3 Mechanics of land subsidence dueto fluid
withdrawal, by Joseph F. Poland and Working Group

3.1 | NTRODUCTI 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 naxi mum subsidence of the sanme 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, Mxico, 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 wi th 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. Geological Survey publications for the definition of nany
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 systenms and | and

subsi dence due to fluid withdrawal. Principal terns will be defined briefly in this chapter or
in an appended gl ossary, Appendi x D.
Figure 3.1 illustrates the term nology 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 major 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
system and relatively inperneabl e bedrock at the base.

Attention is directed to the confined aquifer system that occurs in both cases. Note in
particular 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
deternmine 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 manmade 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 nost 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 |ine define aquifers. Were
precisely to draw the reference |line becones a matter of personal judgnment. 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 nornal electrode configuration. O these, the
short normal with an el ectrode spacing of about 0.4 netre gives the best detail on thin aquitards.

Figure 9.3.2 is a vertical section of the confined aquifer system beneath Venice, ltaly.
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 nunmber of aquitards.
3.2 THEORY OF AQUI FER- SYSTEM COVPACTI 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 artesi an 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 |load on the Dakota aquifer at
El | endal e, North Dakota, had increased about 50 per cent because of the decline of artesian
head.

Meinzer (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 artesi an basins,
notably the Dakota artesian basin. He concluded (p. 289):

.o artesian aquifers are apparently all nore 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 nmany 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 nininumuse."

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

The next nmilestone in the understanding of the manner in which artesian aquifers rel ease
wat er from storage was the devel opnment by Theis (1935), through analogy with the mathenatica
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 tine introduced the elenments of tinme and
the coefficient of storage (S), subsequently has become the foundation of quantitative ground-
wat er hydrol ogy. Followi ng devel opnent of this equation, Theis (1938, p. 894) defined the
coefficient of storage as " the volune of water, measured 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 rembved 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 tine |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 nechanics, Karl Terzaghi (1925; Terzaghi and Peck, 1967) devel oped the
theory of primary one-di mensional consolidation of clays that has served as the basis for
solution of nmpbst practical soil mechanics and settlenent problens in the past half century. This
theory commonly is used to estimate the magnitude and rate of settlenment or conpaction that will
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

PP=Pp - 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 sunmarized lucidly by Riley (1969), as follows:

"The wel | - known hydr odynami 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 equilibriumwith the head in the adjacent aquifer(s). Because of the |ow
permeability and relatively high conpressibility of the interbedded aquitards, the
consol i dation (conpaction) of a nmulti-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
remaining prinmary consolidation that will ultinmately occur under the existing stress.
When pore-pressure equilibriumis attai ned 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 sane stress is repeatedly renoved and reapplied. The possible role of
secondary, or nonhydrodynamic, 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 nust 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 paraneters 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
pernmeability, K, and thickness of the aquitard. Thus, the required tine, is a function
of the time constant, T, where

1] T 2
¢ = Ss(b/2)
(3.2) K

and where S g is the specific storage of the aquitard, defined as
S's=S s + Ssuw3.3)

in which

= y = __7_____
sk = MYw bAha (3. 4)

and
Ssm/: anWN'(B'S)

S ¢k is the conmponent of specific storage due to conpressibility of the aquitard, S is
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
T = T,(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-
consol i dation functions, UWtis somewhat nore than 90 per cent when T is unity. Detailed
devel opnent of the time-consolidation theory sunmarized 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 wei ght 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 ¢ 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 nmost 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 nmay exist in the system I|nasmuch 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
si npl 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
vi scous 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
artesi an aquifer and the overlying confining bed. If we assune that the total |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 ternms 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, tinmes
their thickness, plus the unit weight of saturated sedinments below the water table, y, tines
their thickness. If we assume 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 = [XI-n) + rglyy, or [2.7(1-0.4) + 0.20]1 = 1.8, (3.7)
and y= 2.0 netres of water per metre of thickness:
y=[&l-n) + nly, 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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p=u,+p
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p' = effective pressure or
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Figure 3.2 Di agranmatic view of stresses acting at interface between artesian aquifer and
confining bed (nodified fromFerris, Know es, Brown, and Stallman, 1962, p. 79).
P = 2Z Yot 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 cni? on its 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 snall.

