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ROLE OF FLUID PRESSURE IN MECHANICS OF OVERTHRUST FAULTING
I. MECHANICS or FLUID-FILLED POROUS SOLIDS AND ITS APPLICATION TO OVERTHRUST FAULTING
BY M. KING HUBBERT AND WILLIAM W. RUBEY
ABSTRACT
Promise of resolving the paradox of overthrust faulting arises from a consideration of
the influence of the pressure of interstitial fluids upon the effective stresses in rocks. If,
in a porous rock filled with a fluid at pressure p, the normal and shear components of
total stress across any given plane are S and T, then

v = S-p,
r = T,

(1)
(2)

are the corresponding components of the effective stress in the solid alone.
According to the Mohr-Coulomb law, slippage along any internal plane in the rock
should occur when the shear stress along that plane reaches the critical value
Tent = TO + o- tan 0;
(3)
where a is the normal stress across the plane of slippage, TO the shear strength of the
material when a is zero, and <j> the angle of internal friction. However, once a fracture is
started TO is eliminated, and further slippage results when
T 0 rit = <r tan </> = (S — p) tan <j>.
(4)
This can be further simplified by expressing p in terms of 5 by means of the equation

P = XS,
which, when introduced into equation (4), gives

(5)

Tcrit = <r tan 4> = (1 — X)S tan <f>.
(6)
From equations (4) and (6) it follows that, without changing the coefficient of friction
tan <f>, the critical value of the shearing stress can be made arbitrarily small simply by
increasing the fluid pressure p. In a horizontal block the total weight per unit area S,, is
jointly supported by the fluid pressure/) and the residual solid stress<r«; as/) is increased,
a,, is correspondingly diminished until, as p approaches the limit 5«, or X approaches
1, a,, approaches 0.
For the case of gravitational sliding, on a subaerial slope of angle 8
T = S tan 8,
(7)
where T is the total shear stress, and S the total normal stress on the inclined plane.
However, from equations (2) and (6)
T = i-crit = (1 - X)S tan 0.
(8)
Then, equating the right-hand terms of equations (7) and (8), we obtain
tan 6 = (1 - X) tan <t>,

(9)

which indicates that the angle of slope 6 down which the block will slide can be made to
approach 0 as X approaches 1, corresponding to the approach of the fluid pressure p to
the total normal stress 5.
Hence, given sufficiently high fluid pressures, very much longer fault blocks could be
pushed over a nearly horizontal surface, or blocks under their own weight could slide
down very much gentler slopes than otherwise would be possible. That the requisite
pressures actually do exist is attested by the increasing frequency with which pressures
as great as 0.952Z are being observed in deep oil wells in various parts of the world.
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INTRODUCTION AND ACKNOWLEDGMENTS

arrived in the United States from the University
of Gottingen in Germany. Nadai was the
author of a book on Der bildsame Zustand dcr
Werkstoffe (1927) which had just been translated into English and reissued as an Engineering Societies Monograph under the title
Plasticity (1931). The study of this book and
associated journal articles, plus many personal
conferences with Doctor Nadai, including
several visits with him in the Westinghouse
Research Laboratories in East Pittsburgh,
provided a great deal of the theoretical foundation upon which Hubbert's subsequent inquiries into the mechanics of rock deformation
have been based (Hubbert, 1951).
In the mid-1930's a long-standing interest
in the mechanical properties of structures as
a function of their size was precipitated by the
prompting of the Interdivisional Committee
on the Borderland Fields between Geology,
Physics, and Chemistry of the National Research Council into a study of the theory of
scale models (Hubbert, 1937) and its implications to the large-scale deformation of the
earth. This led to the conclusion that the strong
rocks of the earth, when regarded on a reducedsize scale, should behave rather like such weak
materials as soft muds. This, in turn, focused
attention upon the newly evolving science of
soil mechanics with particular attention being
paid to the treatises on this subject by Karl
Terzaghi and associates, since it appeared that
the phenomena of soil mechanics represented
in many respects very good scale models of the
larger diastrophic phenomena of geology.
An independent line of inquiry concerned the
mechanics of ground water (Hubbert, 1940;
1953; 1956), but it was not until about 1954
that the implications of the interlinkage between the mechanical properties of porous
rocks and those of their contained water began
to be appreciated. This arose from a study

The present collaboration on this paper is
an integration of the results of two lines of
inquiry which, during the preceding 30 years,
the authors have pursued separately. During
this period they have each benefitted from the
written and oral discussions of many people
which have influenced their subsequent thinking with respect to various aspects of the problem now to be considered. It appears, therefore,
that an effective way of acknowledging these
obligations would be to give brief resumes of
the evolution of each of the authors' thinking
with regard to this subject.
Since the mid-1920's Hubbert has had a continuing interest in many of the problems of the
mechanics of rock deformation. His first acquaintance with these problems arose during
field trips into the regions of highly folded
Precambrian rocks in southwestern Wisconsin
and the United States-Canadian boundary
north of Lake Superior. These field observations were supplemented by the lectures in
structural geology of Professor Rollin T.
Chamberlin at the University of Chicago, and
by extensive reading of the writings of Charles
R. Van Hise, C. K. Leith, and W. J. Mead.
These cumulative experiences served as an introduction to many of the phenomena of the
mechanics of rock deformation, but at the same
time led to the conclusion that an understanding of these phenomena would probably not
be forthcoming until they had been examined
more fully from the viewpoint of the mechanics
of deformable bodies. This subject existed
already in the theory of elasticity and the
hydrodynamics of viscous fluids, but other
aspects appropriate to the problems of geology
remained to be developed.
Soon after this (1931) Hubbert had the good
fortune to meet A. Nadai who had recently
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which was conducted jointly by Hubbert and
a colleague, David G. Willis (1957), in which
it was sought to analyze what the mechanical
behavior of the rocks in deep oil wells should
be in response to hydraulic pressures applied
inside the wellbore by means of fluids which
either were free to flow into the rock or could
be excluded by an impermeable barrier. During
the study of this problem, it was confirmed
that Terzaghi's (1936) resolution of the total
stress into a neutral component equal to the
fluid pore pressure, and an effective component, was a physically significant resolution; but
this appeared to be true for reasons differing
from those put forward by Terzaghi.
Prior to that study, Hubbert had also been
concerned in one way or another with the accumulating evidences of very high fluid pressures observed during the drilling of deep wells
in the Texas-Louisiana Gulf Coastal region
and in other parts of the world, where pressures were being found capable of supporting
columns of water which would extend as high
above the ground as the well was deep. These
pressures were plainly dynamical phenomena,
and they were considered most likely to be the
result of a dynamical compression of the waterfilled rocks; this, in turn, could be caused either
by gravitational loading, as in the Gulf Coast,
or by an erogenic compression in tectonically
active areas.
In studying these abnormally high pressures,
the resolution of the total stresses into a neutral
part p and a residual effective stress with which
the rock strength is associated led immediately
to a recognition that, when p was very large,
many rocks at great depths must be very much
weaker and more deformable than previously
had been supposed. This realization came into
focus in another way when, during the summer
of 1955, Hubbert was viewing the large Glarus
overthrust in Switzerland under the guidance
of a young Swiss geologist, Thomas Ch. Locher.
The question suddenly occurred: How thick
must this plate have been at the time of the
overthrusting?, to which the probable answer
seemed to be of the order of several kilometers.
Then came the second question: In view of the
fact that these were porous, water-filled sedimentary rocks which were being subjected to
the compressive stresses of the intense Alpine
orogeny, what must have been the pressure of
the interstitial water? It seemed hardly conceivable that this could have been much less
than the maximum amount possible—that
equal to the total weight per unit area of the
overburden. If this were true, then here, it

seemed, was the answer to the enigma of the
large overthrusts: the block could be moved by
a very small force since it must have been in
a state of incipient flotation.
Rubey's interests in the phenomena bearing
upon this problem also date back to the early
1920's when, as a young geologist on the United
States Geological Survey, he was assigned the
task of preparing for the Director, George Otis
Smith, a reply to an inquiry from F. H. Lahee
as to whether any cases were known where the
ground-water pressures were equal to or in excess of that of the total weight of the overburden. During this early period Rubey also
worked in the physics laboratory of P. G.
Nutting where he developed a continuing interest in fluid mechanics of surface streams and
of ground water and associated properties of the
rocks such as porosity and permeability.
It was also about this time that the wellknown paper by W. J. Mead (1925) on The
geologic role of dilatancy was published in which
evidence was presented in support of the conclusion that the deformation of a porous rock
would increase rather than decrease its porosity. Soon, thereafter, the paper of Hedberg
(1926) on The effect of gravitational compaction
on the structure of sedimentary rocks appeared
concerning which Rubey (1927) published a
discussion. Mead's paper, although plausible
for sandstones and many other rocks, gave
exactly the wrong answer for shale, which led
Rubey (1930) to make a series of porosity
measurements of the shales in the Black Hills
area, and into a long discussion of the effect of
horizontal compression and deformation upon
the pore space in fine-grained sediments.
In 1931, under the initial direction of G. R.
Mansfield, Rubey began a campaign of field
work in the overthrust belt of southern Idaho
and southwestern Wyoming which has continued to the present time. Although he has
subsequently parted from some of the concepts
and conclusions held by Mansfield about the
structure of the region, he still nevertheless
owes to Mansfield a debt of sincere gratitude
for a firm grounding in the problems of the
region.
By 1945, both from his own field work and
from reading, Rubey had become almost certain
that some kind of easy-gliding mechanism must
be operative in overthrust faulting. But the
paper of Chester Longwell (1945) on The
mechanics of orogeny which appeared at this
time showed that any supposed gravitational
gliding down geologically acceptable slopes
would be incompatible with known values of the
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coefficient of friction of rocks. Longwell's paper
convinced Rubey that there must be something
fundamentally wrong with the "coefficient-offriction" approach, and that some other way
out must be sought.
The general idea that there might be some
relation between excess fluid pressures and
overthrust faulting suggested itself and in
fact was discussed with O. E. Meinzer several
times before the latter's death in 1948. However, the only way at that time he was able
to account for such pressures was by high intake areas, and these raised more problems than they solved, so the idea came to
nought.
Finally, Hatten S. Yoder, Jr. (1955), in his
paper on Role of water in metam&rphism, suggested that in rocks of very low permeability
with essentially isolated pores the water pressure should approximate that of the total weight
of the overburden. This suggestion revived
Rubey's interest in the possibility of the occurrence of high fluid pressures in overthrust
fault zones. He discussed with Hollis D. Hedberg
the occurrence of such high pressures in deep
oil wells and received citations to the several
published papers on the occurrence of such
pressures in the Texas-Louisiana Gulf Coastal
region. The most useful of these was the paper
on Geological aspects of abnormal reservoir
pressures in Gulf Coast Louisiana by George
Dickinson (1953).
At this stage of development of the authors'
separate lines of inquiry, they accidentally discovered their mutual interest in this subject
and agreed upon the present collaboration.
To those who have been mentioned in the
foregoing paragraphs, the authors are indebted
for important contributions to their present
views. A more specific indebtedness, however,
is owed to those who have assisted directly in
the assembly of the present paper.
Those to whom Hubbert is especially obligated include: David G. Willis, who was a
collaborator and coauthor of the study leading
to the present paper; John Handin, who performed the experiments on the Berea sandstone,
and also read critically a preliminary draft of
the manuscript; J. K. O'Brien, who assembled
the apparatus and performed the concreteblock experiment; M. A. Biot, who suggested
the beer-can experiment, and whose written
and oral discussions on consolidation theory
and related phenomena have clarified the
understanding of questions raised in the present
study; Thomas B. Nolan and James Gilluly,
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for 10 days of instruction on the geology of
central Nevada as the guest of Nolan in the
summer of 1957; M. M. Pennell, for the pressure data on Iranian oil fields and wells given
in Tables 4 and 5; John J. Prucha, Donald V.
Higgs, Charles H. Fay, Willy Hafner, George
A. Thompson, Gordon J. F. MacDonald,
Clarence R. Allen, David T. Griggs, and Lymon
C. Reese, for critical reading of the manuscript;
and, finally, Miss Marjorie Marek and Mrs.
Martha Shirley, who have contributed invaluable editorial and technical assistance in the
assembly of the papers.
Rubey wishes to acknowledge his personal
indebtedness to 0. E. Meinzer, P. G. Nutting,
and G. R. Mansfield for their contributions to
his background interest in the problems to be
discussed; to Hollis D. Hedberg, L. F. Athy,
Karl Terzaghi, George Dickinson, W. J. Mead,
Chester R. Longwell, and Hatten S. Yoder,
Jr., whose writings have influenced his own
thinking on the current subject; and, finally,
to David T. Griggs, John Handin, Steven S.
Oriel, Walter S. White, and others too numerous
to mention for help in the present paper.
Both authors wish to express their sincere
appreciation for the sympathetic interest and
administrative assistance on the part of the
officials of both Shell Development Company
and the United States Geological Survey that
have made this study possible.
PHENOMENON OF OVERTHRUST FAULTING
Definition of "Overthrust Faulting"
The term "overthrust faulting," as it will
be understood in the present paper, is in substantial agreement with the following definition
taken from Marland P. Billings' (1954, p. 184)
textbook on Structural Geology:
"Overthrusts are spectacular geological features
along which large masses of rock are displaced
great distances. An overthrust may be denned as a
thrust fault with an initial dip of 10 degrees or
less and a net slip that is measured in miles."
Early Recognition of Overt/trusting
The phenomenon of overthrusting, according to Bailey Willis (1923, p. 84) quoting Rothpletz, appears first to have been recognized by
Weiss in 1826 near Dresden, Germany, where
an ancient granite was found to be lying flat
upon Cretaceous strata.
E. B. Bailey (1935, p. 15-16, 36-37, 45-50)
credits Arnold Escher von der Linth with the

