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ABSTRACT

Thesis Title: SAND COMPRESSION AS A FACTOR IN
OIL FI1ELD SUBSIDENCE

Author . JAMES E., ROBERTS

Submitted to the Department of Civil Engineering on
+February 6, 1964, in partial fulfillment of the requirements for
the deg;ee of Doctor of Science,

In certain oil fields the production of oil has been
accompanied by measurable surface subsidence., At Long Beach,
California, a maximum subsidence of approximately 25 feet has
been observed., There has been fairly unanimous agreement among
investigators that the primary cause of subsidence is the com-
pression of sediments due to the reduction of fluid pressure
caused by oil withdrawal, However, considerable difference of
opinion has existed in the past as to whether the compresesing
soils are the o0il bearing sands, the interbedded shales and/or
siltstores, or a combination of both,

A comprehensive experimental investigation of the com-
pressibility of clastic sediments at high pressure was conducted.
It was discovered that, in .the pressure range of 1,000 to 20,000
psi, certain sands may be at least as compressible, if not more
so, than typical clays., This high compressibility, which is due
to a shattering of individual grains, indicates that a stratum
of oil-bearing sand which is subjected to effective stress
changes of the same pressure range may contribute significantly
to the subsidence,

Previously published work on sand compression which has
been reviewed either has not shown the high relative compressi-
bility (in part because the pressures used were not high enough)
or has not recognized completely the significance and mechanism
of the behavior, particularly as applied to the oil field sub-
sidence protlem,

, The mechanics of oil field subsidence have been studied
and it is suggested that the deformation of any non-producing

overburden fcrmation may result in a surface subsidence signi-
ficantly less than the compression within the producing forma-
tion.

The relative importance of clay and sand compression as
contributory to subsidence and the conditions under which
eithier or both is important have been evaluated, Even at a
depth of 3,000 feet (the depth at which the major amount of oil
in the Free World can be expected to be found) compression of
the oil bearing sands may contribute significantly to the
subsidence,

Thesis Supervisor: Professor T, William Lambe

Title: Professor of Soil Engineering and Head
of the Soil Engineerirng Division
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I: INTRODUCTION

1.1 BACKGROUND AND PUREOSE

The large surface subsidence which has been observed
in certain oil fields has been the object of considerable
study in recent years. A maximum subsidence of approximate-
ly 25 feet has been observed at the Wilmington Field,
Long Beach, California, and a maximum subsidence in excess
of 10 feet has been observed at the Bolivar Coastal Field in
Venezuela, Although subsideﬁce is undoubtedly occurring at
other oil fields, the possible consequences of subsidence
associated with the preoduction of oil are particularly well
dramatized in these two areas because the o0il fields are
adjacent to an ocean or large lake. The land areas on the
shore have been lowered gradually to such an extent that the
coqgtruction of dike systems became necessary to protect
valuable shore property from flooding. In the Wiimington
Field considerable damage of structures has resulted from
differential settlements and from horizontal displacements.
In addition, sewage and storm drainage systems have been
upset,
. The various investigators who have studied the
problem have agreed, generally, that the subsidence is due
to the compression of subsurface soils as a result of the
reduction in fluid pressure accompanying the removal of cil
from the oil bearing sands., However, there is far from

unanimous agreement as to whether the primary cause of



the subsidence is the compression of the shales, the com-
pression of the oil-bearing sands and sandstones, or a
combination of both. Computations of subsidence by the
Creole Petroleum Corporation, using the results of labora-
tory tests on clay and shale core samples, indicated smaller
settlements than those actually observed. In many studies
it has been assumed that the compressibility of the sand
is negligible compared to the compressibility of the com=-
'pressibility of the clay or shale. This assumption un-
doubtedly has been based primarlly on a knowledge of soil
behavior at low pressures.,

Between July 1956 and June 1959 research on the com-
paction behavior of solls at high pressures at M.I1.T. was
sponsored by the Creole Petroleum Corporation. Unsponsored
research was continued through June 1960. This research was
jnitiated in the hope that a fundamental study of compression
behavior at high pressures would help provide an explanation
of the subsidence which had occurred in the Bolivar Coastal

Field at Lake Maracaito, Venezuela, and would aid in pre-
dicting future consolidation which will take place in the -

oil producing formations underlying Lake Maracaibo. The
ability to evaluate reliably the anticipated subsidence and
locate the seat of this subsidence would aid in the predic-
tion of reservoir cepacity. The ability to determine whether
compression is in the sand or clay also would be of im-
portance in evaluating the total reserves and the amount of

water cut to be expected if water were being forced out of



shale during consolidation.

