recorders (extensoneters) are installed in adjacent wells of
different depths, the record fromthe nultiple-depth installation will indicate the magnitude
and rate of conpaction (or expansion), not only for total depths of individual extensoneters but
al so for the depth intervals between well bottons. Figure 9.13.8, discussed in the case history
of the San Joaquin Valley, California, is a good exanple of the record froma nultiple-depth
installation, and is one of six multiple-depth sites in the valley.

2.2. 4 Q her techni ques of subsurface neasurenent

2.2.4.1 Gener al
In addition to the pipe-type (doubl e pipe) and anchored-cabl e extensoneters descri bed earlier in

this chapter, a nunber of instrunents utilizing simlar principles but differing in nmeasurenent
techni ques are bei ng manufactured comercially. O Rourke and Ranson (1979) have nmade a sunmmary
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deposits). Redrawn from the Comisién Hydrologica de la Cuenca del Valle de
Mexico, 1961, Boletin de Mecanica de Suelos, no. 3, p. 55.

appraisal of the capabilities of existing instruments for nonitoring subsurface vertical
di spl acenent, exanmined wth respect to availability, performance characteristics, and
installation and operating requirements. The sunmary, reproduced as Appendix B of this
gui debook, describes capabilities of 6 wire-type and 6 rod-type extensoneters; 1 pipe-type
extensoneter (the USGS type); 2 nultiple base length extensonmeters with sensors and anchors or
magnet markers; 1 chain type extensoneter wth anchored sensor case; and 6 sonde-type
extensoneters, including the casing-collar |ocator and the gamma-ray | ogger. For details on the
various wire-type and rod type extensoneters for neasuring subsurface vertical displacenent,
the reader is referred to Appendi x B.

The techniques of casing-collar |ogging and gamma-ray logging with radioactive bullet
markers require the use of specialized and expensive equiprment. Nornmally this service would be
provided by oil well service conpanies. |In subsidence studies of npst ground-water basins,
however, the cost of utilizing such expensive equi pment on a repeat basis probably would not be
econonmically justified in nobst cases, when costs were conpared with other study techniques.
However, because such repeat |ogging has the decided advantage of indicating the depth range,
rate, and nagni tude of conpaction or expansion of the sedinments, a brief statement of the two
techni ques foll ows.

2.2.4.2 Casing-collar |ogging

At Long Beach, California, in the WIlmngton oil field, changes in thickness of conpacting
zones have been neasured successfully by running a magnetic collar |ocator periodically in the
sane well to determine the change in the distance between casing collars between surveys.
According to Allen (1969), the first "collar counting”" was in 1949 and nore than 200 nmultiple
traverse runs have been made to depths of as nmuch as 1,800 m These collar |ogs can be used to
nmeasure change in length of individual joints conpared to joint |ength when placed in the wel
or since a prior |logging. They also indicate the depth range, rate, and nmagni tude of conpaction
of the sediments if it is assuned that the casing or cenent at every point nobves in exact accord
with contiguous sedinents as a result of skin friction produced by |ateral stresses. The field
evidence at WImngton from various sources generally supports this assunption for depths
greater than 600 m Collar surveys run five tines from 1949 to 1960 in an individual wel
(Figure 2.9) graphically indicate the depth range, rate, and magni tude of conpaction of three
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Figure 2.9 Casing collar surveys of a typical well in the Wilmington oil field. Survey on

date indicated compared to casing tally of 9-26-45; elongation due to tension
shown to left of zero reference, shortening due to compression shown to right
(shaded); length of casing joints 12.5 to 13.4 m., in general (data courtesy of
Long Beach Harbor Dept.).

oil zones--the Tar, Ranger, and Upper Terminal. The cumnul ati ve conpaction of these three zones
from 1945 to 1960 was 17.6 feet (5.4 nm) as sumed from the shortening of the casing joints by
1960 conpared to their measured length in 1945. Allen and Mayuga (1969, Figure 13) al so showed
that collar logs can be used to neasure oil-zone expansion in an area of rebound by plotting
collar-log surveys of wells producing from oil zones that are receiving injection water.
According to Allen (oral commun., 1977), recent developments in casing-collar |ogging at
W m ngton provided an accuracy of 9 mm 88.5 per cent of the tine for joint lengths of 12.5 to
13.4 m neasured three tinmes. The maxi num degree of instrunent error is estimated to be 30 nm
for each joint |ength.

Casing-collar logs also have been nade in the oil fields on the eastern shore of Lake
Maracaibo in Venezuela where maximum subsidence has been about 4 m (Nufiez and Escojido, 1977).

2.2.4.3 Radioactive-bullet logging

At Wilmington, California, at the Lake Maracaibo oil fields in Venezuela, at the methane gas and
brine reservoirs of Niigata, Japan, and at the Groningen gas field in The Netherlands,
radioactive bullets have been shot into the formation at known depths, and their positions
resurveyed later by gamma-ray detectors to measure compaction or expansion. The accuracy of the
radioactive-bullet logging equipment used at Wilmington is reported by Allen to be about 3 cm
per distance between bullets (at Wilmington 6.1 m) when logging at 7.6 m per minute.

Schoenbeek (1977) reports improvement in the accuracy of measurement at the Groningen gas
field. The sandstone reservoir depth is about 2900 m, and the average thickness about 150 m.
Radioactive bullets were shot into the formation at 10-m intervals; relative displacement was
measured with a gamma-ray sonde containing three detectors. After considerable improvement of
technique, the mean error of measurements determined by statistical analysis was reported to be
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1 cmin 100 mof neasured interval. To achieve this accuracy, however, the logging tine had to
be slowed to about 20 m per hour. DelLoos (1973) has described in detail the devel opnment and
testing of |ogging equipnent.

At N igata, Japan, the radioactive bullet technique was refined by experiments in 1959-60
and the construction of two observation wells (Figure 2.10). According to Sano (1969), the first
observation well (Yamanoshita) was conpleted in 1960 to a depth of 650 m Four sizes of casing
were used, each stage from bottomto top being of larger dianeter than the preceding one. The
base of each stage was grouted to the contiguous strata and overl apped the head of the stage
below it. Sano (1969) states that it was intended that the increase in the overlapped | ength of
each stage should represent the shrinkage between the strata to which the casing was grouted.
The system was unsuccessful because the casing contracted with the shrinkage of the formation.

The second wel|l (Uchino) was conpleted in 1961 to a depth of 950 m It was constructed with
a conductor pipe 100 mlong cenmented to the surrounding strata through its full length. The main
casing 5-1/2 inches in dianeter was suspended in the conductor pipe, In effect, this observation
wel | was the single pipe type.

In both observation wells, radioactive bullets were shot into the formati on every 40 m and
radi oactive reference pellets were attached to the casing every 20 m (Figure 2.10). Speci a
| oggi ng equi pment was designed to inprove accuracy. Logging at about 1l-year intervals from 1961
to 1966, when the deeper well failed, apparently was reasonably successful in determning
| ocation and general nmagni tude of conpacti on.
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Figure 2.10 Structure of the observation wells in Nigata, Japan (after Sano and Kayana,
1966, Figure 2).
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2.3 HORI ZONTAL DI SPLACEMENT

2.3.1 Land- surface di spl acenent

In areas of subsidence due to fluid withdrawal, horizontal displacenment of the |and surface has
been measured at only a few places. One of those is the WIlmngton oil field in Los Angeles
County, California, which has experienced as nmuch as nine netres of subsidence. The vertica
subsi dence has been acconpani ed by horizontal novenent directed inward toward the center of
subsi dence. This horizontal noverment has been neasured by surveys of a triangul ation network of
the Los Angel es County Engineer’s office. In 1951, when subsidence at the center was 4.9 m
hori zontal movenent since 1937 had been as nuch as 1.9 m (G ant, 1954, Figure 1). By 1962, sone
points on the east end of Terminal Island had noved as much as 2.7 m according to the Long
Beach Har bor Departnent.

At Wiirakei, New Zeal and, Bixley reports that both horizontal and vertical novenents have
occurred along the steammai ns route (see case history 9.9). Maxi num novenent is near bench mark
A97 (Figure 9.9.5), where horizontal novenent is about 75 nmfyear and vertical novenent 130 nmi
year.

Until recently, short distances were neasured by steel tape and |onger distances by
triangul ation. Triangulation involves the measurenent of the angles of a triangle, careful
measurenment of the length of one side, called the base line, and calculation of the |lengths of
the other two sides. The process can be extended through angul ar neasurenment of nany additiona
triangl es.

Wthin the | ast decade, however, extrenely accurate nmeans have been devel oped for neasuring
hori zontal distances between points. Electronic Distance Measurenent (EDM equi pnment pernits
I i ne-of -sight di stance nmeasurenent, both rapidly and precisely. Thus, the location of points can
now be determined by trilateration, whereby a network of triangles is constructed from one or
nore known points, with the ength of all sides determ ned directly by use of the EDM equi prnent.
Di stance neasurenents by trilateration have largely replaced neasurements by triangulation
especially where extrenme accuracy i s needed

The general distance capabilities and accuracy of three types of EDM equipnent are as
foll ows:

1. Geodolite, capable of 1 unit in 107 units (laser), 30 km
2. Electronic EDM capable of 2 units in 106 (laser), 12 km
3. Distance nmeter, capable of 1 unit in 105 (infrared), 3 km

More information on EDM instrunents and other types of equiprment to nonitor horizonta
di spl acenents at |and surface are summarized by Van Til (1979, table D-1). Van Til's sumary,
reproduced in this gui debook as Appendix A, includes a listing of instrunent capabilities of
steel tapes, EDM instrunments, and horizontal extensoneters to neasure ground strain or crack
nmovenent. The apprai sal was nade with respect to availability, performance characteristics, and
installation and operation requirenments.

2.3.2 Subsurface di spl acenent

Instrunents currently available for the neasurenent of horizontal displacenent at depth are
sonde-type borehole inclinoneters. QOl-well service conpanies have equipnent to neasure both
the drift angle (angle of departure fromvertical) and the true conpass bearing at desired depth
intervals to depths as great as 6 km Mst other sonde-type inclinometers have been devel oped
for near-surface geotechnical studies and in general have depth ranges linmted to 200-300 m The
avai lability, operating principles, accuracy, and principal installation and operation features
of 10 sonde-type borehole inclinometers and 3 fixed borehole inclinoneters are summarized in
Appendi x B.
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3 Mechanics of land subsidence dueto fluid
withdrawal, by Joseph F. Poland and Working Group

3.1 | NTRCDUCTI ON

The three types of fluid withdrawal by man that have caused noticeable subsidence under
favorabl e geol ogi c conditions are (1) the withdrawal of oil, gas, and associated water, (2) the
wi t hdrawal of hot water or steam for geothermal power, and (3) the w thdrawal of ground water.
Each of the three types of w thdrawal has produced nmaxi mum subsidence of the same order of
magni t ude. For exanple, the best known exanple of oil-field subsidence is the WI mngton oil
field in Los Angeles County, California, which has experienced 9 netres of subsidence (Mayuga
and Al len, 1969); the withdrawal of hot water for geothermal power at \Wirakei, New Zeal and, has
produced 6-7 netres of subsidence (case history 9.9); and the w thdrawal of ground water has
produced 9 netres of subsidence in both Mexico City, Mexico, and the San Joaquin Valley of
California, USA. (See Table 1.1 and case histories 9.8 and 9.13.) In this guidebook we are
concerned with subsidence due to ground-water w thdrawal but, regardl ess of the nature of the
fluid removed, the principles involved are the sane.

A comon understanding of terns is inportant in discussing the mechanics of |and susidence.
The reader is referred to three U S. Geol ogical Survey publications for the definition of many
pertinent terns: Water-Supply Paper 494 (Meinzer, 1923) was one of the first conprehensive
attenpts to define terns used in ground-water studies and has been a rmuch used reference work
for the past half century; Water-Supply Paper 1988 (Lohman and others, 1972) contains revised
and clarified definitions of selected ground-water terns and stresses the use of consistent
units in ground-water flow equations; Water-Supply Paper 2025 (Pol and, Lofgren, and Riley, 1972)
is a glossary of selected ternms useful in studies of the mechanics of aquifer systems and | and

subsi dence due to fluid withdrawal. Principal terns will be defined briefly in this chapter or
i n an appended gl ossary, Appendi x D.
Figure 3.1 illustrates the term nol ogy for subdivisions of a ground-water reservoir as used

in this manual. Case 1, on the left, depicts, fromtop to bottom the land surface, a water
table, and an unconfined aquifer that functions as an hydraulic unit, a confining bed that
functions as a maj or hydraulic separator; a confined aquifer systemthat functions approxi mately
as an hydraulic unit; and relatively inperneable bedrock at the base. Case 2 depicts, fromtop
to bottom the land surface; a water table associated with a seniconfined aquifer system a
confining bed; a confined aquifer system a second confining bed; a saltwater confined aquifer
systenm and relatively inpernmeabl e bedrock at the base.

Attention is directed to the confined aquifer system that occurs in both cases. Note in
particul ar that aquitards which occur within an hydraulic unit are distinct froma confining bed
that serves as an hydraulic separator. For illustrative purposes, the system includes two
aqui tards (fine-grained conpressible interbeds) and three aquifers. Because the aquitards are
hi ghly conpressible conpared to the clastic sand or sand and gravel of the aquifers, they
determine by their nunber and thickness the susceptibility of the aquifer systemto conpaction
in response to increase in stress. In highly conpressible confined systems that have experi enced
several netres of nmanmade conpaction, several tens of aquitards may be interbedded with the
aqui fers. For exanple, the microlog of a well drilled through a 400-netre thickness of the
confined system on the west side of the San Joaquin Valley, California, displayed 60 aquitards
wi th individual thicknesses ranging from0.6 mto 15 mand averaging 4.5 m

In contrast to the large nunber of aquitards subject to conpaction in the San Joaquin
Valley, in Mexico City nbost of the 9 m of conpaction has occurred in the top 50 m bel ow | and
surface, chiefly in tw very highly conpressible silty clay beds 25-30 and 5-10 mthick. In the
upper thicker clay the void ratio averages about 7 and the porosity about 88 per cent; in the
lower clay the void ratio averages 4-5 and the porosity about 82 per cent. Figueroa-Vega
concl udes (case history 9.8, Table 9.8.5) from conparison of casing protrusion and subsi dence
for 1970-73 that about 75 per cent of the total subsidence was due to conpaction of the clayey
strata in the top 50 m and the remainder to conpression of the underlying aquifer which is
several hundred mthick.
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Figure 3.1 Di agram showing termnology for a ground-water reservoir and subdivisions
t her eof .

In order to count the nunber and individual thicknesses of the aquitards (or of the aquifers) as
di spl ayed in a geophysical bore-hole log, an arbitrary vertical reference, line is drawn on the |og.
Intervals where the resistivity log lies to the left of the reference line define aquitards;
intervals where the resistivity log lies to the right of the reference line define aquifers. Were
precisely to draw the reference |line becones a matter of personal judgment. Anobng the geophysi cal
| ogs available fromoil-field service conmpanies, the mcrolog of Schlunberger gives considerably nore
lithol ogic detail than do the |ogging devices using a normal electrode configuration. O these, the
short normal with an el ectrode spacing of about 0.4 nmetre gives the best detail on thin aquitards.

Figure 9.3.2 is a vertical section of the confined aquifer system beneath Venice, Italy.
Using the electric |l ogs and core descriptions fromdeep test boreholes, the authors of the case
history on Venice have divided the confined system into six principal aquifers and a
consi derabl e nunber of aquitards.

3.2 THEORY OF AQUI FER- SYSTEM COWPACTI ON
In 1925, O E. Meinzer (Meinzer and Hard, 1925, p. 91) recogni zed that an artesian aquifer (the

Dakota Sandstone) was conpressed when the artesian head was decreased. He stated (p. 92) that
the overburden pressure of all beds above the confined Dakota aquifer was supported partly by
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the fluid pressure at the top of the Dakota and partly by the sandstone itself
(grain-to-grain load). He concluded that the grain-to-grain |oad on the Dakota aquifer at
El | endal e, North Dakota, had increased about 50 per cent because of the decline of artesian
head.

Mei nzer (1928), in a classic paper, discussed the conpressibility and elasticity of
artesian aquifers in detail. He cited evidence for conpressibility and elasticity derived from
| aboratory tests and from field evidence for confined aquifers and for |large artesian basins,
notably the Dakota artesian basin. He concluded (p. 289):

oo artesian aquifers are apparently all nmore or less conpressible and elastic
though they differ wdely in the degree and relative inportance of these
properties. |n general the properties of conpressibility and elasticity are of the
nost consequence in aquifers that have |low perneability, slow recharge, and high
head. In many aquifers these properties are evidently inportant in supplying water
not only by permanent reduction of storage but also by temporary reduction that is
repl eni shed when the wells are shut down or during the season of nmininmmuse."

He recogni zed that water withdrawn from storage was rel eased both by conpression of the aquifer
and by expansion of the water and that reduction of storage--conpression--nmay be pernmanent
(inelastic) as well as elastic (recoverable).

The next milestone in the understanding of the manner in which artesian aquifers rel ease
wat er from storage was the devel opment by Theis (1935), through analogy with the nmathenatica
theory of heat conduction, of an equation for the non-steady-state flow of ground water to a
di scharging well. This equation, which for the first tinme introduced the elenments of tinme and
the coefficient of storage (S), subsequently has become the foundation of quantitative ground-
wat er hydrol ogy. Follow ng devel opnment of this equation, Theis (1938, p. 894) defined the
coefficient of storage as ". . . the volune of water, neasured in cubic feet, released from
storage in each colum of the aquifer having a base one foot square and a height equal to the
thi ckness of the aquifer, when the water table or other piezonetric surface is lowered one
foot."

Jacob (1940) postulated that when water is renmbved from and pressure is decreased in an
elastic artesian aquifer, stored water is derived from expansion of the confined water,
conpression of the aquifer, and conpression of the adjacent and included clay beds. He concl uded
that the third source is probably the chief one in the usual case, and he stated (p. 574),

because of the low perneability of the clays (or shales) there is a tinme |lag between the
lowering of pressure within the aquifer and the appearance of that part of the water which is
derived fromstorage in those clays (or shales)."

In the field of soil nmechanics, Karl Terzaghi (1925; Terzaghi and Peck, 1967) devel oped the
theory of primary one-di nensional consolidation of clays that has served as the basis for
solution of most practical soil mechanics and settlenent problens in the past half century. This
theory commonly is used to estimate the magnitude and rate of settlement or conpaction that wll
occur in fine-grained clayey deposits under a given change in load (stress). According to the
theory, conpaction results from the slow escape of pore water from the stressed deposits,
acconpani ed by a gradual transfer of stress fromthe pore water to the granul ar structure of the
deposits. In developing his consolidation theory in 1925, Terzaghi also introduced the basic
principle of effective stress that

PEp - Uy (3.1)
wher e

p’ = effective stress (effective overburden pressure or grain-to-grain |oad),

p = total stress (geostatic pressure), and

Uy, = pore pressure (fluid pressure or neutral stress).

This was the same year that 0. E. Meinzer (Meinzer and Hard, 1925) recognized the principle of
effective stress in conpression of artesian aquifers.

The application of the tine-consolidation theory of soil nechanics to explain the theory of
aqui fer-system conpacti on has been summari zed lucidly by Riley (1969), as follows:

"The wel | - known hydr odynam c (Terzaghi) theory of soil consolidation can provide a semi -

quantitative explanation for the phenonenon of repeated permanent conpaction during
successi ve cycles of |oading and unl oadi ng through about the sane stress range. In the
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context of this problema central tenet of consolidation theory states that an increase
in stress applied to a "clay" stratum (aquitard) becomes effective as a conpressive
grain-to-grain load only as rapidly as the heads (pore pressures) in the aquitard can
decay toward equilibriumwth the head in the adjacent aquifer(s). Because of the |ow
permeability and relatively high conpressibility of the interbedded aquitards, the
consol idation (conpaction) of a multi-layered aquifer systemin response to increased
applied stress is a strongly time-dependent process, and conplete or "ultinate"
consolidation is not attained until a steady-state vertical distribution of head exists
t hroughout the aqui fer system Transient heads in the aquitards higher than those in the
adj acent aquifers (termed residual excess pore pressures) are a direct neasure of the
remai ning primary consolidation that will ultimately occur under the existing stress.
When pore-pressure equilibriumis attained throughout the aquitard, it is said to be 100
per cent consolidated for the prevailing stress and no further permanent conpaction will
occur if the sanme stress is repeatedly renoved and reapplied. The possible role of
secondary, or nonhydrodynanmic, consolidation in aquifer-system conpaction is not
wel | - known, but is assumed in this discussion to be mnor.)

"For a single honbgeneous aquitard, bounded above and bel ow by aquifers in which
the head is instantaneously and equally lowered, the tinme, t, required to attain any
speci fied dissipation of average excess pore pressure is a direct function of: (1) the
volume of water that mnust be squeezed out of the aquitard in order to establish the
denser structure required to withstand the increased stress, and (2) the inpedance to
the escape of this water. The product of these two paranmeters constitutes the aquitard
time constant. For a specified stress increase, the volune of water is determ ned by the
volune conpressibility m, of the aquitard, the conpressibility, B, of the water, and
the thickness, b, of the aquitard. The inpedance is determned by vertical
permeability, K, and thickness of the aquitard. Thus, the required tine, is a function
of the tine constant, 1, where

r ’ 2
_r:sgb/a
(3.2) K
and where S g is the specific storage of the aquitard, defined as
S s = S sk + SS\I\XB 3)
i n which
sk = "V = 5an,
W bahy (3. 4)
and
Sgw = anNw .(3.5)
S sk is the component of specific storage due to conpressibility of the aquitard, Sis
the conponent due to the conpressibility of water, h, is the average head in the
aquitard, n is the porosity, and v, is the unit weight of water. For consolidating
aqui tards S g >>> Sg
"For convenience, it is customary to define a dinmensionless tinme factor, T, such

t hat

T==2(3.6)

- |~

when T equals unity, t equals the time constant. The degree of consolidation W4 at any
time, t, is then expressed as a function of T, the formof the functional relation being
determned by the initial conditions of the problem For the commonly used tine-
consolidation functions, Wois sonewhat nore than 90 per cent when T is unity. Detailed
devel opnent of the time-consolidation theory sunmmarized above nmay be found in Scott
(1963, p. 162-197.)"
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3.3 ANALYSI S OF STRESSES CAUSI NG SUBSI DENCE

3.3.1 Types of stresses

As discussed by Lofgren (1968), three types of stresses are involved in the conpaction of an
aqui fer system

"These are closely interrelated, yet of such different nature that a clear distinction
is of utnost inportance. The first of these is a gravitational stress, caused by the
ef fective weight of overlying deposits, which is transmitted downward through the grain-
to-grain contacts in the deposits. The second, a hydrostatic stress due to the wei ght of
the interstitial water, is transmtted downward through the water. The third is a
dynam c seepage stress exerted on the grains by the viscous drag of vertically noving
interstitial water. The first and third are additive in their effect and together
conprise the grain-to-grain stress which effectively changes the void ratio and
nmechani cal properties of the deposit; it is commonly known as the "effective stress.”
The second type of stress, although it tends to conpress each individual grain, has virtually
no tendency to change the void ratio of the deposit and is referred to as a neutral stress
"Of the various nethods used in analyzing the effect of these stresses in a conpacting
aqui fer system (Taylor, 1948, p. 203), only two are considered here. Although they vary
in their conceptual approach, these nmethods give the same mathematical results and can
be used to check one another. The classical nethod, the approach nbst often used in
practical soil-nmechanics problens, considers the geostatic load, or conbined tota
wei ght of grains and water in the system and the neutral, or hydrostatic, stress. The
second method considers the static gravitational stress of the grains, which conprises
their true weight above the water table and subnerged (buoyed) weight below the water
table, and the vertical seepage stresses that may exist in the system Inasnmuch as
changes in the effective grain-to-grain stress (both gravitational and stress due to
seepage) are directly responsible for the conpaction of the deposits and are directly
related to changes in head in an aquifer system this second approach has proved the
simpl est and cl earest in our subsidence investigation."

The definition of seepage stress as a net cunulative difference in hydraulic head is a
power ful and useful concept, although the interpretation of seepage stress as being caused by
viscous drag may be found to be subject to question in the future. For further discussion of
this issue, the reader is referred to Hel m (1978) and Hel m (1980).