120

HUBBERT AND RUBEY—FLUID PRESSURE IN OVERTHRUST FAULTING: I

first working out of an example of large over- following year these men, with an Introduction
thrusting in Canton Glarus, Switzerland. R. I. by Geikie, announced their findings (Peach
Murchison (1849, p. 246-253), later Director and Home, 1884); and in a series of papers
of the Geological Survey of Great Britain, over the next 25 years made classic the great
visited the area, was convinced that Escher's flat Moine and associated overthrusts (Peach
interpretation was correct, and published a et al., 1907). The horizontal displacement of
brief account of this new structural feature and the Moine and associated thrusts was found
a tribute to its discoverer.
to be in excess of 10 miles.
In 1843 the Rogers brothers, W. B. and
The foregoing synopsis has been limited to
H. D., described the structure of the Appa- the chronology of the first recognition of overlachian Mountains in Virginia and Pennsyl- thrusting in various localities. Space here does
vania and clearly recognized the northwestward not permit of a review of complementary literoverturning and thrusting of the strata. J. M. ature wherein each of these early interpretaSafford (1856), in his first report as State tions was severely challenged by the original
Geologist of Tennessee, and subsequently investigator's contemporaries. Perhaps the
(1869), recognized "eight great faults" in greatest significance of the work by Peach,
eastern Tennessee, the "long ribbon-like masses Home, and associates, on the thrusts of the
or blocks . . . crowded, one upon another, like Scottish Highlands, was that it established bethick slates or tiles on a roof, the edge of one yond any further doubt that large overthrusts
overlapping the opposing edge of the other." were in fact geological phenomena and not the
In 1860, W. E. Logan (1860; Barrande, Logan, controversial subject they had been theretofore.
and Hall, 1861), first Director of the Geological
Survey of Canada, discovered the "great
Occurrence of Overthrusting
break" near Quebec City, along which metamorphic rocks were thrust northwestward over
While the overthrusting in the Scottish
younger sedimentary rocks. He indicated the Highlands was being studied in Great Britain,
course of this fault through southern Canada Tornebohm (1883; 1888; 1896) was working
and its probable connection with the series of out the great overthrust in the Scandinavian
great dislocations traversing eastern North Peninsula, which was eventually shown to have
America that had "been described by Messrs. a horizontal displacement of more than 130 km
Rogers and by Mr. Safford." "Logan's line" or 80 miles (1896, p. 194). It is also interesting
was subsequently traced southward into Ver- to note that, although the overthrusts of the
mont, New Hampshire, and New York; and Scottish Highlands and the Scandinavian thrust
the Taconic allochthon or thrust sheet, as it were both formed during the Caledonian
is now called, has recently been interpreted by orogeny, the displacements of the Scottish faults
Cady (1945) to have a displacement of 50 were toward the northwest, whereas that of the
miles or more.
Scandinavian fault was toward the southeast.
The thrust faults in the Northwest HighIn North America, McConnell (1887) dislands of Scotland were first reported by Nicol covered the overthrusts along the east margin
in 1861, who compared the structural relations of the Canadian Rockies (horizontal displacethere with those previously observed in the ment of about 7 miles). In the same geological
Alps. It is ironical that Murchison, the man province just south of the Canadian border,
who years before had been among the first to Willis (1902) discovered the Lewis overthrust, ',
accept Escher's evidence for overthrusting in which, from the amplitude of the variations of
the Swiss Alps, rejected Nicol's interpretation its eastern margin, was shown to have a disand thereby precipitated a long controversy placement of at least 7 miles. Daly (1912), in
(Bailey, 1952, p. 65-67, 90-94, 108-115, 134- studying the Lewis overthrust along the Inter135). Eventually Callaway (1883a; 1883b) and national Boundary, found a minimum bodily
Lap worth (1883) worked out the relationship— movement along the Lewis overthrust of 8
low-angle overthrusts between metamorphic miles and thought that it might be as much as
rocks above and unmetamorphosed rocks be- 40 miles. Campbell (1914) found the displacelow—in two separate areas. Geikie, then Di- ment on the Lewis overthrust to be at least
rector of the Geological Survey of Great Britain, 15 miles; and recently Hume (1957) reported
immediately sent his best field men—Peach, that a well drilled in the Flathead valley some
Home, and several associates—into the High- 20 miles west of the eastern front of the fault
lands to do detailed mapping in key areas. The had penetrated about 4500 feet of Precambrian
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Beltian strata of the upper block and had then
entered the underlying Mississippian strata.
Following Willis' (1902) recognition of the
Lewis overthrust, the next important event in
this general region was Veatch's (1907) discovery and naming of the Absaroka, Crawford,
and other overthrusts in southwestern Wyoming and adjacent parts of Utah. Then came
Blackwelder's (1910) recognition of the eastward-dipping Willard overthrust north of
Ogden, Utah, followed a few years later by
the Bannock (Richards and Mansfield, 1912)
and Darby (Schultz, 1914) overthrusts of
southeastern Idaho and western Wyoming, respectively. The minimum displacement along
the Bannock overthrust is reported to be about
!
12 miles (Mansfield, 1927).
In the Bighorn basin of Wyoming, Dake
(1918) mapped a number of outliers, including
Heart Mountain, of sediments ranging in age
from Ordovician to Mississippian, which rest
upon an overthrust fault surface truncating
beds ranging from Paleozoic to Tertiary. These
constitute the remnants of the Heart Mountain
and associated overthrusts, which have subsequently been studied by Hewett (1920), Bucher
(1933), and Pierce (1941; 1957).
1
Pierce, in his 1941 paper (p. 2028), reported
a displacement from west to east of at least
34 miles. In his 1957 paper he concluded that
both the Heart Mountain and the near-by
South Fork overthrusts were detachment
thrusts or decollements—blocks that had
broken loose and moved long distances, probably by gravitational sliding.
Longwell (1922) discovered the Muddy
Mountain overthrust in southeastern Nevada,
in which a block of Paleozoic strata with a
stratigraphic thickness of about 25,000 feet
had overridden the same section for about 15
miles.
i In central Nevada the Roberts Mountains
overthrust, first recognized by Merriam and
Anderson (1942), has been extensively mapped
by Gilluly (1957) in the Battle Mountain area,
and by T. B. Nolan (Personal communication,
1957) in the Eureka area some 60 miles to the
southeast. In this fault of post Early (?) Mississippian age, clastic and volcanic rocks of
Ordovician, Silurian, and Devonian age have
been thrust from west to east over carbonates
of Cambrian to early Mississippian age. According to Gilluly, as determined by exposures
in erosional windows, this fault has a minimum
displacement of 50 miles. Also, according to
Gilluly (Personal communication during field
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trip in area in 1957), the thickness of rocks in
the upper plate at the time of the orogeny could
possibly have been as great as 5 miles.
In the Appalachian Mountains, the "great
break" near Quebec City discovered by Logan
and "Logan's line" have already been mentioned. The Taconic thrust near Albany, New
York, according to Cady (1945), has a horizontal displacement of 50 miles or more. Hayes
(1891) extended the mapping of the overthrusts,
which had earlier been recognized in Tennessee,
southward into Georgia where he found that
the Cartersville thrust had a displacement from
the southeast of not less than 11 miles.
Another major Appalachian overthrust is
the Pine Mountain overthrust and the Cumberland thrust block first described by Wentworth
(192la; 192lb) and subsequently studied in
more detail by Butts (1927), Rich (1934), and
more recently with the benefit of well data by
Miller and Fuller (1947), Stearns (1954), and
Young (1957). The Cumberland thrust block
is a single block, lying along the Kentucky, Tennessee, and Virginia boundaries, about 110 miles
along the strike by 25 miles in the direction of
the movement, with an average horizontal displacement of about 6 miles. Wentworth estimated the thickness of the block to be about 0.5
mile, and Butts estimated it to be about 2 miles.
According to Young (1957), the fault surface
has been intersected by numerous gas wells
which show that it occurs near the base of a
Devonian shale at an average depth of about
5500 feet, or a little more than a mile. It is
also of interest that high pressures encountered
in the fault zone cause troublesome blowouts
while drilling. No pressure measurements were
given, but since the drilling was with cable
tools this does not necessarily imply that the
pressure was abnormally high.
No detailed review of the evidences for large
overthrust faulting in South America has been
made, but the faulting in one locality is of outstanding interest. This is an area of Tertiary
sediments on the westernmost point of Peru
and at Ancon in the near-by Santa Elena
peninsula of Ecuador (Baldry, 1938; Brown,
1938). According to Baldry and to Brown,
these nearly horizontal sediments, which form
a plateau between the mountains to the southeast and the Pacific Ocean to the west, are intricately dissected by breccia zones cutting
across the strata at low angles and dipping
seaward; from the geological correlations in the
numerous oil wells drilled in the areas, no
interpretation other than gravitational sliding
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satisfactorily accounts for the observed phenomena.
Overthrusting in the Himalaya Mountains
in India was discovered by Oldham (1893).
More recently Auden (1937, p. 420-421, 432,
sec. 3, PL 37) has found horizontal translations
of 20 to 50 miles; West (1939, Fig. 11, p. 162)
has reported a displacement of at least 30
miles; and Heim and Gansser (1939, p. 13-14,
16, sec. on geol. map and sec. 2, PL 1) have
reported a displacement of more than SO miles
in Central Himalaya.
Returning to the Alps in Switzerland, one
of the most striking nappe complexes, the
Miirtschen-Glarus, is bounded by a great fault
which for convenience is here referred to as the
"Glarus overthrust." This overthrust is easily
seen in the field in the area of the Helvetian Alps between Glarus and Elm. In this
fault, as described by Oberholzer (1933, profiles 8 and 9, Tafel 3, and a tectonic map,
Tafel 8; see also Oberholzer, 1942), Permian
sediments from the south have overridden
Tertiary Flysch sediments for an aggregate
distance of at least 40 km. The fault is plainly
visible in the area around the village of Elm,
where it intersects successive mountain peaks.
Near the town of Schwanden, a few kilometers
to the northwest, it has descended to near road
level where it is readily accessible for close
inspection. The fault zone comprises a thin
limestone a few tens of centimeters thick, which
is said to be Jurassic or Triassic in age. This
occurs beneath and parallel to the bedding of
the Permian conglomerate of the upper plate
of the fault and rests upon Flysch sediments
which are truncated at an angle of about 30
degrees. The fault surface proper occurs as a
discrete polished surface in a clay layer about
1 cm thick, within the fault-zone limestone.
In view of the distance of the displacement, the
trivial amount of deformation evident a meter
or so away from the fault zone is most impressive.
MECHANICAL PARADOX or LARGE
OVERTHRUSTS
Earlier Calculations of the Maximum Length of
Overthrust Block
Since their earliest recognition, the existence
of large overthrusts has presented a mechanical
paradox that has never been satisfactorily resolved. Two distinct methods of propulsion of
the upper plate over the lower are possible,
corresponding to the application, respectively,

of surface forces, or of body forces, as these
terms are understood in the theory of elasticity.
The simplest case of propulsion by means of
a surface force would involve the pushing of a
block along a horizontal surface by means of
a surface force applied along the rearward edge
of the block. The maximum length of a block
of uniform thickness that can be moved in this
manner depends jointly upon the coefficient
of friction of rock on rock and upon the strength
of the rock. Smoluchowski (1909) discussed the
problem of sliding a rectangular block along a
plane horizontal surface. Taking b as the length
of the block parallel to the motion, a its breadth,
c its thickness, w its weight per unit volume,
and e the coefficient of friction, he showed that
the force required to slide the block would be
F = (abcjwe.
Hence the pressure distributed over the end
ac would be

F
— = wbe,
ac
which would be equal to the weight of a column
of the rock having a height equal to be. Assuming e = 0.15 (the coefficient of friction for
iron on iron), and b = 100 miles, he found the
required strength of the rock would have to be
that capable of supporting a column 15 miles
high; the crushing strength of granite will
support a column only about 2 miles high.
From this he concluded that, under the
mechanical conditions assumed, it would be
impossible to move such a block. However,
rather than to condemn the theory of Alpine
overthrusts, he suggested two alternatives:
(1) that the thrusts may have occurred down
an inclined plane, the slope of which, for the
coefficient of friction assumed, would need to be
but 1:6.5; or (2) that the rocks involved were
plastic with a still lower coefficient of friction
than that assumed.
Considering the same problem, R. D. Oldham
(1921, p. Ixxxix) assumed for the coefficient
of friction the value of 0.6 and a rock strength
sufficient to support a column 4.8 km (3 miles)
high. With these data he obtained 8 km (5
miles) as about the maximum length of a fault
block which could be pushed.
A. C. Lawson (1922, p. 341-342) attempted
to analyze a composite of the two cases. He
considered the fault block to be a wedge with
its upper surface horizontal and its lower surface formed by the inclined fault plane up which
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the block would be pushed. An attempt was
made to determine the maximum length of the
wedge. The result obtained was between 32 and
52 km when the thrust plane approached horizontality as a limit, and less than this if the
thrust plane were inclined.
Regrettably, the equations on which this
conclusion was based do not appear to be entirely valid, so this result must be discounted.
New Estimate of Maximum Length of
Thrust Block
Review of recent data on mechanics of rocks.—
Within recent years many new experimental
data on the mechanical properties of rocks have
become available as the result of tests made
under conditions of triaxial stress (Handin
and Hager, 1957, p. 10-12). These tests are
made by placing jacketed cylindrical specimens
of rock in a testing machine in which a radial
stress can be applied by means of a fluid pressure while an axial stress is simultaneously applied by a piston.
If we let the radial stress be the least stress,
03 (compressive stresses are here regarded as
positive), then for any given value of 0-3, the
axial stress <TI can be increased until the specimen fails. These tests can be repeated for successive specimens of the same rock with increasing values of 03, and thus a whole family
of pairs of values of <j\ and <73 for which the rock
fails can be obtained.
One of the more informative methods of
representing the results of such tests is by
means of the Mohr diagram (Mohr, 1882;
Terzaghi, 1943, p. 15-44; Nadai, 1950, p. 94108; Hubbert, 1951) in which the normal stress
cr and the shear stress r are chosen as the coordinate axes of abscissas and ordinates, respectively. On an internal plane within the
stressed specimen, perpendicular to the 0-10-3plane and making an angle a with the cr3-axis,
the shear and normal stresses are given by the
following respective equations:
- 0-3

03

sin la
1

(1)
cos 2a .

(2)

The representation of these quantities graphically on the Mohr or-diagrarr is shown in
Figure 1. Here the principal stresses o-3 and
<TI are represented by two points at successive distances on the o--axis. The quantity
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(fi + o-3)/2 is the abscissa of a point half way
between <r3 and <TI; and (<TI — o-3)/2 is half the
distance between the points o~i and <r3.
If, from the mid-point between o-3 and <ri, a
radius vector of length (<TI — cr3)/2 is erected
at a counterclockwise angle 2a with the positive
direction of the cr-axis, the co-ordinates of its
extremity will be cr and T as given in equations
(1) and (2). Then, for fixed values of <TI and
<73, the values of a and r satisfying equations
(1) and (2), when the angle a is made to vary,
will all lie on the circle of radius (cri — 0-3)/2
which passes through the points 0-3 and «n.
This is known as the Mohr stress circle, and
its significance is that it gives at a glance the
values of the normal and shear stresses across
the plane of reference for any angle a and any
combination of values of the greatest and the
least stress.
From the results of triaxial testing, for each
pair of values a3 and a\ for which failure occurs,
a particular Mohr circle may be plotted, and
the successive tests for increasing values of
0-3 will be a family of such circles whose centers
lie at successively greater distances out on the
o--axis. At the start of a test, for a given value
of 0-3, the axial stress o-i may be taken initially
as equal to 0-3 and then gradually increased until
failure occurs. The Mohr circle corresponding
to this operation would thus start as a point
at 0-3 and would gradually increase in diameter,
passing always through 01 and 0-3, as <TI is increased. This implies that for a given value of
<T3, and a corresponding value of <TI short of
failure, there is no combination of shear and
normal stress, r and <r, within the specimen
which has reached the limit of the strength
of the material. Finally, when failure does occur,
such a critical combination must have been
reached; but for a single test there is an infinity
of different pairs of values of a and r (represented by points on the Mohr circle) for which
this could have occurred. Hence, the critical
pair is not known. However, when a series of
such tests is made, the envelopes of the successive overlapping Mohr circles must be the
loci of these critical values since failure occurs
only when the Mohr circle becomes tangent to
this envelope.
In the testing of rocks, within the stress range
of present interest, the Mohr envelopes of
stress can usually be approximated by the
equation
T = TO + a tan <f>,
(3)
which, because it was anticipated by Coulomb
(1776), is commonly referred to as Coulomb's
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law of failure (Fig. 2). Here, TO is the ordinate
For the case where the Mohr envelopes are
of the Mohr envelope when the normal stress a pair of straight lines, in accordance with the
<r is equal to zero, and it represents physically Coulomb law of failure of equation (3), a simple
the initial shear strength of the rock when the relation exists between the values of as and CTI

FIGURE 1.—MOHR DIAGRAM FOR NORMAL AND SHEAR STRESSES PRODUCED BY GREATEST AND
LEAST PRINCIPAL STRESSES
normal stress is zero. The constant angle <f> is
a property of the rock, and, since
tan <t> =

a

,

it is of the nature of a coefficient of friction
with respect to the incremental shear stress
T — TO and the normal stress a. It is known
accordingly as the coefficient of internal friction
and (j) as the angle of internal friction.
For the more plastic rocks such as marble
or rock salt, the Mohr envelopes at higher
stresses tend to become parallel to the <7-axis,
but, for most rocks within the range of stresses
occurring in the outer 10 km of the earth, the
Coulomb law of equation (3) can be taken as
a good approximation of the results of a large
amount of test data.
The magnitude of the angle <t>, which is the
slope of the envelope, varies somewhat for different rocks, but a representative mean value
would be about 30 degrees, or tan </> about 0.6.
Tests made by Handin and Hager (1957, p.
35-37, and personal communication) on a
variety of sedimentary rocks have shown the
mean value of TO for such rocks to be about
200 bars (2 X 108 dynes/cm 2 ).

FIGURE 2.—MOHR ENVELOPE OF STRESS CIRCLES
FOR A SERIES OF TESTS SHOWING FAILURE
ACCORDING TO COULOMB'S LAW
corresponding to failure. From Figure 3
ffl + ff3 , TO | .
1
sin 0.
2
tan
tan ,0J

t

Upon multiplying both sides by 2 and transposing terms, this becomes

— 0-3 — a\ sin <t> — <TS sin <t>
which simplifies to
o-i(l — sin <t>) = 2r0 cos <(>
or to
2ro cos <t>
1 — sm <

tan (

sin <p,

+ 0-3(1 + sin <t>),
1 + sin tj> I
~- ; 1 — sin 4>J

(4)
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FIGURE 3.—DIAGRAM FOR THE TRANSFORMATION OF ar- TO
However,
cos4> =
1 - sin <j,

/ I - sinsT
y (i _ Sin 0)z
(1 - sin .ft)(1 + sin
(1 — sin 4>)(1 — si

>

«

to the block on its rearward edge, and <rzzi and
TZX the normal and shear stresses along its
base. Since the horizontal acceleration will be
taken to be negligible, the sum of the forces in
the .r-direction applied to the block must be
zero. Hence the equation of equilibrium of the
forces in the .r-direction is

/•*!
/•*!
I axxdz — I Ttjdx = 0.
Jn
Jo

1 + sin <f
1 — sin <t>

Substituting this into equation (4) then gives
_ ,

/I + sin (ft , [~1 + sin (ft

(6)

Then, since TO and <j> are constants of the
material, it follows that equation (6) is of the
linear form (Fig. 4)
(7)

in which
a — 2Tt>\/b,

_ 1 + sin <t>
1 — sin <j>

(8)
(9)

Thus, the results obtained from triaxial
tests may be plotted either in the form of the
Mohr diagram, in which TO and 4> are the constants, or in the form of a linear graph of at
versus <73, for which a and b are the constants.
Conversion from either set of the constants
TO and (/>, or a and b to the other, can then be
effected by means of equations (8) and (9).
Maximum length of thrust block.—With this
background, consider now the block of rock
shown in Figure 5. This rests upon a horizontal
surface and has a thickness zi, and length .vi,
which we shall take to be the maximum length
the block can have and still be capable of being
pushed. Let GXX be the normal stress applied

(10)

Referring to equation (3), it will be seen
that the total shear stress required to initiate
a fracture on a small specimen is the sum of the
initial shear strength TO and the shear resistance
to sliding. Once the fracture is produced,
only the latter resistance remains. On an area
as large as the surface of a regional fault, it
appears to be most likely that the fracture will
be propagated as a dislocation. If so, the area
over which the stress TO would be involved
at any one time should comprise but a minute
fraction of the total area of the fault surface.
We shall accordingly, assume that the effect of
TO is negligible. Then, the value of the shear
stress TZZ at which sliding will occur is given
from the law of frictional sliding by
= <TZH tan 4>;

(H)
and the vertical stress <jzzi at the base of the
block is

p being the density of the rock and
celeration of gravity.
With these substitutions
/•*!