1.2 OBJECTIVES OF RESEARCH
Originally the general objective of the research
program on which this dissertation is based was to investi-
gate experimentally the fundamental behavior of consolidat-
ing soils in order to determine the effects of pressures as
high as 20,000 psi on the magnitude of and rate of soil
compression. This objective was motivated by the disagree-
ment among investigators as to whether the clays, the sands,
- or both were undergoing compression, and by the previous
general lack of success in predicting subsidence.
Soil characteristics to be studied experimentally in
relation to their influence on the behavior of soll were:
(1) soil composition;
(2) pore fluid characteristics;
(3) soil structure, i.e., orientation of the
mineral particles and forces between these particles.
Extremes of structure and its effects on soil be-
" havior were to be studied by preparing highly flocculated
and highly dispersed sediments of various selected minerals,
consolidating the prepared sediments, and determining the
changes in orientation due to consolidation. The soils
were to be sedimented in various flulds - pure water, sea
water, organic fluids, etc., in order to study the in-
fluence of pore fluid on behavior., A study of temperature

effects up to 200°F was envisioned.
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All consolidation data obtained were to be evalu-
ated to determine whether there are any characteristics of
the data at the high pressures which would indicate the
amount of precompression to which the sample had been sub=-
jected. This was to be best determined by inducing pre-
compression of known magnitude, rebounding, and reloading
samples,

After a number of compression tests on core samples
supplied by Creole had been performed, it became evident
that the compressibilities determined from these tests were
too small to account for the subsidence which had actually
occurred in the oil fields of interest to Creole. An
additional objective was then established: to study the
possibility of producing in the laboratory a clay which
wogld have a high compressibility in the pressure range en-
countered in the field,and to determine why the high com-
pressibility, if it exists in the laboratory samples, does
not show up in the normal laboratory test using undisturbed
or core samples.

Originally, compression tests on sands were not
envisioned, but during January 1958, a series of tests
performed on sands indicated the possibility that, at
pressures above approximately 1,000 psi, certain sands may
be more compressible than typical clays. Because of this
discovery research then was concentrated on a study of the

factors influencing the compressibility of sand.



The principal objectives of this thesis are!

(a) to present and discuss the results of the
experimental investigation and to show that, within the
pressure range of 1,000 to 20,000 psi, sands can have
compressibilities equal to or greater than similarly
determined compressibilities of some clays; and

(b) to demonstrate that, at the high pressures
encountered in deep scodimentary deposits, the compression of
sands can be of equal, if not greater, importance than the

compression of clays.

1.3 SCOPE OF WORK
Included in this thesis are:

A brief review of the habitat of oil
(Chapter 2);

A review of published reports pertaining to
subsidence in oil fields, and a review of the possible
causes of subsidence (Chapter 2);

A discussion of the subsidence mechanism and
the validity of assuming that the compression is one-
dimensional (Chapter 3);

A discussion of the evaluation of the one-
dimensional compression characteristics of deep clastic
sediments (Chapter 4);

A discussion of the relative importance of
clay and sand compression in oil field subsidence
(Chapter 5);



An historical review of published results of
studies of compressibility at high pressure (Appendix A);

A summary of the experimental studies of
compressibility at high pressures conducted in connection
with this thesis research (Appendix B);

A summary of experiments on the crushing

strength of individual quartz particles (Appendix C).