The diagram in Figure 3.2 illustrates the stresses acting at the interface between an
artesian aquifer and the overlying confining bed. If we assume that the total l|oad, p, exerted
on the aquifer is constant and u, is reduced as a result of punping, the |oad borne by the
skel eton of the aquifer, p', is increased by an equal anpbunt. If the artesian head is drawn down
to the base of the confining bed (u,=O, the effective stress, p’, on the aquifer skeleton
equal s the geostatic pressure p

The idealized pressure diagram of Figure 3.3 utilizes the classical nethod to illustrate
the stresses that cause subsidence. (Al so see Poland and Davis, 1969, Figures 1-3.) For the sake
of sinplicity, pressure is expressed in terms of the height of an equivalent colum of water
The geostatic pressure (total stress), p, of sedinents and water at some plane of reference
bel ow the water table equals the unit weight of npist sedinents above the water table, vy, times
their thickness, plus the unit weight of saturated sedinments below the water table, y, tines
their thickness. If we assunme an average porosity, n, of 40 per cent, an average specific
gravity, G of 2.70 for the grains, an average specific retention, rg, of 0.20 for the noisture
cont ai ned above the water table, and let the unit weight of water be unity, then, vy, equals 1.8
nmetres of water per netre of thickness:

Ym = [X(I-n) + rgly, or [2.7(1-0.4) + 0.20]1 = 1.8, (3.7)
and y= 2.0 netres of water per metre of thickness:

[&I-n) + n]y, or [2.7(1-0.4) + 0.4]1 = 2.0. (3.8)

<
]

Thus the geostatic pressure at depth z; + z, (figure 3.3) is
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Grains of
material
composing
aquifer
skeleton
p = geostatic pressure
u,, = fluid or pore pressure
p' = effective pressure or
grain-to-grain load
Figure 3.2 Di agranmatic view of stresses acting at interface between artesian aquifer and
confining bed (nodified fromFerris, Knowes, Brown, and Stallman, 1962, p. 79).
P =2Z Vot zZoy = (50 x 1.8) + (450 x 2.0) = 990 netres of water (3.9

(a colum of water 1 netre high exerts a pressure of 0.1 kg cm?onits base)

The |l owering of artesian head in a confined aquifer system for exanple, fromdepth (Z) to
(Z3) in Figure 3.3, does not change the geostatic pressure appreciably. Therefore, the increase
in effective stress in the confined aquifers is equal to the decrease in fluid pressure. The
conpaction in these is imediate and is chiefly recoverable if fluid pressure is restored, but
usually it is snmall

On the other hand, in the aquitards (fine-grained interbeds) and confining beds, which
have | ow vertical perneability and high specific storage under virgin stressing, the vertica
escape of water and the adjustment of pore pressures is slow and tine-dependent. Hence, the
stress increase applied at the aquifer-aquitard boundaries by the head decline in the confined
aqui fers becones effective in these fine-grained beds only as rapidly as pore pressures decay
toward equilibriumwi th those in adjacent aquifers. (See dashed pore-pressure lines of Figure
3.3; where u; represents the excess pore pressure at time t.) Attai nment of pore-pressure
equilibrium (dotted lines) may take nonths or years; the tinme varies directly as the specific
storage and the square of the draining thickness and inversely as the vertical hydraulic
conductivity of the aquitard or the confining bed.

Al though not illustrated in Figure 3.3, it is readily apparent that increase of fluid
pressure from a steady-state condition decreases effective stress and causes expansion of the
pressurized sediments (as in subsidence control and underground waste di sposal). Fluid pressure
cannot exceed geostatic pressures wi thout causing uplift of the overburden

The stress relations of Figure 3.3 serve to illustrate the principle of effective stress
but do not enphasize the inmportance of net difference of hydraulic head in causing conpaction.
Actual |y, the downward hydraulic gradi ent devel oped across the confining bed by the head decline
in the confined system induces downward novement of water through the pores that exerts a
viscous drag on the clay particles. The stress so exerted on the particles in the confining bed
inthe direction of flowis a seepage stress.
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Figure 3.3 Pressure diagram for an unconfined aquifer and a confined aquifer system head

reduction in the confined systemonly.

3.3.2 Conput ati on of stress change

It is quantitatively convenient in treating conplex aquifer systens to conpute effective
stresses and stress changes in terms of gravitational stress and the vertical normal conponent
of seepage stress, which are algebraically additive. The following brief discussion is
sunmari zed from Lofgren (1968) and Pol and and others (1975).

Diagram A of Figure 3.4 illustrates part of a confined aquifer system containing an
aquitard, overlain by a confining bed and an unconfined aquifer. The water table and the
potentionmetric surface of the confined system are initially at the same depth; hence, fluid
pressure at all depths is hydrostatic. Al beds and surfaces within the vertical colum are
assuned to be horizontal. If we assune the sane paranmeters as for Figure 3.3, and let the unit
wei ght of water be unity, then the effective unit weight of npist deposits above the water
table, vy, equals 1.8 netres of water per netre of thickness:

Ym = [X(1-n) + rglyy, oOr [2.7(1-0.4) + 0.20]1 = 1.8 (3.7)

Al so, the effective subnmerged, or buoyant, unit weight of saturated deposits, Y, equals one
nmetre of water per metre of thickness:

VW = (1-n) (G1l)y, or (1-0.4) (2.7-1)I =1.0 (3.10)

If these gravitational stresses Are expressed in netres of water (one netre of water is
equivalent to 0.1 kg cmi?), they can be added directly to hydraulic stresses.

Vectors to the right of diagram A (Figure 3.4) represent the two conponents of effective
gravitational stress at three depths. At the 400-netre depth, for exanple, the stress due to the
unsaturated deposits, s, equals 200 netres of thickness tines 1.8, or 360 netres of water; the
stress due to the buoyant weight of subnerged deposits, b, equals 200 x 1.0, or 200 netres of
water. The sum of s + b, 560 netres of water, is the grain-to-grain stress at this plane of
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Figure 3.4 Ef fective stress diagrans for a confined aqui fer systemoverlain by an unconfi ned
aquifer. A water table and potentionetric surface common. B, water table
constant, potentionetric surface | owered. C, water table raised, potentionetric

surface constant. D, water table |owered, potentionetric surface constant. Stresses
in metres of water; based on assuned porosity = 0.40, specific gravity of solids =
2.7, and specific retention = 0.20. S = effective stress due to weight of unsaturated
deposits; b = effective stress due to buoyant weight of subnerged deposits; J =
seepage stress; Ap’ = change in total effective stress fromcondition A

reference. The effective stress of the saturated deposits increases directly with depth bel ow,
the water table, as indicated by the increasing vector lengths, b, at the base of the confining
bed and the top of the aquitard.

If the potentionmetric surface of the confined aquifer systemis drawmn down 100 netres as in
diagram B, gravitational stresses renmain as in A because the water table is unchanged. However,
a downward conponent of hydraulic gradient is devel oped across the confining bed, which induces
downward novenment of water through the pores and exerts a viscous drag on the grains. The net
force transferred to the grains between any two depths is neasured by the head |oss between
t hose dept hs. The stress so exerted on the grains is called a seepage stress. This third
effective stress conponent is represented by vector J on a horizontal plane. Its vertica
conponent is algebraically additive to the gravitational stresses and is transmtted downward
through the confined aqui fer system The wide arrows to the right of diagramB indicate within a
vertical colum the net change in the vertical normal conponent of effective stress at the base
of the confining bed and bel ow, fromthe hydrostatic condition of diagramA.
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Because the water table is unchanged the net change is the change in seepage stress, which is
equal to the decrease in fluid (neutral) pressure represented by line CF (base of confining
bed) .

The increase in effective stress in the perneable aquifers occurs sinultaneously wth
decrease in head, but decrease of pore pressure in the aquitards and confining beds is del ayed
because of their high conpressibility and |low vertical perneability. The reduction in head in
the perneabl e aquifers creates a two-directional hydraulic gradient outward fromthe center of
the aquitard and consequently induces two-directional drainage from the aquitard. Thus,
al t hough upward and downward seepage forces occur within the aquitard during this adjustnent,
internal stresses have no net external effect on the rest of the aquifer system During this
period of transient pressures, the effective stress can increase only as rapidly as the excess
pore-pressure decreases. The general pattern of decay is illustrated in diagramB of Figure 3.4
in the confining bed by dashed line B-E-F and in the aquitard by dashed line HI-J. Full
di ssi pation of excess pore pressures to equilibrium (dashed lines B-F and HJ) nmay require
nmonths or years. Note that water drains through both boundaries of the aquitard, but only
t hrough the | ower boundary of the confining bed under the specified conditions.

If the potentiometric surface of the confined aquifer systemrenains constant and the water
table is raised or lowered, both gravitational and seepage stresses change, but with opposite
sign. For exanple, if the water table is raised 100 m (diagram C) and the paraneters are as
assuned earlier, the change in gravitational stress is -0.8 netre of water per netre of rise;
however, the unit change in seepage stress (differential between water table and potentionetric
surface of confined system) is +1.0 nmetre. Hence, the net unit change in applied stress in the
confined systemis +0.2 nmetre of water. Conversely, if the water table is |lowered (diagram D),
the net change in applied stress is -0.2 netre per netre of decline

In summary, water-level fluctuations change effective stresses in the follow ng two ways:

1. Arise of the water table provides buoyant support for the grains in the zone of the
change, and a decline renoves the buoyant support; these changes in gravitationa
stress are transmtted downward to all underlying deposits.

2. A change in position of either the water table or the potentionetric surface of the
confined aquifer system or both, may induce vertical hydraulic gradients across
confining or sem confining beds and thereby produce a seepage stress. The vertica
normal conponent of this stress is algebraically additive to the gravitationa
stress. A change in effective stress results if preexisting seepage stresses are
altered in direction or magnitude.

The change in applied stress within a confined aquifer system due to changes in both the
water table and the artesian head, may be summarized concisely (Poland and others, 1972, p. 6)
as

Ap, = -(Ahc - Ahyys), (3.11

where p, is the applied stress expressed in netres of water, h. is the head (assunmed uniforn) in
the confined aquifer system h, is the head in the overlying unconfined aquifer, and yg is the
average specific yield (expressed as a decimal fraction) in the interval of water-table
fluctuation.

In the San Joaquin Valley, California, the areas in which subsidence has been appreciable
coincide generally with the areas in which ground water is withdrawn chiefly from confined
aqui fer systems. (See Chapter 9.13, Figure 9.13.2.) Furthernore, the great increases in stress
applied to the sedinents in the ground-water reservoir by the intensive mning of ground water
devel oped chiefly as increased seepage stresses on the confined aquifer systens.

3.4 COMPRESSI BI LI TY AND STORAGE CHARACTERI STI CS

3.4.1 Stress-strain analysis

Fi el d measurenents of conpaction and correl ative change in water |evel may serve as continuous
nmoni tors of subsidence and indicators of the response of the systemto change in applied stress

They al so can be utilized to construct stress-strain curves fromwhich, under certain favourabl e
conditions, one can derive storage and conpressibility paraneters of the aquifer system as
first denonstrated by Riley (1969) for the Pixley site in the southern part of the San Joaquin
val l ey, California.
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Thirteen years of neasured water-1|evel change and conpaction at Pixley are shown in Figure
3.5. They have been utilized to derive a conputer plot of stress change versus strain (Figure
3.5, E) for a 10l1-netre thickness of the confined aquifer system The change in stress (B)
applied to all strata within the depth interval is calculated fromthe hydrographs (A) of wells
16N4 (water table) and 16N3 (confined systen). This stress-change graph is plotted with stress
increasing downward to enphasize the close correlation with declining artesian head. The
conpaction within the 131-232-nmetre depth interval (D) is obtained as the difference between the
two extensoneter plots on graph C. The stress-strain diagram (E) represents the nmechanical
response (change in thickness) of the 131-232-netre depth interval to change in effective
stress. It is plotted fromthe cal cul ated data of graphs B and D. For convenience, the stress-
change plot of graph B is expressed in equivalent units of water head (1 ft of water head is
equivalent to 0.4333 |b in"% 1 mof head is equivalent to 0.1 kg cmi?).

Attention is directed to (1) the annual depth-to-water pattern for the confined aquifer
system (see hydrograph for well 16N3) in response to the characteristic seasonal punping for
irrigation--the main seasonal decline occurs in spring to late sumer followed by recovery of
water level to a peak late in the winter; (2) the reduced rate of conpaction during years of
smal | seasonal drawdown of water level in well 16N3, such as 1962, 1963, 1967 and 1969; (3) the
smal | but definite expansion of the deposits (D) in nbst winters, acconpanying the water-Ieve
recovery; and (4) the series of annual stress-strain loops (E), formed by the yearly cycles of
stress increase and decrease.

As discussed by Riley (1969):

"The descending segnents of the annual loop are of particular interest since the
represent the resultant of two opposing tendencies--one toward continuing conpaction
and one toward el astic expansion in response to decreasing applied stress. Expansion of
the nore perneable strata of the aquifer system nust be essentially concurrent with the
observed rise in head in wells. However, the first reduction of stress may produce only
a slight reduction in conpaction rate. Evidently, initial expansion of the aquifers is
conceal ed by continui ng conpacti on of the interbedded aquitards as water continues to be
expel l ed under the influence of higher pore pressures remaining within the nedial
regi ons of the beds.

"Consolidation theory requires that the maxi mum excess pore pressure, which is in
the mddle of a doubly-draining aquitard, be related to the sane paraneters .o
that control the tine-consolidation function. It is, therefore, inevitable that there
be, at the end of a relatively short punping season, a large range of maxi mum excess
pore pressures in a sequence of aquitards of w dely varying thicknesses and physica
properties. Thus, as head in the aquifers rises and stress declines, the thinnest and
(or) nost perneable aquitards, containing the |east excess pore pressure, wll quickly
assurme an el astic response; but the thickest and (or) |east perneable beds may conti nue
to conpact at dinminishing rates through nost or perhaps all of the period of head
recovery and stress relief.

"Evi dence for this type of behavior is contained in the continuously curving stress
strain line characteristic of nmuch of the descending portions of the annual | oops."

If in Figure 3.5E the |ower part of the descending curve approximtes a straight line with
a positive slope, as it does, for instance, in 1968 and 1970, we can assune that essentially al
excess pore pressures have been exceeded by the rising heads and that the entire aquifer system
is expanding in accordance with its elastic nodul us.

The |l ower parts of the descending segnments of the annual |oops for the winters of 1968-69
1969-70, and the latter part of 1970 are approxinmately parallel straight |lines, as shown by the
upward projection of the dotted lines. The reciprocal of the slope of the dotted lines is
realistic estimate of the conponent of the storage coefficient, S, attributable, to the elastic
or recoverabl e deformation of the aquifer system skeleton, S:

_ Ab_ -4
Ske = A= 6-4x10 (3.12)

where b is the thickness of the aquifer-system segment being neasured, Ab is conpaction, h is
applied stress, and Ah is change in applied stress. The component of average specific storage
due to elastic deformation is Sgye:
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Figure 3.5 Hydr ographs, change in applied stress, conpaction, subsidence, and stress-strain

rel ati onship,
dept h,
C, Conpaction to 131-netre depth in well

23/ 25-16N. A, Hydrographs of wells 23/25-16N4, perforated 61-73 m
and 23/ 25-16N3, perforated 110-128 m depth.

B, Change in applied stress.
23/ 25-16N3 and to 232-netre depth in

wel | 23/25-16N1 and subsidence of bench mark @45 at well 23/25-16N1. D,
Conpaction in 131-232-netre depth interval. E, Stress change versus strain
(101-netre thickness). (Mdified from Poland, Lofgren, Ireland, and Pugh, 1975,
Fig. 70.)
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(3.13)

where Ab/b represents strain in Figure 3.5E and can be considered a conservative estimte of
bul k volune strain, AV/V, in the field. The conpressibility of the aquifer-system skeleton in
the elastic range of stress is oOyg:

S -6 -1 _ -1
Upe = ske - 6.3x10 m__ _g 3x19 5ch12kg . (3.14)

Yw O.1kgcnf2nfl

However, if stresses are expressed in netres of water, and if y,(the unit weight of water)
equals unity, age is equal nunerically to Sge. It is of interest to note that the conpres-
sibility of water, B, at 20° C is 4.7 x 10°° cn?kg'l. Hence, the average elastic com
pressibility of the aquifer-system skeleton is about 1.3 tines as large as the conpressibility
of water.

On the other hand,

Ssw = NBuwu (3.5)
If the average porosity, n, equals 0.4, then

Sqw = (0.4) (4.7 x 10°% cnfkg ) (0.1 kg cni?ni') = 1.9 x 10 ®m'! (3.15)
Therefore, for the 101-netre thickness of the nmeasured interval, the ratio of specific storage
values for the elastic deformation of the aquifer systemand for the el astic expansi on of water
is
6
6

1
1

Sske _6.3x10 m_

Ssw  1.9x10”

=3.3. (3.16)
=

This neans that for each unit of change in head, the volune of water released fromor taken into
storage per unit volunme of the porous medium by elastic (recoverable) deformation of the medium
is nore than three tines the volune rel eased by elastic deformation of the interstitial water

El astic storage and conpressibility paraneters have been derived from two other stress-
strain plots described in the case histories. One is for a well in western Fresno County,
illustrated in Figure 9.13.9. The depth interval neasured is 70-176 m below | and surface. At
this site, S = 1.2 x 1073 and Sge = 1.1 x 10°°ml This stress-strain plot (Figure 9.13.9) is
of interest also because the |lower parts of both the descending and ascending segnents of the
annual "hysteresis loops" form essentially a comon straight line, indicating alnost no tine
delay in adjustnent of the aquifer-system skeleton to change in stress in the elastic range of
stress.. O this 106-m thickness of aquifer system the sum of the aquifers is 71 m or two-
thirds of the total and the sum of the aquitards is only one-third of the total. The electric
| og suggests the aquitards are largely silt and hence relatively perneable conpared with clay.

The other plot is for a well in San Jose, California, illustrated in Figure 9.14.7. The
depth interval neasured is 244 mthick, 61-305 m below the |land surface, representing the ful
thi ckness of the confined aquifer system The stress-conpaction plot indicates that S, 1.5 x
10°3 and Sgke = Ske/ 244m = 6.15 x 10°%mil. In these conputations | have assumed that in the range
of stresses less than preconsolidation stress, the conpressibility of the aquitards and the
aquifers is the sane. Therefore, the full thickness of the confined aquifer system 244 m was
used to derive the specific storage conponent, Sgce, in the elastic range of stress

For stresses exceeding past maxi mum (preconsolidation) stresses, virgin specific storage
and conpressibility parameters can be approximated from Figure 3.5. Straight line A-A-A" is
drawn through the annual hysteresis | oops approxinmately at the level at which the rising elastic
conpaction curve crosses over the descending expansion curve. The reciprocal of the slope of
line A-A'-A" is the conponent of the storage coefficient, S, attributable to the inelastic
(nonrecoverabl e) deformation of the aquifer-system skeleton, S:
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2

=B8b -5 gx10” (3.17)

kv " Ah

The conponent of specific storage due to inelastic (nonrecoverable) deformation of the aquifer
system skel eton i s Sgyy:

1

S -2 4
kv _6.8x10  _g 7,197y (3.18)

skv b 101m

Relation 3.18 is an average value for the entire system It is reasonable to assune, however
that only the clay interbeds deforminelastically. To obtain the average nonrecoverable specific
storage of the aquitards in accordance with this convention, Sy, is divided by the aggregate
thi ckness, b’, of aquitards, which is 70 netres:

2

S —_
kv _ 6.8x10 -4 -1
S’ === = =—=——— =0.7x10 m 3.19
skv b’ 70m ( )
The average aquitard conpressibility
S’ -4 -1 N _
skv _ 9.7x10 m_ _g 7,10 3¢cnfkg " (3. 20)
w -2 -1
0.1kgcm "m

The average conpressibility of the aquifer-systemskeleton in the virgin range of stressing
IS Oyt

_ Sskv _ 6.7x10 *m

a =
kv _
Yw O.1kgcm2

1
1

- -1
=6.7x10 3cmZkQ (3.21)

m

Thus, fromthe appraisal of Figure 3.5, and the conparison of ag. of 3.14 to oy, of 3.21, we
can conclude that at Pixley, the conpressibility of the nmeasured interval of the aquifer system
in the virgin range of stressing is about 100 times as great as the conpressibility in the
el astic range of stressing. Hydrol ogists should be aware that in nmultiaquifer systens the val ues
of the compressibility and storage paraneters may be 10 to 100 tines greater when total applied
stresses are in the virgin range of stressing than when they are in the elastic range. This fact

must be kept in mind in the interpretation of aquifer tests and when neking estimates of the
usabl e storage capacity of a confined-aquifer system

3.4.2 Soi | - mechani cs t echni ques

Conpressibility characteristics of fine-grained conpressible layers or |enses (aquitards) can
be obtained by nmeking one-dinmensional consolidation tests of "undisturbed" cores in the
| aboratory. These tests are described in soil nechanics textbooks and briefly in Chapter, 4 of
this manual. The plot of void ratio against the logarithmof |oad (effective stress) is known as
the e-log p plot. Three paraneters that can be obtained fromthis plot are (1) the conpression
i ndex, GC., a neasure of the nonlinear conpressibility of the sanple, (2) the coefficient of
consolidation, C,, a neasure of the tine rate of consolidation, and (3) the approxinmate val ue of
the preconsolidation |oad, determned graphically (see Figure 4-9). The preconsolidation |oad
or stress is the maxi num prior effective stress to which a deposit has been subjected and which
it can withstand without undergoing additional permanent deformation. Mst of the conpacting
deposits in the subsiding areas of Table 1.1 are of |ate Cenozoic age and before disturbance of
equglibriun1conditions by man were normally consolidated or slightly overconsolidated (1 to 4 kg
cm*?).

For effective stress changes in the stress range less than preconsolidation stress, the
conpaction or expansion of both aquitards and aquifers is elastic--that is, approximtely
proportional to change in effective stress over a npbderate range in stress, and fully
recoverable if the stress reverts to the initial condition

For increase in effective stress in the range of |oading that exceeds preconsolidation
stress, the "virgin" conpaction of aquitards is chiefly inelastic--that is, not recoverabl e upon
decrease in stress. However, this virgin conpaction includes a recoverable elastic conponent
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that is small conpared to the nonrecoverabl e conponent. The virgin conpaction usually is roughly
proportional to the logarithmof effective stress.

The conmpaction of aquifers, in contrast to that of aquitards, is chiefly elastic
(recoverable) but it may include an inelastic conponent. In poorly sorted and angul ar sands and
especially in nmicaceous sands, the inelastic conponent nmay domi nate.

A senmilogarithnmic plot of void ratio, e, versus the logarithmof |oad (effective stress p’,
shown in Figure 3.6, illustrates a graphic nethod of conmputing conpressibility. The coefficient
of volume conpressibility, m, in soil-mechanics termn nol ogy,

__%0~€
W T Tregnp

(Terzaghi and Peck, 1967). It represents the conpression of the clay, per unit of initial
thi ckness, per unit increase in load (for effective stress change in the range exceeding pre-
consolidation stress). Uilizing the |aboratory virgin conpression curve, which is a straight
line on the semlogarithmc plot, we see that for a |oad change Ap’, from 100 to 200 Ibs in

kgcm’2
1072 107 [ 10 102
I L X I H 1
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Figure 3.6 Deriving mfrome-log p’ plot.
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(7 to 14 kg cm‘2), the void ratio, e, decreases from 0.66 to 0.57. The decrease in volune or
length of the sample, ey - e, divided by the initial volume, 1 + eg, and by the change in |oad
for the val ues given, supplies an approxi mation of conpressibility at the m dpoint of Ap’. Thus,
the conpressibility at 150 Ibs in"? (10.5 kg cni?) is approximately 5.4 x 100%in?lb1 (7.7 x 1073
cm kg"). The conpressibility decreases markedly with increase in effective stress. Repeating
the conputation, for several increments of load increase furnishes the data for plotting
conpressibility for the pertinent range in effective stress.

Figure 3.7 is a logarithmc plot showing the principal range in conpressibility of tested
cores fromfour core holes tapping alluvial and mnor |acustrine deposits in southwestern United
States, as well as the conpressibility of pure clays made by Chilingar and Kni ght (1960).

The four core holes are spaced fromCalifornia to Texas, as follows:

Core hol e Locati on Depth (m
A Santa Clara Valley, California, in San Jose 305
B San Joaquin Valley, California, in western Fresno County 610
C Pi nal County, Arizona, near El oy 592
D Harris County, Texas, at C ear Lake 294

The graph sunmarizes the conpressibility range for 30 sanples from the four core holes for
effective stresses between 8 and 100 kg cm< |If we consider these sanples under a common
ef fective stress of 70 kg cmi? (note the vertical dashed line), the range in conpressibility of

PSI -~ ps]!
cm®kg 46 810 2 4 6 8100 2 4 6 810" —10
'62 LA T T T T T L is
8 -...‘. . .\\ N \\‘\'\*. l 4 G
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Figure 3.7 Conpressibility plots for fine-grained sanples fromfour core holes in southwestern
United States and for pure clays tested by Chilingar and Kni ght (1960).
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the 30 cores is about 9 x 10°% to 2.3 x 103 cnf kg", a range by a factor of nearly three.
Experinental conpaction studies by Chilingar and Knight (1960), nmade on kaolinite, illite,
and montrorillonite clays at pressures from3 to 14, 000 kg cm? afford an opportunity to conpare
conpressibilities of the fine-grained corehole sanples with those of pure clays. The standard
clay-mneral sanples tested were described by Chilingar and Kni ght (1960, p. 103) as foll ows:

Mont moril lonite No. 25, Upton, Woning
Illite No. 35, Fithian, Illinois
Kaolinite No. 4, Macon, Ceorgia

The results of their tests, which they expressed in noisture content in per cent (dry weight)
versus the logarithmof pressure, have been converted to conpressibility versus effective stress
and are shown as dotted lines in Figure 3.7. Kaolinite has the |owest conpressibility, illite
the internmediate, and nmontnorillonite has the highest. The conpressibilities of all 30 corehol e
sanples are higher than those of the standard illite throughout the stress range tested.
Furthernmore, the conpressibilities of all the sanples from core holes A and B (central
California) fall between the standard illite and nontnorillonite curves. X-ray diffraction
anal ysis of the clay-mneral assenblages at all four sites indicated that nmontrmorillonite is the
predom nant clay mineral, ranging from6 to 8 parts in 10.