/
Jo

the ac-

/•*!

Tztdx = I pgzi tan <t> dx
Jo
tan

(12)
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Before we can evaluate the left-hand integral
in equation (10), we must know the value of
axx as a function of the depth z, where axz
represents the maximum stress which the rock

of a block that could be pushed by the constant
stress
which is the surface value of axx, and also the
ordinary crushing strength of the rock. The
second term represents the additional length
of block which could be pushed by the incremental stress resulting from the increase of the
strength of the rock with depth. If the block
were longer than the value of x\ given in equation (15), and the stress <jxx were increased
until failure occurred, the result would be to
shear off the rearward end of the block along
an inclined plane as a conventional reverse
fault. (See Hubbert, 1951, Figs. 1, 2.)
Supplying data for the constants of equation
(15), the approximate magnitude of x\ can be
determined. Taking 30 degrees for <f>, then
tan <t> = 0.577,
and

f) =5 1 + sin <t>
1 — sin <t>
Then from equation (8)

FIGURE 4.—FAILURE ACCORDING TO THE COULOMB LAW IN TERMS OF o-itr3-AxES
can sustain short of failure. Making use of
equation (7), and noting that in this case axx
is the greatest and <izz the least stress, we obtain

/

nZi
ff»<fe = / (a
Jo

(14)

Substituting equations (12) and (14) into
equation (10) then gives

a = 7 X 10s dynes/cm8.

Xl

_
7 X 10s dynes/cm2
3
~ 2.31 gm/cm X 9.8 X 102 dynes/gm X 0.58

= 5.36 X 105 + 2.60zi cm
or, approximately (Fig. 6),

tan <

as, +

a = 2\/3-7-o;
and, with 2 X 10s dynes/cm2 as a representative value of TO, we obtain
Then, taking 2.31 gm/cm3 as a representative
value of the density, and 980 dynes/gm for g,
equation (15) becomes

Then
2j

3.

xi = 5.4 + 2.60z, km.

which, when solved for x\, gives
a

b

pg tan <

2 tan <

Zl.

(15)

Hence the maximum length of block that
can be pushed by the stress axx is made up of
two terms, the first a constant and the second
proportional to the thickness of the block.
The first term represents the maximum length

Thus, for a rock having the properties assumed, the maximum length of a thrust block
1 km thick would be 8.0 km (4.9 miles); and
that for a block 5 km (3.1 miles) thick would
be 18.4 km (11.4 miles). These figures could be
changed slightly by a variation in the assumed
rock properties, but the permissible variation
of such properties falls within rather narrow
limits. Consequently, for the conditions as-

127

MECHANICAL PARADOX OF LARGE OVERTHRUSTS
sumed, the pushing of a thrust block, whose
length is of the order of 30 km or more, along
a horizontal surface appears to be a mechanical
impossibility.

The first "conjecture" that gravitational
sliding might explain overthrusting in the
Rocky Mountains appears to have been made
by Ransome (1915, p. 367-369). Reeves (1925;

111 7'i-l Ill

FIGURE 5.—THRUST BLOCK ON HORIZONTAL SURFACE
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FIGURE 6.—ALGEBRAIC AND APPROXIMATE NUMERICAL VALUES OF THE TERMS OF EQUATION
(15) FOR MAXIMUM LENGTH OF BLOCK
Gravitational Sliding
The difficulty of sliding a block in the foregoing manner has been appreciated since the
earliest recognition of large overthrusts, and
various hypotheses have been employed to
circumvent it. Perhaps the most favored of
these is gravitational sliding. The idea of
gravitational sliding is an old one and goes
back at least to Schardt (1898), the man who,
with his 1893 interpretation of the far-traveled
nature of the Prealps, really started the nappe
theory which for years has dominated the concepts of Alpine tectonics. Schardt pictured the
Prealps as being pulled free from their southern
roots and, in Bailey's paraphrase, "gliding
down the forward slope of an advancing wave
[like] a Hawaiian surf-rider mounted on his
board."
The idea of gravitational sliding to account
for the Hohe Tauern in the Eastern Alps and
the draping of folds over continental margins
toward the oceanic basins is expressed cautiously at a few places in Suess' (1909, p. 171,
177, 582) monumental Das Antlitz der Erde.

1946) attributed the belt of faulted folds around
the Bearpaw Mountains of Montana to downhill sliding off a structural dome. Daly (1925,
p. 295-297) remarked that "the strong lateral
compression of the Alpine and similar geosynclines during mountain building [can be
understood] if the crust has had energy of
position, large blocks of the crust sliding toward
the geosynclines" and in the following year
(1926, p. 271-290) expanded the concept to
apply to continental tectonics.
Haarmann (1930) developed at some length
the hypothesis that folds, overthrusts, the
arclike pattern of many ranges, and other evidence of horizontal movement in the sedimentary cover are secondary down-slope gliding effects of large-scale vertical movements
in the crust. A year later, Jeffreys (1931) requested geologists to re-evaluate, in the light
of some such gravitational hypothesis, the
amount of horizontal shortening to which major
mountain ranges have been subjected. Since
the early 1930's, a "revisionist" school of
European geologists have written extensively
(Migliorini, 1933; Ampferer, 1934; Van Bern-
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melen, 1936, p. 975-976; Lugeon, 1940; Merla,
1952) on the part played by gravitational sliding in the tectonics of the Alps and elsewhere.
A symposium of six articles on la tectonique

The implications of this are clear when we
compute the angle of tilt which the fault
surface must assume before gravitational sliding can occur. Consider the block shown in

SLOPE REQUIRED
FOR SLIDING

FIGURE 7.—NORMAL AND SHEAR STRESSES ON BASE OF BLOCK INCLINED AT ANGLE 6, AND
ANGLE $ REQUIRED FOR SLIDING
d'ecoulement par gravite (De Sitter, 1950a;
1950b; Gignoux, 1950; Goguel, 1950; Tercier,
1950; Van Bemmelen, 1950) presents a wide
range of opinion on the subject. Aspects of this
extensive literature have been reviewed recently
by De Sitter (1954). From a somewhat different
point of view, that of the bearing of laboratory
experiments on the interpretation of folds and
nappes, Bucher (1956) has also recently analyzed the place of gravitational spreading in
tectonics and critically appraised current thinking on this topic.
By thus substituting a body force for the
originally supposed surface force, the limitation
imposed by the insufficient strength of the
rock is eliminated, but what appears to be an
equally insuperable difficulty still remains in
the form of the measured values of the coefficient of friction of rock on rock. From a wide
variety of tests, both of rocks and of the loose
materials of soil mechanics, the angle of internal
friction </> consistently yields values close to
30 degrees, which is also about the mean value
of the angle of ordinary sliding friction of rock
on rock. This correspondingly gives for the
ratio of the shear stress to the normal stress
along the surface of sliding the approximate
value
- = tan 4> = 0.6.

Figure 7 which is resting upon a plane of inclination 0. If we consider a column of unit
cross-sectional area perpendicular to the base
of the block, the weight of this column will be
pgzi, and the normal and shear stresses along
the base will be
a = pgzi cos 6,

(16)

T = pgzi sin 9,

(17)

from which
T

- = tan 8.

(18)

However, for the block to slide, it is necessary
for
tan 0.

Consequently, the angle of tilt of the surface
must be increased until
0,
on

(19)

where 4>>
the basis of measurements, must
have a value not far from 30 degrees.
Thus we are left in almost as much difficulty
as we were in before, since the field evidence
precludes a mean angle of inclination of the
overthrust fault surfaces anywhere near this
magnitude.
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Necessity for Reduction of Frictional Resistance
Hence, regardless of how the block is propelled, we are confronted with the logical necessity of somehow reducing the frictional resistance to sliding of the upper fault block
over the lower to a small fraction of that which
we have assumed. This too has long been appreciated, and various suggestions have been
made as to how it may have been accomplished.
Since the rocks are water wet, an obvious suggestion has been that water acts as a lubricant
and so reduces the coefficient of sliding friction.
Other related suggestions have been that clays
and fault gouge may have acted as lubricants.
Smoluchowski (1909) postulated plasticity, and
M. P. Rudzki, in his book Physik der Erde
(1911, p. 242-246), supposed that this may
have resulted from the occurrence of the faulting before the rocks were uplifted, while they
were at a higher temperature. R. D. Oldham
(1921, p. xc-xci) suggested that the frictional
drag could be greatly reduced if the overthrust
block did not move simultaneously throughout
its whole extent, but piecemeal in the manner
of the locomotion of a caterpillar.
With the exception of the lubricating effect of
water, and the plasticity of such materials as
rock salt, each of these postulated effects has
some intuitive plausibility and some qualitative support experimentally; yet each is sufficiently vague or indefinite as to leave considerable doubt as to whether it may have been
the actual mechanism that was effective in any
given instance. Concerning the lubricating
effect of water, Terzaghi (1950, p. 91) has
shown that water definitely is not a lubricant
on rock materials, and its presence, if anything,
tends to increase the coefficient of friction.
MECHANICS OF FLUID-FILLED POROUS SOLIDS
Buoyancy Effect
Pressure-depth relationships.—What promises
to be a satisfactory solution to the foregoing
difficulties has emerged during recent years as
the result of various inquiries into the effect of
the fluid pore pressures upon the mechanical
properties of porous rocks. In particular, the
I rocks comprising the outer few kilometers of the
lithosphere commonly have either intergranular
, or fracture porosity; and below depths of a few
tens of meters these pore spaces are filled with
water, or, exceptionally, with oil or gas.
Usually, within depths of 1 or 2 km, the
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pressure of the water as a function of the depth
z is closely approximated by the equation
P = P»gz,
(20)
where pw is the density of the water and g the
acceleration of gravity, which is the hydrostatic
PRESSURE p

FIGURE 8.—HYDROSTATIC AND GEOSTATIC
PRESSURE VARIATIONS WITH DEPTH
pressure of a column of water extending from
the surface of the ground to that depth. Sometimes, however, pressures are encountered
which differ markedly from this value, being
occasionally less than, but more often greater
than, this amount; and in a number of instances
they have been known to approach the magnitude
p = Pbgz*
(21)
where p;, is the bulk density of the watersaturated rock.
In oil-well drilling practice, a pressure-depth
variation in accordance with equation (20) is
referred to as a normal or "hydrostatic" pressure, whereas the pressure given by equation
(21), which is equal to that of the entire weight
of the overburden, is known as the geostatic (or
sometimes as the "Hthostatic") pressure (Fig.
8). To refer to the normal pressure as being also
hydrostatic is not strictly correct since the
equipressure surfaces in the hydrostatic state
must be horizontal, while, by definition, those in
the normal-pressure case must follow approximately the relief of the topography. The existence of such pressure states results from the
relief of the ground-water table and is also
*The quantity pi, in equation (21) must not be
confused with the product pb. The same is true for
PI in equation (22).
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indicative of the general ground-water circulation. However, as contrasted with high abnormal pressures approaching the values given
by equation (21), no significant error results

Consequently, the surfaces of equal pressure
will be horizontal, and the pressure will increase downward at a uniform rate.
By definition, the gradient of p is the rate of

FIGDRE 9.—BUOYANCY OR UPLIFT FORCE ON COMPLETELY CLOSED SOLID IMMERSED IN LIQUID
from regarding the normal-pressure state as
being essentially also one of hydrostatics.
Archimedes principle.—The problem of concern is this: What will be the effect of this
interstitial water pressure on the properties of
the rocks themselves? In what manner may
this be expected to modify the calculations of
the preceding sections?
One of the oldest known effects of such pressures is, of course, the buoyant effect exerted by
a fluid upon a completely immersed solid, as
expressed by the principle of Archimedes. According to this principle, the force by which an
immersed body is buoyed up is equal to the
weight of the displaced fluid; and the reason
why this should be so can be shown analytically
in the following manner:
Consider a static liquid of density pi, and
choose co-ordinate axes with the origin at the
liquid surface and the z-axis directed vertically
downward. Within this liquid the pressure p at
any point (.v, y, z) will be given by
P = PW
(22)
from which
dx

- = 0,
dy
dp
—
az = Pig-

(23)

increase of the pressure with distance along the
normal to the equipressure surface. It is a
vector which is normal to the equipressure
surface and directed toward the side of the
higher pressure. From equation (23) it is accordingly seen that
dp
dp
grad p = — = — = Plg,
on az

(24)

where n is the normal in the direction of increase
to the equipressure surface.
Now let a solid of arbitrary shape, exterior
surface A, and volume V be immersed in this
liquid. The force exerted by the liquid upon the
solid will be
F = -

PdA,

(25)

where dA is the vectorial representation of the
surface element dA, having a magnitude equal
to the area dA and a direction parallel to its
outward normal. The integration of equation
(25) can easily be accomplished by resolving
the force F into components Fx, Fv, and Fz; and
the element of area dA into components dAx,
dAy, and dA where
dAt = dA cos a,
dAy = dA cos ft,
dA, = dA cos 7;

(26)
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and a, ft, and 7 are the angles between the outward normal to the surface element dA and the
positive directions, respectively, of the x-, y-,
and z-axes.
Then,
pdAx,

F*

-II
A
V
-II

pdAy, ,

(27)

pdA..

For any prism parallel to either the *- or the
y-axis (Fig. 9), the pressure p will be constant,
and the surface element dAx or dAv will occur
an even number of times with alternately positive and negative signs. It will be positive, for
example, when its normal makes an acute angle
with the respective axis and negative when the
angle is obtuse. Because of this the first two
integrals of equation (27) are zero, and
Ft = Fy = 0.