Because the writer has not had at his disposal the
actual field records and detailed information regarding sub-
surface conditions it has not been possible personally to
evaluate subsidence data in detail. Information on observed
subsidence has been limited to that obtainable in the
technical publications or through personal communications.
For this reason Chapter 5 consists primarily of an evaluation
of the conditions under which the compression of sand could
be an important factor.

Although all the factors having an effect on the
compressibility of sand have not been studied in complete
detail, it is felt that the important factors have been
studied and that additional studies probably are not
warranted until a detailed analysis of all existing field

evidence has been completed.
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2: SUMMARY OF OIL FIELD
SUBSIDENCE RECORDS

2.1 INTRODUCTION

In at least three areas of the world the production
of oil has been accompanied by measurable surface subsidence.
Subsidence data obtained from publications and personal
conmunications relative to Long Beach, Callifornia; Goose
Creek, Texas; and the Maracaibo Basih, Venezuela are sum-
marized in this Chapter.

However, for background, a brief review of the

habitat of oil is presented first.

2.2 HABITAT OF OIL

Three conditions appear to be necessary in order for
0il to accumulate in reservoir rocks (Longwell, Knopf and
Flint, 1949),

(1) There must be a source rock which contains
the necessary carbonaceous matter from which oil can be
formed. The most common source rocks apparently are marine
bitunous shales,

(2) There must be a favorable structural
arrangement of strata which allows the oil to collect.

(3) There must be an impervious layer over-
lying the reservoir stratum to form the structural trap in
which the oil is held., Figure 2.1 shows in simplified form

a typical oil reservoir in an anticlinical trap.
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Muskat (1946) assumes that petroleum gas and oil
are formed in shales some considerable time after burial
and then migrate to the reservoir gsediments,

According to Meinschein (1959) marine sediments
and crude oils contain the same types of hydrocarbons and
from this he concludes that petroleum is derived from
sedimentary organic matter. However, because of the low
concentration of hydrocarbons in sediments, crude oil
deposits can be formed only when there 1s an accunulation
or concentration of these hydrocarbons. Meinschein
hypothesises that the deposits of oil result when small
quantities of oll,which are formed at various times and
places, migrate and accumulate at favorable structural
locations.

Because of the necessary migration a certain minimum
porosity is probably required for movements of oil droplets
or emulsion. This migration is not likely in shale and
more than likely occurs in the coarse grain sediments.

Knebel and Rodrigues-Eraso (1956) compiled data on
the location of oil in the major fields* throughout the
so-called "free" world; the Soviet Union was excluded be-
cause of the lack of information. Statistics were developed

for the location of oil as a function of depth of occurrence,

*Those fields with an ultimate recovery greater than 100
million barrels,



type of deposit, lithology, geologic age, etc., According
to the figures of Knebel and Rodrigues-Eraso, 80 percent of
the total oil is found in an anti-clinical trap; although
many of the fields also are faulted it is their opinion that

the primary geologic feature is structural folding., If the

fields of the Middle East are neglected 40 percent of the
remaining oil can be considered to be in an anti-clinical
trap.

‘As confirmation >f the idea that oils migrate to the
reservoir and that this migration is more likely in coarse
grain sediments, the statistics of Knebel and Rodrigues-
Eraso show that sands* are the most common reservoir
deposit., Fifty nine percent of the oil found in major fields
is in sand reservoirs.

Their figures further show that 90 percent of the oil “
is produced from Mezozoic or younger sediments. Approximate-~

ly 28 percent of the reservoirs are composed of Mio=-Oligocene

sediments and approximately 52 percent are composed of
Mezozoic sediments, If the Middle East reservoirs are ex-
cluded, 34 percent of the reservoirs are composed of
Mio-Oligocene, 26 percent of Paleozoic, and 21 percent of

Mezozoic sediments,

*The term sand is used by geologists in reference to both
uncemented sands and cemented sandstones generally with no
further distinction other than the value of porosity.




Approximately 85 percent of the oil in the free
world exists jn reservoirs between a depth of 2,000 and
8,000 feet; if the oil fields of the Middle East are ex~
cluded,approximately 80 percent of the oil lies in reser-
voirs between depths of 1,000 and 6,000 feet.