Conpressibility tests have been nade on nmany sanples of fine-grained sedinents taken froma
deep (950m) borehole in Venice, Italy, in 1971. Values of m, versus depth for nore than 50
sanples are plotted in Figure 9.3.3 of the Venice case history. The conpressibilities were
conputed at the actual "in situ" pressures for both the | oading and unl oadi ng curves. Ricceri
and Butterfield (1974) nmade a detailed analysis of the conpressibility data from the deep
borehole. If the conpressiblities for sanples from 120-220 m depth, conputed from the | oading
curve (m, points in Figure 9.3.3), are plotted in Figure 3.7, nost points fall on or just to the
right of the illite curve. Conpressibilities average about 3 x 103 cnfkg'! for effective
stresses in the range of 12 to 22 kg cm? (120-220 m depth). The highest conpressibilities fall
within the range of conpressibilities for sanples fromcorehole A (Santa Clara Valley, Calif.).

3.4.3 The conpressibility environnment

Ef fective stresses, including the increase applied by punping, are in the range of 10 to 100 kg
cmi? for aquifer systems tapped by water wells within depths of 60 to 900 m This depth range
i ncludes about all the stressed sedinments of Table 1.1. Wthin this stress range sands in
general are nuch | ess conpressible than clays. However, at effective stresses of 100 to 200 kg
cmi?, evidence is accunulating to show that some sands may be as conpressible as clays or
si |l t st ones.

Roberts (1969) nade a |aboratory study of the conpressiblity of sands and clays as
determi ned from one-di mensional consolidation tests at stresses up to 700 kg cmi?. The tests
showed that in the range of effective stresses from 100 to 200 kg cni?, some sands were as
conpressible as typical clays. Roberts noted that sands are relatively inconpressible at |ow
pressures (<100 kg cni?)--the conpression is due to particle rearrangenent. At hi gher pressures
fracturing of the grains develops. He concluded that factors affecting the pressures at which
fracturing begins include the initial density of the sanple, angularity of the grains, and
grai n-size distribution.

In a study of subsidence of oil fields bordering Lake Maracai bo i n Venezuel a, van der Knapp
and van der VIis (1967) made one-di nensi onal consolidation tests on cores of uncenented sand and
clay, taken from depths of 900 to 1050 m Conpressibility was conputed from the virgin
conpression curve of the e-log p’ plot. The conposite graphs of conpressibility of the sand and
clay sanples showed that the two materials have conparable conpressibilities. For exanple, at
140 kg cm? of effective stress, the nmean sand conpressibility (8 sanples) is about 5.7 x 10°% cm
kg'! and the mean clay conpressibility (11 sanmples) is about 4.5 x 10°% cn12kg".

The principal oil zones at the WImngton oil field in Los Angeles and Long Beach,
California, that conpacted to cause as nuch as 9 mof subsidence are at depths of 600 to 1200 m
When fluid pressures in the zones were depleted in the late 1950°s prior to repressuring,
ef fective stresses were 100 to 200 kg cmi? Accor di ng to Allen and Mayuga (1969), axial |oading
tests on the reservoir sands and siltstones showed the sands to be as conpactible, or nore so,
than the siltstones at the field effective stresses. From the |aboratory tests, reservoir
cal cul ations, and casing-collar neasurenents, they concluded that about two-thirds of the conpaction
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had occurred in the sands and one-third in the siltstones. The sands are conposed of about 35-70 per
cent quartz, 12-40 per cent feldspar, and 8-12 per cent silt and clay minerals. Above the 1,220 m
depth, the sands are uncenented and | oose, and they grade in grain size fromfine to coarse. Roberts’
(1969) findings that some sands fracture appreciably in the stress range of 100-200 kg cni2 suggest
that the high conpressibility of the feldspathic WIlm ngton "oil sands" in this sane effective-stress
range is due chiefly to fracturing.

For additional information on the conpressibilities of unconsolidated sands and cl ays, the
reader is referred to Roberts (1969), Meade (1968), Gim (1962), Allen and Chilingarian, in
Chilingarian and Wl f (1975, p. 43-77), and R eke and Chilingarian (1974, p. 173-217).
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4 Laboratory tests for properties of sedimentsin
subsiding areas, by A. I. Johnson and Working Group

4.1 | NTRODUCTI ON

Laboratory tests of core sanples are nmade to determine their physical, hydrologic, and
engi neering properties and their consolidation and rebound characteristics. The |aboratory test
results then are utilized, along with the observed changes in artesian head, to conpute
conpaction of the aquifer system on the basis of soil nechanics theory. In addition, the
m neral ogy and petrography of sanples is determined in the [aboratory in order to study these
properties with special reference to the environnent of deposition

This chapter briefly describes sone of the test nmethods used in the | aboratory and presents
exanpl es of the tables and graphs summarizing the properties for conpacting sedinents in the
specific study area--primarily the San Joaquin Valley, with sone reference to the Santa C ara
Vall ey, both in central California. The physical and geol ogic characteristics and the subsi dence
problens for these areas are described in Case Histories 9.13 and 9.14 and all I|aboratory
met hods and data are presented in nore detail in the report by Johnson, Moston, and Morris
(1968). The l|aboratory analyses that were used directly in this case study were primarily the
particle-size distribution, specific gravity and unit weight, porosity and void ratio, and the
consolidation and rebound tests. The tests of Atterberg limts and indices were not used
quantitatively in the central California study but provided supplementary data that furnish at
least a qualitative index to the conpressibility characteristics of the sediments. For exanple
inthe Unified Soil Cassification system the liquid limt is used to distinguish between clay
of high conpressibility and clay of |low conpressibility. The tests of perneability were usefu
in related studies. The tests conparing perneability parallel and nornmal to the stratification
gave some data on the rel ative ease of novenment of water in the two directions, and thus were of
use in studies of |eakage through confining beds.

Applications of |aboratory-test data may be found in chapters 3 and 5 and in sonme case
histories in Chapter 9 (such as 9.3, 9.13 and 9. 14).

4.2 FIELD SAMPLI NG

The sanples for which test results are discussed later in this chapter were obtained fromcore
holes in the San Joaquin and Santa Clara Valleys, in Central California. Ei ght core holes were
drilled to depths as great as 620 m and sanples were collected from these core holes for
anal ysis in the | aboratory.

The core holes were drilled by a rotary-drilling rig, utilizing core barrels of the doubl e-
tube type, which have an outer rotating barrel and an inner stationary barrel. The inside
di ameter of the core barrel was nomnally 7.6 cmand the average di aneter of core recovered was
about 7 cm In nost of the work, a core barrel capable of taking a core 3 mlong was used. A 6-m
core barrel was tried but did not give as good core recovery.

Above the Corcoran Clay Menber of the Tulare Formation in the Los Banos-Kettleman City
area, (Figure 4.1) a 3-minterval was cored after each 9-m of drilling. Below the top of the
Corcoran Cay Menber, coring was generally continuous to the bottom of the hole. Core recovery
was excellent for unconsolidated to seniconsolidated alluvial deposits of sand, silt, and clay.
For exanple, at core hole 14/13-11D, the accurmul ated cored interval was 302 m and the aggregate
core footage brought to land surface was 211 m an average core recovery of 70 per cent. Core
recovery was as high as 80 per cent and as |low as 30 per cent. The |owest recovery was in the

coarse, |loose water-bearing material. Hence, the core suite obtained did not contain a
representative sanpling of the coarser, npbst perneable |ayers.
At each of the drilling sites, cores were laid out in sequence in 1.2-m wooden core boxes

and properly labelled for future reference. Fromeach 3-minterval cored, the foll owi ng sanpl es
were col | ect ed:
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Figure 4.1 Sinplified geologic section through core holes in the Los Banos-Kettleman City

area, San Joaquin Valley, California.

1. Physi cal and engineering properties sanple.--One litre-sized sanple (about 15 cm
long), taken from the nobst representative materials of the cored interval, was
sealed in wax in a cardboard container to preserve the natural noisture content
i nsofar as practicable and to prevent disturbance of the core.

2. Petrographic sanples.--One or nore sanples, taken from the sanme materials and
contiguous to the physical characteristic sanples, were collected and seal ed i n wax
ina 0.5 litre cardboard container and retained for petrographic exam nation. For
pal eontol ogic exam nation, sanples also were taken of fossiliferous beds
encountered in several of the core holes; they were not sealed in wax.

3. Ceneral purpose sanples.--Two or nore 0.25 litre sanples were collected for genera
reference, one representing the fine-textured materials and one representing the
coarse-textured layers; they were retained in cardboard cartons but not sealed in
wax.

In addition, undisturbed sanpl es of representative fine-grained deposits were collected for
consolidation tests. Litre-sized sanples were carefully selected and then sealed in wax in neta
containers to keep themin an undisturbed condition

4.3 COWGOSI TE LOGS OF CORE HOLES

An electric log was obtained for each core hole after coring was conpleted. G aphic |ogs and
generalized lithologic descriptions were prepared from the geol ogists’ |logs nmade at the dril
site, supplenented by interpretation of the electric log in zones not cored or of poor recovery.
These three el ements were conbined to give a conposite |og for each core hole. The depths of the
sanpl es tested also are plotted on the conposite logs. Figure 4. 2 is an exanple of a conposite
log for one of the core holes.

The interpretation of electric logs is based on the principle that, in fresh-water-bearing
deposits such as those penetrated in this area, high resistivity values are indicative of sand

and low resistivity values are indicative of clay and silty clay. Internediate values are
i ndicative of clayey silt, silt, silty sand, and other sedinments classified texturally between
sand and clay. Resistivity is indicated by the right-hand curve of the electric log; it
i ncreases toward the right. Thus, the Corcoran Cay Menber of the Tulare Formation is indicated
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Figure 4.2 Exanpl e of a conposite log of a core hole.

by a curve segment of uniformy low resistivity (Figure 4.2). The electric logs of the core
holes can be conpared with the physical and hydrologic properties of the sanples plotted
according to depth, as in Figures 4.3 and 4. 4.

4.4 METHODS OF LABORATORY ANALYSI S

Uilizing a hydraulic-press assenbly in the |aboratory, cores 5 cmin diameter by 5 cmlong were
obtained by forcing thin-wall brass cylinders into the |arger core--one in a direction at right
angl es to the bedding (vertical) and the other parallel to the bedding (horizontal). These small
cores were used for perneability tests and for determning unit weight and porosity.

The rest of the large core was prepared and used for determ nation of specific gravity,
particle-size distribution, and Atterberg limts and indices. Sanple preparation for these
anal yses began with the air-drying of chunks of the large core. These chunks of material were

55



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

° T
200 ) L
g , |
) % ; ! J »
a0 |- : 4
—— i ! :
oF { % ! |
T3 ™ ; 1
L !
* - =
- § 1000 — i : . ; h J 7 I
Y ? . L. | o | i
og ol =
ul ; b ~ w00 | T ! 7
T L i
of o — N i
O & ,l - R - — —
- \Eu, L . ! N l
| !
1600 { i - - a i ‘ :
g - | H 4 i H
1 | i i
i H : H
1900 I . ' T -
| i i i {
[ | ] : i . bl R C
2000 —L! - - ! : L 1 - co I T [
i I i 1 - {
J T I Ll . L R ! 1 L - |
gR°=28 g2 °© 2 8% 8% 3 3R 8% g 3o &3y T T 223 R8 9 B e
S 2 8 5 -~ s g g GRAMS PER CUBIC CENTIMETER POROSITY, IN PERCENT
Mitivoits ' Obms m</m = "‘—L“_—L—-‘L‘ ——L——L—J—‘L—
SPONTANEOUS]RESISITIVITV N 8 § g ; g ; 2
POTENTIAL POUNDS PER CUBIC VOID RATIO
ELECTRIC COEFFIEIENT OF PERMEABILITY, IN CLAY-SIZE PARTICLES ) SPECIFIC GRAVITY DRY UNIT WEIGHT POROSITY AND vom’ RATH
106 GALLONS PER DAY PER SQUARE FOOT (<0.004 mm), IN PERCENT
(vertical)

Figure 4.3 A graph of physical properties from core hole 14/13-IIDI in the San Joaquin
Valley, California.

then gently but thoroughly separated into individual particles in a nortar with a rubber-covered
pestle. Care was taken to prevent crushing of the individual particles.

Core sanples were analyzed by use of the standard nmethods described briefly in the
foll ow ng paragraphs. Additional information on the theory and nmethods of analysis is available
in Minzer (1923, 1949), Wenzel (1942), Taylor (1948), U S. Bureau of Reclamation (1974, p.
407-508) and the Anerican Society for Testing Materials (1980). Results of the |laboratory
anal yses were reported in tables. The first page of each of the tables is shown as tables 4.1
through 4.5 at the end of this chapter as an exanple of the format and type of the data
reported. The tables were published in inch-pound units, thus readers interested in netric units
may refer to the netric conversion table, Appendix E

4.4.1 Particle-size distribution

Particle-size analysis, also termed a "nechanical analysis," is the determnation of the
distribution of particle sizes in a sanple. Particle sizes smaller than 0.0625 nm were
determ ned by the hydroneter method of sedinentation analysis, and sizes larger than 0.0625 nm
were determ ned by wet-sieve anal ysis.

The hydroneter nmethod of sedinmentation analysis consisted of (1) dispersing a representa-
tive part of the prepared sanple with a defloccul ating agent, sodi um hexanetaphosphate, in one
litre of water and (2) measuring the density of the suspension at increasing intervals of tine
with a soil hydrometer. At given tinmes, the size of the largest particles remaining in suspen-
sion at the level of the hydrometer was computed by use of Stokes’ law, and the weight of parti-
cles finer than that size was computed from the density of the suspension at the same level.
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Figure 4.4 Continuation of a graph of properties from core hole 14/13-11D in the San

Joaquin Valley, California.

After the hydroneter analysis, the sanple suspension was poured into a sieve which had
openings of 0.0625 nm The sanple then was gently agitated and washed over the sieve. The
material retained was carefully dried and placed in a set of standard 20-cm sieves which were
shaken for a period of 15 minutes on a Ro-tap mechanical shaker. The fraction of the sanple
remai ni ng on each si eve was wei ghed on a bal ance.

From the hydrometer analysis and the sieve analysis, the percentage of the particles
smaller than a given size was calculated and plotted as a cumulative distribution curve. The
particle sizes, in mllineters, were plotted as abscissas on a logarithmc scale and the
cunul ati ve percentages of particles snaller than the size shown, by weight, as ordinates on an
arithnetic scale. The percentage in each of several size ranges was then determned fromthis
curve.

The size ranges were identified according to the follow ng particle sizes:

D aneter (nm

(€ 1] B e e T T >2.0
Very coarse Sand --------- oo oo 1.0 -2.0
Coarse Sand ---------- - mmmm oo .5 -1.0
Medium sand -------mmmm oo oo oo .25 - .5
Fine sand ---------mmmmmm oo oo .125 - .25
Very fine sand ---------mmmmmm oo .0625- .125
Sl t-8IZ@ - .004 - .0625
O ay-SiZ@e ----m o m o m oo oo <0. 004
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This size classification systemis used by the Water Resources Division, U S. GCeological Survey,
and is essentially the sane as classifications proposed by Wentworth (1922) and the National
Research Council (Lane, 1947), except that those authors proposed further subdivisions of
gravel, silt, and clay. Subsequent references to sand, silt, and clay in this report wll
relate to sand-,silt-, and clay-size particles as specified in the foregoing table.

4.4.2 Perneability

Perneability is the capacity of rock or soil to transnit fluid under the conbined action of gravity
and pressure. It can be determined in the |aboratory by observing the rate of movenent of fluid
through a sanple of known |length and cross-sectional area, under a known difference head.

The basic law for flow of fluids through porous materials was established by Darcy who
denonstrated experinentally that the rate of flow of water was proportional to the hydraulic
gradient. Darcy's |law may be expressed as

Q= KiA (4.1)

where Q is the quantity of water discharged in a unit of time, Ais the total cross-sectional
area through which the water flows, i is the hydraulic gradient (the difference in head, h,
divided by the length of flow, L), and K is the hydraulic conductivity (occasionally known as
the coefficient of perneability) of the material for water, or

K=~ ha o

Because the water is assuned to be relatively pure, density is ignored.

Hydraulic conductivity is determined in the laboratory in constant-head or variabl e-head
perneaneters or is conputed fromconsolidation-test results. The perneaneters used for the tests
di scussed in this chapter are described in detail by Johnson, Mston, Mrris (1968).

Entrapped air in a sanple may cause plugging of pore space and thus reduce the apparent
hydraulic conductivity. Therefore, a specially designed vacuum system provided the de-aired
tapwat er used as the percolation fluid.

The chenical character of the water used for the perneability tests of fine-grained silty or
clayey materials should be conpatible with the chem cal character of the native pore water. If the
test water is not conpatible, the clay-water system and the perneability values obtained will be
af fected. The chenical character of the native pore water in the fine-grained sedi mnent was not known
at the tine of the test and Denver tapwater therefore was used in the perneability tests.

The 5-cmdianeter "undisturbed" cores cut fromthe larger original core were retained in
their cylinders. These cylinders were installed directly in the pernmeaneter to serve as the
percol ation cylinder of the apparatus. The reported hydraulic conductivity was the maxi num val ue
obt ai ned after several test runs and represents saturation perneability.

4.4.3 Unit wei ght

For reference in devel oping sonme of the equations used in following sections of this chapter, it is
useful to study the relations found in a unit soil nmss, as seen in Figure 4 5. The concepts and
synbol s shown in that figure will be used in devel opnent of equations related to the properties of
conpacting sedinents. OQher useful definitions and synmbols can be found in the publication of the
Anerican Society for Testing and Materials (1980).

The dry unit weight is the weight of solids per unit of total volune of oven-dry rock or soi
mass. It normally is reported in grans per cubic centineter or kilograns per cubic netre. Void space
as well as solid particles are included in the volume represented by the dry unit weight. The dry
unit weight divided by the unit weight of distilled water at a stated tenperature (usually 4° C) is
known occasionally as the apparent specific gravity, which is dinmensionless.

The volume of the small cores, cut previously from the large cores, was obtained by
measurenent of the cylinder dinensions. This volune and the ovendry weight of the contained
sanpl e were then used to calculate the dry unit weight as follows:

Vg = S (4.3)
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Figure 4.5 Princi pal phases of a unit soil mass.
wher e
A = dry unit weight, in grans per cubic centinetre,
= wei ght of ovendry sanple, in grans,
Vv = total mass volune of sanple, in cubic centinetres.
4.4.4 Specific gravity of solids

Specific gravity of solids, G is the ratio of (1) the weight in air of a given volune of solids
at a stated tenperature (unit weight of solid particles or particle density) to (2) the weight
in air of an equal volume of distilled water at stated tenperature (usually 4° C, or

V. =~ and y = -—",
S s w VW

SO

= S (4.4)
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wher e
Ys = unit weight of solids, in granms per cubic centinetre
Vs = volune of solids, in cubic centinetres,
Yw = unit weight of water, in granms per cubic centinetre,
Wy = weight of water, in grans,
Vyy = volune of water, in cubic centinetres, and
G = specific gravity, a ratio.

The volunetric-flask method was used for determining the specific gravity of solids. A
wei ghed oven-dry part of the sanple was dispersed in water in a calibrated volunetric flask. The
volune of the particles was equivalent to the volune of displaced water. The unit wei ght of the
solid particles was obtained by dividing the dry weight of the sanple by the volune of the solid
particles. Because the density of water at 4° C is unity in the nmetric system the specific
gravity is nunerically equivalent to this unit weight.

4.4.5 Porosity and void ratio

Porosity, n, is defined as the ratio of (1) the volune of the void spaces to (2) the total
volune of the rock or soil mass. It normally is expressed as a percentage. Therefore,

_ Vy(100) V-V, (100)

n , 4.5
v v (4.5)
then as
Ya = v
and
Ys = T o
s Vg
7Yqg =W,
= 80 oy
/vy
or
Ye 7Y,
n = 59100 (4.6)
s
wher e
n = porosity, in per cent,
V, = volune of voids, in cubic centinetres,
V = total mass volune, in cubic centinetres,
W, = weight of oven-dry particles, in grans,
Ys = unit weight of particles, in grans per cubic centimetre (equal nunerically to
specific gravity of solids in netric systen),
Y¢ = dry unit weight of sanple, in grans per cubic centinetre, and
Vg = volune of solid particles, in cubic centinetres.

After the dry unit weight and the specific gravity of solids had been determ ned for the
sanple, the porosity was calculated from the above equation. The relation anong these three
properties is illustrated in Figure 4.6.

The void ratio is defined as the ratio of (1) the volunme of voids to (2) the volunme of solid
particles in a soil mass, or

V,
e:Vy (4.7)
s
Its relation to porosity is expressed by
n
e = —— , 4.8
e (4.8)

where e = void ratio, and n = porosity, in per cent.
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Figure 4.6 Rel ati on of porosity to dry unit weight for various specific gravities of solids.
The rel ation between void ratio and porosity is illustrated in Figure 4.7
4.4.6 Mbi sture cont ent

The noisture content of rock or soil material is the ratio of the weight of water contained in
a sanple to the oven-dry wei ght of solid particles, expressed as a percentage, or

= Y-\{"’(100), (4.9)
%
wher e
w = noisture content, in per cent of dry weight,
Wy = weight of water, in grams, and

wei ght of oven-dry sanple (dry solids), in grans.

Usual | y, sanples in noisture-proof containers, are weighed to obtain their wet weight. They are
oven-dried to constant weight at 110°C and reweighed. The loss of weight (the anmount of
contai ned water) divided by the dry weight of the sanple equals the nbisture content.

4.4.7 Atterberg limts

Atterberg (1911), a Swedish soil scientist, suggested a series of arbitrary limts for
indicating the effects of variations of nmoisture content on the plasticity of soil materials.
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Figure 4.7 Rel ation of void ratio to porosity.

The nost commonly used Atterberg limts, sonetines referred to as limts of consistency, are the
liquid and plastic limts. Among a nunber of indices, the plasticity index is nobst comonly
det er m ned.

The moisture contents at which fine-textured sedinments pass from one state of consistency
to another are governed by the texture and conposition of the sedinents. Atterberg (1911),
Terzaghi (1926), and Gol dschmdt (1926) found that plasticity is a function of the anpunt of fine
platelike particles in a sedinment mass. Thus, the Atterberg consistency limts and indices are
i nfl uenced by the clay content of the sedinents tested.

Al though the Atterberg linmits are somewhat enpirical, nost soil investigators believe that
they are valuable in characterizing the plastic properties of fine-textured sedinent,
(Casagrande, 1932).

Only the smaller size particles of a given sanple, those passing a US. Standard No. 40
sieve (finer than 0.42 nmin dianeter) are used for Atterberg tests. Although limts and indices
are cal cul ated as noisture content, in per cent of dry weight, (WyW) , all values are usually
reported as nunbers only.

4.4.7.1 Liquid lint

The liquid limt, w, is the noisture content, expressed as a percentage of the oven-dry weight,
at which any particular soil material passes fromthe plastic to the liquid state. It is that
noi sture content at which a groove of standard dinmensions cut in a pat of soil will close for a
distance of 1/2 in. (1.3 cm under the inpact of 25 shocks in a standard liquid-limt apparatus
The npist sanple was placed in the round-bottomed brass cup of the nechanical liquid-limt
device and was divided into two hal ves by a V-shaped grooving tool. A camon the device raised
the cup and let it drop against the base of the machine until the two edges of the groove fl owed
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together for the specified half an inch. The nunber of taps, or shocks, were recorded, and the
noi sture content of a part of the sanple was determ ned. This process was repeated three tines
at different npoisture contents. These data are plotted as a "flow curve" on a semlogarithmc
graph, the nunber of shocks plotted as abscissa on the logarithmic scale and the noisture
content as ordinates on the arithnetic scale. The noisture content corresponding to the
i ntersection of the flow curve with the 25-shock line was taken as the liquid limt of that soi
mat eri al

4.4.7.2 Plastic limt

The plastic limt, wp, is the mininumnoisture content, expressed as a percentage of the oven-
dry weight, at which soil material can be rolled into 1/8-in. (0.3-cn) dianeter threads w thout
the threads breaking into pieces. This noisture content represents the transition point between
the plastic and senisolid states of consistency. The npist sanple was rolled between the hand
and a glass plate until a thread 0.3 cmin dianeter was forned. The sanple was then kneaded
together and again rolled out. This process was continued at slowy decreasing water contents
until crunbling prevented the formation of the thread. The pieces of the crunmbled sanple were
then collected together and the npisture content was determ ned. This npisture content was
considered to be the plastic limt.

4.4.8 Consol i dati on

When a saturated soil sanple is subjected to a load, that load initially is carried by the water
in the voids of the sanple because the water is inconpressible in conparison with the sanple’s
structure. If water can escape fromthe sanple voids as a load is continually applied to the
sanpl e, an adjustnent takes place wherein the load is gradually shifted to the soil structure.
This process of |load transference is generally slow for clay and is acconpani ed by a change in
volunme of the soil mass. Consolidation is defined as that gradual process which involves,
simul taneously, a slow escape of water, a gradual conpression, and a gradual pressure
adjustnent. This use of the term should not be confused with the geol ogists’ definition which
refers to the processes by which a material becones firmor coherent (Am GCeol. Inst., 1957, p
62). The theory of consolidation is discussed in detail by Terzaghi (1943, p. 265-297).