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 equilibriumwith 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 sedinents (as in subsidence control and underground waste disposal). 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 inportance 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 novenent 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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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
potentionetric 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
assunmed to be horizontal. If we assune the sane paraneters 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:

YVm = [X(1-n) + rgly, Or [2.7(1-0.4) + 0.20]1 = 1.8 (3.7)

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

Yo = (1-n) (G1)y, or (1-0.4) (2.7-1)1 = 1.0 (3.10)

If these gravitational stresses Are expressed in netres of water (one netre of water is
equivalent to 0.1 kg cni?), 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 assumed porosity = 0.40, specific gravity of solids =
2.7, and specific retention = 0.20. S = effective stress due to wei ght 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
di agram 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
those depths. 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 columm the net change in the vertical normal component 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) mmy require
nonths 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 potentionmetric surface of the confined aquifer systemrenains constant and the water
table is raised or lowered, both gravitational and seepage stresses change, but w th 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 systen) is +1.0 netre. Hence, the net unit change in applied stress in the
confined systemis +0.2 nmetre of water. Conversely, if the water table is |owered (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 transmitted 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 (assumed 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 w thdrawn 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 aqui fer systens.

3.4 COMPRESSI BI LI TY AND STORAGE CHARACTERI STI CS

3.4.1 Stress-strain analysis

Fi el d measurenments 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-1level change and conpaction at Pixley are shown in Figure
3.5. They have been utilized to derive a conmputer plot of stress change versus strain (Figure
3.5, E) for a 101-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
i ncreasing downward to enphasize the close correlation with declining artesian head. The
conpaction within the 131-232-netre 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 cm?).

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 summer followed by recovery of
water level to a peak late in the winter; (2) the reduced rate of conmpaction 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 npst w nters, acconpanying the water-I|eve
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
expell ed under the influence of higher pore pressures remaining within the nedia
regi ons of the beds.

"Consolidation theory requires that the maxi mum excess pore pressure, which is in
the mddl e 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 continue
to conpact at dinminishing rates through nost or perhaps all of the period of head
recovery and stress relief.

"Evidence for this type of behavior is contained in the continuously curving stress
strain line characteristic of much 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 approximately parallel straight |ines, 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 = fp= 6-4x10 (3.12)

where b is the thickness of the aquifer-system segnment being nmeasured, 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 ationshi p, 23/25-16N. A, Hydrographs of wells 23/25-16N4, perforated 61-73 m
depth, and 23/25-16N3, perforated 110-128 m depth. B, Change in applied stress.
C, Conpaction to 131-netre depth in well 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-metre thickness). (Mdified from Poland, Lofgren, Ireland, and Pugh, 1975,
Fig. 70.)
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4 6 -1
= 22/pah = X8 2 DX - =6.3x(10) m ", (3.13)

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

S -6 -1 _ -1
Upe = ske - 6.3x10 m__ _g 3x19 5cm2kg : (3.14)

Y 0. 1kgcm_2m_

However, if stresses are expressed in nmetres 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°° cnfkg' . 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 ot her hand,

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

Sew = (0.4) (4.7 x 10°% cntkg 1) (0.1 kg cni?ni')y = 1.9 x 10 ®mi'! (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 volune of the porous nedium by elastic (recoverable) deformation of the nmedi um
is more than three tines the volune rel eased by elastic defornation 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, Sge = 1.2 x 1073 and Sge = 1.1 x 10°°m?'. This stress-strain plot (Figure 9.13.9) is
of interest also because the |ower 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 |Iand surface, representing the full
thi ckness of the confined aquifer system The stress-conpaction plot indicates that S, 1.5 x
10°% and Sqke = 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 conmponent, Sgce, in the elastic range of stress.

For stresses exceeding past maximum (preconsolidation) stresses, virgin specific storage
and conpressibility paraneters can be approximated from Figure 3.5. Straight line A-A-A" is
drawn t hrough the annual hysteresis | oops approximately at the level at which the rising elastic
conpaction curve crosses over the descendi ng 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 skel eton, S:



Mechanics of |and subsidence due to fluid withdrawal

_Ab _ -2
SkV—A—h—6.8><10 (3.17)
The conponent of specific storage due to inelastic (nonrecoverable) deformation of the aquifer
system skel eton i s Sgyy:

S, -2
kv _ 6.8x10 -4 -1
= RY 20720V -6 7x10 3.18
skv b 101m m ( )