A detailed break-down of the percent of the total
0il as a function of depth is shown in Table 2.l. To

jndicate the range of pressures possible at various depths,

approximate values of jnitial fluid pressure, initial
effective stress, and maximum final effective stress which
would develop if the fluid pressure were reduced to zero

have been added.

2.3 WILMINGTON FIELD, LONG BEACH, CALIFORNIA
2.3.1 General

The Wilmington Field was discovered in 1932 but it
was not until the last half of 1936 that a drilling boom
began in the Los Angeles Harbor Area and spread to Long
Beach in 1937,

Subsidence at Long Beach has been the object of con-
siderable study and has been reported extensively in the
literature. In addition, a number of investigations have

been conducted which have resulted in unpublished reports.

Prior to 1936 subsidence of the order of a few tenths of a
foot had been noted, presumably caused by groundwater withe-

drawal, However, observations of benchmarks in the Long

Beach Area indicate that the major subsidence started
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sometime between 1934 and 1936; the maximum subsidence had
reached a value of five feet by 1946 and twenty-five feet
by 1958, Contours of subsidence as of 1958 are shown in
Figure 2.2, 1In 1952 the rate of subsidence close to the
point of maximum subsidence was about 2.4 feet per year but
had declined to about 1,0 feet per year in'1958 (Figure 2.3).
An area of about 15 square miles has undergone sub-
sidence of 2 feet or more; this area is roughly elliptical
in shape with lengths of about 6 miles and 4 miles along the
major and minor axes. According to the report of the
Stanferd Research Institute (1949) there is an approximate
areal coincidence between surface movement and the oil field.
In addition to vertical subsidence, horizontal
movements of points on the ground surface as large as
6 feet have been measured, These horizontal movements are
roughly perpendicular to the subsidence contours and are
directed, gemnerally, toward the region of maximum subsldence.
Through 1958 over 800,000,000 barrels of oil and
758,000,000 MCF of gas had been produced, However, the
economic benefits accruing from this production have been
somewhat offset by the damage resulting from subsidence.
Prior to any subsidence the land surface was only a few feet
above extreme high tides of the Pacific Ocean. Because of
the highly developed industrial complex and harbor facilities

along the waterfront the resulting subsidence has necessi-
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tated remedial work including dikes and fill, Berbower
(1959) estimates that about 100 million dollars spent by all
parties for remedial wofk can be attributed to subsidence.

The subsidence apparently now has been arrested by
continuous, high pressure, salt water injection, but it is
anticipated that injected quantities eventually will amount
to 48 mgd and will cost approximately $31,000,000 (Roberts
1959).

2.3.2 Geologic Conditions

There are five major oil bearing formations in the
Wilmington Field (Figure 2.4). In order of depth they are:
Tar, Ranger, Upper Terminal, Lower Terminal and Ford. The
formations vary in thickness from 310' (Tar) to 1010' (Ford)
and in age from lower Pliestocene (Tar) to Upper Miocene
(Terminal and Ford). Entrapment of the oil appears to be the
result of a gentle anticlinical structure plus faulting
which has divided the field into five major fault blocks and
numerous smaller zones (Figure 2.4), The depth of the
producing zones varies from about 2200 feet at the top of
the Tar zone to about 5300 at the estimated bottom of the
Ford zone. According to Grant (1958) the Terminal zone,
the top of which is at a depth of from 3200 to 3400 feet, is
the greatest oil producing interval and the zone that has
compacted the most,

The oil bearing zones have been described generally
as consisting of layers of shale interbedded in the oil
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sands. However, Terzaghi (1958) felt that the shales had
been improperly designated. According to Terzaghi the

Long Beach.sediments can be described as alternating layers
of oil bearing sands and silty sandstones. The oil sands
have a median grain size of from 0.35 mm to 0.15mm, contain
from 2 to 10 percent silt (exceptionally as high as 16
percent), and have the grain size characteristics of a fine
dune sand. The silty sandstones contain from 10 to 27
percent silt and have the grain size characteristics of fine
dune sands with an admixture of silt, Both sediments have
little or no clay.