To determine the rate and magnitude of consolidation of sedinments, a small-scale | aboratory
test known as a one-di nensional consolidation test is used. The test and apparatus, described in
detail by the US. Bureau of Reclamation (1974), are discussed briefly in the follow ng
par agraphs for the benefit of the reader. The application of one-di mensional consolidation test
data to a foundation-settlenent analysis has been described by Gbbs (1953). The apparatus
(consol i doneter) used by the Bureau of Reclamation (1974) is shown in Figure 4.8. In addition to
the unit shown, a means of loading is required--usually a platform scale with a wei ghing beam
attached to the connecting rods of the consolidoneter

Normal |y, the sanple is trimmed to the size of the specinen rings, which are 4-1/4 in. (10.8
cm in inside dianeter and 1-1/4 in. (3.2 cn) high. Sanples nust be in as near an undi sturbed
condition as possible. Because of the small size of the cores collected for the subsidence
studi es, however, consolidation specinmens of standard size could not be used, and the core
diameter had to be trimed to fit 2 in. (5-cnm rings.

Loads are applied to the specinen in increments, but the mninmum nunber of increments is
usual |y four-- 12, 25, 50, and 100 per cent of the nmaxi nrum desired |oad. Increnents are usually
sel ected so that each succeeding |load is double that of the previous |oad. Each |oad is applied
to the consolidoneter while dial readings of consolidation are taken and recorded for 4, 10, 20
seconds, and other tine intervals up to 24 hours. Additional readings are taken at 24-hour
intervals until the consolidation is virtually conplete for that |oad

The percentage of consolidation of the specimen is conputed, and a curve of consolidation
versus tine is obtained for each I oad i ncrement. The final stress-strain relations are presented
as a curve showing the void ratio versus |log of pressure (load), the final condition for each
i ncrenent of |oad being a point on the curve (Figure 4.9).

Two inportant soil properties furnished by a consolidation test are the coefficient of
consolidation and the conpression index. The coefficient of consolidation, G, represents the

rate of consolidation for a given load increnent. It is determ ned by use of the 50-percent
point on the tinme consolidation curve in the equation
2
TeaT
c, = 220 (4. 10)
t
50
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Figure 4.8 One- di mensi onal consol i donmeter specinmen container (from U S Bureau of
Recl amation, 1960, p. 495).
wher e

Tgo =tinme factor at 50-per-cent consolidation = 0. 20,

Hso = one half the specinmen thickness at 50-per-cent consolidation, and

tgg=time required for specimen to reach 50-per-cent consolidation. The coefficient of
consolidation is usually reported in square centinmetres per second or in square
i nches per second.

The conpression index, Cg represents the conpressibility of the soil sanples. It is the slope
of the straight-line portion of the void ratio-log of pressure (load) curve. The conpression
i ndex can be determ ned fromthe equation

e —e

_ o~ _ ;
C. = Po +AP(see Figure 4.9 for synbols). (4.11)

When the consolidation is conplete under maxi num | oadi ng, the consolidonmeter can be used as
a variabl e-head perneaneter, and the hydraulic conductivity can be determned directly. The
nmechani cal procedure is similar to that described previously (section 4.4.2). The consolidation
data al so can be used for conputing the hydraulic conductivity. The equation utilizing time-
consol i dation characteristics is

 Cuv)(eg—e)

-------------------- - 4,12

AP(1+eO) ( )
wher e

Gy = coefficient of consolidation,

Yw = unit weight of water,

ep = void ratio at start of load increnent,:

e = final void ratio, and

Ap = increment of | oad.

Al though the exanple in Table 4.4 shows feet per year for the perneability (standard i nch-pound
systemunits), cmper sec is the conmonly reported unit for K
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Recompression curve The virgin compression curve or the field consolidation curve,
from consolidated test for clayey soils, appears on a semilogarithmic diagram as
a straight line as shown at left. This line can be represented

\ by the equation

e=e,~Cclog,y Po +2P
[

(]

\ ‘(virgin compression

in which C; (dimensionless) is the compression index

€o The virgin compression curve is established by extending the
Q straight-line part of the recompression curve. By selecting
: two points (e,.p,) and (e,p) and substituting in the above
= equation, C. can be determined
= e -e
g. C= —o———
e fog R +4p
10 P,
f2r—f
R 4
PRESSURE (LOG SCALE)
A. METHOD OF DETERMINING THE COMPRESSION INDEX (C.)
0.94
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Figure 4.9 Void ratio-load curve, conpression index, and preconsolidation load (nodified

fromU S. Bureau of Reclamation, 1960, p. 58).
4.5 RESULTS OF LABORATORY ANALYSES

4.5.1 Particle-size distribution

An exanpl e of particle-size distribution data fromcentral California is presented in Table 4. 1.
The percentage of gravel-, sand, silt-, and clay-size particles were shown in such tables for
each of the 549 sanples fromseven core holes analyzed in the |aboratory. Particle-size distri-
bution curves for all of the sanples were plotted on figures simlar to Figure 4.10. An exanple
of the size-distribution (gradation) for sanples tested for consolidation is given in Table 4. 3.
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and hydrol ogi c properties of sanples fromcore holes.

Physi cal

Table 4.1
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Fi gure 4.10

Laboratory tests for properties of sedimentsin subsiding areas
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Because clay content has an inportant influence on many of the properties of sedinents, the
clay content for all the sanples was plotted to facilitate conparison with the other properties
(see exanple, Figure 4.3). In Table 4.1, the percentage of particles smaller than 2-pm
(0.002-mm clay, as well as smaller than 4- pm (0. 004-mm) clay, has been reported. Wen the 4-um
rather than the 2-pm size was used as the criterion, 78.5 per cent of the sanples showed less
than 10 per cent greater clay content. In addition, 20.9 per cent of the sanples showed 10-20
per cent greater clay content and 0.6 per cent of the sanples showed nore than 20 per cent
greater clay content for the 4-uymthan for 2-um size criterion.

4.5.2 Sedi nent classification triangles

Most clastic sedinents are a nixture of sand-, silt-, and clay-size particles in varying
proportions. A suitable nonenclature for sedinents is therefore inportant to describe the
approximate relations anong these three main constituents. Because sedinment classification is
often based on the relative percentages of sand-, silt-, and clay-size particles, it is
convenient to plot these three constituents on a triangular chart.

A large nunber of triangular classification systens have been devised over the years. Sone
were developed primarily for the use of geologists in relating classification to sedinentation
characteristics, and others were developed for the use of soils engineers in relating
classification to the engineering properties of the sedinments. Shepard (1954) developed a
sedi nent classification triangle based on the needs of sedinentol ogists for studying node of
transport and environment of deposition of sedinments. Shepard s classification gives equal
i nportance to sand-, silt-, and clay-size particles (Figure 4.11).

Because the nbde of transport and environment of deposition of the sedinments were being
studi ed, as well as the engineering properties, Shepard s classification was used in the central
California study to determ ne the sedinment class nanme |isted for each sanple in Table 4.1. For
classification of sediments in the |lower Mssissippi Valley, the US. Arny Corps of Engineer
(Casagrande, 1948) developed a triangle which enphasizes the inportance of clay-size particle
content. To assist soils engineers in relating the classification of sanples to their
engi neering properties, a transparent overlay of the M ssissippi valley classification triangle
could be placed over the plots in Figure 4.11 to determ ne the classification name under that
system

The textural classification used in Table 4.1, based on the Shepard system is a |laboratory
classification derived from particle-size distribution graphs. It departs substantially from
the field description made from exam nation of cores and drill cuttings by geol ogi sts especially
for the fine-textured materials. In the field exam nation, material containing nore than 30-40
per cent of clay-size particles has sufficient clay content to give it the physical properties
of clay, such as plasticity. Therefore, the textural description of cores or sanples in the
field by geologists is not directly conparable to the |aboratory textural classification by the
Shepard system Field exam nation by the geologists results in a textural description nuch
closer to that of the Mssissippi Valley classification than to that of the Shepard
classification.

4.5.3 Statistical neasures

For comparison and statistical analysis, it is convenient to have characteristics of particle-
size distribution (mechani cal analysis) curves expressed as nunbers.

The neasure of central tendency is the value (size of particle) about which all other
val ues (sizes) cluster. One such neasure is the nedian dianeter, Dgg, wWhich is defined as that
particle diameter which is larger than 50 per cent of the dianeters and snmaller than the other
50 per cent. It is determined by reading, from the particle-size distribution curve, the
particle dianeter at the point where the particle-size distribution curve intersects the
50- percent |ine.

The quartile deviation is a mneasure of spread of particle sizes. Qartiles are the
particle-diameter values read at the intersection of the curve with the 25- (Q), 50-(Q), and
75- (@) per-cent lines. By convention, the third quartile (Q;) is always taken as the |arger
val ue, regardl ess of the manner of plotting. The geonetrical quartile deviation, or the "sorting
coefficient," Sg of Trask (1932, p. 70-72), is represented by the equation

S, = [/ (4.13)

An S value of less than 2.5 indicates a well-sorted sedinment, of 3 a normally sorted
sedi nent, and of 4.5 a poorly sorted sedi nent.
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The log quartile deviation is the log of the geometrical quartile deviation, or sorting
coefficient, Sc and is represented by the equation

Log Sc = (log Q - log G)/2 (4.14)

The log Sc can be expressed to the base 10 (Krumbein and Pettijohn, 1938, p. 232) and is so
tabulated in this report.

As noted by Krunbein and Pettijohn (1938, p. 232), the geonetric quartile measures are
rati os between quartiles and thus have an advantage over the arithnmetic quartile measures in
that they elimnate both the size factor and the unit of neasurenment. They do not, however, give
a direct conparison because the log Sc (the log quartile deviation) increases arithmetically.
Thus, a sedinent having log Sc = 0.402 is twice as widely spread between @ and C; as one having
log Sc = 0.201

Many sedi nent ol ogi sts now use a [Oscale in which

O=- logyd, (4.15)

in which d is the dianeter of the particle in mllinetres. This scale has certain advantages
over the logyy scale for expressing quartile deviation and other statistical paranmeters
(Krumbein and Pettijohn, 1938, p. 233-235). Therefore, statistical paraneters were listed in
terms of the Oscale in the report by Meade (1967) on the petrology of sedinments in subsiding
areas of central California.

4.5. 4 Perneability

The hydraulic conductivity depends in general on the degree of sorting and upon the arrangenent
and size of particles. It is usually low for clay and other fine-grained or tightly cenented
materials and high for clean coarse gravel. In general, the hydraulic conductivity in a
direction parallel to the bedding plane of the sedinments (referred to in the data tables as
hori zontal perneability) is greater than the perneability perpendicular to the bedding plane
(referred to as vertical perneability in the tables in this chapter). Mst water-bearing
materials of any significance as sources of water to wells have hydraulic conductivities above
5 x 103 cm per sec.

For central California, the hydraulic conductivities (coefficients of perneability) were
presented in tables simlar to Table 4.4, and in graphical form such as in Figures 4.12 and
4.13. Figure 4.12 shows the relation of horizontal and vertical hydraulic conductivity for many
paired sanpl es. Horizontal hydraulic conductivity was as nuch as 200 times greater than verti cal
hydraul i c conductivity, with an average ratio of horizontal to vertical perneability of about 3.

Figure 4.14 shows the relation between vertical hydraulic conductivity and texture for
sanples fromcore holes in central California. Hydraulic conductivities have been grouped into
eight ranges; a synbol representing the proper range for each sanple is plotted in the
appropriate textural location on the triangle, which is subdivided according to the system
proposed by Shepard (1954). Although the highest hydraulic conductivity naturally occurs in the
coarse-textured and well-sorted sanples, conductivities within each textural classification
vary consi derably.

The vertical hydraulic conductivities for the clayey sedinents tested in the vari abl e-head
per mreanet er under no load (Table 4.1) in general appear to be in a considerably higher range
than those in Table 4.4 (ft per yr x 9.7 x 1077 = cm per sec) which were conputed from the
consolidation tests for sanples of simlar texture. There are at |east three reasons for this
di fference:

1. The perneability of a clayey sedinent decreases markedly with decrease in void ratio
(or porosity). The hydraulic conductivities givenin Table 4.4 (in feet per year) are
conputed fromtinme-consolidation data derived fromtest |loads ranging from7 to 112
kg per cnf and thus represent conditions of substantially reduced void ratios from
those of the sanples tested in an unloaded condition in the variable-head
permmeanmeter. For sanple 23L-207 (Table 4.4), the conmputed coefficient of vertical
hydraul i c conductivity for the load range 7 to 14 kg per cn? is about 50 times as
hi gh as that for the load range 56 to 112 kg per cn?f

2. For a clayey sedinent, the water used for testing perneability in the variabl e-head
permeanmeter, if not chemcally conpatible with the pore water, may affect the
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results substantially. In the water used in the Hydrologic Laboratory for the
vari abl e-head tests, calcium was the predom nant cation; however, sodium is the
predominant cation in the pore water of the sedinents beneath the Corcoran C ay
Menber in the San Joaquin Valley area. The use of water in which the calciumion is
predominant in testing cores of such sedinents would tend to increase the val ue of
the hydraulic conductivity obtained in the variable-head tests. The consolidation
test, however, did not involve the passage of water through the sanple, only the
squeezing out of native pore water.

3. For a sanple of very low hydraulic conductivity tested under no load in a vari abl e-
head perneaneter, the disturbed condition of the sanple at and near the container
wal | creates a boundary region which may produce a zone of appreciably higher

permeability than that of the undi sturbed sanple matrix. Tests in a consolidoneter
however, create | ateral pressure against the container walls and thus tend to reduce
the perneability of the disturbed boundary region to approximately that of the
sanple matri x.

For these three reasons, the coefficients of permeability of the clayey sedinents as
derived from the wunloaded variable-head perneaneter tests (Table 4.1) are not directly
conparabl e to those conputed fromthe tine-consolidation data (Table 4.4). Coefficients fromthe
consolidation tests are considered nore reliable for sanples taken as deep as these, but, to be
meani ngful for field applications, the coefficients would have to be conputed at the void ratio
or porosity, existing under the overburden (effective) stress conditions in the field.

4.5.5 Specific gravity, unit weight, and porosity

The specific gravity of a sedinent is the average of the specific gravities of all the
constituent mneral particles. The specific gravity of npbst clean sands is usually near 2.65,
whereas that of clays ranges from 2.5 to 2.9. Oganic matter in the sedinment will lower its
specific gravity.

The dry unit weight of a sedinent is dependent upon the shape, arrangenent, and mnera
conposition of the constituent particles, the degree of sorting, the anmount of conpaction, and
the amount of cenmentation. Dry unit weights of unconsolidated sedinments conmonly range from 1.3
to 1.8 g per cn?

Because porosity is calculated from the dry unit weight and specific gravity of the
sedinent, it is dependent upon the sane factors. Most natural sands have porosities ranging from
25 to 50 per cent, and soft clays from 30 to 60 per cent. Conpaction and cenentation tend to
reduce these values. In general, porosities decrease with depth below | and surface, and dry unit
wei ghts increase with depth. Athy (1930) described just such a progressive conpaction of
sedi nents as the load of overlying material increased with deposition.

The general trends discussed previously are conplicated by other factors which affect the
unit weight and porosity of individual sanples. These factors are (1) differences in particle
sizes or in particle-size distribution, (2) differences in type of clay mneral, (3) exposure to
at nosphere and pre-consolidation, such as by dessication, during their depositional history (4)
differences in intergranular structure as originally deposited, and (5) change in volume and
structure of the core during and subsequent to the sanpling operations.

The first four factors are natural phenonena, whereas the |last one, the change in vol une
and structure of the core during and subsequent to the sanpling operation, is introduced by man
in his disturbance of the natural state in order to procure the sanple. The sediments cored in
the holes of the San Joaquin Valley ranged in depth from21 to 630 mbel ow the | and surface. The
effective stress, or grain-to-grain load, of the overburden on these mmterials in place
increased from about 3 to 70 kg per cnf in this depth range. Wile the core was being cut
addi tional |oad was placed on the material by the core barrel and drill pipe, especially near
the outer edge of the core. As soon as the materials were encased in the core barrel, however
the effective stress of the overburden was renoved and they expanded elastically. Thus, the
change in volume (porosity and unit weight) fromthe natural to the laboratory condition is a
function of several variables:

1. Conpacting effect produced by displacenent of the material by the cutting edge, the
inside-wall friction, or by overdriving of the core barrel

2. Expandi ng effect of rempoval of the effective stress of the overburden |oad at the
time the core enters the barrel; the magnitude depends on the elasticity of the
material and on the anobunt of the effective stress renoved (increasing with depth).
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3. Di sturbing effects of mechanical rotation of core-barrel teeth and core catcher
while cutting the core, renoval of core from barrel, packing, shipping, unpacking
and processing.

The net effect of this sanpling process is believed to be an expansion of the sedinments as
tested in the laboratory, thus providing values that are higher for porosity and |lower for unit
wei ght than exist in the natural state. On the basis of a study of the consolidation and
rebound data, the |aboratory-determ ned porosity of the fine-textured materials from the San
Joaquin Valley was estimated to be as much as 2-3 per cent higher than the in-place field
porosity (J. F. Poland, witten conmun., 1963).

4.5.6 Atterberg linmts and indices

The Atterberg limts and indices determned for selected fine-textured sanples from the core
hol es are presented in Tables 4.2 and 4.3. Predom nantly fine-textured sanples to be tested were
sel ected by visual inspection. Because the Atterberg limts describe properties of the fine part
of a sanple, presenting Atterberg linmt data for sanples which are predom nantly coarse textured
coul d be m sl eading. Wen the influence which the Iimts of consistency have on the behavi or of
a sanple is being judged, the percentage of the sanple tested nust be considered. Table 4.2
i ncludes a columm which lists the per cent (by weight) of the total sanple that passed a No. 40
sieve (0.42-mm openings) and was therefore the part of the sanple tested for Atterberg limts

Most of these Atterberg limts and indices are not directly applicable to the study of
subsi dence and conpaction of sedi nents under increased effective overburden |oad, but they do
furnish a rough conparative neasure of the way in which fine-grained sedinents respond to a
decrease in noisture content as they pass fromthe liquid to the solid state. Because the val ues
of these indices are related to texture, conposition, clay content, and type of clay mnerals
present, they may be of qualitative use in conparing the fine-textured clayey deposits in
different areas to each other and to fine-textured sedinents in other areas for which Atterberg
i ndi ces have been obtained but for which the clay content, the conpression index (Cg, and the
type of clay minerals present are not known.

The liquid and plastic limts (noisture content, in per cent by weight) for sanples from
all core holes in the central California subsidence areas are plotted against percentage of
clay-size particles in figure 4.14. As shown by the trend lines, both limts tend to increase
with an increase in clay content, the liquid limt increasing at a greater rate than the plastic
limt.

The trend lines shown in Figure 4.14 were plotted from equations derived by conputer. The
equations are of the formy = a + bx, in which y represents the noisture content (w), X repre-
sents the clay content (C), both in per cent, and a and b are constants. In Figure 4.14A the
equation of the liquid-limt trend lineis w - 13.5 + 1.3C and that of the plastic-linmt trend
line is wo = 17.3 + 0.54C. In Figure 4.14C the equation of the liquid-limt trend line is w =
14.0 +0.72C and that of the plastic-limt trend line is w = 14.7 + 0.22C. The equations of al
these trend lines are for sanples having clay content based on the percentage of particles |ess
than 0.004 mmin size

Fi gure 4.14D shows trends which are conposites of all the sanples shown in Figures 4.14A-C
The equation of line 1, the liquid-limt trend line for clay sizes less than 0.002 mm is W =
27.8 + 0.71C. The equation of line 2, the liquid-limt trend line for clay sizes less than
0.004 mMmm is w - 25.8 + 0.60C. The equation of line 3, the plastic-limt trend line for clay
sizes less than 0.002 nmmis w, = 25.6 + 0.21C. The equation of line 4, the plastic-limt trend
line for clay sizes less than 0.004 mMmmis w = 24.5 + 0.19C. Lines 1 and 3 are included to show
the relation between liquid and plastic limts and per cent of clay-size particles if 0.002 mm
is chosen as the upper limt of the clay-size range

The value of the standard error for each trend line was obtained by conputer. The pairs of
dashed lines which parallel each trend |line designate two standard errors on either side of the
trend line. The probability is 19 to 1 that, for a given value of clay content (in per cent),

the observed liquid limt or plastic limt will lie within the interval between the dashed
l'i nes.

The difference between the liquid and plastic limts, or the plasticity index, represents
the range of noisture content within which a sedinent mass will remain in the plastic state. The

noi sture content difference between the liquid-limt trend line and the plastic-linmt trend |Iine
in each part of Figure 4.14 represents the average plasticity index for different clay contents
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Tabl e 4.3 Visual

classification,

Atterberg limts,

and specific gravities of sanples

{Data from Earth Laboratory, U.S. Bureau of Reclamation, Denver, Colo.]

tested

for consolidation.

Gradation (estimated) Atterberg limits
: N L Unified Specific
Earth Laboratory | Depth (feet) Maxi- Gravel | Sand, | Siltand | Color (wet) Soil classification and deseription Soil Classi- gravity
sample mum size}] >4.76 4.76- clay fication Liquid Plsstic Plas- of
(U.8. mm 0.074mm| <0.074 symbol Nmit ticity solids
Standard | (percent) | (percent, mm (percent) (percent) index
sieve No.) (percent)
Core hole 12/12-16H1
23801 e e 84.3- 84.6 30 0 10 90 | Brown. i some fine sand; medium plasticity; slight | CL 3t 14 17 2,80
dfllatancy, meiiium dry strength, no reasction to HCI; trace
of gypsum. '
L . 159.4~ 150.8 100 0 10 90 do. lay, ining some fine sand; medium to high plasticity; | CL~CH 50 19 31 2,74
’ slow dilatancy; medium reaction to HCIL.
[~ J— 230.8- 231.2 50 0 10 60 { Tan to brown. Clay,hl?an, ltoiw ptl:sg%ity slight dilatancy; low dry strength; | CL 33 11 2 2.73
slight reaction :
[T Y, 324.5- 324.9 100 4] 20 80! Gray e Clay, containing fine sand; low plasticity; medium dllatancy, CL 20 19 10 2.68
ome micaceous material present, no reaction to HCI.
[ S 374.0- 374.5 200 0 0 100 |....- Lo | T— Clay, fat; high plasticity; no dilatancy; no reaction to HCL_..| CH 54 23 31 2.73
96 425.0- 425.3 100 0 10 90 do. Clay, tat, eontalning fine sand lenses; high plasticity; no | CH 76 27 49 2,87
o dilatancy; no reaction to HCJ; moist, and
471.2- 4715 100 0 5 L1 2 DR U, S, Clay, fat; igh plasticity; no dﬂstancy, lensed with fine sand..| CH 58 38 2.68
516.5- 516.9 50 0 75 25 | Gray toblack.| 8Sand, ﬁne, no plasticity; fast dilatancy; strong organic odor | 8M 2.70
l;‘;resenl: soft and loosely cemented.
579.0- 579.3 100 0 35 65 | Tan.coono. y. silty containing fine sand; medium plasticity; slight | CL 32 14 18 2,60
. 625.0- 625.4 200 0 0 100 | Gray- . ._..... Clay. tat high plasticity; no dilatancy; firm; numerous planes CH 59 19 40 2,79
eontainlng some silt.
h (1) . 676.9- 676.2 50 0 45 55 do. Clay, silty eontaining fine sand, medium plasticity, slow | CL 45 14 31 2,72
dilatancy; clay on outer surraee, sand in center, an
102 el 722.0- 722.3 100 0 b 95 |.-..- do......... Cl?y, fat; h:gi: plﬁzticity, no dilatancy, blocky structure; trac- | CH 70 20 50 2,60
: ures contain si
108 oo 773.0- 773.4 50 0 60 40 | Brown to gray.| Sand, fine containing silt; no plasticity; fast dilatancy; lensed | SM R S 2,77
with clay and silt; medium cementation; no reaction to HCI.
b {17 R 821.4~ 821.8 50 0 55 45| Gray. ... Sand, fine containing silt; no plasticity; fast dilatancy; organic | 8M  |oeefieeoaa 2,74
odor present; no reaction to HCI.
1050 oo 877.4- B77.8 30 0 65 35| Brown._...... Sand, fine, unitorm. no plasticity; fast dilatancy; free water { SM 2,7
Present, no reaction to
b 1) S—— 926.8~ 927.2 50 0 20 80 sﬂty, medium plastlcity, slow dilatancy; no reaction to | CL 47 32 15 2.72
; top of sample contained sand of No. 30 size; rest of
ssmple was silt and clay lensed.
107 e 972.0- 972.4 30 0 75 26 | L T, S— 3and, fine: no plasticity; fast dilatancy; slight binder._.._ ... SM 2,70 .
108 e 998.6- 999.0 50 0 40 60 | Brown......-. Clay containi;xg fine sand; medium ticity, slow dilatancy; | CL 37 20 17 2,68
sample Jensed with clay and fine sand.
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Casagrande (1948, P. 919) devised a chart on which the liquid limt is plotted against the
plasticity index and used it for rough classification of soils. Points representing different
sanples fromthe sane stratum or fine-grained deposit plot as a straight line that is roughly
parallel to an "A" line, an enpirical boundary between typically inorganic clays above and
pl astic organic soils below the line. The higher a sanple plots on this chart at a given liquid
limt, the greater its toughness and dry strength and the lower its perneability and rate of
vol une change. Figure 4.15 shows plasticity charts of the Casagrande type on which the data for
all sanples tested fromthe central California subsidence areas have been plotted

4.5.7 Consol i dati on

As one phase of the research on subsidence and conpaction of aquifer systenms in centra
California, |aboratory consolidation tests were made on representative cores from eight core
holes. The results of these consolidation tests were utilized in interpretive reports of the
Ceol ogi cal Survey to conpute conpaction in the confined aquifer systemin response to the known
decline in artesian head. The nethod has been described by MIler (1961); it is a refinement of
a technique outlined by G bbs (1959, p. 4-5) based upon Terzaghi’s (1943) theory of consolid-
ation and the use of one-dinensional consolidation tests. The consolidation test results are
summari zed as in Table 4. 4.