Equation (31) is but a special case of a more
general proposition. Here we deal with a fluid in
which
grad p = pig — const.
However, there are cases, for instance when the
fluid is subjected to centrifugal forces or has a
variable density, where grad p is not a constant
but varies in both magnitude and direction with
position in space. If we let a solid, as in Figure
9, be suspended in a static liquid having a
variable grad p, the components of the total
force exerted by the fluid pressure will still be
those given by equation (27). Beyond this,
however, the evaluation of the components
must proceed in a slightly different manner.
Integrating equation (27) gives
— A*
A
UJC \I rili/lj;

(28)
(32)

The third integral, however, is not zero because the pressures p, acting upon the upper
and lower ends of any vertical prism, will be
different. Consequently, for each vertical
column of cross-sectional area dA,

(29)

Then, noting that
F = iFt + jFa + kF,;

(33)

and that
Then, since dp/dz = pig, which is constant, the
integration of equation (29) gives
F, •

pigV;

(30)

and, since this is also the total force exerted on
the solid by the fluid, it may be expressed
vectorially by
F = -pigV = -V grad p,

(31)

according to which the force of buoyancy exerted by the fluid on the immersed solid is equal
in magnitude, but opposite in direction, to the
weight of the displaced fluid.

dp
dp
dp
if + j / + k / =
dx
dy
dz

>,

(34)

where i, j, and k are unit vectors parallel to the
x-, y-, and z-axes, we obtain from equations
(32) and (33)

which, in view of equations (25) and (34), becomes
F = - III grad pdV = - UpdA..
V
A

(36)
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This we may regard as being a generalized
statement of the principle of Archimedes.
Equation (31) is the classical explanation of
buoyancy, and equation (36) is an extension of
the same principle to a more general pressure
field; but, when attempts have been made to
apply an analogous procedure to the porous
rocks underground, in order to compute the socalled "uplift" force exerted by the water filling
the pore spaces, a certain amount of confusion
has resulted. The difficulty, as was first pointed
out by Terzaghi (1932), arises from the circumstance that the force of buoyancy, as derived
above, results from the action upon the solid of
the liquid pressure applied over an external
surface that is completely closed; whereas, in
bodies of porous rocks underground, no closed
external surface around any given macroscopic
volume can be drawn. In fact, if any surface of
large radii of curvature is passed through such
rocks, this surface will intersect solid- and
fluid-occupied spaces alternately.
Extension of Archimedes principle to waterfilled porous rocks.—Let us now consider
whether the principle of Archimedes can be
extended to include the case of the porous
water-filled rocks of present interest. In this
case let us require only that the pore spaces of
the rocks all be interconnected, that they be
fluid-filled, and that the pressure p of this fluid
and its first directional derivatives vary continuously in the fluid-filled space. Within this
fluid-filled, porous-solid space, let us now enclose a volume V, which is large as compared
with the pore or grain structure of the rock, by
means of a surface A. We then wish to determine the force of buoyancy exerted by the fluid
of the system upon the rock and the water contained within this volume.
Let

which is also equal to the surface porosity. In
an analogous manner it can be shown that the
porosity along a line is also equal to the surface
and to the volumetric porosity.
Now let us consider the forces which are
exerted separately upon the solid and the
liquid contents of the volume V. In this case we
have to modify equations (32) to allow for the
fact that the integrals of the form
— sdx
L dx

shall now apply only to the solid or the liquid
segments of the respective prisms. In view of
the fact that the liquid fraction of the length
A.v of the prism is given by /A.v, and the solid
fraction by (1 - /)A.v, then we may write

for the solid integration, and
dp
\r f f — *d x
JX1
dx

for the liquid.
With these modifications, equations (32), in
conjunction with (33), (34), and (35), reduce to
F. = - i f f
v

where the subscripts s and I signify the solid
and the liquid, respectively.
Now, according to the theorem expressed by
equations (25) and (31),
Fs

be the surface porosity on a plane passed
through the system, where AA is an element of
area, which is large as compared with the grain
or pore size of the rock, and AAP the fraction of
AA occupied by pore area. If the rock is
homogeneous and the surface porosity is constant, then, by integrating AAP and AA along
the normal to AA, we obtain the volumetric
porosity

- /)(grad

= - / / (1 -f)P.dAJJ
AS
--III

I

AA,
AAn

II p d A l s ,
JJ
Aia

(40)

/(grad p)dV

= -fffpidAAAdn

(39)

F, = - HI /(grad p)dV,
v

(37)

AA

AT,
AV

(1 -/Xgrad p)dV,

f

fpdAa,

(38)

where A, and AI are the parts of the exterior
surface A passing through solid and liquid
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spaces, respectively; ps and pi the normal
stresses on these surface elements; and Ais and
An the total solid-fluid interface inside the
macroscopic volume V, regarded as enclosing
the solid volume or the fluid volume, respectively. The surface A,, is therefore identical
with the surface An except that the outwarddrawn normals are on opposite sides of the
surface. Because of this the surface elements,
when represented vectorially, have opposite
signs. Thus
dAi, = —dAfi.
Then, when equations (40) are added, the
last two integrals to the right cancel each other,
and we obtain
= -Jjf
v

(grad p)dV

(41)

= -jj [(!-/)#.
But, by equation (36),
(grad p}dV =

(36)

Therefore, equating the integrands of the surface integrals of equations (36) and (41), and
noting that pi = p, we obtain
-f)p,+fP

= P,

from which

(42)
= p.
Then, substituting this value of p into equation (40), and adding, we obtain
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These results have been obtained with the
implicit assumption that the fluid is at rest
with reference to the solid. However, if the
fluid is flowing through the solid, it will exert
a frictional drag on the interior solid-fluid
boundaries, and vice versa. By Newton's third
law of motion these two forces are equal and
opposite to each other, so that, when both the
fluid and the solid content of the volume are
considered simultaneously, these forces cancel
and so produce no external effect. Consequently, for this more general case also, equation (43) still remains valid. Since equation
(43) is a generalized statement of the principle
of Archimedes, we may say that this principle
is applicable to the porous rocks underground,
and that the pressure p is effective over the
entire area of any surface which may be passed
through the system irrespective of the fraction
of the area lying within the solid-filled part of
the space.
Illustrations.—For two illustrative examples
consider the vertical cylinders immersed in a
liquid shown in Figure 10, the first being ideally
nonporous and the second having a surface
porosity intermediate between 0 and 1. Let the
density of the nonporous cylinder be p,, that
of the water-filled porous cylinder p&, and the
density of the liquid pi.
Now let us apply equation (43) to a volume
of each of these cylinders extending from the top
of the cylinder at depth z\ to depth z2. According
to equation (43), the force of buoyancy on the
part of the nonporous cylinder will be
(grad p)dV,

F= -

(44)

and since in this case
grad p = pig = const

F = F. + Fi = - fff
v

(grad p)dV

then
(43)

pdA.
We are thus led to the conclusion that the
force exerted by the pressure of the contained
fluid upon the combined fluid and solid content
of the volume V is given by either of the integrals of equation (43). Hence, the force may be
computed either by the integration of the fluid
pressure p over the entire external area of the
space without regard to the value of the surface
porosity or by integrating the gradient of the
pressure with respect to the volume over the
total volume of the space considered.

(45)

F = PlgV.

The submerged weight of that part of the
cylinder enclosed in the volume V will accordingly be
= (P, -

Pt)gV,

(46)

which is the weight of the solid less that of the
displaced liquid. The additional stress in excess
of the pressure of the water which this weight
will impose on the part of the cylinder below
will therefore be
<r = w'/A =

- pi)g(V/A)

\
(47)

~ 2i)J
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The total stress 5 at the depth & will therefore
be the sum

(48)

Making a similar analysis with respect to the
porous cylinder, by Archimedes' principle the
total stress at depth z% will be

p + a- =

or

5 = P,gz2 -f (p, — pi)g(z2 — z,}.

(49)

That this is a correct result can easily be seen
by computing S directly in terms of the mass of

(o)

+ (pi, - pi)g(z2 - zi). (54)

However, by direct analysis based on the weight
of the composite column,
S = pigzi + p&gfe - zi),

(55)

(b)

FIGURE 10.—EFFECT OF BUOYANCY ON SUBMERGED, NONPOROUS COLUMN AND ON POROUS COLUMN
(ff) Effect on submerged, nonporous column, (b) Effect of buoyancy on porous column.
the composite solid and liquid cylinder extending from the depth z2 to the surface of the
liquid. Obtained in this manner

S = w/A =

(50)

where w is the weight of the total column. However, we may regard the density ps of the solid
to be the sum of two partial densities: one part
that of the liquid pi, and the other the excess
(PS — pi) of the solid density above that of the
liquid. We may accordingly write the identity
p» = pi + (p« — Pi).

(51)

Then, when this is substituted into equation
(50), we obtain
S = pigzi + pigfe - zO + (P. = Pig$! + (p. — Pi)gfe — zi);

(52)

or, as heretofore,
5 = p + <r,

(53)

which is the same result as that obtained originally in equations (48) and (49) from the direct
application of Archimedes' principle.

which, by the same operation as that applied
to equation (50), reduces to the same result as
equation (54) above.
These two illustrations have been chosen to
show specifically that the principle of Archimedes does not require for its validity that the
body acted upon by the fluid pressure be completely enclosed by an exterior surface. In fact,
in neither of the cases chosen can such a surface
be drawn, yet the buoyancy in each instance is
exactly the same as if the volume considered
were entirely surrounded by the liquid.
Following the usage introduced by Terzaghi
(1936, p. 874), the components p and <r, into
which the total normal stress 5 has been resolved in equations (53) and (54), may be
referred to, respectively, as the neutral and
effective components of the total stress. The
significance of this resolution will be discussed
in more detail later, but for the present it may
be noted that the component p is simply the
pressure of the ambient fluid regarded as extending through both the fluid and the solid
components of the system. The stress a is therefore the excess of the stress in the solid (regarded as force per unit of macroscopic area)
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above the neutral stress p. Since the stress p has
no shear components, any deformation of the
solid (change of shape only) must be in response
to cr.
The significance of <j will perhaps be clearer
by reference to Figure 10 and to equations (47)
and (53). In these two equations, for the cases
of the nonporous and the porous columns of
Figure 10, o has the value, respectively, of
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(59)
<TI = Si — pi.
Then, since the value of Si at depth z\ is fixed,
it follows that, as pi —» Si, <J\ —> 0.
Comparison with the results of others.—The
results which we have just derived, although
obtained by a different method of reasoning,
confirm the conclusions of Hubbert and Willis
(1957, p. 161) and are in substantial agreement
with those reached by L. F. Harza (1949) in a
study of the significance of pore pressures in
hydraulic structures, published in the TRANS— Zi).
ACTIONS of the American Society of Civil
It will be noted that when p, or pb is greater Engineers. The fact that Harza's paper of 22
than pi, a is positive (that is, compressive); pages provoked 55 pages of dominantly adverse
when p, = pi, = pi, a is zero; and when pg and discussion, contributed by 21 authors, is
Pb are less than pi, <r becomes negative, or eloquent evidence that these conclusions are not
tensile. That these are correct results can easily in accord with the majority opinion of the civilbe seen by imagining the solids to liquefy in engineering profession—at least that in the
each case. In the first case the two columns United States in 1949.
The opposing view, which appears to be acwould collapse; in the second they would remain unchanged; and in the third they would cepted almost universally in the soil-mechanics
rise, stretching vertically and contracting branch of civil engineering, and in other
branches as well, is that which was originally
horizontally.
put
forward by Terzaghi (1932; 1936; 1945) and
Application to geology.—Applying the results
expressed by equation (43) to a geological situa- has subsequently been elaborated upon by
tion, let us compute the vertical component of many others, notably McHenry (1948) and
the force of buoyancy exerted upon a block of Bishop and Eldin (1950-1951). According to
porous rock and its water content, comprising a this view, the fluid pressure acting upon the
vertical cylinder of cross-sectional area Az, ex- horizontal base of an engineering structure,
tending to the depth Zi. Taking the z-component such as a dam, is effective only over the pore
of the force of buoyancy given by equation (43), area; the so-called "uplift pressure" pu is given
by
Pu^hP,
(60)
dzdA,
where /& is the "boundary porosity" of the
(56) surface across which the fluid pressure is applied.
jfpidA,,
However, extensive experimental tests (TerA,
zaghi, 1932; 1936, p. 785; 1945, p. 786, 788,
where pi is the fluid pressure at depth z\; then, 790-791; McHenry, 1948, p. 12-13, 16, 21;
if the equipressure surfaces at depth zt are Taylor, 1948, p. 126; Bishop and Eldin, 19501951) made on such materials as loose soils and
horizontal, pi will be a constant, and
concrete have led invariably to the result that
(57)
F, = h =* L
(61)
Now let
If one assumes the validity of equation (60),
(58) then, in view of the fact shown in equation (38)
Si =
that the surface porosity on a plane surface is
which is the total weight per unit area of the the same as the volumetric porosity, the result
overburden, be the vertical component at of equation (61) is difficult to explain. The
depth Zi of the total stress. Then it follows that porosity of a loose sand is about 0.35; whereas,
the fraction of the total weight of the over- according to Rail, Hamontre, and Taliaferro
burden that can be regarded as being sup- (1954, p. 19-21), the mean porosity of more
ported by the rock at depth z\ is
than 4800 core samples of oil-reservoir sandstones
taken from wells in nine States is about
gzi — pi) A,
0.15. The mean porosity of concrete, according
to Harza (1949, p. 194), is about 0.12. Thereor, per unit area,
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fore, from equation (60), one would expect the
uplift pressure in loose sands to be about onethird, that in natural sandstones about oneseventh, and that in concrete about one-eighth
of the fluid pressure itself.
To circumvent this difficulty, it has been
found necessary to adopt the expedient of considering, instead of a plane surface, a sinuous
surface which is made to pass through the presumed point contacts between individual
particles. On this surface the area of these contacts is assumed to be very small as compared
with the total area of the surface, thus leading
to the surface porosity of approximately unit
value. This is clearly stated by Terzaghi (1945,
p. 786) as follows:
"To account for the test results, it is necessary
to assume that the value of nt, in Eq. 9 is almost
equal to unity. In other words, the area of actual
contact or merging between the individual grains
could not have exceeded a small fraction of the
total intergranular boundaries. Yet, since the
volume porosity of both materials is very low, the
voids must consist of very narrow, but continuous
slits."
While this procedure has a certain plausibility
when applied to a loose sand, its validity is
seriously jeopardized when applied to solid
rocks and concrete whose tensile strengths
negate the existence of point contacts, or of a
surface porosity of unity, even on a sinuous
surface.
Fallacy of hypothesis.—Since the hypothesis
stated by equation (60) does not agree with the
experimental results expressed by equation (61),
when credible values of surface porosity are
used, we are obliged to seek for the source of
the discrepancy in the hypothesis itself.
This can conveniently be done by examining
Terzaghi's (1932) experimental test of this
hypothesis made on a cake of clay immersed in
water to which pressure was applied. Terzaghi
reasoned that, because of the finite areas of
contact between the particles, the area of the
clay particles exposed to water pressure on the
outside of the cake must be greater than that of
the same particles inside the cake. Then, since
the fluid pressure was presumed to be operative
only over the areas exposed to the water, he
concluded that if the cake were immersed in
water and the pressure were raised the outside
force on the cake produced by the water pressure would be greater than the opposing inside
force, and the cake would become compacted.
To test this hypothesis the cake was placed in
water in a pressure vessel and subjected to a
hydrostatic pressure of 6 kg/cm2, yet no measurable compaction was produced; whereas, on a

companion specimen subjected to a direct pressure of 0.5 kg/cm2, applied by a piston, a compression of 100 scale divisions on the same
strain gage resulted. From this it was concluded that the area of contact between the
clay particles must have been substantially
zero.
That no compaction should have occurred in
the case of the immersed specimen, regardless of
the area of contact between the grains, becomes
evident when we examine the stress state inside
the solid part of a porous solid when immersed
in a fluid at pressure p. Neglecting for the
present the body force due to gravity, let a
porous solid of arbitrary shape, except for the
exclusion of closed cavities, be completely immersed in a liquid at the constant pressure
p (Fig. 11). What will be the magnitudes of the
shear stress T' and the normal stress a' inside
the solid across any given plane?
By a method analogous to that employed in
the derivation of equations (25) to (31), let us
consider the equilibrium of all the forces acting
upon the part of the porous solid lying wholly on
one side of a plane passed through the solid.
Let us choose a co-ordinate system with the
ry-plane coinciding with the intersecting plane,
and the positive z-direction on the side of the
ry-plane containing the part of the body under
consideration. The equations of equilibrium of
this mass will then be
- p / / dA, = 0,

-P

II dA

y

= 0,

(62)

dA, = 0,
where Fzx and Fzy are the tangential components, and Fzz the normal component of force
acting on the body across the .ry-plane; and
dAx, dAy, and dAz the .v-, y-, and 2-components
of the surface element dA as defined in equations (26).
From the geometry of the solid, for every
positive element dAx and dAv there occurs a
matching negative element. Consequently
a

= p

dA, = 0,

(63)
Fn = p

dA, = 0.
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For the dA,'&, however, only that fraction
which coincides with the pore areas of the xyplane has equal positive and negative values.
The complementary fraction which terminates
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which would exist in the liquid at the same
place were the solid removed, it follows that this
stress will have no tendency to produce any
deformation in the porous solid.