Above the o0il producing layers, the upper eighteen
hundred feet of sediments contain generally more or less
fresh water and presumably have been a source of fresh water
supply in the past which resulted in some minor subsidence

prior to that associated with oil production.

2.3.3 Possible Causes of Subsidence

In connection with their studies at Long Beach,
Harris and Harlow (1948) considered five factors as possibly
contributing to the subsidence:
(L) An increase in pressure due to:
(a) Changes in the land surface from filling
and dredging;
(b) Pumping of water for industrial and

domestic uses;
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(c) Pumping of water during dewatering of
the site of drydock No, 1., U, S. Naval Drydocks;

(d) Pumping of oil from five major oil zones
in the Wilmington Oil Field;

(2) Tectonic forces.

Gilluly and Grant (19495 also considered items (1) a,
b, d, and (2).

The report of the Stanford Research Institute to the
Harbor Subsidence Committee (1949) considered as possible
causes of subsidence: tectonic movements, collapse of roof
of cavities, removal of underlying material by subsurface
erosion, consolidation due to decline in fluid (water or
0il) pressure, application of surcharges, desiccation, and
base (ion) exchange (replacement of fresh water by salt
water). N

Data which have been available for study of the sub-
sidence include measurements of horizontal and vertical
movements of points located at ground surface, measurements
of the change in length of oil well casings, fluid pressures,
and production records.

Movements of points located at ground surface
establish directly the amounts of and rates of subsidence.
Changes in the length of well casings have been interpreted
as indicating that compression is occurring within the
producing formations and that the subsoil between ground

surface and the producing formation expands by about 0.3 ft
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per foot of subsidence at the point of maximum subsidence
(Terzaghi 1958). According to Grant (1958) some wells
located near the region of maximum subsidence have been
damaged by vertical tension.

Until 1951-52 (Harris and Harlow 1948, Grant 1958)
the rate of subsidence increased in genc¢ral agreement
time-wise with the pressure reductions; i. e., fluctuations
in subsidence rate could be correlated with production
fluctuations and movements due to earthquakes., Since 1952
the rate of subsidence has been declining as have the
average daily total production and the average daily pumped
production* (Figure 2.3).

According to Grant (1958, 1960), who has made a
detailed study of the subsidence and has had access to the
detailed records, the rate of subsidence appears to lag
behind changes in production rate by from several months to
up to 2 years and he suggests that siltstone and shale
compaction is the chief contributor to surface subsidence at
the present time (1960). However, it is not clear whether
Grant is referring to total or pumped production.

Figure 2.4 shows reasonably good agreement between

rate of subsidence and average daily pumped productilon

*Average daily total production includes flowing wells and
wells being pumped. Average daily pumped production in=-
cludes only production from wells that are pumped.



through 1952 and with both average daily total and average
daily pumped production subsequent toc 1952,

Although there appears to be a lag between rate of
subsidence and total production, there seems from the data
in Figure 2.4,to be very little lag when rate of subsidence
and pumped production are compared. It would seem to the
writer that pumped production would probably be more
indicative of pressure declines below normal static fluid
pressures. Any wells which are flowing must have fluid
pressures which are above normal static pressures. It
would seem réasonable to expect that the sediments after
deposition would have been consolidated under effective
pressures commensurate with static fluid pressures, There-
fore, until fluid pressures were reduced below the static
fluid pressure, the underlying sediments should be expected R
to behave as precompressed soil. Significant compression
should occur only when the fluid pressure is reduced to
values below normal static pressures.

Since the production data is for the entire fileld,
whereas the settlement is at a given location, there is no
reason why the rate of subsidence at a given point should
have a 1 to 1 correlation with production., A more appropri-
ate comparison would be to compare rate of subsidence with
rate of fluid pressure decline in the same general area.