Consol i dation-test curves representative of sanples from various depths in one of the San
Joaquin valley core holes are shown in Figure 4.16. The curves show, in general, that the
Corcoran O ay Menmber has a greater unit consolidation potential than any of the other sediments.
The conpaction of the Corcoran Cay Menber, however, has contributed very little to the tota
subsi dence to date (MIler, 1961, p. B57) because, where the Corcoran is thick, water noves out
very slowy, owing to the formation’s |low vertical perneability. Where the Corcoran is thin and
nore perneable, it forns only a snall percentage of the water-bearing section. Consolidation
curves for the Corcoran Clay Member are generally steep in the |oad range 14-70 kg per cnf and
indicate that the clay is normally | oaded and has not been preconpressed. Therefore the clay has
only partly conpleted its potential consolidation at the present time and at the present
artesi an pressure.

4.5.7.1 Estimating the conpression index

Terzaghi and Peck (1948, p. 66), in a continuation of work begun by Skenpton (1944, p. 126),
state that the conpression indices for clays in a renplded state (C o) increase consistently
with increasing liquid limt (w). Using data from approximately 30 sanples selected at random
from different parts of the world and representing both ordinary and extra-sensitive clays

Ter zaghi and Peck (1948) state that the data on conpression indices and liquid limts for these
clays plot on a graph within + 30 per cent of a line representing the equation

Cc=0.007 (W - 10 per cent). (4.16)

They state further that for an ordinary clay of mediumor |ow sensitivity tested in the undis-
turbed state, the value of Cccorresponding to field consolidation is approximtely equal to
1.30 C g thus,

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

Hence, these authors conclude that for nornmally | oaded clays with low or noderate sensitivity
the conpression index, Cc can be estimated approxi mately from know edge of the liquid linmt and
use of equation 4.17. However, Terzaghi and Peck do caution that this approxi mate mnethod of
conputation may furnish nerely a lower limting value for the conpression index of an extra-
sensitive clay. Later papers by N shida (1956), and Roberts and Darragh (1963), showed excep-
tions to the conpression index-liquid linmt relationships described by Terzaghi and Peck (1948)
and indicated a wide scattering of data. Furthernore, they found no sinple correlation between
these factors for the sanple data they studied

Figure 4.17 shows the relationship between liquid limt and conpression index for core
sanples fromtest holes in subsiding areas of central California. A though the liquid limt is
cal cul ated as noisture content in per cent of dry weight, values usually are reported as nunbers
only and are reported thus in Figure 4.17 and henceforth in this section. The conpression
i ndi ces used in these graphs were obtained fromconsolidation tests, not by calculation fromthe
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Tabl e 4.4 Consolidation test summuari es.

[Data from Earth Laboratory, U.S. Bureau of Reclamation, Denver, Colo.]

)
Compression index, C. Time-consolidation data
. Unified
Earth laboratory : Depth - Coefficient of Coefficient of soil
sample (feet) From From Load consolidation, C, permeability classificatiot
consoli- Atter- range symbol
dation berg (psi) .
curve test Sqin. Sqft Calculated From test
per sec Der yr (it per yr) (ft per yr)

Core hole 12/12-16H1

3.7 SRR 84.3- 84.6 0.12 0.19 100~ 200 3.3X10~+ 72.5 8. 5X10-*
200~ 400 1.6X10~¢ 3L.8 2.0X107 |.
92 e 159.4~ 159.8 .22 36 100~ 200 9.2X10-5 20.1 2,8X10-3
200~ 400 5.1X10-5 1.2 1.3X10-3
| RN 230.8- 231.2 .21 21 200~ 400 1.7X10~4 37.2 4.0X102
324.5- 324.9 11 | (8 VRN IO OO SO
374.0- 374.5 32 200~ 400 1.5X10-8 3.3 2,910~
400~ 800 1,0X10-5 2.2 1.6X10~4
L TN 425.0- 425.3 113 59 200~ 400 4.2X10-¢ 0,92 3.2X104
400~ 800 3. 2X10-¢ .70 1.2X10~4
7 R 471.2- 4715 90 .43 200~ 400 1.3X10~ 28.5 8.0X10-*
400- 800 1.3X10 28.5 3.6X10-3
. S 516.5- 6169 | 4l | ifeeiiiiaeecae e
o 579.0- 579.3 200~ 400 5.6X10~+ 122
400~ 800 3.8X10-+4 83.
800-1, 600 2.5X10~4 54,
625.0- 626.4 400~ 800 1. 7X10-5 3
800-1, 600 8.0%10-¢ L
675.9- 676.2 400~ 800 1.1X10-2 232,
800-1, 600 6.9X10+ 151,
722.0- 722.3 400- 800 2.7X10-8 5.
800-1, 600 6.0X10-¢ 1
773.0- 773.4 800-1, 600 4.3X10-5 9.
821.4- 821.8 . -
877.4- 877.8
926.8- 927.2
972.0~ 972.4
998.6- 999.0
28L80. oo 316.0- 3153 0 | feeeiiimnsmencoan
194 s 397.0- 397.3 0.36 |..oooiiiiin. 200~ 400
400- 800
800-1, 600 3
-3 S 554.0~ B554.4 W22 s 200~ 400 15.0
400~ 800 2.2X10-% 4.9
800-1, 600 4.1X10-5 9.0
-~ 609.0- 699.4 07 |l 400~ 800 5.8X10-5 12.8
. 800-1, 600 3.2X10-¢ 7.1
84 e 746.0- 746.4 V80 foaeal 200~ 400 L7X10~+ 37.4 Jo
400- 800 1.2X10+4 26.9
800-1, 600 6. 6X10-3 14.5
106 .. 832.2- 832.7 I T O 200~ 400 2.0X10~4 43.8
400~ 800 8.7X10-% 14.7
800-1, 600 4. 5X10-8 9.9
- 983.6~ 984.0 400 gg
2.6

1, 076.0-1,076.4
1, 350. 5-1,350.8
1, 395.0-1,395.3

3.6
’ 2.4
L 1,450.0-1,450.3 8.4
28197 e 209.1- 209.6 0.34 0.38 200~ 400 3.4X10+4 74.9 1.1X10-2
3. TR 418.1- 418.5 .32 .31 100- 200 1. 7X10-3 361.4 6.3X10-2
200~ 400 5.0X10~4 109.5 1.3X102
: 400- 800 1.4X104 30.7 2.1X10-3
200, meieni e aeen] 538.9- 539.2 .30 .42 200~ - 400 3.4 X104 74.6 6.3X10-3
400- 800 1. 3X10-4 28.5 2.1X10-3
b21) S 571.2- 6716 31 PR PRSI SOOI R
-1 P 636.9- 637.3 .70 .63 400~ 800 1. 8X10-8 3.9 4.0X10~4
800-1, 600 8.1X10-¢ 1.8 3X1
204 eeieaas 713.1- 713.4 .3 .46 200~ 400 3.3X10~+ 72.3 3.6X10-3
800 7.0X10-5 15.3 8.9X10~
800-1, 600 5.0X10-5 11.0 4.1X10~
b T, 859,7- 860.1 .19 800-1, 600 5. 6X104 122.6 4.6X10-3
207 e 901.7- 902.1 .29 .65 100~ 200 1. 4X10-4 30.7 3.0X10-3
200~ 400 3.1X10-¢ 6.6 4.9X10-+
00- 800 1.6X10-8 3.5 2.0X10~4
- 800-1, 600 7. 5X10-¢ 1.6 6.1X10-%
. 972.0- 972.4 .42 .53 200~ 400 2.3X104 50.4 3.1X10-3
400- 800 2.2X10-% 4.8 3.6X10+4
. 800-1, 600 6. 5X10~¢ 1.4 7.0X10-%
1,153, 6-1,154.0 .21 .23 400~ 800 6,2X104 135.8 . 1X10-3
800-1, 600 3.2X10+ 70.0 2.2X10-3
1,287.7-1,2881 | ..., R 400~ 800 3.7X10-% 8.1 2.7X10~4
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Figure 4.16 Void ratio/load curves for selected sanples fromcore hole 14/13-11D in the San Joaquin
Val l ey, California.

Terzaghi and Peck equation. The solid line in each of the parts of Figure 4.17 represents the
regression line for the Terzaghi and Peck equation, Cc = 0.0009 (w - 10).

The data in Figure 4.17 show that 10 of the 22 sanples from the Los Banos-Kettleman City
area, 11 of the 12 sanples fromthe Tul are-Wasco area, and 4 of the 21 sanples, fromthe Santa
Clara Valley, lie outside the £30 per-cent limts of scatter about the regression line for the
Terzaghi and Peck equation, Cc = 0.0009 (w_ - 10). Three sanples of clay in the Los Banos-
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Kettleman City area have conpression indices approximately twice as |large as woul d be predicted
fromthe Terzaghi-Peck equation. The void ratio-load curves for these three sanpl es suggest that
they are extrasensitive clays and, if so, they woul d be expected to plot well above the equation
line. However, even if these sanples are excluded, the data of Figure 4.17 show that the
relationship between liquid Iimt and conpression index for fine-textured sedinents on the west
side of the San Joaquin Valley does not fit the Terzaghi -Peck equation as closely as m ght be
expected fromthe discussion by those authors (Terzaghi and Peck, 1948), p. 66).

Regression lines were determined by conputer for the liquid limt-conpression index
relationship for sanples fromcore holes in the San Joaquin and Santa Clara Valleys. Table 4.5
presents the equations of the regression lines for data fromthe central California area so they
can be conmpared with the regression line for the Terzaghi and Peck equations, C . = 0.0007 (w -
10) and Cc = 0.0009 (w - 10). The table shows that only the equation for core hole 16/15-34Nl is
approxi mately equi valent to either equation discussed by Terzaghi and Peck. Figure 4.17, part D
and Table 4.5 show that the equation of the regression line for 11 sanples fromthe San Joaquin
Val | ey (except the three sanples with the exceptionally high conpression indices) is C. = 0.014
(w, - 22) and the equation for the Santa Clara Valley is Cc = 0.003 (w + 35).

4.5.7.2 Correlation of conpression indices

Figure 4.18 denobnstrates the correlation between conpression indices estimated from
liquid-limt tests and those determ ned from consolidation curves such as are shown in Figure
4.16. In Figure 4.18 the heavy line passing through the origin at an angle of 45 degrees to the
x and y axes represents absolute correl ati on between the val ues represented by the two axes. The
conpression indices estimated fromliquid linmts for the Los Banos-Kettleman City area and Santa
Clara Valley generally are higher than those determi ned from consolidation curves and those for
the Tul are-Wasco area are | ower.

The data in Figure 4.18 also show that the sedinents of marine origin have nuch higher
conpression indices when determined from consolidation curves than when estinmated from liquid
limts. Furthernore, sediments of lacustrine origin have sonmewhat |ower conpression indices
when determned from consolidation curves than when estimated from liquid limts. Again, the
expl anation nay be due to the difference in load conditions, the marine sedinents being the
deepest and the alluvial sedinents being the shall owest.

4.5.7.3 Estimating coefficients of consolidation

Figure 4.19 shows the conputed coefficient of consolidation for 1 to 4 different |oad ranges
plotted against liquid limt for sanples from the central California areas. Although the
coefficient of consolidation shows a general decrease for increasing values of liquid limt,
Figure 4.17 indicates that the coefficient of consolidation for any particular |oad range can
vary through nore than one order of magnitude for any given liquid limt. Terzaghi and Peck
(1948, pp. 76-77) described a simlar relationship for data fromabout 30 sanpl es and noted t hat
the relationship is different for each core hole as well as for each area

4.5.7.4 Effect of soil classification

Information in Figures 4.17 and 4.18 indicates the effect of particle size and texture on the
consol idation characteristics and the liquid limt. The Unified Soil Cassification (Am Soc
Testing Materials, 1964, pp. 208-220) designation, which is based on texture, is indicated at
the top of Figure 4.17

In general, those sanples with a classification of CH M have the largest liquid limts and
conpression indices, and the smallest coefficients of consolidation. Sanmples wth a
classification of SC and SM have the smallest liquid linmts and conpression indices, and the
| argest coefficient of consolidation. Sanples with a classification of M., CL and CH have val ues
sonewhere between these two extremes. Sanples of sediments of alluvial origin tended to be
classified as CL and CH, and those of nmarine origin were classified primarily as CH IVH

4.5.7.5 Relationship of consolidation characteristics and liquid limts
Data presented in this chapter show that the equations presented by Terzaghi and Peck (1948)

(equations 4.16 and 4.17) do not apply to the rel ati onship between conpression index and liquid
limt for sedinentary deposits tested fromthe central California subsidence areas.
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Table 4.5 Equations for regression lines for various groups of data fromsubsiding areas in
central California

Dat a used Equati on

Los Banos-Kettleman City area

Core hole 12/12-16H , exclusive of the 3 sanples with exceptionally

hi gh conpressi on indices Cc=0.005 (w =6)

Core hol e 16/ 15-34N1 Cc=0.007 (w-12)

Al'l sanples in area, exclusive of 3 sanples with exceptionally

hi gh conmpressi on indices Cc=0.006 (w-3)
Tul are-Wasco area

Core hol e 23/ 25-16N Cc=0.015 (w-

Core hol e 24/ 26-36A2 Cc=0.024 (w-32)

Al sanples in area Cc=0.018 (w-16)
San Joaquin Valley, exclusive of 3 sanples with exceptionally

hi gh conpressi on indices Cc=0.014 (w-22)
Santa Cara Valley

Core hol e 6S/ 2W 24C7 Cc=0.003 (w-47)

Core hole 7S/1 E-16C6 Cc = 0. 0005 (W+370)

Al sanples in area Cc=0.003 (w +35)

Furthernore, the data show that no single equation applies to the relationship for all areas
studied, with the foll owi ng equations being obtained for the two vall eys:

San Joaquin Vall ey: Cc = 0.014 (W - 22); (4.18)
Santa O ara Valley: Cc = 0.003 (w + 35). (4.19)

In essentially every case, the equations of the regression lines represent only general trends
because there is considerable scatter of data for all core holes. The trend line for data from
the Santa Clara Valley is so nearly horizontal that a rather narrow range of conpression indices
coul d be obtained over a wide range of liquid limts. Conpression indices estimated fromliquid
limts, however, showed better correlation with indices determ ned from consolidation curves
when the sediments were of alluvial or lacustrine origin than when they were of marine origin.

Al'l coefficients of consolidation showed a general decrease for increasing values of |iquid
limt. However, because the coefficients for any particular |oad range could vary through nore
than one order of mmgnitude for any given liquid Iimt, the relationship could not be estimted
wi th reasonabl e accuracy. In fact, the general trend for the relationship even varies, for each
subsi dence area and for each core hole.

At least for the areas studied in central California, the consolidation characteristics of
the undi sturbed sedinents in the field cannot be closely approximated by liquid linmts, which
are nade on disturbed sanples of those sedinments. The studies also indicate that the equations
reported by Terzaghi and Peck (1948) nust be used with extrene caution to estimate the
consol idation characteristics of sediments in areas of subsidence--especially if the conpacting
sedi nents are at consi derabl e depth.
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Figure 4.19 Relation of coefficient of consolidation to liquid limit for samples from core
holes in the San Joaquin and Santa Clara Valleys, California.
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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)

It is very inportant to predict the ampunt of subsidence and to estinmate the subsidence rate in
the near future. There are many nethods for predicting the amount of |and subsi dence due to the
overdraft of fluids from aquifers. Sone nethods are sinple and others are conplex. It is
preferable to use several nethods whenever possible and to reach a conclusion based on the
overal | judgment.

Both adequate and accurate data are required to obtain useful results, although these
depend on the purpose, time length of the forecast, and cost. The nethods used may be
classified into the follow ng categories: (1) Enpirical nethods; (2) semni-theoretica
approach; (3) theoretical approach

5.1 EMPI Rl CAL METHODS

This is the nethod of extrapolating available data to derive the future trend. It is a time
series nodel. The anmount of subsidence, the anpbunt of conpaction, and sonetinmes tidal height
near the sea coast, are available to plot against tinme. In this nethod, the anbunt of subsi dence
is considered a function of tinme, ignoring causality of |and subsidence

5.1.1 Extrapol ati on of data by naked eye

No explanation of this procedure is needed except that a smpoth curve with a natural trend
shoul d be obt ai ned

5.1.2 Application of sone suitable curve: Nonlinear extrapolation

1. Fitting of quadratic function (Figure 5.1):
The following function is used and the | east squares nethod is applied:

s =ax?2 + bx +c, or s = ax + b, (5.1)

wher e
s = subsi dence anount,
x = tinme, and

a, b, and ¢ are constants.
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Figure 5.1 Fitting of quadratic curve (bench mark no. 2179, Niigata).
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2. Fitting of exponentia

log s =log a+ b log x,

or logarithmc function (Figures 5.2 and 5. 3):

following function is applied and the | east squares nethod is used:

or(5.2)

The

s = axP?,

s = aePX,

wher e
s = anount of subsi dence,
X = time, and

a and b are const

Many data correlating |and
through 5.7 are four exanples of

ants.

subsi dence and water |evel
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Figure 5.2 Fitting of exponenti al

curve (bench mark no. 2179, N igata)
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Amount of subsidence mm/day
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Figure 5.4 Correlation of |and subsidence and water level in well 610 nmetres deep, Tokyo,

Japan.
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Figure 5.5 The relation between water-level declines and |and-surface subsidence in the
Houston area, Texas (Gabrysch, 1969).
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5.2 SEM - THEORETI CAL APPROACH

This method utilizes the relation between subsidence and related phenonena. Al though the
relation is not strictly theoretical but rather an apparent one, still it can be used to
estimate future trend.

5.2.1 Wadachi’'s (1939) nodel

Wadachi (1940) pointed out that the rate of subsidence, not the amount of subsidence itself, is
proportional to the water-|level change (Figure 5.8) and proposed the follow ng equation:

dH

gt =~ Kpg—p) (5.3)
wher e

dH _ of subsi dence,

dt

po = reference water |evel,

p = water level, and

k = a constant

Thi s suggests that there exists a reference water level. That is to say, if the water level p
recovers to the reference water |evel pg, no subsidence occurs. But according to Yamamguchi’'s recent

study (1969) there is no such reference water | evel. In place of Wadachi’s equation, he proposed the
foll owi ng one:
ds O dpD
=2 = ks -p)t —= xp{-k -p)t}, 5.4
ai CE(DO Pt -5 Be pP{—+k(pg—-P)t} (5.4)

Rate_ of subsidence, mm/day
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Figure 5.8 Relation between water |evel and rate of subsi dence.
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wher e
ds _ .
i rate of subsidence,
s final subsidence anount,
Po= initial water |evel,
p = water |evel,
k= constant, and
t=tine.

On solving this equation, the quantities
_ ds L _py —dpH - ]
Y—Iog{dt/gpo p)t dt%} and x = (pg - P)
are plotted on the respective axes as in Figures 5.9a and 5.9b and sc can be obtai ned.

5.2.2 Rati o of subsidence volune to liquid wthdrawal

According to Yamanoto (personal conmunication), the relation between |iquid production and
subsidence in the Nigata gas field (case history 9.7) has been expressed by the follow ng
equations, with fair results:

s =aQ+ b, or s =aJ/Q+b, (5.5)
wher e

s = subsi dence,

Q = anpbunt of liquid production, and

a and b are constants.

Castle, Yerkes, and Riley (1969) stated that direct conparisons between the various

measures of liquid production and subsidence in six oil fields showed a close relation.
Correl ation between production and subsidence has varied approximately linearly wth net

production (Figure 5.10).
The following relation has al so been established but not yet published (Yamanoto, personal

conmuni cati on):

s = 0m (5.6)

wher e

s = subsidence,

m, =coefficient of volume conpressibility, and

C =AH AQ where AH and AQ are the change of bench-mark el evation and the anount of

producti on per unit area, respectively.
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Figure 5.9 Relation between Y and (pPy - P)t.
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Fi gure 5.10 Cunul ative oil, gross-liquid, and net-liquid production fromthe Huntington Beach
oil field plotted agai nst subsidence at bench nmarks | ocated (A) near the center
of subsidence and (B) midway up the southeast |inb of the subsidence bow.
Prepared from production statistics of the California Division of Gl and Gas and
el evation data of the U S. Coast and Geodetic Survey and the Orange County Office
of County Surveyor and Road Conmissioner. Easily related el evation neasurenents

have been available only since 1933; estimtes of subsidence since 1920 shown by
dashed lines (Castle, Yerkes, and Riley, 1969).

In one region in Japan, the change of the conputed |eakage rate, L, plotted against the
nmeasured volunetric |and-subsidence rate, Vs, showed a close correlation (Figure 5.11).

On the Shiroishi Plain, Kyushu, Japan, Shibasaki et al (1969) proposed the follow ng sinple
relationship for the data in the three-year period 1963 to 1966

Vg = 0.27 L + 0.25, (5.7)

where each unit is expressed in 10/ no (cubic netres per nonth) (Figure 5.12).

fon?ﬁnaﬂh
2

Figure 5.11 Changes of |eakage rate, L, and volunetric |and subsidence rate, Vg, both in v/
nont h, over Shiroishi basin (Shibasaki, Kamata, and Shindo, 1960).
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Fi gure 5.12 Sinple relationship between |eakage rate and volunetric subsidence rate over
Shiroshi basin (Shibasaki, et al., 1969).

Al though Castle, Yerkes, and Riley (1969) found that subsidence in six oil fields varied
approximately linearly with net liquid production, the correlation between reservoir-pressure
decl i ne and subsi dence was poor. Their explanation for this is as foll ows:

"The general theory advanced in explanation of reservoir conpaction and resultant oil-
field subsidence (Glluly and Grant, 1949) is, in its broad outlines, beyond chall enge
Thus Terzaghi’'s principle, which relates increased effective stress directly to fluid
pressure decline, probably is validly applied to the nultifluid-phase system Yet in
seeming opposition to this generalization, mnmeasured reservoir pressure decline within
the Vickers zone was disproportionately high with respect to surface subsidence during
the early production years (Figure 2a and d); a simlar situation is believed to have
prevailed in the Wlimngton field (City of Long Beach, 1967, unpublished data). \Watever
the rel ationship, then, between nmeasured reservoir pressure decline and conpaction, the
two are certainly not directly proportional

"The nost likely explanation for the poor correlation between reservoir-pressure
decline and subsidence (or conpaction) is that pressure decline as neasured at
i ndi vidual producing wells is generally non-representative of the average or systenic
decline over the field as a whole. Thus in examining this problem in the WI m ngton
field, MIler and Sonerton (1955, p. 70) observed that ’'reductions in average pressure
in the reservoir are virtually inpossible to determne with a satisfactory degree of
accuracy.’ This deduction, coupled with the observed linearity between net-liquid
producti on and subsi dence, suggests that the liquid production may constitute a better
index of average reservoir-pressure decline than that obtained through down-hole
nmeasur enents. "

Figures 5.13, 5.14, and 5.15 present additional exanples illustrating the relation between
fluid withdrawal and subsidence. Figure 5.13 shows the relation between |and subsidence in mi
year and annual discharge in 106n8/year on the Shiroishi Plain in Japan (From Kunai, et al.,
1962g. Figure 5.14 illustrates the stress-strain relation obtained by plotting discharge in
10%n?/ nont h agai nst |land subsidence in minmonth in Osaka, Japan, for the five years 1954-1958
Fi gure 5.15 shows the consistent relationship between the cumul ative vol unes of subsidence and
ground-wat er punpage in the Los Banos-Kettleman Cty area, California, from 1926 to 1968. The
vol une of subsidence was equal to one-third the volume of punpage consistently through the
42-year peri od.

5.2.3 Rati o of subsidence to head decline

The subsi dence/ head-decline ratio is the ratio between | and subsidence and the head decline in
t he coarse-grai ned perneabl e beds of the conpacting aquifer system for a common tine interval
It represents the change in thickness per unit change in effective stress (Ab/Ap’). This ratio
is useful for predicting a lower limt for the nmagnitude of subsidence in response to a step
increase in virgin stress (stress exceeding past maximun). |f pore pressures in the conpacting
aquitards reach equilibrium with those in adjacent aquifers, then conpaction stops and the
subsi dence/ head-decline ratio is a true neasure of the virgin conpressibility of the system
Until or unless equilibrium of pore pressures is attained, the ratio of subsidence to head
decline is a transient val ue.
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s = 14.65 Q + 10
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Figure 5.13 Sinple relationship between annual |and subsidence and corresponding discharge
(Kumai, et al., 1969).
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Fi gure 5. 14 Correl ati on between subsi dence and di scharge of ground water (Editorial Committee
for Land Subsidence in Osaka, 1969).
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Fi gure 5.15 Cunul ative volumes of subsidence and punpage, Los Banos-Kettleman City area,
California. Points on subsidence curve indicate tinmes of leveling control (from
Pol and, et al., 1975).

Subsi dence/ head-decline ratios can be derived at a point if the water-level change for the
conpacti ng systemand the periodic surveys of the elevation of a nearby bench mark are avail abl e
for a common tinme period. For exanple, Figure 5.5 illustrates the subsidence and head-decline
records for a pair of bench marks and nearby wells in Houston, Texas. At plotting scales of 1
(subsi dence) to 100 (water level), the plots are roughly coincident. The indicated subsidence/
head-decline ratio is approximately 1/100.