FIGURE 11.—STRESS INSIDE POROUS SOLID IMMERSED IN LIQUID AT CONSTANT PRESSURE
on the solid areas of the :vy-plane has only positive values. Hence
dA, = pA, = p(\ - f)A,

(64)

where A is the macroscopic area of the solid
intersected by the xy-plane, A, the net solid
area, and / the surface porosity or volumetric
porosity.
The microscopic stress components inside
the solid, T' and cr', on the .ty-plane are then
given by
A.
(65)

p(\ - f)A
Thus, in the interior of the solid space, we
see that the stress induced by the exterior fluid
pressure has no shear stress components, and
its normal component is equal to the fluid pressure p. Consequently, the pressure p does not
terminate at the fluid-solid boundary but is
continuous throughout the total space occupied
by the fluid and solid combined. Since the
stress state inside the solid has no shear components, and is in fact exactly the same as that

Equations (65) are strictly valid only for the
case specified—namely, when body forces, such
as gravity, are nonexistent. However, even in
the actual cases where gravity cannot be neglected, they are still valid provided the density
of the solid is the same as that of the liquid.
Returning now to Terzaghi's experiment, it is
clear that, except for a very small second-order
effect resulting from the slight difference of
density between the clay and water, the stress
state inside the clay consisted of the same
hydrostatic pressure as existed in the water
outside; and that this pressure, because of the
absence of shear stresses, was incapable of producing deformation (change of shape). Moreover, provided only that the clay be saturated
with water, this would continue to be true
whatever might be the value of the surface
porosity.
Since the pressure p is thus common to both
the water and the clay, when we re-examine
equation (60), the source of the error becomes
immediately apparent: The pressure p acts over
the whole of any surface passed through the
porous solid, and the correct statement of this
equation should have been
pu= />,

(66)

with the surface porosity being in no way involved.
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Resolution of the Total Stress Field into Partial
Components
Definition of total stress.—The foregoing considerations enable us now to deal with the
problem of the effect of the pressure of the
interstitial fluids upon the deformational
properties of porous solids. The total stress field
in such a solid can be specified in terms of its
normal and tangential components across given
plane surfaces.
On a plane surface area AA, which is large as
compared with the pore diameters of the solid
but small as compared with its macroscopic
dimensions, let AFn be the normal component of
the total force exerted by the solid and its
interstitial fluid combined, and let AFt be the
tangential component. The corresponding
normal and tangential components of total
stress across the area AA will then be defined by

Neutral stress H.—In view of our prior discussion, the component of this total stress attributable to the interstitial fluid is the pressure
p, which can be regarded as being continuous
throughout the total space. The pressure p can

FIGURE 12.—COMPONENTS OF THE TOTAL-STRESS
TENSOR 2
(67)
T =

AA
The complete field of total stress will be a
tensor having different normal and shear components on surfaces of different orientations
passing through any given point, and it can be
completely specified at any point in terms of its
three components upon each of three mutually
perpendicular surfaces passing through that
point. Let 2 signify the tensor of total stress;
its expansion in terms of components parallel to
the x-, y-, and z-axes is given by
, Tx,
S1X
LT
(68)
2=
ye i

sa.

Here the first subscript signifies the axis normal
to the plane upon which the stress component
acts, and the second the axis to which the
component is parallel. Thus SZI signifies the
stress component normal to the yz-plane and
parallel to the .r-axis, and Txy the shear component on the same plane parallel to the y-axis.
Contrary to the usual conventions, compressive
stresses are here regarded as being positive so
that all stress components are positive in the
negative directions of their respective axes (Fig.
12).
Since turning moments on a volume element
inside a body must be zero, then it follows that
J1
7

1

xy — ^T yx,
— -iT xzj
lT zx —
•LTyz —— J-T2W

(69)

be regarded as a special kind of tensor, which
for comparison with that of the total stress S
we shall designate as H. In general, the fluid
may be in very slow motion through the interconnecting pore spaces of the solid. When this
occurs we must deal with the continuous deformation of a viscous liquid within the pore spaces
of the solid, and the stress tensor H, seen on this
microscopic scale, will have the normal and
shear stress components given by
(70)

where, as before, pa — pa.
However, even in this case, when viewed on a
macroscopic scale, the pressure which can be
measured by a manometer whose terminal
opening is large compared to the pore dimensions is a scalar that approximates the local
mean value of the quantity
P = (Pxx + pyy + p,*)/3.

(71)

The microscopic shear stresses are expended
locally against fluid-solid boundaries, so that
their only macroscopic effect is to transmit by
viscous coupling to the solid skeleton whatever
net impelling force may be applied to the fluid.
Hence macroscopic shear stresses resulting from
the tensor H do not exist.
Consequently, on a macroscopic scale, the
fluid pressure in three-dimensional space,
whether the fluid is stationary or flowing, can
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be represented by the tensor
poo
0 p 0
0 0 p

(72)

whose shear stresses are zero.
Effective stress 0.—We now have a field of
total stress 2, which includes the stresses of the
solid and fluid combined, and a partial field Et,
which also permeates the entire space and
whose value at any point is equal to that of the
macroscopic fluid pressure. The latter has no
shear stresses and hence tends to produce no
deformation in the solid. The difference of these
two fields defines a second partial field 0 given
by
a = 2 - n.

(73)

Expanding 2 and II into their respective
components, we then obtain

men; the normal and shear components of this
stress on an interior plane making an angle a
with the Ss-axis, in accordance with equations
(1) and (2), will be

„ •$! ~\~ $3 $1 — -5*3
_
S =
+
cos 2a,
(76)
' 2a.
1
sin

However, since the pressure p inside the
jacket will completely permeate both the solidand fluid-filled spaces, it will oppose the exterior stresses over the whole of the outside area
of the specimen. Hence, of the applied total
stresses Si and S3, only the fractions (Si — p)
and (53 — p) will be effective in producing deformation in the specimen. In response to these
fractional stresses, new normal and shear
stresses S' and T', given by
- P) + (S, - P)

S' =

(Si -p)- (St - P)

(74)

-p)

r*v
T X.
~ P}
Ty,
ria
(s,, - p)

_,

L =

from which it is clear that across any arbitrary
surface

* =S r = T.

(77)

-p)- (S, - p) .
Sin La

will be produced inside the specimen. Upon
simplification these equations reduce to

(75)

As explained earlier, following Terzaghi
(1936, p. 874), the stress H, because it produces
no deformation, will be referred to as the
neutral stress; the residual stress 0 will be known
as the effective stress.

cos 2a,

+ S3 , Si - S,
1
— cos 2a - p\
•

-S-p,

TI
T'

(78)

.
sin 2a = T.
Noting now that, by definition,

Experimental Tests
Theory of triaxial tests.—It has been inferred
that although the total stress field S exists at
any point interior to a porous rock, the deformation of this rock should be almost wholly related
to the partial stress 0 and should be relatively
insensitive to the complementary component H.
It remains for us to verify this inference experimentally. The most direct and effective
way to do this is by means of triaxial tests made
on fluid-filled specimens enclosed in flexible,
impermeable jackets. Exterior to the jacket the
total stresses, Si and S3, can be applied while
interiorly a pressure p of arbitrary magnitude
can be added independently.
Consider first the total stress on the speci-

Si — p = <r\,
Ss — p = fa,
T=r,

it follows that, by virtue of the diminution of
the exterior stresses by the opposing pressure p,
the normal and shear stresses inside the specimen become
S' = S - p = a,
T1 = T = T,

(79)

indicating again that the deformation of the
specimen should be related only to the stress 0
of components <r and r (Fig. 13).
Excellent experimental confirmation of this
has been afforded by an elaborate series of tests
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on concrete made by Douglas McHenry (1948)
of the U. S. Bureau of Reclamation in Denver
and more recently, at a higher range of stresses,
on rocks, by John Handin (1958) of the Shell
Development Company in Houston.

Test results on the jacketed specimens with
zero internal pressure, when plotted as a Mohr
diagram, were in accordance with the Coulomb
law of equation (3); or, when a~i was plotted
against a3, the linear form of equation (7)

S
1J~~
c

K,.370 + 5.e

£7,

^

s*^
b~
i

i

n

FIGURE 14.—TESTS BY MCHENRY ON JACKETED
SPECIMENS OF CONCRETE WITH ZERO INTERNAL
PRESSURE
shown in Figure 14 was obtained with the
constants
a = 6070 lb/in2,
FIGURE 13.—TOTAL AND PARTIAL STRESSES ON
JACKETED SPECIMEN WITH INTERNAL FLUID
PRESSURE
Experiments of McHenry.—McHenry's experiments were made on a large testing machine
capable of handling specimens up to 15 cm in
diameter. Axial stresses were applied by means
of a piston, and radial stresses by the pressure
of kerosene for jacketed specimens and nitrogen
gas for unjacketed specimens. In most of the
tests the fluid pressure inside the jacketed specimens was zero (atmospheric), though in a few
tests higher internal pressures were used. In
the unjacketed tests, the nitrogen gas
permeated the specimens giving an interior
pressure p = $3.
In all cases the effective stresses in these
tests were
<ri = Si — p,}
(80)
as = S3 — p;)
but in the special cases of jacketed specimens
with zero internal pressure, and of unjacketed
specimens, the principal effective stresses were,
respectively,
Jacketed:
(81)

s,,

Unjacketed:

(Tl

5\ - 5,,

a, = 0.

(82)

b = 5.8.
Then, from equations (8) and (9), the values
of TO and 0 are
TO = 1265 lb/in2,
0 = 45 degrees.
In the tests on the unjacketed specimens,
through a range of nitrogen pressure Ss from 0
to 1581 lb/in2, the values of <r\ = Si - S3 at
which the failure occurred, when plotted as a
function of Si, clustered about a horizontal
straight line (Fig. 15) corresponding to a mean
value of <TI of 4926 lb/in2. This indicated that
the failure of the specimens under these conditions occurred at a nearly constant value of <TI
(with 03 = 0), which corresponds to the
ordinary crushing strength of the material at
atmospheric pressure.
In those specimens tested with a pore pressure
p intermediate between 0 and S3, the values of
<r\ plotted against (73 fell approximately on the
straight-line graph shown in Figure 16, independent of the magnitude of the pore pressure.
Thus the results of McHenry's tests on concrete show that, when this material has an
internal fluid pressure p, its behavior with
respect to the effective stresses a and r is in
substantial agreement with its behavior in

MECHANICS OF FLUID-FILLED POROUS SOLIDS
response to total stresses when p = 0. It is
worthy of note, however, that the analysis that
has here been made of McHenry's results has
a quite different theoretical basis from that

•

•

which differs insignificantly from 1. With the
introduction of this value, equation (83) then
reduces to
S' = S-p,

f

•
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FIGURE 15.—TESTS BY McHENRY ON UNJACKETED SPECIMENS OF CONCRETE
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FIGURE 16,—TESTS BY McHENRY ON JACKETED
SPECIMENS OF CONCRETE WITH VARIOUS
INTERNAL PRESSURES
which he, himself, used. His object in making
the experiments was, in fact, to determine
experimentally the value of the parameter
fA in the equation
s' = s- up,

(83)

where S' was the effective normal stress across
the surface of slip at failure, and fA was interpreted literally as the porosity of this surface,
as postulated by Terzaghi. Despite the fact
that the volumetric porosity of the concrete
can hardly have been greater than about 0.15,
and that the surface porosity on any plane
surface must be equal to the volumetric porosity, the values obtained by McHenry for fA
from tests of 337 specimens all fell within the
range 0.78 and 1.18; and a least-square solution
for the best value yielded the result
U = 1-02 ± 0.019,

LEGEND
p=0
p=500
p=IOOO
P=I500
P=I750
= 2000

FIGURE 17.—TESTS BY HANDIN ON BEREA
SANDSTONE WITH VARIOUS INTERNAL
PRESSURES
which is the <r of current usage. For reasons
pointed out previously, the value of unity obtained for the factor/A has nothing to do with
the porosity of the material, but does confirm
eloquently that the fluid pressure permeates the
entire space and reduces the effectiveness of
the total stress accordingly.
Experiments of Handin.—Tests similar to
those of McHenry, but with much higher ranges
of stress and internal pressure, have recently
been made by Handin (1958) on natural rocks.
His test data for Berea sandstone are shown
graphically in Figure 17. There the values of
<TI = Si — p up to 6300 bars, corresponding to
failure, have been plotted against <73 = S3 — p
for a range of pore pressures from 0 to 2000 bars
(1 bar = 106 dynes cm2 S 15 lb/in2). These
tests include both axial extension and shortening. Throughout this range the data plot as an
excellent straight line with the constants
a = 529 bars,

b = 2.91,
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from which
TO = 154 bars,
<f> = 29.25 degrees.
A Mohr diagram of the same data is shown
in Figure 18.
These experiments of McHenry on concrete,
and of Handin on rock, supplement the earlier
tests made on the loose materials of soil mechanics, in establishing the result that for
porous fluid-filled solids the Mohr-Coulomb
criterion for failure must now be modified to
the form

where pi, is the average value of the bulk density
of the overburden. Then, if p is the fluid pressure at depth z, we may consider the overburden
to be jointly supported by the fluid pressure
p and the residual solid stress cr22 in accordance
with the equation
p + <r,, = S,,.
(86)

Thus, as p increases from 0 to Szz, <rzz decreases from Szz to 0; and, as p approaches
S,2, the overburden is in a state of incipient
flotation. In order for p to become greater
than 5 Z Z , it would be necessary for the rocks
to be able to sustain a state of tensile stress.
In view of the large number of joints by which
TOP* = TO + (S - p) tan <t>.
(84) any large body of rock is intersected, the tensile
Also, since Handin's tests have shown that strength of such a body should be zero, so that
this relationship continues to be valid up to values of p greater than Szz appear to be prepore pressures of 2000 bars, corresponding to cluded. This also agrees with observations made
stress conditions in the earth to a depth of in oil-well drilling where fluid pressures

5000
3000
4000
6000
<r (bors)
FIGURE 18.—MOHR DIAGRAM OP HANDIN TEST DATA ON BEREA SANDSTONE
The data include the results of both axial extension and axial compression.
1000
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definitely greater than Szz have never been
reported.
Our further analysis can be somewhat simplified if the pressure p be expressed in terms of
S^ by means of a parameter A defined by

Total and Partial Stresses Underground

p = X5« ,

Let us return now to the problem of overthrust faulting. On a horizontal surface at a
depth z, which is large in comparison with the
local topographic relief, the vertical normal
component Szz of total stress will be approximately equal to the weight of the total overburden—solids and fluids combined—above
that depth. Hence
r**~> PbgZ,
—
/Qti\
5 zz =
1.O3;

whose value ranges between the limits 0 and 1
as p ranges between 0 and Szz.

20 km, it may be used with considerable confidence as a basis for the mechanical analysis
of tectonic deformation of porous rocks.

(87)

Maximum Length of Horizontal Overthrust Block
We now reconsider the problem of the maximum length an overthrust block can have and
still be capable of propulsion over a horizontal
surface by a stress applied to its rearward edge;
only, in this case, the rock is to have an inter-

APPLICATION TO OVER/THRUST FAULTING
stitial fluid pressure p which varies as a function of the depth z. Consequently, the strength
and frictional properties of the rock will be
related to the partial stresses a and T, whereas
the propulsion will be in response to the total
stress. The stress tending to move the block
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(89), we obtain
Sxx = a + 6(1 - X)pbgz + Xpigz)
= a + [6 + (1 - 6)X]p6gz. /

(

™>

Similarly, when the block is at the state of
slippage, the shear stress TIX along its base is

FIGURE 19.—BOUNDARY STRESSES ON HORIZONTAL BLOCK WITH INTERNAL FLUID PRESSURE
AT STATE Of INCIPIENT MOTION
(Fig. 19) will accordingly be the total stress
component Szx applied to its rearward edge,
and that opposing its motion will be the shear
stress TZX along its base.
The equation of equilibrium of the x-components of force when the block is at a state of
incipient motion will be
.*,

-X!

(88)
/ Stxdz — I T^X = 0;
Jo
•'o
but, before these integrals can be evaluated, it
will be necessary to express SIX and rzx in
terms of quantities whose values may be specified. Thus, from equation (75)

Sxx = <rxx + p.

(89)

Furthermore, the horizontal component aix
is approximately the greatest principal stress,
and the vertical component <jz, the least. Then,
by equation (7), when the rock is at incipient
failure,
"xx = a + 6,r« ;

(90)

and by equations (85), (86), and (87)
S,, — p = (1 — X)5«
(91)
(1 - X)p&gz,
where pt, (assumed constant) is the watersaturated bulk density of the rock.
Substituting this into equation (90) then
gives
<r« = a + 6(1 - X)P!,gz;

(92)

when this in turn is substituted into equation

given by
T«t = <rai tan 0
= (1 — Xi)5«i tan <t> = (1 —

tan 0,

(94)

where Xi is the value of X at the depth zi of the
base of the block.
Substituting the expressions for Sxx and TZX
from equations (93) and (94) into equation
(88), and performing the integrations, we
obtain
+

~ + (1 -

/
Jo

Xz dz
= 0,

from which x\ , the maximum length of the
block, is given by

(1 - xo Pi,g tan <f> 1 2n tan <j> ' "

f*1
(1-6) 1 Xz<fe
_|_
JO
z\ tan <t>

(95)

in which x\ can be evaluated when the variation
of X as a function of the depth z is specified.
In principle, X may have any value between
0 and 1, and it may also vary as a function of
depth. However, since slippage is favored along
surfaces on which X is a maximum, there is
some justification for assuming that the value
of X at depths less than Zi shall not exceed Xi,
the value at the base of the block. Then, in
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view of the fact that b is taken to have the
value 3, the quantity (1 — b) in the last term
of equation (95) has the numerical value — 2,
which renders that term negative. Conse-

It is seen from equation (96) that the maximum length of block .vi is a function both of the
thickness zi and of the pressure-overburden
ratio Xi . Values of .vi , in km, computed for

5.4 Km + (2.6-1.73 X,

1 i 1 l/fl^l 1 i f

if

I T

p=X,sz

FIGURE 20.—MAXIMUM LENGTH OF HORIZONTAL BLOCK WITH INTERNAL FLUID PRESSURE
WHICH CAN BE MOVED BY PUSH FROM REAR
quently, the minimum length of block given
by equation (95) will result when the last term
has a maximum value, and this will occur when
X for all depths is assigned its maximum value
Xi . Making this assignment, the last term can
then be integrated, and we obtain

TABLE 1.—MAXIMUM LENGTH (IN KM) or HORIZONTAL OVERTHRUST FOR VARIOUS THICKNESSES
AND VALUES OF PRESSURE-OVERBURDEN RATIO
Zl
(km)

1

(96)
6 + (1 - i)X,

_ptg
From this it can be seen by inspection that,
when Xi = 0, equation (96) reduces, as it
should, to
a
b
h
• zi,
(96a)
Pig
which (for the same bulk density) is the same
as equation (15) for the dry-rock case obtained
earlier.
Supplying numerical data, let:
a
= 7 X 108 dynes/cm2
tan <j> = tan 30° = 0.577
b
=3
g
= 980 dynes/gm
Pb
= 2.31 gm/cm3.
Then, for the general case given by equation
(96)
[5.4 X 10s + (2.6 - 1.73X,)z,]
1 — AI
when lengths are measured in cm; or
*i(cm) =

^(km) =

[5.4 + (2.6 - 1.73X,)sJ
1 — Xi
when lengths are measured in km (Fig. 20).