Although many possible mechanisms have been con-

sidered, there is fairly unanimous agreement among the
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various investigators who have studied the problem at
Long Beach that the one process compatible with the chserved
subsidence and horizontal movements and the geologic profile
is a gradual compression of the oil bearing strata which are
located between a depth of about two thousand and sixty-five
hundred feet. This compression is caused by an increase in
effective stress due to the reduction in fluid pressure in
the oil bearing sands (Figure 3.5).
2.3.4 Subsidence Estimates

Even though there has been general agreement as %o
the primary cause of the subsidence, a lack of success in
predicting subsidence is evident from Berbower's (1959)
summary of the predictions made by various investigators.
These predictions, which were predicated on no repressuring

and continued production of oil,are tabulated below:

Estimated
Year of Ultimate
Investigator Estimate Subsidence (ftz
Frederick R. Harris, Inc. 1945 7
Gilluly, Johnson and Grant 1945 9
Technical Committee of
Harbor Subsidence Comm. 1948 16 to 18
Frederick R, Harris, Inc. 1949 22
McGann and Welts . 1951 24
McGann and Welts 1954 30
Richfield Oil Co. 1955 35
Frank S. Hudson 1956 54
Frank S, Hvdson 1957 43 2by 1977)
Grant 1957 34 (by 1980)

Grant 1960 50



In Chapter 3 the writer reviews the mechanism of
subsidence and discusses the factors affecting subsidence
computations, particularly the validity of computing sub-
sidence on the assumption that compressions are one-

dimensional.

2.4 MARACAIBO BASIN, VENEZUELA

According to the report of Miiler, Edwards, et. al.,
the ultimate reserves of the Bolivar Coastal and Mene Crande
Fields constitute 2/3 to 3/4 of the proven reserves of about
14,600,000,000 barrels of the entire Maracaibo Basin. The
Mene Grande field was discovered in 1914; the Bolivar
Coastal Fields were opened to exploration in 1917 and the
major companies developed active interest after about 1922,

In the various areas of the Bolivar Coastal Field the

producing formations and depth of producing interval and

daily rate of production in 1953 are shown below:

Rate of Prod. Depth of

Bbls/day Prod,
Field Formation 12/31/53 LQ%FE%FL

ft

La Rosa (Cabimas) Younger Tertiery 90,747 1,000-5,500
Eocene

Tia Juana " 244,598 1,000-5,500
Lagunillas " 461,103 1,000-8,500
Pueblo Viejo Eocene 3,299 1,600-3,700
Bachaquero Younger Tertiery 280,115 1,800-8,000

Eocene
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Three-fourths of the estimated ultimate reserves
are found in Olego-Miocene and Eocene sandstones deposited
in shallow marine to brackish water and are associated with
an unconformity and an Eocene hinge belt., Position of the
fields reflects the zone of maximum interstratification of
Eocene sandstones and shales. A representative geologic
profile is shown in Figure 2.6.

Through 1958 subsidences amounting to 10 to 1l feet
at Jell LL87 and 2 to 3 feet at Well TJ25 had occurred.
According to Martin (1959) investigations by the Creole
Petroleum Corporation using radioactive bullets, have indi-
cated fairly conclusively that the subsidence is due to
vertical compression within the producing formation which
exists between Japths of 3200 and 3800 feet,

Additional observational data which were available
to Creole for study are shown by typical data in Figure 2.7
where both subsidence and fluid pressure are plotted sepa-
rately as a function of time, Figure 2,8 shows the same
typical data plotted as subsidence versus fluid pressure.
In this oil field the area of subsidence coincides generally
with the area of fluid pressure reduction.

In connection with studies of the Bolivar Coastal
Field, Martin (1955) considered three possible causes of
the subsidence:

(1) Clay consolidation;




(2) GCand compression;

(3) 1Invesion of sand by clay particles,

Martin felt that the evidence available at the time
of his study indicated that the consolidation of the shales
interbedded between the oil bearing sand layers was the
chief cause of the subsidence although he also indicated
that the other two mechanisms, mainly‘sand compression and
invasion of clay into the sands may not be as small as once
believed. However, according to Martin examination of core
samples did not indicate any evidence of squeezing of clay
into sand voids, Clay cores supplied by Creole and ex-
amined visually by the writer also did not show any evidence
of squeezing of clay into sand voids. Although no fllter
tests were performed, this evidence suggests that the in-
vasion of clay into the sands is probably minor.