Figure 5.6 is another exanple of close correlation between subsidence and head decline. The
i ntensive punping of ground water for nore than two decades caused an artesian-head decline of
about 300 ft (90m), producing a subsidence of about 18 ft (5.5 m). The indicated subsidence/
head-decline ratio is 1/16 (Lofgren, 1969). Although the ordinate scales in figures 5.5 and 5.6
are in feet, the ratio is dinmensionless and hence would be identical in the metric system

From t he subsi dence and head-decline record for Figure 5.7, Hwang and Wi (1969) derived a
subsi dence/ head-decline ratio of 1/27 for the period 1962-67. Note, however, that although the
mean annual mnimum water-level trend is approximately a straight line, the rate of subsidence
accel erated sharply in 1967. Hence, a ratio derived from the subsidence rate and water-Ieve
change in 1967 woul d be much | arger, roughly about 1/12

For all three of the exanples discussed (Figures 5.5-5.7) it should be enphasized that the
ratios are reliable only if the water |evels are representative of the average artesian head in
the aquifers (coarse-grai ned beds) of the compacting system

If maps of subsidence and head decline are available for a comon period of time during
whi ch both subsi dence and head decline continued w thout interruption, the ratio of subsidence
to head decline can be plotted on a map as lines of equal ratio. Figure 5.16 is such a ratio
nﬁg, plotted from maps show ng subsi dence and head decline from 1943 to 1959 in an area of 4000
knf on the west side of the San Joaquin Valley, California (after Bull and Pol and, 1975, Figure
32). The ratios on this nmap range from0.08 to 0.01, indicating that the head decline required
to produce 1 mof subsidence has ranged from12 to 100 m depending on the location. In addition
to their use in prediction, the ratios in Figure 5.16 represent a minimum val ue of the storage
coefficient conponent for virgin conpaction of the aquifer-system skel eton
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Fi gure 5.17 Rel ati on between per cent clay and subsidence due to pressure decline (Gbrysch
1969) .

5.2. 4 G ay content-subsidence relation

Figure 5.17 shows the general relationship in the Houston-Gal veston area, Texas, between
the percentage of clay beds and the subsi dence head-decline ratio. According to Gabrysch (1969),
the percentage of clay beds was determ ned frominterpretation of electrical |ogs; the pressure-
head decline was determ ned from neasured water levels in wells; and subsidence values were
taken from changes in nearby bench-mark el evations.

5.3 THEORETI CAL APPROACH

5.3.1 Ceneral remarks

Regi onal subsidence due to ground-water extraction is a conplex phenonenon which may be
roughly "felt" in an intuitive fashion very difficult to explain quantitatively, due to the
conplexities of the materials involved.

Basically, the extraction of ground water reduces the interstitial water pressure (neutra
pressure) which, according to the well-known "effective-pressure principle" of Terzaghi, neans
a transference of load to the soil skeleton (effective pressure) and its subsequent vol une
reduction (i.e., surface subsidence).

From a qualitative standpoint there is no "nystery" at all. However, in trying to explain the
phenonenon both qualitatively and quantitatively, a series of unsuspected problens arise originating
mai nly fromthe el usive mechani cal properties of soils.

Soils are conplex nmultiple-phase systens constituted by solids, |iquids, gases, and other

substances |ike organic matter, ions, etc., which form from a mechanical standpoint, a highly
hyperstatic system whose properties nust be inferred, at best, through statistical averages or
"representative" tests.

As a result, soils incorporate into their nechanical properties all the behavioral aspects

of their conponents, i.e. elasticity and plasticity of solids; viscosity of [|iquids;
conpressibility of gases; decay properties of organic matter; attraction and repul sion of ionic
charges, etc., in a nuch nore invol ved fashion

This type of material has non-linear elastic, plastic, and viscous properties whose
nmechani cal paraneters are anisotropic and are history-, stress-, and time-dependent.

Such material is very difficult--if not inpossible--to handle in any kind of a theoretica
nodel of subsidence and this explains why the different approaches described in the scientific
literature for that purpose, resort to many sinplifications and idealizations in order to obtain
sone kind of a nodel that allows a nmore or less correct interpretation of past events,
prediction of future ones, and decisions to be nade about them The questions are: Wat to
sinplify? How to idealize soils?
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Unfortunately, there is no general rule, because the dom nant feature in one case may be
negligible in another and therefore, judgment and expertise nust be exercised for best results
As general information, the nore conmmon sinplifications regarding soil properties are |isted
here:

No organic matter present;

Only two phases present (solid-liquid);

No vi scous properties;

No plastic properties;

Newt oni an behavi or of Iiquid phase;

No ani sotropy;

Li near el astic properties of soil structure;

Constant paraneters or, at |least, one set for virgin conpression and another for
expansi on and reconpressi on.

mNogkwWNE

Additionally, other sinplifications regarding the system of aquifers and aquitards nmay be
i ntroduced, such as

9. Hori zontal strata

10. Horizontal flow in aquifers and vertical flow in aquitards;
11. Subsidence due nmainly to aquitard consolidation

12. No free surface of flowin the aquifers.

and so on.

As might be expected, the larger the nunmber of sinplifications nade, the nore restricted
the nature of the resultant nodel and the nore specific its applicability.

However, it should be remenbered that, in practice, sinplifications nust be made according
to the nature and volune of the available information and that the best way of nodeling a given
case may be to begin with the sinpler nodels first, advancing later to the nore involved ones,
up to the highest level justified by the existing data.

In the remai nder of this chapter an insight will be given on the details of several types of
subsi dence nodel s (Figueroa Vega, 1973, 1977).

5.3.2 Conpressibility relationships and total potential subsidence

The traditional |aboratory test enployed to disclose the conpressibility relationships of soils
is the consolidation test (odoneter test) devel oped by Karl Terzaghi. The test is discussed in
Chapter 4.

In this test, soils exhibit a nore or less linear relationship between e (void ratio) and
log p'/pg ,effective intergranular pressure) of the type

e = eO'_CCIOg£FV' (5.8)
0

(a slightly nodified form of equation 4.14 shown in Chapter 4), where Cc is the "conpression
i ndex" and eo and polare initial reference values. This relationship is valid for increasing
val ues greater than the maxi mum intergranular pressure the soil has supported in the past (pol,

preconsol idation pressure). For discharge or recharge at pressures lower than the
preconsol idation pressure (i.e.: within preconsolidation range) the relationship is simlar,
with a lower Cc value (Cc), which neans that only part of the total deformation of a soil is
recoverabl e and al so that the conpressibility paraneters of a soil are history dependent.

In the soil nmechanics field, it is customary to define the "coefficient of volune

conpressibility," m, as

m, = Jdplo v (5.9)

where a, stands for the coefficient of conpressibility, such that, within a small increment of
pressure, the total settlement of a columm of soil of thickness, Hy nay be conmputed as

AH = m, Ap’ Hy. (5.10)
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As may be noted in equation (5.9), m, is stress dependent and therefore its val ue nust be
estimated for the proper ey and Ap’ values. Oherw se, equation (5-10) may lead to serious
errors.

Equation (5.10) may be applied directly--as in the soil nechanics field--as a first approx-
i mation, whenever the strata thickness sequence is known (Hy;, Hpp, . . . ., Hy) as well as the
corresponding neutral pressure reductions due to water extraction (taken initially as the
effective pressure increments) and their estimated coefficients of volune conpressibility (m,,
Mo, ....,M;). The total subsidence in this case would be approxi mately

mzzmAPi'Hoi . (5.11)
1

Wien all the involved strata remain saturated and the total relative shortening of the
colum is small, the foregoing calculations may be accepted as sufficiently good for practica
purposes. In other cases, they nust be taken only as giving approxi mate values and subsequent
cal cul ati ons rmust be nmade utilizing these values to estimate the total initial and final col um
| oads at each level, the initial and final effective pressures (vertical pressure due to tota
| oad) and applying again equation (5.11) and repeating the process iteratively, until final
results take account properly of both effects.

5.3.3 Differential equations of ground-water flowin an aquifer-aquitard system

Steady laminar flow of interstitial water within any portion of saturated soil obeys two basic
| aws--the nmass conservation | aw

di v(y) = 0, (5.12)

where "div" stands for the divergence operator, "y'for density of water, "v" for flow velocity
vector, and Darcy’s Law

v = -K grad h, (5.13)

where Kis the hydraulic conductivity of the soil and "h" the hydraulic head
Conbi ning these laws into a single equation and neglecting the variability of yand K gives

2= 0h, dh dh, (5. 14)

the well-known Laplace equation. Therefore, h must be an harnonic variable satisfying the
exi sting boundary conditions.

Equation (5.12) sinply states that the nmass of water within the portion of saturated soi
remai ns constant. Wen the flowis unsteady, this does not hold anynore and sone water is stored
in or extracted froma specified elemental volume of soil and equation (5.14) nust be nodified
accordingly, resulting in

KO“h = s 2, (5. 15)

where "Sg" is the specific storage and a |linear conpressibility relationship is assumed both for
wat er and soil structureo.

In a honogeneous horizontal aquifer of constant thickness "b" wth horizontal flow,
equation (5.15) reduces to

o°h , a*h _ Sson _ soh _ 14h (5. 16)
2" 27 Kot _ Tot  vat’ :
ox oy
wher e
S=bSg T = bK, and vzg (5.17)
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are the storage coefficient, transm ssivity and hydraulic diffusivity respectively. In a com
pressible aquitard with vertical flow, equation (5.15) reduces sinply to

2

0 h _ 10h

= = 03t (5.18)
0z

These equations may also be witten in terns of "s" (drawdown) instead of "h" (hydraulic head).

Equation (5.16) is the classical aquifer differential equation due to Theis (Theis, 1935)
and equation (5.18) is the classical consolidation equation due to Terzaghi (Terzaghi, 1923).
Bot h equati ons nust be solved subject to their proper initial and boundary conditions.

In a systemwith aquifer(s) and aquitard(s), the mathematical problemto solve is made up
of one equation of the type (5.16) for each aquifer including sone additional terns to take
account of vertical inflows or outflows, if any, and one equation of the type (5-18) for each
aqui tard, plus the adequate initial and boundary conditions and additional conditions stating
equality of hydraulic heads in any plane of contact of any two of the existing aquifer(s) and
aquitard(s). This is referred to as a "quasi three-dinensional nodel." The final result is a
conpl ex coupled system which may be solved with the help of nunerical nmethods (finite
differences or finite elements). The assunption of vertical flow in aquitards and horizonta
flowin aquifers is only justified when the perneability of the latter is much higher than that
of the former (say tenfold or nmore). OQtherwise, it is necessary to resort to a truly three
di nrensi onal nodel, where all the second order partial derivatives are kept for all the strata.

The solution of the coupled system inplies advancing numerically and simultaneously the
solution for all the involved strata through each tinme increment, and this nmay represent a | arge
nunber of cal cul ations which mght eventually overflow the working capability of the available
conputer. Moddels of this kind have been devel oped and published el sewhere (Carrillo, 1950
Ganbol ati, 1972).

An interesting alternative solution, for quasi three dinmensional nodels, as applied to the
Mexico City case (Figueroa V, 1973), is to depart froma coupled systemto reduce the problenis
conplexity via integrodifferential equations. This will be outlined in the next section

5.3. 4 Uncoupling the system and solving a sinpler problem

For a system made up of one aquifer underlain and overlain by consolidating aquitards, severa
mat hematical fornulations are possible in accordance with the wupper and |ower boundary
conditions type (constant head or null flow). In any case, the mathematical fornulation is nmade
up, in terns of drawdowns, as expl ai ned before, by one equation of the type (5.16), including in
its left side two terns of the form

Ki 3

w10
+1_azs|(x,y, 0, t) (5.19)

to take account of vertical flow into the main aquifer, through the aquifer-aquitard common
boundaries, plus two equations of the type (5.18) also in terns of drawdowns, plus the
corresponding initial and boundary conditions.

For all the resulting cases of this systemit has been shown (Herrera and Figueroa, 1969)
that the problemwas equivalent to

t

2 2

98,05, 9gyy p)G(t-p)ap = 125, (5. 20)
2 2 ot v ot

ox~ oay- ‘0

where the convolution termincludes the vertical inflows to the aquifer, and
K K
10 20

Gt)=-—-"_"A, (0, t)—-"2A,(0, t 5.21

(t) =72 A(0, 1)==F A (0, 1) (5.21)

in which (t) is the zero elevation at the aquifer-aquitard contacts and A and A, the basic
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solutions of classical consolidation theory corresponding to the particul ar boundary conditions
present in each case. Additionally, in general

qt)=-C- FK(t) (5.22)

where "C' is a constant depending on the system s paraneters which incorporates the vertica
inflows coming fromthe exterior boundaries of the systemin the cases of constant head boundary
conditions, and the function F (t) incorporates the vertical inflows released fromaquitards by
consol i dati on.

Equation (5.20) may be reduced to

2 2 t

s _ 0°s 0 10s

0.5+95 c [ Zs(x, y. B)-F(t -B)ap = + 2. (5.23)
S

ax2 ayz Jgas v ot

Furthernore, the integral term nmay be approximated by
) 9
[ aps e ve B F-B)oB= 1 5rs(x, v, 1) (5.24)
when 0s/(0B) has a slow variation, being
0]
| :J' F(B)oB, (5. 25)
0

a constant. Under these conditions, the problemfurther reduces to

0S. 0S 0S
_____ EC +----.§C: VLTC (5. 26)
0X oy c
wher e
cv.t
SC = se (5.27)
and
v
v = . (5.28)
c
1+IV
This is the "correspondence principle" (Herrera and Figueroa, 1969). It nmeans that the

original coupled system is equivalent, under the already stated conditions, to an equival ent
confined aqui fer system
For the case of a single aquifer and a single aquitard, the applicable expressions are

00
2 2
L1420 "t 5. 29
Gt)=—-—t1+ S e .
()=-7E1+2 5 exp——g (5.29)
— bl
n_
S K
| =t:c=-1,y =.3T_ (5. 30)
3T Tb, ' ¢~ 35%S)

for the constant head external boundary condition and
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0 1[?2
. 2K, SE+58 vy B c a1
t) = -t I ) e — to, .
O =5, 3 OPE (5.31)
n=0 O 1 O

s
I =-2ic=0;v.= §--T-é-, (5. 32)

T + 1

for the zero gradient external boundary condition. In all these fornulas, the index 1 refers to
the aquitard

Both the integrodifferential equation and the correspondence principle have been applied to
the Mexico City case, with some additional considerations which will be nentioned later, with
reasonably good results. As a general comment, the applicability of the above-nentioned
sinplifications of the correspondence principle is nuch greater than it seens, for the foll ow ng
reasons.

Apparently, the correspondence principle would be applicable whenever ds/dt "has a slow
variation" as stated before. However in the extreme case of constant drawdown the right part of
equation (5.24) equals zero for t # 0, which means that there is no consolidation except at t =
0, where the subsidence cause is concentrated. So, the fornmer condition should read "has a sl ow
vari ation everywhere."

It nmust be noted that equation (5.24) sinply renpves the |lag-effects of the consolidation
process and therefore it may work only if the drawdown is gradual. The nore 0s/0t departs from
a constant value the nore the results depart fromreality.

However, the consolidation process conpensates this situation sonmehow, because while at any
time increnent, the subsidence increnent includes some subsidence due to the preceding
drawdowns, also part of the subsidence due to its own drawdown increnment is transferred to
future time increments. In any case, a short consolidation tine may inprove the results.

It is possible that an integration by parts of the nenory term could lead to a better
approximation, and this is a question which nust be explored.

Anot her reason which supports the correspondence principle is the remarkably good
correl ation found between total drawdown and total subsidence.

According to the experience gained in the Mexico City case, from a practical standpoint
there seens to be no strong reason to use equation (5.26) instead of equation (5.23) as there is
not a big difference in conputing time or conputer nmenory requirenents. So, its use seens to be
nore practical in non-conputer nodeling, as described in the next section.

In applying equation (5.23), sone aspects nust be consi dered:

1. Additional terms must be included to take into account infiltration or punpage

2. Conpressibility parameters nust distinguish between virgin conpression and el astic
reconpressi on

3. The storage coefficient in the main aquifer nust be changed in those cells of the
nodelrmhi;e drawmdowns are such that ground-water flow changes from confined to
unconfine

4. The aquifer conpaction itself, if considered relatively inportant, may be added
conputing it as an instant response to drawdown, thus taking care of point (b)
above.

The procedures described herein may be incorporated in any of the existing types of ground-water
nodel s.

5.3.5 Si nplified subsi dence nodeling

In sonme cases it may be desirable to have a fast estimate of the probable order of magnitude of
subsi dence versus time due to regional punpage in sone selected site(s) and this nmay be done
through (1) estimating future drawdowns in the site(s) and (2) estimating future subsidence in
the site(s).

The first part may be achieved by sinple superposition of the Theis equation or by the
application of the Influence D agram (Fi gueroa Vega, 1971), together with the application of the
af orenenti oned Correspondence Principle (equations 5.26, 5.27 and 5.28).
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The superposition of the Theis equati on needs no further coment. It may be advi sabl e when
the number of wells is not too |arge.

When there are many wells and their distribution is fairly uniformw th an average punpage
of "q" wunits of volume per wunit of tine, it is nmuch nore practical to apply the influence
di agram nenti oned before, which is a diagramsimlar to that devel oped by Newrark (1942) in the
soil nechanics field to integrate vertical stresses due to a distributed surcharge.

By nmeans of it, drawdown "s" at the site and at tine "t," due to a distributed punpage of
intensity "q" in any area is sinply

s = QSE (0. 0025N, +0. 001N,)., (5. 33)

where "S'" is the storage coefficient and "N" and "N," are the internal and external
"squares" covered by the punping area drawn at a proper scale.

The application of equation (5.33) for several tines nmekes it possible to plot estimated
future drawdowns versus tinme.

The next step is to estinmate the future subsidence, the tinme derivative of which is T
(transmssibility) tines the convolution termof the left side of equation (5.23), i.e.:

t
oh _ 0 . _
& = Tf apstx: v B Ft=POB. (5.34)

This expression may be easily approxi mated by nunerical nethods with the help of a pocket
programmebl e cal cul ator and the total subsidence for each tinme is the area under the curve
versus t.

Equation (5.34) takes only into account the consolidation of the clay strata. Conpression
of the aquifer may be included, as an instant response for each increment of tine, using
equation (5.11).

The former procedure, though sinple and |acking precision, may be used as a basis for
prelimnary decision-naking in nmany cases of regional subsidence due to ground-water
extraction, while a nore precise digital conputer nodel is el aborated and vali dated.

5.3.6 O her types of subsidence models, by Donald C. Hel nf

A variety of prediction techniques have been discussed--enpirical, seni-theoretical, and
theoretical. The enpirical and sem -theoretical techniques require induced subsidence to have
al ready begun. Enpirical and sem -theoretical nethods offer reasonable paranmeters that 1ink
subsi dence to sone other neasurable phenonenon in the field. The theoretical techniques which
have been discussed to this point require the results of l|laboratory tests in order to predict
subsi dence.

Two ot her techni ques for subsidence prediction will now be discussed. This will be foll owed
by a discussion of the role of the unpunped overburden. One technique, which uses a
depth-porosity nodel, is too primtive to require induced subsidence to have al ready begun. This
is its power; it can give a rough approximation of potential ultinmate subsidence of an area
where the local confined aquifer system has not yet been stressed. The second technique that
wi Il be discussed uses an aquitard drainage nodel. In contrast to the depth-porosity nodel, this

second technique requires conpressible beds to be stressed in the field. It is sufficiently
sophisticated not to require |aboratory tests on soil specinmens. Neither the depth-porosity
nodel nor the aquitard-drai nage nodel requires |aboratory tests; each uses its own independent
fiel d-based nmethod for paraneter evaluation. They are both useful techniques.

The paraneter found by using the depth-porosity model is a generalized depth-dependent
approximation for a coefficient of volune change, m, of equation 5.10 which corresponds to
nonrecoverabl e specific storage, S g, oOf equations 3.4 and 3.19. This paraneter controls the
ultimate response to stress of a specified bed. The parameters found by using the aquitard
drai nage nodel are site-specific average values of specific storage, S g, and the vertical
conponent of hydraulic conductivity, K . These paranmeters control the time-del ayed response to

2 work performed under auspices of the U S. Departnment of Energy by the Lawence Livernore
Nati onal Laboratory under contract No. W 7405- ENG 48.
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stress of conpressible interbeds within a confined system They appear directly in equation 3.2
and indirectly in equation 5.15.

5.3.6.1 Depth-porosity nodel

Porosity of sedinmentary materials is known to decrease in general with depth (Figure 5.18).
Based on enpirical data for shale and nudstone, Athy (1930) and Magara (1978) suggest that a
rel ati on between porosity and depth can be found from an exponenti al expression

n + nge °? (5. 35)

for conditions of conpaction equilibriumwhere n is porosity at a specified depth z, ng is an
extrapolation of n to land surface (z = 0), and ¢ is an enpirically determ ned constant. For
Athy's data of shale porosities from Cklahoma, ng equals 0.48 and c equals 0.0014 when z is
expressed in netres. Schatz, Kasaneyer, and Cheney (1978) suggest using equation 5.35 for site-
specific values for ng and ¢ as a neans of approximating S 4, as a function of depth, z, for al

conpressi bl e sedimentary material including shale, nudstone, sandstone, and clay. They tacitly
argue that decreasing fluid pressure due to producing an artesian aquifer system has an

Porosity, n, in percent
0 20 40 50
i T

Dickinson

in 103 metres

Depth, z,

Fi gure 5.18 Two exanpl es of decrease of porosity with depth.
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equi val ent effect on porosity that lowering the bed to a greater depth would have. Hence the
curves in Figure 5.18 are treated by themto represent a type of ultimate stress/strain relation
for equilibrium conpaction.

Unfortunately, not all enpirical depth-porosity curves follow an exponential relation as
expressed by equation 5.35. A notable exception (Magara, 1978, p. 93) is Dickinson's (1953) data
for shale porosities from the Gulf of Mexico coast. Helm (1980, unpublished manuscript) has
found that Dickinson's shale porosities follow a logarithmc relation with depth, nanely

An = -a Aln X, (5.36)
N =Nt - aln(zlzgs), (5.37)

where n.os and z,.; are reference values for porosity and depth and a is an enpirical constant.
If ais interpreted as a type of conpression index, equations 5.36 and 5.37 approximate the type
of stress-strain relation one would anticipate from standard soil mechanics interpretation of
| aboratory consolidation data. For Dickinson's field data fromthe Gulf Coast, a equals 0.103
and n,; is found to equal 0.05 for an arbitrary reference depth z,¢ of 10* m

It is now possible to get two depth-dependent theoretical values of S g, based on equations
5.35 and 5.37. Recalling equation 3.10, we can express how lithostatic effective stress, p’, due
to subnmerged wei ght of overlying material changes with depth, z, by the gradi ent

dp’ G-1
=E = (1-n)(G-1 = = = 5. 38
= (1-n)(G-1)y, = TN (5.38)
According to the left-hand equality of equation 3.4 and equation 5.9, we wite
' = _---:.I'._ _C_j_@ = — — g.@
S'skv = Tiedpw =~ Mg Yw (5. 39)
Equation 5.39 can be witten
dedndz Yw dndz
S = (1-n)===2' 2% =2 Z0L< , 5. 40
skv ( )dndzdp'yW 1-ndzdp’ ( )
whi ch, in accordance with equation 5.38, becones
, 1
S — dn (5. 41)

(1-m?G-1)%%

It now becones necessary to determine dn/dz from Figure 5.18. For Athy's curve, equation
5. 41 becones

S'gky = T e (5. 42)

where we have used equation 5.35. For Dickinson's curve, however, equation 5.41 becones

S'gpy = e R - (5-43)
(G-1)z(1-n)

where we have used equation 5. 37.

Figure 5.19 shows the relation of S g, and depth z in accordance with Athy's data (dashed
line) and Dickinson's data (solid line). The dashed line in Figure 5.19 was found by
substituting equation 5.35 into the right-hand side of equation 5.42 and assunming ng to equal
0.48 and c to equal 0.0014. The solid line in Figure 5.19 was simlarly found by substituting
equation 5.37 into the right-hand side of equation 5.43 and assunming n,o to equal 0.05, Z 4 to
equal 10* m and a to equal 0.103.

The marks on Figure 5.19 indicate a selection of S g, values deternined by other methods.
The X's in the upper right-hand corner of Figure 5.19 represent values of S g, calculated from
results (Marsal and Graue, 1969, Table 5, p. 190) of standard | aboratory consolidation tests on
soil sanples near Mexico City. The synbols Xgg Xy, and Xy represent values of S g, cal cul ated
fromresults of standard | aboratory consolidation tests on soil sanples taken respectively from
the Santa Clara Valley, California (Poland, witten comrunication, 1978), from near Seabr ook,
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Texas (Gabrysch and Bonnet, 1976, Table 3), and a conposite of values fromthe WImngton Gl
Field, California (Allen and Mayuga, 1969). Subsidence is known to have occurred at all these
sites. The circles represent values of Sg, determined from simulating observed conpaction and
expansion in California by neans of a digital conputer code. This conputer simulation technique
uses the aquitard-drainage nodel and is discussed in the next section

It is evident from Figure 5.19 that within 1000 netres of land surface, Dickinson's curve
gives a high, but reasonable, estimate of S g, Helm (1980, unpublished manuscript) suggests
the use of the solid curve in Figure 5.19 as a first approximation of S g, For exanple, assune
a confined aquifer has not been devel oped and hence no field-based conpaction records are
avai | abl e. However, suppose one knows that an areally extensive confined aquifer systemlies at
a depth between roughly 100 and 300 nmetres. Wthin this 200-netre interval there is found to
exi st about 100 netres of fine-grained conpressible interbeds. Hence the thickness of
conpressible beds, b’, is about 100 m the average depth is about 200 m and in accordance wth
Di ckinson’s curve in Figure 5.19 we can estinmate S 4, to approxinate 10 3ml. Using equation
3.4, we find

Ab' [ Ah, = S b 01073 x 10% = 1071, (5. 44)
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Figure 5.19 Specific storage for nonrecoverabl e conpaction, S 4, as a function of depth, z.