1
2
3
4
5
6
7
8

0 0.465 0.5

0.6

0.7

0.8

0.9

13.4
16.7
20.1
23.5
26.8
30.2
33.6
36.9

17.3
21.2
25.1
29.0
32.9
36.8
40.7
44.6

22.5
27.1
31.8
36.4
41.0
45.6
50. 3:
54.9

32.9
39.0
45.1
51.2
57.3
63.4
69.5
75.6

64.0
74.4
84.8
95.2
106
116
126
137

8.0
10.6
13.2
15.8
18.4
21.0
23.6
26.2

14.2
17.6
21.1
24.6
28.0
31.5
34.9
38.4

thicknesses from 1 to 8 km and for Xi from
0 to 0.90 are given in Table 1. For an increase
of Xi from 0 to 0.465, the latter corresponding
to normal hydrostatic pressure, the length of
the block is increased by about 50 per cent. A
dry block 6 km thick, for example, would have
a maximum length of 21 km; whereas, if the
water pressure were hydrostatic, the length
would be increased to 30 km. For abnormal
pressures with Xi in the range from 0.7 to 0.9,
and for blocks of thicknesses from 5 to 8 km,
the maximum length would range between 41
and 137 km.
Gravitational Sliding
General discussion.—Let us now re-examine
the problem of gravitational sliding. Let a
block of porous rock of constant thickness and
indefinite length rest on a potential plane of slip
inclined at a small angle d. Let 5 be the normal
component of total stress across this plane, T
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the tangential component, and p the fluid pressure. Then, at a given point on the plane, the
corresponding components of effective solid
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where z is the depth below sea level. From the
base of this block let a vertical column of unit
cross section be extended to sea level (Fig. 21).
SEA LEVEL

FIGURE 21.—STRESSES AT BASE OF SUBMARINE BLOCK
stress will be

The normal component 5 of the total stress at
the base of the block will be equal to the normal
component of the total weight of this column.
Hence, if z\ be the depth to the top of the
block, and zj that to its base along the column,
then

(97)
= J:
and the condition necessary for sliding is that
(98)
= a tan <
Thus cr and T are determined by the values of •S = [(Pi, - zi) cos 8} cos 8 + p.
(99)
S, T, and p at the bottom of the block; but 5
and T also depend upon the distribution of p
The shear stress T at the base of the column,
in space. Let us consider, therefore, two separate however, will be only the tangential component
situations: the first where the block will be of the submerged weight of the rock column
submerged in the sea, and the second where the (with its fluid content), and this will be given by
block is on land.
(100)
However, before considering these two cases T = [(pb - P»)g(z2 - ai) cos 8] sin 8.
in detail, let us point out two important differThen, at the base of the block, the com,
ences between them. In the submarine block, ponents of effective stress will be
because of the horizontal sea-level reference
a =S- p
surface, it will be convenient to use a vertical
(101)
and horizontal co-ordinate system; whereas, in
= l(pb - P
the land block, a tilted system with the z-axes
perpendicular to the tilted block will be used. and
Another very important difference between the
(z2 - zi) cos 8} sin e, (102)
r = T = [(PS two cases will be the inclination of the equipressure surfaces corresponding to "normal" which are simply the corresponding components
pressure. For the submarine block these sur- of the weight per unit area of the submerged
faces will be horizontal, while for the terrestrial block. Also, from equations (101) and (102),
block they will have the same inclination as
(103)
r/a = sin 0/cos 8 = tan 9.
the block.
Submarine block.—For the submerged block
However, from equation (98) the necessary
consider first the case for which the pressure p
condition for slippage is that
has everywhere the hydrostatic value
tan 0.
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FIGURE 22.—GRAVITATIONAL SLIDING OF SUBAERIAL BLOCK
Then, if we compare equations (98) and (103),
it will be seen that for submarine sliding to
occur under conditions of normal hydrostatic
pressure it will be necessary for
tan 6 = tan <t>,

(104)

becomes
(1 — X0)<r tan <f> = a tan 6

from which the slope 6 necessary for sliding
to occur is given by
tan 0 = (1 — Xa) tan <f>.

or

(105)
which would require a slope of about 30 degrees.
If, however, in addition to the hydrostatic
pressure of the sea water, there were a superposed anomalous pressure pa within the block
of rock, and if the surfaces pa = constant were
parallel to the base of the block, this pressure
would not affect the shear stress component at
the base of the block but would further diminish
the effective normal stress. In this case let us
take <r and ^ of equations (101) and (102) as
reference stresses and let IT' and T' be the new
values of the effective stress components at the
base of the block as a result of the anomalous
pressure pa • Then
a — a — pa = (1 — X,j)<r,
T / = T,
•T' la' = tan $.

5 = pjgzi cos 0,
T = p&gsi sin 6,

(Ill)

and

(107)

Then, if we equate T and T' in equations
(103) and (107), we obtain
a' tan <j> = a tan 6,

(110)

Hence, as Xa approaches 1, corresponding to
pa approaching cr, the angle of slope 6 required
for submarine sliding approaches zero.
Subaerial block.—Consider now a subaerial
block of slope 6 and constant thickness, only
in this case let us use inclined axes with the
thickness of the block represented by Zi . Let
the fluid pressure p be constant (atmospheric)
along the upper surface of the block, and let p
within the block be a function of the depth
only so that the surfaces of constant pressure
will be inclined at the same angle 8 as the
block (Fig. 22).
The components of total stress at the bottom
of the block will be equal to the normal and
tangential components of the weight of a perpendicular column of unit cross section, and
length zi . Consequently,

(106)

in which \a = pa/a-, and

(109)

(108)

and, when the value of a' from equation (106)
is substituted into equation (108), the latter

T/S = tan 8.

(112)

The corresponding components of effective
stress are

- Xi)5,

(113)

where pi and Xi are the values of p and X at
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the base of the block. Again, the condition
for sliding is that
= tan <t>.
(114)
Equating T and T from equations (112), (113),
and (114) gives

a tan <#> = 5 tan 0;
(115)
when the value of cr from equation (113) is
introduced, equation (115) becomes
(1 - \i)5 tan ft, = 5 tan 8,
(116)
or
tan0 = (1 - Xi) tan<#>.
(117)
In this case, if the pressure at the base of the
block were everywhere at the value of the
normal pressure,
Pi = P^ZI ,
then from equations (118) and (111)
Pw
pt>

(H8)

(119)

TABLE 2.—ANGLE 9 OF SLOPE DOWN WHICH
BLOCK WILL SLIDE AS FUNCTION or Xi
X,

1-Xi

0.0
0.2
0.4
0.6
0.8
0.9
0.91
0.92
0.93
0.94
0.95

1.0
0.8
0.6
0.4
0.2
0.1
0.09
0.08
0.07
0.06
0.05

tanfl =
(1 - Xi) tan<£ 6 (degrees)
0.577
0.462
0.346
0.231
0.115
0.058
0.0519
0.0462
0.0404
0.0346
0.0288

30.0
24.7
19.1
13.0
6.6
3.3
3.0
2.6
2.3
2.0
1.6
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With this substitution equation (117) becomes, for the case of normal fluid pressures,
tan 6 = (p& — p u ,)/pj-tan </> — 0.6 tan <£.
Then, for tan <j> = 0.58 corresponding to
</> = 30 degrees, tan 6 = 0.35, which corresponds to a reduction of the critical angle of
sliding from 30 degrees, when the pressure is
zero, to about 20 degrees when the vertical
pressure gradient is normal.
However, according to equation (115) and
as shown in Table 2, if the fluid pressure is
greater than normal, as \i approaches unity,
corresponding to the approach of the pressure
pi to S, the critical angle for sliding approaches
the limit zero. In fact, Terzaghi (1950, p.
92-94), in his study of low-angle landslides,
has made explicit use of this principle and has
shown that the measured water pressures also
agree with what is expected from the theory.
Combination of Gravitational Sliding and
Push from Rear
As a last example, let us now consider the
case of a subaerial block pushed from the rear
down an inclined plane whose angle of slope is
6 (Fig. 23). For this purpose it will be convenient to use a set of inclined co-ordinate axes
parallel to the sides of the block with the thickness and length of the block represented by
Zi and xi, respectively.
In this case the surfaces X = const will be
parallel to the top and base of the block, and
the block will be propelled jointly by the total
stress SXx applied to its rearward edge and the
component of its weight parallel to the slope.
Its motion will be opposed by the shear stress
Tzl, along its base, and the equation of equilibrium of the forces acting upon a section of
unit thickness parallel to the y-axis when the

FIGURE 23.—LENGTH OF BLOCK WHICH CAN BE MOVED DOWN SLOPE 9 BY COMBINATION
OF PUSH FROM REAR AND GRAVITATIONAL PROPULSION
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TABLE 3.—MAXIMUM LENGTH (IN KM) OF A BLOCK 6 KM THICK, WITH A PRESSURE-OVERBURDEN RATIO
Xi, WHICH CAN BE PUSHED DOWN A S-DEGREE SLOPE*
6 (degrees)

X
0

0.465

0.5

0.6

0.7

0.8

0.9

0.95

0

21.0

30.2

31.5

36.8

45.6

63.4

116

222

0.5

21.3

31.0

32.5

38.2

48.1

68.8

137

320

1.0

21.6

31.8

33.4

39.7

50.6

74.4

163

2.0

22.3

33.9

35.8

43.3

57.2

91.1

3.0

23.0

36.2

38.4

47.5

65.3

4.0

23.9

39.0

41.6

52.8

76.7

5.0

24.7

41.9

45.0

59.0

6.0

25.7

45.7

49.5

67.5

7.0

26.7

50.2

54.9

8.0

27.8

55.5

9.0

28.9

10.0

116

Values lave been omitted

30.3

* The data in this table have been plotted as Figure 11 in Part II.
block is at the point of incipient slippage will be

c

into equation (120) and integrating, we obtain

xi

r
SM dz + , z, *, sin 6 - \

/

Tadx

= 0. (120)

!i + P6gcos0 -- zf + (1 - 6)
fH
— [(1 — Xi)ptg cos 8 tan <f> + p sin 8}ziXi

Then
zz = axx + P,

= 0.

and
a + 6(1 — X)«,gz cos 6.

(121)

Introducing equation (121) into equation
(120) we obtain
'
cose
Six = a + 6(l — X)pi,gz cos 6 +
(122)
= a + Pbg cos8[b + (1 - 6)X]z.
Likewise
TZX = ffzzi tan 0
= (1 — Xi)p6gzi cos 6 tan 0.

(124)

(123)

Then, introducing equations (122) and (123)

As was pointed out in the discussion of the
horizontal block, provided the values of X at
depths less than Zi are not permitted to be
greater than Xi, the minimum length of block
will correspond to X = X,. Using this value of
' and Performmg integration in the second
term of equation (124) and then solving the
result for x\, gives
x\ =

1
(1 — \i) tan <f> — tan 0

rLpig •cos e

6 + (1 - 6)X,

(125)

The maximum length of block which can be
moved in this manner is thus a function of the
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angle of slope 6, the thickness Zi, and the fluid
pressure-overburden ratio Xi. Values of x\ are
given in Table 3 for a block of the fixed thickness of 6 km, values of 6 between 0 and 10
degrees, and values of Xi from 0 to 0.95. The
difference of elevation between the lower and
upper ends of the block is x\ sin 6. Computations have arbitrarily been discontinued for the
cases where this quantity exceeds 8 km. In these
computations the values a — 7 X 108 dynes/
cm2 and b = 3 are still the ones employed.
The first row in Table 3 is the same as that of
Table 1 for the horizontal block 6 km in thickness. Under these conditions, if Xi were 0.8, a
block 63 km long could be moved; and if Xi were
0.9, the length could be increased to 116 km.
For slopes between 0 and 3 degrees, and values
of Xi from 0.465, corresponding to hydrostatic
conditions, to 0.9, the maximum length of
block within the limits of Table 3 would vary
from 30 to 163 km.
Summary
From this review of the effect upon the
mechanical properties of rocks produced by the
pressure of the interstitial ground water, it
appears that a means has indeed been found of
reducing the frictional resistance of the sliding
block by the amount required. It is to be
emphasized, however, that this is not accomplished, as has been postulated heretofore, by
reducing the coefficient of friction of the rock;
rather, the reduction of friction is accomplished
by reducing the normal component of effective
stress which correspondingly diminishes the
critical value of the shear stress required to
produce sliding.
ABNORMAL PRESSURES
Abnormal Pressures in Oil and Gas Reservoirs
Before reviewing the evidence for the existence of abnormal pressures, let us consider
briefly some of the possible causes of such
pressures. Here a distinction must be made
with regard to whether the fluid exhibiting
such pressure is a hydrocarbon—petroleum or
natural gas—or ground water, because the
mechanism of maintaining abnormal pressures
is different in the two cases.
A body of petroleum or natural gas in its
undisturbed state is usually in essentially hydrostatic equilibrium in a space underground completely surrounded by ground water. As has
been shown by Hubbert (1953, p. 1956-1957),
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the space is characterized by being a position of
minimum potential energy for the given hydrocarbon (liquid or gas) with respect to three environmental fields: the earth's gravity field, the
pressure field of the surrounding water, and a
capillary energy field dependent upon the
difference of capillary pressure between hydrocarbon and water at any given point.
The minerals of sedimentary rocks are hydrophilic, so that, if oil or gas is injected into watersaturated rocks, the interfacial menisci will be
concave toward the hydrocarbon, and across
this interface the pressure in the hydrocarbon
will exceed that in the water by an amount

= Cv/d,

(126)

where y is the interfacial tension between water
and hydrocarbon, d the mean grain diameter of
the rock, and C a dimensionless factor of
proportionality having a value of about 16
(Hubbert, 1953, p. 1975-1979). From this it
follows that the capillary pressure of water
against hydrocarbon is small in coarse-textured
rocks but becomes very large as the grain
diameter of the sediment approaches clay sizes.
Across an interface between coarse- and finetextured sediments, the difference in the capillary pressures of water against hydrocarbon
will accordingly be

(127)
where di is the grain diameter of the coarse
sediment, and di that of the fine.
The value of 7 for crude oil and water is
about 25 dynes/cm. Then, letting d* for clay be
10~5 cm and a\ for a sand be 10~2 cm, equation
(127) gives 4 X 107 dynes/cm2, or 40 atmospheres, as a representative value of Apc between
sand and clay. It is realized that clay particles
may be somewhat larger than this, but their
platy shape renders them more nearly equivalent to spheres of this smaller size. This figure
agrees as to order of magnitude with a measurement recently made at the research laboratory
in Houston of Shell Development Company.
Oil pressure was applied against a shale core
taken from the Ventura Avenue field in California. Up to a maximum pressure of 2000 lb/
in2, or about 135 atmospheres, no injection could
be detected by observing the displacement of
the oil in a capillary tube having a volumetric
capacity of 1 cm3 per 180 cm of length. The
permeability of this shale to brine was 10~5
millidarcies, or 10~u cm2 (Personal communication from Harold J. Hill).
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It is for this reason that hydrocarbons tend to
accumulate in coarse-textured rocks, and the
interface between a coarse- and a fine-textured
rock acts as a unilateral barrier to petroleum
migration; across such a barrier water alone is
free to move in either direction.

such as some of those in Iran, quite high pressures could be produced. For example, the abnormal pressure at the top of a column of oil
having a density of 0.8 gm/cm3 and a vertical
extent of 1000 m would be about 20 bars, or 300
lb/in2; the pressure of a similar column of gas

P =P +(p -P. )g(z -z)
h w
w h
I

FIGURE 24.—ABNORMAL PRESSURES IN HYDROCARBON ACCUMULATION IN HYDROSTATIC
WATER ENVIRONMENT
Consider then a body of hydrocarbon surrounded by water with both fluids in hydrostatic equilibrium (Fig. 24). At the base of the
hydrocarbon in the coarse-textured rock, the
capillary pressure difference between the hydrocarbon and the subjacent water will be negligible. Let this depth be zi, and let the two pressures be that of the water
pin = Pi>i = P»',?ZI •
At a shallower depth z, the pressures in the
two fluids will be
pw = An — P«.g
ph = Phi - P«

— 2),
- z).

with a mean density of 0.2 gm/cm3 would be
about 80 bars, or 1200 lb/in2.
In view of this fact it is unavoidable that the
pressures measured within hydrocarbon accumulations must always be abnormally high
with respect to pressures measured at the same
depths in the local water; and the greater the
density contrast (pw — ph) and the vertical extent of the hydrocarbon (zi — z), the greater
will this abnormality become. However, if the
surrounding waters are at normal pressure, the
anomalous hydrocarbon pressures are of strictly
local significance.