Assuming that the primary cause of subsidence is
compression of the sediments withiﬂ the producing formation,
there apparently appears to be a variation in compressibility
from one point to another throughout the subsiding area.
In addition, in certain areas the subsidence does not
appear to start immediately upon development of the
pressure reduction but the subsidence data suggest that the
sediments may be precompressed (Figure 2.8).
2.5 GOOSE CREEK, TEXAS

The Goose Creek oi L field, which is located in

San Jacinto Bay near Galveston and Houston, Texas, was




developed in 1917 and three feet of subsidence were
observed in an eight year period. Production is from
lenticular sands which cccur in the Flemming Clays at depths
between 1,000 and 4,000 feet. The sediments, which are of
Pliocene and Miocene age, were deposited in a brackish
marine environment. Due to oil production the fluid
pressure has been reducad from initial values of between
1,000 and 1,200 psi to a final value equal to atmospheric
pressure,

Pratt and Johnson (1926) implied that the resulting
subsidence is due primarily to consolidation of the clay.
They point out, however, that at the time of their study
the volume represented by surface subsidence was only
about 20 percent of the total subterranean void created by
removal of oil, gas, water, and sand. (It is difficult to
evaluate what volume they attributed to the gas and whether
they considered any lateral inflow from outside the oil
producing region.)

Snyder (1927), however, considered the hypothesis
that the oil producing sands may be in a loose so=-called
"quick"” state because of high fluid pressures and a reduc-
tion of the fluid pressures upon the production of the oil
causes the sand to return to their normal dense state. This
suggestion was later refuted by Pratt (1927) who pointed
out that fluid pressures high enough to support the whole

weight of the overburden are never encountered in fields.




However, Thomeer and Bottema (1961) have presented case
histories of fields where fluid pressures before the incep-
tion of oil production have been interpreted to be as high

as 80 to 90 percent of the total overburden.

2.6 MISCELLANEOUS

In addition to the three cases cited where sub-
sidence can be attributed to the produétion of o0il there
are other areas where important subsidences have resulted
from withdrawal of water from the near surface deposits,

In the Santa Clara Valley of California water from
the upper several hundred feet of deposits (confingd sand
aquifers) is used for agricultural, industrial, and
domestic purposes resulting in substantial drawdown of the
water table. At San Jose the drawdown has lowered the water

table in the aquifer as much as 120 to 150 feet and the

resulting subsidence has amounted to more than 9 feet since
about 1910. The area being affected by the subsidence

amounts to something of the order of two hundred square

miles,

In Houston, Texas water pressure reductions corre-
sponding to about 140 feet of water between 1949 and 1953
resulted in a maximum subeidence of from 1 to 1.7 feet
during the same period (bawson 1963).

A classic example of subsidence is Mexico City

which underwent a maximum settlement of about 16 feet be-
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tween 1900 and 1960, end at present is settling at a rate
of between 18 inches and 2 feet per year. The settlement
has been caused by pumping from sand layers which exist

within the major deposit of soft clay of velcanic origin

which underlies the city (Jumikis 1962).
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TABLE 2, 1%

PERCENT OF TOTAL OIL
Vs
DEPTH OF DEPOSIT

EXCLUDING
TOTAL WORLD MIDDLE EAST — STRESSE3%¥
DEPTH CUMULATIVE CUMULATIVE N, M, N
£ (%) (%) &) _ (%) (psi) {psi)(psi)
0-1000 1.5 1.5 3.9 3.0 490 433 923
1-2000 6.2. 7.7 13.3  17.2 980 866 1846
243000 10,2 17.9 18,0  35.2 1470 1299 2769
3-4000 26,2 44,1 20,9 56,1 1960 1732 3692
4-5000 16.8 60,9 10.6  66.7 2450 2165 4615
5-6000 9.5 70.4 13.6  80.3 2490 2598 5538
6-7000 14,0 84,4 8.0  88.3 3430 3031 6461
7-8000 8.5 92,9 5.4  93.7 3920 3464 7384
8-9000 3.5 96.4 2,5 96.2 4410 3897 8307
9-19,000 1.6 98.0 1.7  97.9 4900 4330 9231
10-11,000 1.5 99.5 1.3 99.2
11-12,000 0.4 99.9 0.4  99.6
12-13,000 0,1 100.0 0.4 100