Equation 5.44 tells us, as a first approximation, that for every foot of |ong-termdrawdown, one
can expect about one-tenth of a foot of ultinmate conpacti on.

Let us interpret equation 5.44 in a sonewhat broader tinme frame. One would expect a tine |ag
of decades before conpaction in the field would reach its ultinmate value (equation 5.44) even
under conditions of no recovery of artesian head. If at any time artesian head recovers above a
transient critical elevation, ongoing residual subsidence will stop

Predicting this critical elevation of head is discussed in the next section. Equation 5.44
and use of Dickinson’s curve in Figure 5.19 tacitly requires sedinentary material within a con-
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fined systeminitially to be normally consolidated. Another tacit assunption of equation 5.44 is
that volume strain expresses itself entirely in vertical conpression. For a confined aquifer
system whose volune strain is isotropic, the vertical conponent of strain is one-third the
volune strain. Wenever in situ strain is actually isotropic, use of Dickinson's curve (Figure
5.19) in equation 5.44 would thereby automatically give an estimate of vertical conpression
three times too | arge.

Met hods for approximating a regional distribution of Ah,, which appears in the left-hand
side of equation 5.44, are available (e.g., Figueroa Vega, 1971). Discussion of these nethods is
beyond the scope of the present section.

5.3.6.2 Aquitard-drai nage nodel

Tol man and Pol and (1940) suggested that subsidence in the Santa Clara Valley, California,
is caused not sinply by declining artesian heads and the resulting conpaction of perneable
sands, but prinmarily by the nonrecoverabl e conpaction of slowdraining clay layers within the
confined system This marks the conceptual birth of the aquitard-drai nage nodel (Figure 5.20).
Riley (1969) applied Terzaghi’'s (1925) theory of one-dinensional consolidation quantitatively
to the aquitard-drai nage nodel. Helm (1972, 1975, 1976) borrowed Riley's insights to develop a

(Pumpage rate) Q

r —— —
_l -ah((Drawdown in coarse-grained material)
~

z 7~

e
/

sb (Vertical component of 3-D movement)

o el 'Aquitard
(fine-grained)

Confined aquifer

:QZ(Specific discharge)

;qz (Specific discharge) ‘.

Fi gure 5.20 Aquitard-drainage nodel (nodified fromHelm 1980, Figure 4).
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one-di mensi onal conputer code to sinulate tine-delayed aquitard conpression and expansion in
response to arbitrary fluctuations of hydraulic head within the coarse-grained portion of a
confined aquifer system |In turn, Freeze (Wtherspoon and Freeze, 1972; Ganbolati and Freeze,
1973) and Narasi mhan ( Narasi mhan and Wt herspoon, 1977) borrowed Hel mi s insights for devel oping
their own one-dinensional conmputer codes for aquifer-system conpaction and expansion.
Digitalizing the aquitard-drai nage nodel led directly to a powerful predictive technique (Helm
1978; Pollard and others, 1979) for |and subsi dence caused by water-level fluctuations within a
confined aqui fer system

The aquitard-drainage nodel (Figure 5.20) represents the confined aquifer system as containing
two basic types of porous material: agroup of (i) fine-grained interbeds each of which is conpletely
surrounded by a hydraulically connected system of (ii) coarse-grained material. The fine-grained
interbeds (aquitards) are considered nuch |ess perneable than the interconnected coarse-grained
portion of the confined aquifer system Because slowdraining aquitards are interbedded within an
aqui fer, they are conceptually distinct from caprock, confining bed, or sem -confining bed that
serves as a confined aquifer’s upper boundary. The aquitard-drai nage nodel conceptually attributes
the observed tine-lag (of conpaction response to stress change) to the vertical conmponent of fluid
flow from one idealized material (aquitard) to another (aquifer) within the two-material system
itself. The slow vertical drainage, q,, fromhighly conpressible aquitards to the |ess conpressible
aqui fer material serves a sonewhat sinilar rheological function in this npodel that a viscous
"dashpot" serves in a viscoelastic reservoir nodel that has only one idealized undifferentiated
mat eri al (Corapcioglu and Burtsaert, 1977).

In conjunction with appropriate field data, the nodel predicts (1) residual nonrecoverable
compaction within a system (2) tine-dependent in situ preconsolidation pressure (a critical
depth to water at which non-recoverabl e conpaction is stopped during the unloadi ng phase and is
triggered during the reloading phase of a specified unloading-reloading cycle), and (3) a
ti meconstant, 1, for a confined systemat a site of interest. According to Terzaghi’'s theory of
consolidation, T can be interpreted to represent the length of tine required for initially
unstressed aquitards to reach a 93 per-cent nonrecoverable conpaction if water levels in
adj acent aquifers (of a confined systenm) are instantaneously |owered a specified amount and t hen
hel d constant.

By sinulating field conpaction and expansion at 8 sites in the Santa Clara Valley and 7
sites in the San Joaquin Valley, California, Helm (1978, Table 2) estimated that in 1978
resi dual conpaction in the Santa Cara Valley ranged froma mninmmof 0.52 mat one site to a
maxi mum of 2.53 mat another. Anpbng the anal yzed sets of field data collected in the San Joaquin
Val | ey, calcul ated residual conpaction ranged froma mninumof 0.85 mat one site to a maxi num
of 9.75 mat another. In the early 1970's the critical depth to water was calcul ated site by
site to range froma few to several tens of metres above a | ocal past nmaxi rum depth to water.
Time constants also were estimated fromsite-specific field data. In the Santa Clara Valley, t
was calculated to range froma mninum of 13 years at one site to 125 years at another. In the
San Joaquin Valley 1 was calculated to range fromb5 years at one site to 1350 years at another.

Figures 5.21 and 5.22 illustrate the use of a one-di nensional conputer sinulation based on
the aquitard-drai nage nmodel. Using the stress curve shown in the upper graph of Figure 5.21 as
i nput val ues, paraneter values within the mathematical npdel are calibrated in order to nmke
calcul ated conpaction (dotted line in the lower graph of Figure 5.21) be as close an
approxi mati on to observed conpaction (solid line in the | ower graph of Figure 5.21) as possible.
Usi ng these paraneter values and the input stress curve shown in the upper graph of Figure 5.22,
a predicted conpaction curve is calculated for the period 1921-74. This prediction is shown by
the solid Iine in the | ower graph of Figure 5.22. Actual conpaction is estimted as a portion of
subsi dence neasured at bench mark J111 and is plotted as solid circles in the |ower graph of
Figure 5.22. The excellent agreenment between predicted and observed conpaction in Figure 5.22
confirnms the paraneter values found during the calibration process (Figure 5.21). This result
increases one’s confidence in the residual conpaction, preconsolidation stress, and tine
constants that are estimated fromthis procedure.
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Fi gure 5.22 Si mul ati on of conpaction based on water-level data for well 6S/ 2W25C (1921-74)
and on conpaction estimated as a portion of subsidence neasured at bench mark

5.3.6.3 Influence of material within the unpunped overburden

Subsi dence due to fluid withdrawal is the expression at |and surface of the conpression at
depth of a stressed artesian aquifer system Mterial within the intervening unpunped overburden
may possibly play arole in mtigating |land surface effects. Geertsma (1957, 1973) has in effect
di scussed quantitatively the role of the overburden. H's equation for ultimte vertical
di spl acement, U,, directly over the center of an axially symretric confined aquifer system
(Figure 5.23) is

U,(0, 0) = - 2((1-v)c,php {1-[C/(1+0) 9}, (5.45)
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wher e

v is Poisson's ratio,

b is thickness of conpressing bed(s),

p is pressure change,

Cis DR,

Dis depth to compressing bed(s), and

R is radius of stressed system
For highly conpressible poro-elastic bulk nmaterial, Geertsma’'s coefficient of wuniaxia
compacti on, c, becones

Ch= (1-2v)(I+v)/E(1-V), (5. 46)

where E i s Young' s nodul us.

Equation 5.45 should be used with caution for the follow ng reasons. Due to gravitationa
body forces on submerged solids, it is reasonable to assume that the base of a depressured
aqui fer system does not nove upward. Unfortunately, Geertsma negl ects such body forces in his
analysis with the unrealistic result that under sonme circunstances the base of his idealized
reservoir (confined aquifer system) mathematically noves upward a significant amount. This
physically unlikely upward novenent can nmathematically nearly equal the total conpaction of the
stressed system Hence there may nmathematically be no downward novenent of the top of the
i deal i zed reservoir. Correspondi ngly under these circunstances there would nat hematically be no
subsi dence at |and surface whatsoever. This questionable aspect of Ceertsma’s analysis reflects
itself in equation 5.45

I .

| Land surface

| (Infinite plane)
I
|

(0,0) / (r,0)
— r — p—
i Observer
I
|
I
|
I

Overburden

Cohfined aquifer system.
(axial symmetry)

Y

z-axis
SEMI-INFINITE SOLID

Fi gure 5.23 Hal f-space nodel (nodified fromHelm 1980, Figure 2).
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It is nore reasonable to assune that the volune of conpaction of a conpressible aquifer
system expresses itself eventually by an equal volune of subsidence at |and surface. Wenever
t he upper boundary of a conpacting aquifer system noves downward in response to conpression of
underlying sedinments, Ceertsma (1973) hinmself points out that the volune which this upper
surface noves is preserved at |and surface. Wen the vertical nmovenent of the base of a confined
aqui fer system can realistically be considered negligible, land subsidence, according to
Ceertsma, equals volunmetrically the total conpaction of the confined aquifer system

The areal distribution of subsidence is sonewhat influenced, however, by the ratio of depth
Dto radius R (Figure 5.23) of the depressured confined aquifer system The effect of conpaction
of an aquifer systemwith a large DR ratio may be spread over a large area at |and surface and
hence mnim ze the vertical conponent of volunetric subsidence. The limt, however, would not be
zero (which is erroneously inplied by equation 5.45) but sonme finite fraction of b’, of equation
(5.44). For nost ground-water systems the DR ratio is sufficiently small that the overburden’s
spreading effect can be conpletely ignored. This inplies the direct applicability of a
dept h-porosity nodel (Section 5.3.6.1).

The conceptual nodel used by many investigators, including Ceertsma, will now be described.
It is a variation of what can nore generally be called a hal f-space nodel (Figure 5.23). The
earth is represented as a honbgeneous, isotropic, sem-infinite elastic (or poro-elastic)
medi um Land surface is represented as a flat upper surface that is free to nove. Neither
cal cul ated surface novenent nor topographic relief affects the essential flatness of the
i deal i zed surface. Al though a depressured zone at depth D below |and surface with a center at
radial distance r from an observer on land surface is represented by an idealized spherical
tension center by Carrillo (1949), by vertical pincers by McCann and WIlts (1951), and by a
radially symetric group of strain nuclei by Ceertsma (1957), the various representations are
conceptually simlar. Ganbolati (1972) has di scussed the major conceptual distinctions between
the tension-center representation (Carrillo, 1949; MCann and WIts, 1951) and the strain-
nucl eus representation (Mndlin and Cheng, 1950; Sen, 1950; Ceertsmm, 1957, 1966, 1973; Finol
and Farouq Ali, 1975). Briefly, a tension center npdel tacitly requires an infinitely
conpressible reservoir within an elastic half-space. The strain-nucleus nodel requires the
confined aquifer systenis conpressibility to equal the conpressibility of the surrounding
el astic hal fspace. Finite heterogeneity between the conmpressing system and the surrounding
hal f - space was introduced to the nodel by Ganbol ati (1972).

The question of finite heterogeneity deserves sone conment. A confined aquifer system by
definition yields fluid to a discharging well and experiences a pressure |oss. The surroundi ng
material by definition does not yield fluid. Hence porosity within a conpressible confined
aqui fer system decreases. Porosity does not necessarily decrease within the surrounding
hal f space. This distinction is analogous to the distinction in soil mechanics between drained
and undrained conpression. Decrease in porosity as a source for fluid discharge inherently
i ntroduces an extra conponent into a conpressibility termfor a confined aquifer system This
extra conponent does not appear in a corresponding conpressibility term for the undrained
surroundi ng hal f-space. Specifically, only Sgy of equation 3.3 is appropriate to use for the
surroundi ng hal f-space whose individual grains are considered inconpressible,, whereas the sum
of S gand Sgyis appropriate to use for the aquifer systemitself. S g isa function of porosity
| oss whereas Sgyis a function of the expansion of interstitial water. Hence, the hydraulics of
underground fluid flow alone helps dictate the apparent heterogeneity of conpressibilities
bet ween a conpressing aquifer system and the surrounding half-space. This apparent or in situ
hydraulic heterogeneity is distinct fromstandard differences in material properties which are
tested and recorded in the |aboratory.
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6 Economic and socia impacts and legal considerations,
by Joseph F. Poland, Laura Carbognin, Soki
Yamamoto, and Working Group

6.1 GENERAL COMMENTS

Land subsi dence induces very serious econom ¢ and social problens, which unfortunately appear
| ater than the commencenent of the subsidence event and when nost damages are irreversible.

Because intensive ground-water wthdrawals often occur in urbanized and/or industrial
areas, the subsidence effects are wi despread and affect not only the natural structures but also
the man-nmade ones. In general, and sad to say, damages may be recorded but it is nearly
i npossible to establish their actual cost.

The physical environment is a principal determining factor in the severity of econom c and
social inpacts as a result of land subsidence due to ground-water withdrawal. Coastal-plain
areas, initially 1 to 5 nmetres above nean sea level, are susceptible to severe inpact if
appreci abl e subsidence develops. The severity of the damage and the social problems to be
anticipated are greatly increased if the subsiding area lies in a region subject to typhoons or
hurricanes. Furthernore, the greater or nore calanmtous is the actual, anticipated, or potenti al
danmage, the greater is the |ikelihood that | egal decisions may devel op to nodi fy the doctrine of
absolute ownership or the doctrine of "correlative rights,” with respect to liability for
subsi dence of the |lands of others due to punping of ground water.

Table 1.1 lists 42 subsi dence areas worldwi de. O these, at |east 19 border the ocean or a
bay and 2 others are crossed by tidal rivers. In this casebook it is not practicable to discuss
econonmic problens and |egal considerations for all the subsiding areas. Therefore, in this
chapter we will limt the discussion to a few significant socioeconom c problens and |egal
devel opnents in Italy, Japan, and the United States.

6.2 | TALY

Reported cases of subsidence in ltaly due to ground-water w thdrawal are few because not all the
occurrences have been identified and classified as of yet.

Veni ce and Ravenna cases (case histories 9.3 and 9.15) nust be included anong the nore
serious; the former for its precarious environnmental setting in which the phenomenon occurs even
if at lowrates, the latter for its areal extent and intensity.

Both cases were brought about by the intensive exploitation of underground fl uids,
occurring with the Italian post-war industrial boomduring the 50's and the 60's. in both cases
exploitation occurred wthout taking into account possible consequences to the subsoil
equi li brium

After 20 years of continuous ground-water wthdrawal, subsidence has by now greatly
affected the environment and its consequences are dramatic and even nore serious for the
irreversible effects.

Both Ravenna and Venice are located in shallow coastal zones so that the well-known
subsi dence effects are worsened because the | and-sea interaction is considerably reduced.

Ravenna, about 7 km from the coast, is periodically flooded because its defences are no
Longer sufficient against seasonal stormy seas. Venice, built in a |agoonal environment, has a
close relationship with its waters and even with just normal tidal events the city becones
partially subnmerged and soci oeconomc activity nearly stops.

Wher eas Ravenna’'s historical center is somewhat protected from mari ne aggression, Venice is
continually exposed to sea domination, thus assuming a disnal appearance which naturally
conflicts with the goal of the picturesque tourist attraction. Danages are enornous for both the
artistic patrinony and the normal |ife activity (ruined merchandise, failures in heating
systens, short circuits in electrical systens, etc.).

These inconveniences are a nenace to the increasingly unstable socioecononmic |ife because
of the frequently occurring flooding paralyzing the city, for health reasons (a very humd
environnent), for sanitary purposes (faulty sewage system, etc.
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Al this and other social reasons contribute to the Venetian exodus. For this reason, the
city is witnessing a rapid decline in popul ation, especially of its poorer working classes which
suffer nore than the others for their ghetto-like living conditions.

Depopul ation occurs even in the islands and in the |east defended littorals (ex.
Pell estrina). The closer and nore nodern industrial area (Marchera) is the greatest attraction
for nore nmodern living conditions even if there are nore psychosoci ol ogi cal stresses.

At Ravenna subsi dence affects especially the littoral zones (beach regression) where the
|l argest resorts are |ocated, and the wi despread land fills where the usable soil thickness for
cultivation is reduced and the types of cultivation nust be diversified. Mreover subsidence
causes considerable hydraulic problems in river flowin the delta zone, facilitates salt-water
intrusion at the river’'s nmouth, and produces problens to inland navigation, in the sewage
system etc.

Al though at Ravenna, the damages are very serious and economically severe they are not as
dramatic as at Veni ce where subsi dence becones a factor of survival.

At Ravenna the hydraulic problem would al nost be permanently resolved after constructing
sui tabl e sea defences and restoring ol der hydraulic structures. The irreversible sinking of the
area greatly affects only the littorals which are dimnished in their w dth.

In Venice the sluice gates proposed to be constructed at the inlets to control the | agoon’'s
water level would only partially resolve Venice's conplex problem resulting changes in the
| agoon ecosystem woul d necessitate heavy commitnents for a sol ution.

Even if subsidence is not the main factor responsible for the slow death of Venice, without
a doubt its effects have indirectly determined this evolution. This leads to the necessity of
concrete interventions.

The two worst Italian cases of subsidence just described involve two very inportant cities
because of their unusual environnents and artistic patrinonies. In these cases, as well as in
many other Iltalian cases, the cause should be sought in the haphazard territorial planning in
overestimating the possibility of utilizing ground-water resources.

Strict legislation for control and regulation of environmental use plus an efficient
supervising organ for the devel opnent of underground waters woul d have safe-guarded the areas.

Unfortunately, in Italy, public institutions and laws for territorial protection against
subsi dence effects due to ground-water wi thdrawal do not exist. Underground water managenent is
still governed by an old law of 1933, which is only effective in a few nunicipalities.

Furthernmore, such legislation deals only with the authorization to search for water and, then
the declaration of finding it.

After the 1933 | aw, there has been no | egislation which establishes any control on artesian
punping for the defense of the territory agai nst subsidence. Only in recent years has govern-
ment’s attitude changed nmainly due to the alarm ng situations which arose in Venice and Ravenna

So far no specific norns or restrictions have been adopted: Italian government policy
| eaves preventive neasures restricting ground-water exploitation to the local authorities.

6.3 JAPAN

6.3.1 Soci oeconom c i npacts

Land subsi dence has been reported in nore than 40 areas in Japan; nost of these areas are
subsi di ng because of excessive ground-water w thdrawal and consequent declining artesian head.
Many of the large cities in Japan are built on low flat alluvial plains underlain by uncon-
solidated water-bearing deposits of Quaternary age. The 10 chief subsidence areas due to
ground-water w thdrawal (shown in Figure 1.1 and described in Table 1.1) all border the ocean

in several of these areas subsidence has |lowered the |and surface bel ow sea |evel, creating a
hazardous situation. Yamanoto (1977) reports that as of 1975 the areas of |and subsidence in
Japan total ed 7,380 knf, of which about 1,200 kn? was bel ow nean sea | evel.

The prolonged subsidence since 1920 in the Koto district in the eastern part of Tokyo
devel oped the nost serious environnmental subsidence problemin Japan and probably in the entire
worl d. The artesian head in the confined aquifers, initially above sea level, declined to as
much as 60 m bel ow sea | evel by 1965. The |ong-continued head decline, due to excessive wth-
drawal of ground water for industrial plants, caused the subsidence. As a result, 80 knf of |and
in eastern Tokyo had sunk bel ow nmean hi gh-tide | evel by 1969; the | owest ground was about 2.3 m
bel ow nean sea |level (Shimzu, 1969, Table 3). Two million people live in this area bordering
Tokyo Bay. To prevent flooding and |oss of |ife many protective neasures have been taken. These
have been described in part by Yamanoto in Case History 9.4. Banks of through-flowing rivers
have been rai sed several netres, a wall has been built to surround the entire area that is bel ow
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high-tide level, and many water gates have been built to prevent high water from entering the
depressed area.

During the early 1960's, restrictions were established on punping fromcertain depth zones
and drilling of new wells, and extraction of ground water for industry in the Koto district
began decreasi ng. By 1965 punpage had decreased by one-half (Aihara, et al., 1969, Fig. 1). As a
result the artesian head subsequently has recovered 10 to 30 mor nore since the 1965 | ow | evel,
and the land surface has alnpbst conpletely stopped subsiding. In fact, a few centinetres of

| and-surface rebound has been observed. However, the rebound never will anmobunt to nore than a
few per cent of the subsidence. Consequently this area and its resident population of two
mllion people are faced with the fact that all water originating in the area bel ow sea |evel,
or introduced into the area for donestic or industrial supply or by flooding, will have to be
punped out as long as people live there or possibly until the land surface m ght be rai sed above
sea level by a long-term project of inporting a nmassive landfill. Despite the protective

nmeasures taken, the danger of mmjor flooding due to typhoons or to failure of dikes or punps
caused by a violent earthquake is ever present.

Two ot her subsidence areas in Japan have extensive areas that have sunk bel ow high-tide
| evel. They are Gsaka (100 knf bel ow hi gh tide) and the Nobi Plain (363 knf bel ow hi gh tide).
Toget her with Tokyo they contain about half of the land that has subsi ded bel ow hi ghtide |evel
in Japan. Mdre than one mllion people lived in the two areas in 1969. Beginning in the early
1960’ s the use of ground water in Osaka has been regulated as an alternate supply of surface
wat er becane available. As a result a sharp recovery of artesian head occurred in Osaka,
beginning in 1962 (see Case History 9.5, Figure 9.5.4); by 1965 the rate of subsidence had
decreased markedly. Protective neasures taken are sinilar to those adopted in eastern Tokyo. All
areas bel ow sea level are faced with the problem of how to m nimze damage from a typhoon.

6.3.2 Ground-water |aw in Japan

Japan has two |laws which regulate and or prohibit ground-water utilization. One is the "Indus-
trial Water Law' and the other is the "Building Water Law. " Japan has no | aw regul ati ng ground-
water withdrawal for irrigation (agricultural use).

The I ndustrial Water Law (law No. 146 CF 1956) is ainmed at nmaki ng contributions to the sound
devel opnent of industries and the prevention of subsidence of the ground by ensuring a rational
supply of industrial water and achi eving the conservation of ground-water resources.

The areas where drawi ng of industrial ground water is controlled are designated by Cabi net
Order out of areas where drawi ng of ground water is causing an abnormal drop in the ground-water
| evel, salinization or contam nation of ground water, or subsidence of ground, and water
services for industrial use are already installed or the installation work is expected to be
commenced within a year.

Pref ectural governors issue punping licenses nmentioned if the position of the strainer for
the well and the sectional area of the discharge port of the punp fulfill certain technical
criteria.

The Buil ding Water Law (Il aw No. 100 CF, 1962) is ained at protecting the |ives and proper-
ties of the people by exercising necessary control in order to prevent the subsidence of ground
as a result of drawi ng ground water for buildings at the specified area.

Areas where drawi ng of ground-water for buildings is controlled are designated by Cabinet
O der out of areas where drawi ng of ground-water for buildings is liable to cause the subsi dence
of ground and resultant danmage due to the high tide and fl ood.

Prefectural governors or mayors of the designated cities issue |icenses upon request from
interested individuals provided the position of the strainer for the punping facilities and the
sectional area of the discharge port of the punp fulfill certain technical criteria.

Those who are already drawing ground water for buildings when the area concerned is
desi gnated shall be considered to have obtained the license, if their methods of draw ng ground
water for buildings fulfill the technical criteria, and even in the case of failure to fulfill
the technical criteria, they shall be treated as having a license, in principle, for a certain
limted termexceeding two years.

The punpi ng of ground water without a license is punishable with a prison termof |ess than
one year or a fine of less than ¥100,000.

In Case History 9.4 for Tokyo, Yamamoto describes in chronologic order the application of
restrictions under the "Industrial Water Law," beginning in 1961, and restrictions under the
"Building Water Law," beginning in 1963. The restrictions under the "Industrial Water Law" are
designed to reduce ground-water withdrawals by supplying substitute water. The restrictions
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under the "Building Water Law' are designed to limt the punping of ground water for air
condi tioning and ot her non-drinking purposes in medium and high-rise buildings (see also Figure
9.4.9).

The | ocal Metropolitan Environmental Pollution Control ordinance restricted the drilling of
new wel I s in areas not covered by the two National |aws described above. Also, in 1972 the Tokyo
Met ropol i tan Governnment bought the mining rights to ground water containing natural gas, thereby
st oppi ng the punping of gas-bearing water fromwells 800-2,000 m deep tapping the Kagusa G oup
of Pliocene age.