(128)

Consequently, at this depth the hydrocarbon
pressure will exceed the water pressure by the
amount
\p = ph - pa = (Ptt. - Pk)g(zl - z), (129)
and this difference at the depth z can be maintained stably by the capillary pressure between
the hydrocarbon and the adjacent water.
In oil or gas reservoirs of small vertical
amplitude, the abnormal pressures produced in
this manner would not be very significant; but,
in anticlinal structures of very large amplitude,

Anomalous Water Pressures
Whereas anomalous hydrocarbon pressures
are compatible with a hydrostatic state in the
surrounding ground water, anomalous water
pressures invariably imply a hydrodynamic
state. The reason for this is that the pressures
for the hydrostatic state (which is approximated
by our "normal" pressures) are, by definition,
those of equilibrium. Hence any departure of
the pressures from such a state must represent a
disturbance of the equilibrium.
This can be shown more formally by noting
that the equation of flow of underground water
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is given by Darcy's law of which one form of
statement is the following:
q = — K grad h,

(130)

where q is a vector in the direction of the
macroscopic flow of the fluid whose magnitude
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grad h - [(l/p»g) grad pu - grad z]
pa .

(135)

Noting further that
grad pn = p»g,
and that grad z is a unit vector directed downward, the bracketed term in equation (135)
becomes zero, and that equation simplifies to

PRESSURE p

grad h - (l/p»g) grad pa .

(136)

Introducing this into equation (130), we obtain
grad pa

FIGURE 25.—TYPICAL VARIATION or PRESSURE
WITH DEPTH, SHOWING RELATIONS AMONG
pn, p,, <r,t, AND 5«
is given by the volume of the fluid crossing unit
area normal to the flow direction in unit time,
h is the height above the reference level z = 0
to which the water will rise in a manometer
terminated at any given point, and K is a
dimensional factor of proportionality depending
upon the properties of the fluid and the permeability of the rock. If the fluid properties may be
assumed to be constant, then K would vary as a
function of the permeability only.
From hydrostatics, the value of h corresponding to a point at depth a with pressure p would
be
h = p/p*g - z,
(131)
where h is the height above the reference level
and z the depth below.
Accordingly,
grad h = (l/pu-g) grad p — grad z. (132)
Now, if we let the total pressure p be resolved
into the components (Fig. 25)

P = Pn + P.,

(133)

where pn is the normal pressure and pa a superposed anomalous pressure, then
grad p = grad pn + grad p, .

(134)

When this is introduced into equation (132),
that becomes

(137)

as an alternative expression of Darcy's law.
Thus, the rate of flow of the water does not
depend upon the magnitude of the anomalous
pressure pa, but upon its gradient or rate of
change with distance. We could accordingly
have a high-permeability sand completely imbedded in a low-permeability shale with a high
value of pa inside the sand. Yet, if the water
inside the sand were in extremely slow motion,
pa in the sand would have an essentially constant value, and grad pa would differ negligibly
from zero.
On the other hand, if exterior to the same
shale there occurred a sand at normal pressure
with pa = 0, then across the shale between the
two sands there would exist a gradient in the
anomalous pressure whose mean value would be
grad pa. = A£0/Az;
by equation (134), unless the intervening shale
were ideally impermeable, the water would
flow through the shale from the sand having
the higher value of pa to that having the lower.
Again, if it were possible for pa to have a
constant value throughout space, no flow would
occur. This, however, is precluded by the circumstance that at the surface of the ground or,
more strictly, at the water table, the pressures
p, pn, and pa are all zero. Consequently, an
anomalous pressure greater than zero anywhere
in space implies the existence of values of grad
pa other than zero. Then, unless the rocks are
ideally impermeable, it follows that away from
any region of greater than normal pressures the
water must be flowing and must continue to do
so until the excess pressure is dissipated.
Causes of Abnormal Pressures
Because of this continuous leakage, abnormal
water pressures are thus transient phenomena
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and require some dynamical activity to bring
them into existence and to maintain them. Let
us now consider what some of these may be.
The first and most obvious is the classical
picture of the cause of artesian flow from a sand

to have a mechanical load suddenly imposed
upon it, the water, because of its slowness of
leakage, would initially assume a corresponding
increase of pressure almost equal to the entire
increment of load. Then, gradually, the water
would be expelled, and the rock compacted
until a new equilibrium was reached, and the
water pressure was again at its normal value.
Of all the common rocks, those composed of
clays lend themselves most pronouncedly to
this process. Clays are weak, plastic minerals
with moisture-free density of about 2.7 gm/
cm3, which are capable of forming porous solid
aggregates with porosities ranging from 0 to
more than 0.8. The degree of compaction of such
a clay whose pore space is filled with water may
be inferred from its bulk density, which is
related to its porosity by the equation
Pb = /Pw + ( ! — / ) P,,
where / is the porosity and p&, pw, and pg are
the bulk density (water-saturated) and the
water and grain densities, respectively. With a
slight rearrangement, this becomes

0.4
0.6
POROSITY f

FIGURE 26.—RELATION BETWEEN POROSITY AND
BULK DENSITY OF WATER-SATURATED ROCK
at some depth. The fact that the well flows is
itself evidence of the existence of an abnormal
pressure, and this may often be shown to result
from the fact that the sand receives its water
from a region of higher elevation where it crops
out. In this case the dynamical mechanism for
maintaining the pressure is the continuous renewal of the water at the outcrop by rainfall.
A second mechanism for producing abnormal
pressures is that of mechanical compression of
water-filled porous rocks. We have already seen
that, when a porous rock filled with water is
subjected to a mechanical compressive stress S,
the reaction to this stress is jointly divided between the solid support a and the fluid support
v p. Then, if the fluid is allowed slowly to escape
by leakage, the pressure p will gradually diminish, and the solid stress cr will increase, until
eventually a will be carrying the entire load.
Accompanying this process, the porosity of the
rock will diminish, and the bearing surfaces
between the grains and the strength of the rock
will increase.
Thus, if a readily compressible rock of large
porosity and low permeability, initially filled
with water at normal hydrostatic pressure, were

Pa — (Pa — Pw)/,

(138)

which shows that the bulk density p& varies
linearly from the mineral density pg when the
porosity is 0 to that of water when the porosity
is 1 (Fig. 26).
The significance of this is that, although the
porosities of claystones are measured only occasionally, bulk densities have been measured
extensively. In the Tertiary rocks of the Texas
and Louisiana Gulf Coastal region, according to
Nettle ton (1934), the mean density of the sediments, which are dominantly clays, increases
from 1.9 gm/cm3 at the surface to about 2.3 at
a depth of 5000 feet (1520 m). According to
equation (138), using 2.7 gm/cm3 as the mineral
density of moisture-free clay, this would correspond to a porosity of 0.47 at the surface and
0.235 at 5000 feet. Hence, roughly half the
water contained in the clays when near the
surface must have been expelled by the time
they were buried to this depth. This indicates
| two things: (1) that the clays are not ideally
impermeable, and (2) that during the expulsion
process the anomalous pressure inside the clay
must have been higher than that outside, for
otherwise no flow of water could have occurred.
From this it follows that the progressive
loading of a sedimentary section by continually
adding new sediments must create a continuing hydrodynamical condition characterized by anomalous pressures inside the com-
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pacting clays, and also inside less compactible
rocks such as sands that may be completely
embedded in such clays or otherwise isolated by
faulting.
In contrast to that produced by simple
gravitational loading, more drastic compression
can be produced by horizontal compressive
stresses of tectonic origin. By "stresses of
tectonic origin" is simply meant those stresses
which have been produced by causes other than
those directly attributable to gravitational
loading. In this case the greatest principal
stress Si is horizontal, while the least principal
stress Ss is vertical and equal to Szz, the weight
per unit area of the overburden. The effective
greatest and least principal stresses are, therefore,
= <TZZ = Szz — p.

(139)

Since, at a given depth, Szz is fixed, it follows
that, if <7i is increased more rapidly than the
pressure can be dissipated by the leakage of
water, p will increase until it reaches its maximum possible value of p = S,,. When this
occurs X will have the value of unity, whereby
the superincumbent material could be moved
tangentially with negligible frictional resistance.
At the same time trs would be zero, and a\ corresponding to failure of the rock, as given by
equation (7), would reduce to
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case where the clay is so completely uncompacted that the effective stress <7ZZ, which it is
able to provide in support of the overburden, is
small as compared with the total load 52Z.
In the orogenic compression, on the other
hand, since the pressure of the overburden is
now the least stress, no such limitation exists,
so that, if the rate of increase of the applied
stresses is sufficiently rapid as compared with
the rate of pressure dissipation, there is nothing
(except the possible presence of stronger rocks
such as sandstone or quartzite, which may act
as reinforcing plates) to prevent p from becoming equal to S,,, and X from becoming unity.
These inferences have in fact been extensively
investigated in soil mechanics (Taylor, 1948, p.
234-249; Terzaghi and Peck, 1948, p. 233-242)
in studies of consolidation of clays under nearsurface conditions. It has been found that if a
water-saturated clay is placed in a vertical
cylinder, with means for the escape of water
provided at the top and bottom, and a vertical
load is applied to the clay by means of a piston,
the water pressure inside the clay, as measured
by manometers, will rise abruptly upon application of the load and will then slowly decline—
more rapidly near the ends than in the middle—
as the water escapes from the interior of the
clay body. A more detailed theoretical treatment of the consolidation process is found in
the following series of papers by M. A. Biot
(1935a; 1935b; 1941; 1955; 1956).

<f\ = a,
the ordinary crushing strength of the material.
Hence an incompletely compacted water-filled
clay or shale, or other weak, low-permeability
rock, responds to deformational stresses by an
increase of the pressure of the water, and this, in
turn, weakens the rock by reducing the values
of the effective stresses necessary to cause the
rock to fail.
The magnitude which the pressure p may
reach has the upper limit p = Szz corresponding
to X = 1; but whether this limit may be reached
or approached depends upon the relative rates
of two opposing processes: the rate of application
of the deformational stress, and the rate of
pressure dissipation by leakage of the contained
water. Therefore, of the two processes for increasing the deformational stresses—that of
sedimentary loading in a tectonically quiescent
geosyncline, and that of the application of
orogenic stresses—the latter appears to be the
more effective. In the case of sedimentary loading, the water pressure should be able to approach the value X = 1 only in the limiting

Measurement of Pressures of Interstitial Fluids
The pressures of the interstitial fluids in
rocks penetrated by drilling may be measured
in various ways, but these fall into two principal
classes: (1) direct measurement of the pressure
by an instrument lowered into the well with the
depth interval in which the pressure is desired
isolated from the intervals above and below; and
(2) indirect measurements by means of the surface pressure, density, and length of a column
of fluid in the well which is in pressure equilibrium with the interstitial fluids in the isolated interval below.
Of these two methods, that of lowering the
instrument in the well is the more precise with a
potential accuracy of better than 0.1 per cent.
This also is time consuming and expensive, so
only occasionally are such measurements made.
Measurements of less accuracy, the order of 10
per cent, are those that result from determining what density the drilling mud must be
given in order to prevent the formation fluids
from entering the well. For various reasons,
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including expense, the density of drilling mud is
kept only slightly greater than that necessary
to retain the formation fluids. Consequently, as
higher anomalous pressures are encountered for
which the mud density is too low, this fact is
indicated by evidences of contamination as the
circulating mud returns to the surface, and also
by occasional pressure surges. It is thus possible
to determine empirically what mud density is
required to balance the interstitial fluid pressure and from this to obtain an approximate
measure of these pressures.
Since this balancing of the mud weight
against the pressure of the formation fluids
during drilling is a continuous process, it provides a fairly accurate log of the pressures of the
formation fluids throughout the depth of the
well. When in balance with the mud pressure,
that of the interstitial fluids is given by
p = P« + Pmgz,

(140)

where pm is the density of the mud, and pa is
the pressure at the wellhead.
A few decades ago it was difficult to obtain
stable drilling muds with densities much greater
than 1.5 gm/cm3. At that time if pressures
greater than those of a column of mud of this
density were encountered, it was necessary to
increase the pressure by adding an additional
pressure pa at the wellhead. Muds are now
available, however, which can be given any
density from just above that of water to the
mean density of the total overburden, that is
from about 1.1 to 2.3 gm/cm3. With such muds
the density can be so adjusted as to make an
additional well-head pressure unnecessary.
Occurrence of A bnormal Pressures
Since the geological occurrences of abnormal
pressures will be reviewed in some detail in
Part II, they will here be mentioned only
summarily.
Abnormal pressures in geosynclinal basins
with values of X at least as high as 0.9, which
presumably are the result of sedimentary loading, occur in the Gulf Coastal region of Texas
and Louisiana (Cannon and Craze, 1938;
Cannon and Sullins, 1946; McCaslin, 1949;
Dickinson, 1951; 1953; Anonymous, 1957),
north Germany (Thomeer, 1955, p. 7), East
Pakistan (Sekules, 1958), and have been reported without documentation in a number of
other basins of thick Tertiary sediments.
Abnormal pressures in tectonically active
areas occur in the deeper zones of the Ventura
anticline in California (Watts, 1948) where X

reaches 0.9, in Trinidad (Reed, 1946; Suter,
1954, p. 98, 118-119), in Burma (Abraham,
1937), in the Tupungato oil field in the Andean
foothills of Argentina (Baldwin, 1944), in Iran
(Mostofi and Gansser, 1957), and in the Khaur
field (Keep and Ward, 1934) and the Jhatla
well (Anderson, 1927, p. 708) on the Potwar
plateau of the Punjab in Pakistan, immediately
south of the overturned folds in the foothills of
the Himalaya Mountains.
Of these, two of the best documented are the
Khaur field in Pakistan and the Qum field in
Iran. A detailed account of the drilling of the
Khaur field has been given by Keep and Ward.
In this field abnormal pressures were encountered at shallow depths, and the abnormality
increased with depth (Fig. 27). Water and oil
sands at crestal depths of 5100 to 5500 feet were
penetrated in which the pressure was so great
that with muds weighing 88 to 90 lb/ft3, corresponding to densities of 1.41 to 1.45 gm/cm3,
it was necessary to apply well-head pressures of
1800 to 2000 lb/in2. Three specific sets of data
from which bottom-hole pressures, and hence X,
could be computed are the following:
Well-head Specific
pressure weight
of mud
(lb/in!)
(lb/ft')
2000
1800
2000

88
90
90

Bottom- OverDepth hole fluid burden
pressure
(ft) pressure
(lb/in2) (lb/in!)

5215
5215
5478

5187
5059
5424

X

5528 0.94
5528 0.92
5807 0.93

The computation of the pressure of the overburden is based on the authors' statement that
the mean of the measured densities of the rocks
was about 2.45 gm/cm3, which corresponds to
an overburden pressure gradient of 1.06
(lb/in 2 )/ft.
According to the account by Mostofi and
Gansser (1957), the discovery well, Alborz No.
5, of the Qum oil field in central Iran required
mud weighing 135 lb/ft3 (pm = 2.16) in drilling
an evaporite section from 7000 feet to below
8500. Before drilling into the reservoir rock, the
mud weight was reduced to 129 lb/ft 3
(pm = 2.06 gm/cm3), which would balance a
fluid pressure at X = 0.89 based on an overburden density pi, = 2.31. After drilling 2
inches into limestone, one of the most spectacular blowouts in the history of the petroleum
industry occurred, and the well ran wild, producing oil with little gas, for 3 months before
being brought under control.
All that can be said from the data is that the
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pressure in the reservoir corresponded to a
value of X greater than 0.89. This can in part be
accounted for by the hydrostatic abnormality
at the crest of an oil structure over that of the
water at the same depth. However, the fact that
FORMATION
2000

certain to an extent of 10 per cent. The density
of the overburden is uncertain by an amount of
possibly 5 per cent, and a comparable uncertainty exists with respect to the pressure
measurements.