S
Relation 3.18 is an average value for the entire system It is reasonable to assunme, however,
that only the clay interbeds deforminelastically. To obtain the average nonrecoverabl e specific
storage of the aquitards in accordance with this convention, S, is divided by the aggregate
t hi ckness, b’, of aquitards, which is 70 netres:

S -2
kv _ 6.8x10 -4 -1
S’ = =22 =2 =9.7x10 m 3.19
skv b’ 70m ( )
The average aquitard conpressibility
S’ -4 -1 » _
skv _ 9.7x10 m” _g 7,10 3:nlkg " (3.20)
w —2 -1
0.1kgcm "m

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

o = Sskv _ 6.7x10 *m*
kv — - 2 _1

— -1
=6.7x10 3cm2kg (3.21)
Yw  0.1kgem“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 tines as great as the conpressibility in the
el astic range of stressing. Hydrol ogists should be aware that in multiaquifer systens the val ues
of the conmpressibility and storage paraneters nmay 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 estimtes 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 meking 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 paranmeters 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 approximate 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
equgl i briumconditions 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 logarithm of effective stress.

The conpaction 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 rmay 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"%
m (1 +eqy)dp’

(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). UWilizing the |aboratory virgin conpression curve, which is a straight
line on the semilogarithmc plot, we see that for a | oad change Ap’, from 100 to 200 Il bs in

kgcm’2
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Figure 3.6 Deriving mfrome-log p' plot.
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(7 to 14 kg cm?), the void ratio, e, decreases from 0.66 to 0.57. The decrease in vol une or
length of the sample, ey - e, divided by the initial volume, 1 + ez, and by the change in |oad
for the val ues given, supplies an approxi mation of conpressibility at the midpoint of Ap’. Thus,
the conpressibility at 150 Ibs in"2 (10.5 kg cni?) is approximately 5.4 x 1004 in?lb1 (7.7 x 1073
cm kg"). The conpressibility decreases markedly with increase in effective stress. Repeating
the conmputation, for several increnents 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 Cl ear Lake 294

The graph summarizes 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 conmmon
effective stress of 70 kg cni? (note the vertical dashed line), the range in conpressibility of
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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 10°3 cnf kg'', a range by a factor of nearly three.
Experinental conpaction studies by Chilingar and Knight (1960), nmade on kaolinite, illite,
and nontnorillonite 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 Knight (1960, p. 103) as foll ows:

Montmoril 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 intermediate, and nmontnorillonite has the highest. The conpressibilities of all 30 corehole
sanples are higher than those of the standard illite throughout the stress range tested.
Furthernore, the conpressibilities of all the sanples from core holes A and B (central
California) fall between the standard illite and nmontnorillonite curves. X-ray diffraction
anal ysis of the clay-mneral assenblages at all four sites indicated that nmontrmorillonite is the
predom nant clay mneral, ranging from6 to 8 parts in 10.

Conpressibility tests have been nmade 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 compressiblities 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, npst poi nts fall on or just to the
right of the illite curve. Conpressibilities average about 3 x 10°3 cnfkg'! for effective
stresses in the range of 12 to 22 kg cm? (120-220 mdepth). The highest conpressibilities fall
within the range of conpressibilities for sanples fromcorehole A (Santa Clara Valley, Calif.).

3.4.3 The conpressibility environnment

Effective stresses, including the increase applied by punping, are in the range of 10 to 100 kg
cm? for aquifer systens 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 sone sands nmy be as conpressible as clays or
si | t st ones.

Roberts (1969) nade a |aboratory study of the conpressiblity of sands and clays as
deternined from one-di nensional consolidation tests at stresses up to 700 kg cni?. The tests
showed that in the range of effective stresses from 100 to 200 kg cni?, some sands were as
conpressible as typi cal 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 cni? of effective stress, the mean sand conpressibility (8 sanpl es) is about 5.7 x 1004 cm
kg'! and the mean clay conpressibility (11 samples) is about 4.5 x 10°% rr?kg

The principal oil zones at the WIlnmington oil field in Los Angeles and Long Beach,
California, that conpacted to cause as nmuch 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,
effective stresses were 100 to 200 kg cm? According 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 laboratory 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 nminerals. 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 cni? suggest
that the high conpressibility of the feldspathic Wl m 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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