The case history of the Nobi Plain (ch. 9.6) contains, two pages of detailed regulations
for the withdrawal of ground water. Two small areas (see Figure 9.6.7) designated by the
Industrial Water Law are supplied by industrial water from surface sources. G ound-water
withdrawal in the remainder of the area is covered through regulation by ordinances of
prefectures or of cities (by regulation zone determ ned by rate of subsidence per year). These
ordi nances specify depth of well or strainer, inside area of discharge pipe, the power of the
punp notor, and the total daily discharge of the well. These conpl ex regul ati ons doubtl ess are
related to the fact that 248 kn? of the Nobi Plain were below mean sea level in 1976. The
regul ati ons have been established in an attenpt to mininmze the decline of artesian head, the
conpaction of sedinments, and the rate of |and subsidence.

6.4 UNI TED STATES

6.4.1 Econom c and soci al inpacts

Table 1.1 lists 18 areas of |and subsidence in United States due to ground-water w thdrawal and
Figure 1.2 shows the geographic |ocation of 17 (not including the Al abama sinkhole area). Four
of these areas border the ocean or bays but two--Savannah and New Ol eans--have rel atively m nor
subsi dence probl ens conpared to the Houston-Gal veston area, Texas, and the Santa O ara Valley at
the south end of San Francisco Bay in California. Ranked in terms of the severity of
soci o-econoni ¢ probl ens the three principal subsidence areas in the United States due to ground-
water withdrawal are (1) the Houston-Galveston area in Texas, (2) the San Joaquin Valley in
California and (3) the Santa Clara Valley in California. Environnental and econom c effects of
subsidence in these three areas are discussed briefly in follow ng pages. For an expanded
anal ysis of econonmic effects in these and several other subsiding areas, the reader is referred
to a report by Viets, Vaughan, and Harding (1979).

6.4.1.1 Houston-Gl veston area, Texas

The principal detrinental effects of |and-surface subsidence in the Houston-Gal veston area are
(1) structural danmge, probably due to faulting, that has cracked buildings and disrupted
pavenents; (2) danmage to well casings as a result of conpressional stresses; (3) |essened
efficiency of stormdrainage facilities and (4) submergence of coastal |ow ands. According to
Gabrysch (Case Hi story 9.12), npbst of the danage is related to the lowering of |and-surface
elevations in the vicinity of Galveston Bay and the subsequent inundation by tidal waters
Several roadways have been rebuilt at higher elevations; ferry |andings have been rebuilt; and
| evees have been constructed to protect sone areas. Jones and Larson (1975) estimated the annua
cost of subsidence in terns of property value |osses during 1969-74 to be about $32 million in
2,450 knf of the area nmpost severely affected by subsi dence.

The Brownwood subdi vi sion on the west side of Baytown is an outstandi ng exanple of both the
soci al and economic inpacts of subsidence. The subdivision has subsided about 2.8 m since 1915;
sone hones are pernmanently flooded with bay water. After a feasibility study including eight
alternative plans, the U S. Arny Corps of Engineers has proposed that the entire subdivision,
including 456 hones and 1,550 residents be relocated above the 50-year flood plain, at an
estimated cost of about $40 nmillion (using May 1979 price data).

Al t hough no detail ed apprai sal has been nmade of overall costs of subsidence in the Houston-
Gal veston area, partial estimates, including the costs just cited, indicate that total costs to
date have been several $100 nillion

The nmost critical socioeconmic hazard to the Houston-Galveston area is the threat of
catastrophic flooding by hurricane tides. The severity of the hazard will increase as |long as
subsi dence of the coastal areas continues. Gabrysch reports (Case H story 9.12) that hurricanes
resulting in tides of 3.0-4.6 netres above sea level strike the Texas coast on the average of
once every 10 years. This problemis discussed in nore detail by Teutsch (1977).
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6.4.1.2 San Joaquin and Santa Clara Valleys, California

San Joaquin Valley.--As discussed in Case History 9.13, the extensive mmjor subsidence in the
San Joaquin Valley has caused several problems, primarily econom c rather than social. (1) The
differential change in elevation of the |and surface has created problenms in the construction
and maintenance of water-transport structures, including canals, irrigation and drainage
systens, and stream channels. Three major canals have required renedial work because of
subsi dence. (2) Many hundreds of irrigation wells 200-900 m deep failed between 1945 and 1970
due to compressive rupture of casings caused by the conpaction of the aquifer systens. Costs of
wel | repair or of replacenent attributable to subsidence have been many mllions of dollars. (3)
The need for preconsolidation of deposits susceptible to hydroconpaction increased the
construction costs of the California Aqueduct by an estinmated $25 million. (4) Increased cost
and nunber of surveys made by governnental agencies and by private engineering firns to
deternmine the el evations of bench marks to establish grades on construction sites, for revision
of topographic maps, for construction of subsidence maps, and for land leveling to conpensate
for effects of subsidence

No overall estimate has been made of the costs attributable to subsidence in the San
Joaquin Valley but if partial estinmates are correct, total costs nmust be in excess of $50
mllion.

Santa Cara Valley.--As described in Case History 9. 14, the subsidence in the Santa Cl ara Vall ey
has created several nmjor problens, primarily econonmic. They include: (1) Land adjacent to San
Franci sco Bay has sunk 2-3 msince 1912, requiring construction and repeated raising of |evees
to restrain | andward novenent of bay waters onto | ands now bel ow sea |l evel; and al so requiring
conti nued mai nt enance of 60 km of subsiding salt-pond | evees. Also, Santa O ara County has built
and mai ntai ned fl ood-control |evees to correct for subsidence effects at a cost of $9 nmillion
(2) Many hundreds of water-well casings have failed in vertical conpression due to conpacti on of
the confined-aquifer system The estimated cost of repair or replacenent is at least $5 nillion
(3) construction and maintenance of a punp station at the regional sewage treatnment plant
needed because of subsidence, at a cost of $10 mllion (Viets and others, 1979). (4) Costs
involved in repair of railroads, roads, and bridges; replacing or increasing the size of storm
and sanitary sewers because of change in grade due to subsidence; establishing and resurveying
the bench-mark net, and making private engineering surveys; and finally the reduction in val ue
of 44 kn? of land standing bel ow high-tide |evel as of 1967 conmpared to its value if it all
still stood above sea |evel

No overall estinmate has been made of the costs attributable to subsidence in the Santa
Clara Valley but the partial relatively firmesti mtes suggest that total costs nmust have been
at least $35 million

6.4.2 Legal devel opnments in California and Texas

In California, until the start of the 20th century, the English common |law rule of absolute
ownership of percolating waters prevailed. According to this doctrine: in the absence of any
malice or any contractual or statutory restriction, the owner has the absolute right to
intercept the water before it |eaves his property and nake whatever use of it he pleases,
regardl ess of the effect that such use may have on an adjoining or |ower proprietor through
whose land the water infiltrates, percolates, or flows (Kooper and Finlayson, 1979).

In 1903, however, the California Suprene Court in Katz v. Wl ki nshaw (141 Cal. 116) spelled
out a set of rules for ground water known as the "correlative rights" doctrine. Owers of |and
overlying a ground-water basin who used the water on the overlying |land were recognized as
hol di ng the parampunt right. Such owners anong t hensel ves were to share the water on a correl a-
tive basis, simlar to the sharing of surface waters by riparians. Any water surplus to the
needs of these overlying owners remained available for appropriation by others (Governor’s
Conmi ssion to review California water rights |aw, 1978).

According to Kooprman and Finlayson (1979), the rule of law governing liability for subsi-
dence caused by the renoval of ground water is not settled in nobst jurisdictions although the
trend appears to be toward greater liability. This change in the lawis reflected by a reversa
of the position of the Anerican Law Institute in the Restatement of Torts |l conpared to the
Rest at ement of Torts |I.

The Restatenent of Torts | stated the rule: "to the extent that a person is not liable for
wi t hdrawi ng subterranean water fromthe |and of another, he is not |iable for subsidence of the
other’s land which is caused by the withdrawal ." Restatenent of Torts, Section 318 (1938). The
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position stated in the restatenent of Torts Il is: "One who is privileged to withdraw
subt erranean water, oil, mnerals or other substances fromunder the |and of another is not for
that reason privileged to cause the subsidence of the other’s land by such wthdrawal."
Rest atement of Torts Il, Section 318 (1969).

In 1958, the United States of Anerica sued all the oil and gas producers in the WI m ngton
oil field in southern California, claimng that their operations had w thdrawn undergound
support fromits Naval Base on Terninal Island and other properties, thereby causing subsi dence
whi ch seriously damaged the government property. This case was the | argest danage suit in United
States history for subsidence caused by pumping fluids fromthe ground. The case was settl ed out
of court. The governnent was assured of the control of subsidence by passage of the
Anti - Subsi dence Act of 1958, which conpelled the oil producers in the Wlmngton field to
unitize and undertake to repressurize the depleted reservoir.

Agai n, according to Koopman and Fi nl ayson (1979), "the statute clearly reflects a desire to
retain the econonmic benefits of the WIlmngton oil production, while relying on technology to
prevent danmage to private property rights. . . The Act shows the intent of the California
Legi slature to prevent further subsidence, but not to set liability."

As summarized by the Governor’s Conmission to review California water rights law (1978)
"there have been two main approaches in California to instituting successful ground-water
managenent. One has been by formation of a water district with powers to carry out a ground-
wat er managenent program The second has been nanagenent by a court-appoi nted waternmaster with
powers similar to those of a nanagenent district, after an adjudication of substantially al
rights to extract ground water in the managenent area.

"The orange County Water District has been the | eader in the water district non-adjudica-
tion approach to ground-water managenent. The district has a wi de range of management powers,
i ncluding the power to require punpers to file periodic 'water production statenents’ with the
district.

"The district’s financing powers are extensive. It was the first district to levy a punp
tax (’replenishment assessnent’). The punp tax applies to all ground-water extraction, so there
is no advantage to being an overlying |andowner or an early appropriator. The district uses
"basin equity assessnents’ either to increase or decrease the cost of ground water in order to
i nfluence the relative anpbunts of ground water and surface water that are used, and to regul ate
punpi ng patterns.

"A central function of the Oange County Water District is to use inported water to
repl enish the ground-water supply. The district’s replenishnent operations include ’spreading
the water in areas chosen because they allow the water to percolate rapidly into the ground-
water basin, and 'in-lieu replenishnent. In-lieu replenishment involves substituting a surface
wat er supply for ground-water punping in a particular area to allow the ground-water level to
recover as a result of natural recharge

"The San Gabriel adjudication watermaster programindicates the direction that the adjudi-
cati on-wat ermaster approach to ground-water managenent is taking. The San Gabriel watermaster
has a nuch nore sophisticated range of powers and authority than the California Departnment of
Water Resources has as watermaster for the court in four areas in Southern California. The San
Gabriel watermaster, conposed of nine nmenbers appointed by the court pursuant to an agreenent
among ground-water users in the adjudicated area, is a policy maker. It can levy a ’'repl acement
wat er assessnent,’ which is a charge on punping in excess of a punper’s adjudicated share of the
basin’s yield, can conduct a ground-water replenishment program and has authority to contro
storage in the basin."

The Santa Clara Valley Water District in Santa Clara County, California, was forned by a
special act of the California Legislature that was approved by the voters in 1929. A principa
goal of the district in its subsequent nanagenent of all available water supplies, to bal ance
supply and demand and hence to stop the | and subsidence, has been the reduction in punpage of
ground water. (See Case History 9.14) The annual punpage of ground water decreased about 20 per
cent from 1960-65 to 1970-75. A principal reason for the decrease in punpage was a use tax
| evied on a ground-wat er punpage since 1964. The enactnent of the 1929 | egislation providing for
the | ocal managenent of ground-water resources, including the taxing power, represented a nmjor
departure fromthe early rul e of absol ute ownership.

H storically Texas has followed the English common law rule of absolute ownership to
wi t hdraw water from beneath his property with no liability for damage to other lands. In the
past five years, however, the trend has clearly been toward holding punpers of ground water
responsi bl e for danage from subsi dence. First came the creation of the Harris-Gal veston Coasta
Subsi dence District in 1975, followed by two mejor |egal decisions involving subsidence and
liability.

122



Economic and social impacts and legal considerations

The Harris-Gal veston Coastal Subsidence District was created by the Texas Legislature in
May 1975 "to provide for the regulation of the withdrawal of ground water w thin the boundaries
of the district for the purpose of ending subsidence which contributes to or precipitates
fl oodi ng, inundation, or overflow of any area within the district, including without limtation
rising waters resulting fromstornms or hurricanes" (Neighbors, 1979).

The act creating the district provides that water wells located within the district, with
casing dianmeter in excess of five inches, are required to have a pernmt to withdraw a specified
amount of water for a period of not |ess than one year nor nore than five years. The district is
supported financially by the permt fees. The current pernmt fee rate is $4.50 per nmllion
gal l ons (3,785 n?).

A mejor court decision in Coastal Industrial Water Authority v. W B. York (1976) invol ved
t he submergence of York’s land in the Houston Ship Canal due to the subsidence. The court held
that the property owner did not lose title to the land due to the fact that it had becone
subnerged from subsi dence as a result of punping of ground water.

In 1978, according to Neighbors (1979), the Texas Suprenme Court reinforced the Legisla-
ture’s authority to regul ate ground-water withdrawal for the purpose of controlling subsidence.
In Smith-Southwest Industries, Inc. v. Friendswood Devel opment Co. (1978) the Court referred to
the creation of the Subsidence District and other |egislative acts in establishing the intent of
the Legislature to limt the common-law rule of absolute ownership of ground water. The Court
hel d that ground-water users were not |iable for subsidence danages caused by past actions, but
could be held responsible for danmages due to future punpage if such were conducted in a
negligent or malicious manner. The opinion concludes "Therefore, if the |andowner’s manner of
wi thdrawing water (in the future) is negligent, wllfully wasteful or for the purpose of
mal i ci ous injury, and such conduct is a proxi mate cause of the subsidence of the | and of others,
he will be liable for the consequences of his conduct.”
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7 Review of methods to control or arrest subsidence,
by Joseph F. Poland and Working Group

7.1 SUMVARY OF AVAI LABLE METHODS

7.1.1 Ceneral statenent

Met hods to control or arrest subsidence include reduction of punping draft, artificial recharge
of aquifers from the land surface, and repressuring of aquifers through wells, or any
conbi nati on of these nethods. The goal is to manage the overall water supply and distribution in
such a way that the water levels in wells tapping the conpacting aquifer system or systems, are
stabilized or raised to sone degree. In other words, at |east manage the overall supply in such
a way that effective stress in the aquifer systemis not increased beyond the stress experienced
to date.

The | ocal geol ogic conditions deternm ne whether artificial recharge can be acconplished by
regul ated application at the | and surface or by repressuring of aquifers by neans of injection
t hrough wel | s.

Both the artificial recharge of aquifers from the land surface and the repressuring of
aqui fers through wells normally require a supply of potable surface water. The question may be
asked: "Wy not use the supplenmentary surface supply directly at |land surface and thereby reduce
ground-water draft, instead of recharging the ground-water supply?' The answer may be that it is
impracticable to deliver all the supplenentary supply direct to users so part of the supply is
recharged to the water table. The ground-water reservoir then acts as the distribution system
Such is the case in the Santa Clara Valley in California (Case History 9.14).

7.1.2 Reduction of punping draft

Reduction of punping draft may be acconplished to sone degree by one or nore of the follow ng
net hods:
1. Inport of substitute surface water.
2. Conservation in application and use of water:
a. through inmprovenment of irrigation methods, such as change fromditch and furrow
or flood irrigation to overhead sprinkler irrigation or to drip irrigation
b. through change from crops requiring heavy duty or demand to crops requiring
| ess duty, such as fromcotton to orchards
For overdrawn ground-water basins, adjudication (equitable distribution) of
avail abl e supply.
In urban areas, by recirculation and reuse of treated water by industrial plants.
By decreasing irrigated area or industrial plants using large quantities of water
By noving the well fields to tap nore perneabl e (|l ess conpressible) deposits.
By changing the depth range of perforated intervals in well casings or screens to
tap | ess conpressible deposits.
By | egal control

© Noak w

Whet her any one of these renedies is economically justified depends on its cost conpared
with the costs of continued subsidence. The first requirement for estimating costs is an
estimate of the magni tude of subsidence that would occur (1) if the artesi an head was nmi ntai ned
at the present level, and (2) in response to an assunmed additional decline in head

7.1.3 Artificial recharge of aquifers fromthe |land surface

Land subsi dence usually results from conpacti on of conpressible confined aquifer systenms due to
i ntensive withdrawal of ground water and consequent decline of artesian head. Because confining
beds restrict the vertical downward novernent of water fromthe | and surface, artificial recharge
of confined systen(s) by application of water at the land surface directly overhead ordinarily
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is not practicable. However, the geology of the system may be such that the confined aquifer
system nmay crop out at or near the margins of the ground-water basin; this outcrop area may be
near enough to the subsiding area so that artificial recharge on the outcrop area will raise the
| ocal water table and also the artesian head in the confined system

7.1.4 Repressuring of aquifers through wells

Repressuring of confined aquifer systems by artificial recharge directly through wells
al t hough expensive, may prove to be the only practical way to sl ow down or stop |and subsi dence
in a particular area. The WIlmngton oil field in southern California is a classic exanple of
subsi dence control by injection of water through wells. Repressuring of the oil zones to
i ncrease oil production and to control subsidence began on a major scale in 1958. By 1969, when
175 x 10%n? (1.1 x 10°% barrels) of water per day was being injected into the oil zones, the
subsi di ng area had been reduced from58 to 8 knf, and locally the | and surface had rebounded as
nmuch as 0.3 m (Mayuga and Allen, 1969). In 1975 about 80 x 106 m? (500 x 10° bbls) of water was
injected into the oil zones to (1) control subsidence, (2) produce 10 x 10° n? of oil and (3)
utilize 67 x 10° n? of water produced with the oil. According to Gates, Caraway, and Lechtenberg
(1977), the injection of this great quantity of water fromdi verse sources created many probl ens
whi ch were controlled by various chem cal and physical treatnents

Repl eni shing ground-water supplies by artificial recharge through wells and pits has been
practiced in many areas, including many sites in California and nore than a thousand recharge
wells on Long Island, New York. The results of such practices have been summarized to 1967 in
two annotated bibliographies on artificial recharge of ground water (Todd, 1959; Signor,
Gowitz, and Kam 1970). In general, results were satisfactory when the water was cl ear; nost of
the probl ens of recharge through wells involved clogging of the well and aquifer. In a study of
problens in artificial recharge through wells in the Gand Prairie regi on of Arkansas, Sniegock
(1963) found that the principal causes of clogging were air entrainnment, suspended particles in
the recharge water, and micro-organisms. He concluded that wells should be recharged wth
treated water and that water-treatnment cost and contenpl ated use of the recharged water are the
principal factors involved in determning the economic feasibility of artificial recharge. The
availability of water suitable for injection would be another inportant factor.

Injection of treated fresh water into a confined aquifer system to create an hydraulic
barrier (pressure ridge) to sea-water intrusion has been practiced successfully in southern
California for 25 years. The operating agency, the Los Angeles County Flood Control District,
had 180 injection wells in operation in 1976. According to Rancilio (1977), during two decades
of operating experience the District never has had to cease operation of an injection wel
permanently because of |oss of operating efficiency. Because of the continuing success of this
massi ve injection operation for a quarter century, the reader interested in injection wells is
referred to the paper by Rancilio (1977) which describes in detail the typical design of a
successful injection well, operating conditions and costs, injection rates and heads, clogging
probl ems, and redevel opment of injection wells. Both the cable-tool and reverse-rotary nethods
were used in construction of the injection wells but at least two-thirds of the wells are
reverse-rotary, with asbestos-cenment casing and gravel pack. The operational injection heads
ranged from9 to 61 netres and injection rates ranged from®6 to 28 I/s.

7.2 REVI EW OF METHODS USED

7.2.1 Summary st at enent

Table 1.1 lists 42 areas of |and subsidence due to ground-water wi thdrawal. Methods used to
control or arrest subsidence in these areas may be sumuari zed as foll ows:

In 15 areas, ground-water draft has been reduced as a result of substituting inported or
locally treated surface water

In 4 areas, ground-water draft has been reduced by regul ati on but surface water import
not reported.

In one area, punping of gas-bearing water was stopped by | egal action (Po Delta, Italy);
in another area (N igata, Japan) reinjection of all gas-bearing water has been required
since 1973.

In one area, ground-water punped from m nes has been |ed outside rock conpartnents or
injected into a | eached dolomite aquifer through 10 borehol es since 1973

In 20 areas no nethods for control have been reported
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7.2.2 Shanghai, China

Land subsidence in Shanghai, China, was first reported in 1921. By 1965 the nmaxi mum cumrul ative
subsidence in the city was 2. 63 m (Case H story 9.2). Injection of river water through wells to
recharge the principal aquifers began about 1964. By 1966, more than 100 industrial plants
operating nore than 200 wells had joined in the recharge operation to build up pressure in the
confined aquifer system As shown by the record from typical bench marks in the urban area of
Shanghai (Figure 9.2.1), the cessation of subsidence was virtually instantaneous. Wthin a year
or two, bench nmarks apparently were rising and from 1966 to 1976, as nmuch as 34 nm of rebound
occurred.

The injection of river water through production wells is undertaken chiefly in the wnter
nmont hs when many factories are not operating and when the river water is coldest. Because nuch
of the ground water withdrawn is used for cooling purposes in the factories in the sumer, any
decrease in water tenperature in the aquifers is beneficial. As a result of careful nonitoring
of river-water tenperature to obtain water of mninmm tenperature for injection, the ground-
water tenmperature at one site reportedly has been | owered 6° C

7.2.3 Venice, ltaly

After studying by mathemati cal npdel the physical mechanism and the quantitative relationship
linking the punping rate to the resulting subsidence of Venice, the behavior of the aquifer
system and ground surface becane well understood. (See Case History 9.3.) Because |and
subsi dence was caused by pressure drawdown in the aquifer system it was apparent that the only
renmedy consisted of raising the pressure surface beneath Venice

Injection of water through injection wells was suggested as a possible neasure by a nunber
of experts. However this solution would have required water with chem cal properties simlar to
those of the underground water. Moreover the effectiveness of this renmedy could not be
scientifically proven.

An uplift experiment on a small island near Venice was successfully carried out by pressure
grouting using special cenment nortars (Marchini and Tomolo, 1977). Unfortunately, the
experinment could not be transferred to uplift such an extensive area as Venice

O her proposed solutions, including the construction of a deep wall acting as a hydraulic
barrier for the city, were soon abandoned on the grounds of inpracticability.

The recognition of the physical nechanism underlying the subsidence of Venice and the
results provided by theoretical and experinental patterns showed that the nobst effective and
cheapest solution consisted of reducing the withdrawal rate in the Venetian area. The recovery
of the flow field was shown to be rather fast and the arrest of the settlenent was proven to be
al nost i nstant aneous.

Accordingly, the Venice Minicipality pronpted the conpletion of the planned aqueduct and
the construction of a new one to supply the industrial area with water taken fromthe Sile and
the Brentella Rivers, which flowin the vicinity of the Venetial Lagoon. Mre that 90 per cent
of the water used for industrial purposes now is supplied by surface water from the | ocal
rivers. Furthernore, as soon as the aqueducts becane operative, the Magistrato alle Acque (G vi
Engi neers Branch) of Venice issued a prohibition against opening new wells and an injunction to
close the existing wells.

To date, nmore than 70 per cent of the artesian wells that were active in 1969 have been
gradual |y shut down; this trend still continues and a constant inprovenent of the subsidence
situation in Venice has been observed (see Case History 9.3)

7.2.4 Japan

The ten principal subsidence areas in Japan, due to excessive ground-water w thdrawal, are
listed in Table 1.1. 1In all of these areas ground-water w thdrawal has been reduced by
regulation; in parts of Tokyo wthdrawal of ground water from wells has been prohibited
conpletely. (See Case History 9.4). In seven areas surface water has been inported as a
repl acement for ground water. In several areas, industrial waste water is being treated and
reused.

In Niigata (Case Hi story 9.7) experiments of water injection into the confined aquifers
cont ai ni ng nmet hane gas were carried out from 1960 to 1963 (Ilshiwada, 1969). The purpose of the
injection was the naintenance of reservoir pressures and reduction of the rate of subsidence.
Bot h degassed formation water and river water were used as the injection fluids. According to
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I shiwada, the perneability of the main reservoirs ranges from 10 to 50 darcys, the injection
rate is less than one-quarter of the production rate, and back-washing at adequate tine
intervals is necessary to continue long-terminjection.

Since 1973, all degassed formation water has been reinjected into the gas-bearing
reservoirs by | aw.

7.2.5 United States

Table 1.1 describes 18 areas of land subsidence in the United States. O these, six have
i nported surface water to satisfy water demands. This has led to the reduction of punping draft
and the local stabilizing or raising of artesian pressures. They include the Santa Clara Valley
and three areas in the San Joaquin Valley in California, as well as Las Vegas Valley in Nevada
and the Houston-Galveston area in Texas. A mmjor aqueduct to inport Colorado R ver water to
sout h-central Arizona now (1980) is under construction.

Repressuring through injection wells has not been used in any of these areas and artifici al
recharge of a substantial part of the inported surface water has been practiced only in the
Santa Clara Valley. In the other five areas, inmported surface water has been used as a direct
repl acenent or substitute for ground-water punpage.
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