*(After Rodriguea-E:aso, 1956)

**Tabulatcd stresses are the estimated stresses acting at the
bottom of the depth interval given in the first column,

—,: estimated initial effective overburden pressure, Evalu~
ated assuming static fluid pressures and a water table at
ground surface,

A,: estimated initial fluid pressure assuming static fluid
pressures

-V-l'.';.: estimated final effective overburden pressure if the
fluld pressures were reduced to atmospheric due to with-
drawal of fluids,
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Modified from Hewett and Lupton, U. 8. Geological Sursey.

Fi1a. 338. Gas, oil, and water as they occur in an anticline. Gas, being the lightest,
occupies the crest of the arch; oil, being heavier, lies below the gas; and water, the heaviest

of all, is at the bottom.

Fiz, 8.1 TYPICAL ANTICLINICAL ENTRAPMENT
CONDITION (Longwell, Knopf, and
Flint;1948)
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3: ANALYSIS OF THE MECHANICS OF
SUBSIDENCE AND ASSOCIATED
DEFORMATIONS

3.1 INTRODUCTION

Because the advent of important subsidence can be
correlated with the beginning of o0il production, there is
agreazment amnong the various investigatorg that the sub-
sidence is caused by a compression of the underlying
sediments due to a reduction in fluid pressure,

Studies of subsidence generally have proceeded on
the tacit assumption that the compressions within the
producing formation are one-dimensional.

The purposes of this chapter are to review the
factors controlling subsidence, to examine the validity of
assuming that compressions are one-dimensional, to discuss
probable causes for the discrepancies between computed and
observed subsidences, and to discuss the possible mechanism
causing the horizontal movements which have been observed

at Long Beach,

3.2 FACTORS CONTROLLING SURFACE SUBSIDENCE OR AFFECTING
SUBSIDENCE ESTIMATES

Estimates of the magnitude of and the rate of
subsidence require information or assumptions regarding the
following:

(1) The thickness of compressible strata;
(2) The nature of deformations and volume

changes within the compressible strata;
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(3) The compressibilities of the various
strata;

(4) The relationship between pressure decline
and effective stress increase applicable to the study of
deep sediments;

(5) The influence of overlying non-producing
formations;

(6) The relation between time and pressure
decline for each stratum;

(7) The seat of any time lag.

3.2.1 cknes g8sible Strata
Obviously, knowledge of the soil or geologic profile
is essential before any reliable estimates of settlement can
be made. The subsequent discussion in this chapter assumes
that the soil profile is known.
3.2,2 ur Deformatjons and Volume Changes Within
the Compressible Strata
Stress changes occur within the producing formation
because of reductions in fluid pressure. The following
discussion considers the nature of the resulting deformation
of soils within the producing formation.
The cross section in Figure 3.1 is assumed to
represents an ideal producing formation, This formation is
bounded on the top by a non-producing overburden formation

and on the bottom by a rigid basement rock, As a limiting



case it is further assumed that the producing formation is dejé”é
bounded laterally by an impervious boundary a-a,

Deformations which will result when the fluvid
pressure within the o0il reservoir is reduced can be evalu-
ated by considering two elements, A and B, on opposite
sides of the impervious boundary, Approximat= values of
‘total and effective stresses acting on the two elements
before any fluid pressure reduction are shown on the left
side of the figure.

In the limiting case, the fluid pressure within the
producing formation might be reduced to zero, with no change
in the fluid pfessure outside the impervious boundary. 1If
the fluid pressure were reduced to zero and if there were no
la