PRESSURE ( I b / i n
3000
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FIGURE 27.—VARIATION OF PRESSURE, AND OF CORRESPONDING VALUES OF X, WITH DEPTH
IN KHAUR FIELD, PAKISTAN
Keep and Ward, 1934
135 lb/ft 3 mud, corresponding to a fluid pressure with X = 0.94, was required in the waterbearing section above leaves little doubt that
the abnormality of the water pressure in this
locality must be of the order of X = 0.90 or
higher.
Abnormal pressures arising at least in part
from the difference in pressure gradients between hydrocarbons and water occur conspicuously at the crests of the structures of
many of the Iranian oil fields. Data for eight of
these fields, obtained from British Petroleum
Company Limited sources, which have kindly
been made available by M. M. Pennell of W. C.
Connel, New York, are shown in Table 4.
Since a pressure gradient of 1 Ib/in 2 /ft corresponds to an overburden density of 2.31
gm/cm3, which is very close to the mean bulk
density of water-filled sediments, then the
value of X is given directly by the ratio of the
pressure in (lb/in2) /ft to the depth in feet. The
values of X in Tables 4 and 5 are probably un-

However, as in the case of the Qum field,
evidence that the abnormal pressures in this
region are not solely due to the difference in the
pressure gradients in oil and water is provided
in Table 5. Here, for 8 wells in the Agha Jari
field, and for 7 in the Naft Safid, the pressures
of water shows encountered while drilling gave
values of X ranging from 0.84 to 1.0, and for 10
of the 15 wells the values fell within the range
from 0.90 to 1.0. All these occurrences were in
the so-called Lower Pars formation, which is
composed of marls, anhydrite, some limestones,
and a great deal of salt.
Another instance of abnormal water pressures
in a drilling well, whose location was not specified by Cooke, but according to M. M. Pennell
(Personal communication) was in Chia-Surkh,
Iraq, has been described by Cooke (1955). In
this well, high abnormal pressures were encountered throughout a depth interval of 8000
feet, in which drilling muds with densities
seldom less than 2.0 and frequently greater than
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2.25 gm/cm3 were required. From the data
given the approximate variation of pressure
with depth is shown in Figure 28. It is interesting to note that in a high-permeability limestone

countered. They confirm beyond a doubt that
pressures almost great enough to float the total
overburden do in fact exist, and that these
appear to originate both from gravitational

TABLE 4.—DEPTH OF COVER AND ORIGINAL PRESSURE AT CREST OF IRANIAN OIL RESERVOIRS

TABLE 5.—WATER SHOWS ENCOUNTERED IN WELLS
DRILLED AT AGHA JARI AND NAFT SAPID FIELDS,
IRAN

Field*
Masjid-i-Sulaiman
Lali
Haft Kel
Naft Safid
Agha Jari
Pazanun
Gach Saran
Naft-i-Shah

Ratio of
to
Cover (ft) pressure
depth (lb/
inVft)
640
3900
1900
3000
4800
5700
2600
2300

0.88
0.76
0.74
0.98
0.71
0.68
0.83
0.95

X

0.88
0.76
0.74
0.98
0.71
0.68
0.83
0.95

* All these fields except Pazanun had active
seepages. Data from British Petroleum Company
Limited, courtesy M. M. Pennell, W. C. Connel,
New York.
section extending from 5500 to 9000 feet, the
pressure, although abnormal, has an essentially
hydrostatic gradient.
Still another instance of an abnormal pressure at the crest, in this case, of a gas field is
provided by the Lacq field in the Aquitaine
basin near the Pyrenees Mountains in France
(Berger, 1955). The crest of the gas accumulation occurs at a depth of about 3450 m, and the
deepest well drilled reached 4350 m without
reaching the gas-water contact. The pressure
at 3450 m was 645 kg/cm2; that at a depth of
4350 m was approximately 677 kg/cm2 (p.
1454, Fig. 1). Assuming a bulk density of 2.31
gm/cm3 for the overburden, these data give
0.81 and 0.68 as the values of X at the top and
bottom of the interval. The pressure gradient in
the gas was 0.355 kg/cm2/10 m. If the pressure
in the water at the gas-water contact were
normal, and the pressure gradient of the water
is 1.08 kg/cm2/10 m, then this contact would
have to occur at a depth of 7150 m, giving a gas
column 3700 m in vertical extent. Since a
column of this length appears unlikely, it is
probable that the subjacent water has some
degree of abnormal pressure also.
Most of the foregoing evidences of abnormal
pressures have become available during the last
25 years as the result of drilling progressively
deeper for oil in widely separated geographical
areas and the development of more reliable
methods of measuring the fluid pressures en-

Well

Depth of
show* (ft)

Ratio of
pressure to
depth (lb/
in'/ft)

X

AJ5
AJ 10
AJ 18
AJ22
AJ24
AJ25
AJ27
AJ36
W7
Wll
W 13
W 14
W 16
W21
W24

8354
4703
3010
6314
4681
7012
2445
4846
4870
4999
3147
4885
4538
5226
3712

0.85
0.84
0.90
0.97
0.83
1.00
0.86
0.91
1.00
0.94
0.97
0.91
0.87
0.98
0.91

0.85
0.84
0.90
0.97
0.83
1.00
0.86
0.91
1.00
0.94
0.97
0.91
0.87
0.98
0.91

* All these shows occurred in the so-called Lower
Fars composed of marls, anhydrite, some limestones,
and a great deal of salt. Data from British Petroleum Company Limited, courtesy M. M. Pennell,
W. C. Connel, New York.
loading, in the case of geologically young sedimentary basins, and from active tectonic compression. Then, if we consider the epochs of intense orogeny which have occurred during the
geologic past during which geosynclinal sediments having aggregate thicknesses of the order
of 10 km have been involved, and consider
further that the pore spaces of these rocks have
been filled with water, it is difficult to escape
the conclusion that in response to the tectonic
compression the pressure of this water must
often have been raised to the limit. If so, not
only would the conditions favorable for faulting
have existed, but the same conditions would
greatly facilitate other types of deformation as
well.
EXPERIMENTAL CONFIRMATION
Recent Tests on Clay
In addition to the triaxial tests on concrete
by McHenry, and on rock by Handin, described
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earlier, several other types of experimental evidence strongly support our earlier inferences.
It is a common observation in field geology that
bedding-plane faults occur more often within
shale sections than in beds of harder rocks. In

internal pore pressure is completely dissipated.
These are the so-called "undrained" and
"drained" tests.
For the undrained tests, as the total stress is
increased, the pore pressure increases by the

FORMATION PRESSURE (lb/in )
aOOQ
6000
8000
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X
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FIGURE 28.—APPROXIMATE PRESSURE-DEPTH RELATIONS OF WATER IN WELL IN CHIA-SURKH, IRAQ
Cooke, 1955
view of the greater mechanical weakness of
shales than of sandstones and limestones, this
has led to the reasonable inference that wet
clays facilitate fault motion by acting as
lubricants.
Earlier triaxial tests on clays made in various
soil-mechanics laboratories tended to support
this viewpoint since the angles <£ of the Mohr
envelopes were commonly very much less than
30 degrees, with correspondingly small values
for the coefficient of friction. Moreover, different
tests gave different results so that no consistent
relationship in the mechanical behavior of wet
clays was apparent.
Work done during the last decade (Bishop
and Eldin, 1950-1951; Bishop and Henkel,
1957), however, has largely dispelled this
anomaly and has shown that the angle of internal friction is not significantly different from
that of other rocks. This has resulted from tests
on water-saturated specimens in which the contained water may be completely retained by an
impermeable jacket, or else may be expelled as
the specimen is slowly compressed so that the

same amount so that the effective normal stress
ff remains constant. Thus, if, for a given value
of the least effective stress <r3, failure occurs at a
given value of 01, then the stress difference
ffi ~ 0-3 corresponding to failure will be
<ri — 03 = (Si — p) — (S3 — p) = 5i — 53 = const
for all values of Si and S3.
If a Mohr diagram be plotted for a succession
of pairs of values of Si and Ss corresponding to
failure, the result will be a series of circles of
constant radius whose centers lie at increasing
distances out on the 5-axis. The angle <t> of the
envelope of these circles will be zero, and the
Coulomb equation (3) for the shear stress along
the plane of slippage

T = T0 + S tan <t>
will reduce to the constant shear stress
T =

(Si - S3)/2.

Thus the clay will have an initial shear strength
To but a zero coefficient of friction with respect
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to increments of the total normal stress (Fig.
29<z).
On the other hand, the drained tests (Fig.
294) on the same materials, in which the stresses

fall away from the geostatic curve with increasing depth.
Thus, as shown in Figure 25, in a stratigraphic
section there are certain favored localities for

$30

r

= 30°

FIGURE 29.—CHARACTERISTIC BEHAVIOR OF CLAYS
(a) In undrained tests, and (b) in drained tests (Bishop and Henkel, 1957, p. 10-21).
are increased very slowly and the water allowed
to escape and completely dissipate the internal
pore pressure, give results which are in all
essential respects like those for other rocks,
including values for the angle <t> of about 30
degrees.
The earlier inconsistencies arose from the
failure to distinguish between total stresses and
effective stresses when testing water-saturated
clay specimens. When this distinction is made
and only the effective stresses are plotted on the
Mohr diagrams, the anomaly vanishes.
The significance of this to the overthrust
problem is that clays, because of their low
permeabilities, are among the most favorable
habitats for abnormal pressures since, when
these rocks are compressed either by gravitational or by tectonic compaction, the slowness
with which the water is able to escape prevents
the pressures inside the clays from being rapidly
dissipated. In a high-permeability sand or
fractured limestone, on the other hand, even if
the pressure at the upper surface were at the
maximum value corresponding to X = 1, the
pressure gradient within the rock would have
the normal value ptt.g, and the pressure would

the fluid pressures to approach most closely to
the geostatic pressures, and these appear to be
inside thick shale or evaporite sections, whereas
in a highly permeable rock the largest value of
X should be at its upper surface, and the lowest
value at its base. These circumstances not only
favor shales and evaporite sections as surfaces
of least frictional resistance to slippage, but
they also show that the supposed lubricating
effects of such rocks are in reality the consequence of the high pore pressures of the contained water rather than of an intrinsically low
coefficient of internal friction.
Terzaghi (1950, p. 88-105, 119-120) has
made explicit use of this property in his explanation of low-angle landslides in loose soils.
In several instances he has shown that sliding
occurred on gentle slopes when the water pressures in the clays became great enough to reduce the frictional resistance to sliding until it
became equal to the gravitational force acting
on the block down the given slope.
Concrete-Block Experiment
For a direct confirmation of the theory, the
laboratory experiment shown in Figure 30 has

EXPERIMENTAL CONFIRMATION
been devised. This consists of a base of porous
concrete, in a water-tight box, with a plane
horizontal upper surface, upon which rest one
or two blocks of cast concrete. Surrounding the
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the O-ring and the water. For pressures below
pi the blocks are supported jointly by the
O-ring, the concrete, and the water. Let us consider the range from p? to pi as constituting

FIGURE 30.—APPARATUS FOR MEASURING REDUCTION OP SLIDING FRICTION AS UPLIFT
PRESSURE is INCREASED
top of the base block is an O-ring, made of
laboratory rubber tubing, which is inflated to
retain water admitted under pressure through
the base of the bottom block. The object of the
experiment is to determine the effect upon the
shearing force required to slide the upper blocks
over the lower as the fluid pressure p at the
plane of contact is gradually increased.
The problem is somewhat complicated by the
necessity of having to use the rubber O-ring to
prevent leakage of the water. This results in a
division of the total shear force Ft required to
slide the block into two components, Ftr and
Ftc, required, respectively, to overcome the
frictional resistance of the rubber and of the
concrete. The component Ftr was made as
small as possible by lubrication, but in no
instance could it be made negligible.
The experiment accordingly divides itself
into two phases. The water pressure may have
any value from 0 to pi, the pressure required to
support the total weight of the upper concrete
blocks. Within this range there is an intermediate pressure pi above which contact is lost
between the upper and lower concrete blocks,
and the upper blocks are supported entirely by

Phase I of the experiment, and the range from
pi to 0 as Phase II.
For Phase I we deal only with friction between the upper block and the O-ring. If we let
Ft be the horizontal shearing force applied to
the upper block, Fm be the normal force between
this block and the O-ring, then from the law of
sliding friction
Ftr/Fnr = tan

(141)

will be the coefficient of friction between the
rubber and the concrete. If W is the weight of
the block, and A is the area over which the
pressure p is applied, then
Fnr = W - PA,

(142)

which, when introduced into equation (107),
gives
Ft = ia.n<t>r(W - pA).

(143)

This indicates that, within the range of pressures represented by Phase I, the values of the
total shearing force Ft, required to slide the
blocks, when plotted graphically against the
quantity (W — p A ) , should fall along a straight
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line passing through the origin with slope
tan <j>r.
When the pressure is reduced to pi, contact
is made between the upper and lower concrete
blocks, preventing any further compression of
\
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FIGURE 31.—OBSERVATIONAL DATA FROM SLIDING-BLOCK EXPERIMENT
the rubber O-ring. Consequently, during Phase
II both the uplifting force and the frictional
force exerted by the rubber O-ring retain their
constant values Fh and Fnn reached when the
pressure was reduced to p\. In this phase then
the frictional resistance of concrete on concrete
can be evaluated by our being able to eliminate
the previously determined effect of the O-ring.
In this case
tan <t>c = r/a = F,c/Fnc,
or

Ft, = Fnls tan0 e ,

(144)

where tan <j>c is the coefficient of friction between the concrete blocks, and Ftc and Fnc the
shearing force and normal force, respectively,
between the blocks. The total shearing force
required to move the upper block will accordingly be
Ft = Ftl + Ftc,
(145)
and the normal force exerted by the lower concrete block on the upper will be
Fnc = (W - pA - Fnri).

(146)

Combining equations (145) and (146), we

which again is a linear equation between Ft and
(W — pA), with a slope, in this instance, of
tan <j>c.
Hence, if the experimental data for Ft are
plotted against (W — pA), the curve should
follow two successive straight-line segments, the
first according to equation (143) passing through
the origin and continuing with an angle of slope
4>r to the abscissa (W — piA). From this point
the curve should continue with an abrupt
change of slope from tan <£r to tan <f>c.
A graph of the experimental data based on
131 measurements is given in Figure 31. Notwithstanding the fact that the scattering of the
points caused by experimental error is fairly
wide, the data agree very satisfactorily with the
theoretical predictions. As the fluid pressure
was increased, the force required to slide the
upper blocks diminished, so that at the higher
pressures the 252-kg (550 lb) blocks could easily
be slid with one hand. It should be kept in
mind that at those higher pressures the experiment was in Phase I, and the coefficient of
friction in that phase was that of concrete on
rubber O-ring. Nevertheless, at those pressures,
where the \ of Phase I was approaching unity,
the force required to move the block was that

EXPERIMENTAL CONFIRMATION
of only a few kilograms of weight, whereas, with
the full weight of the blocks resting on the
0-ring, the force required would have been that
of about 36 kg of weight.
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between the metal and the glass without affecting the tangential component. The can stops at
the edge of the glass because the pressure is
released.

FIGURE 32.—BEER-CAN EXPERIMENT
Beer-Can Experiment
A more elegant demonstration, originally suggested as a result of an accidental observation
by M. A. Biot (Personal communication), can
be made with a piece of plate glass and an
empty beer can open at one end.
A piece of plate glass a meter or so in length
is cleaned with a liquid or nonabrasive detergent
so that it will retain a continuous film of water.
On this glass, which is first wet with water, is
placed in upright position an empty beer can.
The glass is then tilted until the critical angle
<j) is reached at which the can will slide down the
surface. This angle of approximately 17 degrees
gives for the coefficient of friction of metal on
wet glass a value of about 0.3.
Next, the beer can is chilled, either by being
placed in the freezing compartment of a refrigerator or in a container of solid carbon
dioxide, and the experiment is repeated. The
can is first placed on the glass with its open end
upward and the angle of sliding redetermined.
It is found to be the same as that previously,
indicating that the coefficient of friction of the
metal on wet glass is not temperature sensitive
within this range of temperature.
Finally, with the angle of slope of the glass
fixed at about 1 degree, the can (rechilled if
necessary) is placed on the glass with its open
end downward (Fig. 32). In this case it will slide
down the slope the full length of the plate, but
will stop abruptly at the edge.
The physical reason for this behavior is
exactly the same as that which we have deduced for the case of overthrust faulting. As the
cold can becomes warm the air inside expands
and causes the pressure to increase. This, in
turn, partially supports the weight of the can
and so reduces the normal component of force

The formal theory of the experiment is the
following: Let Fn be the normal component of
force exerted by the beer can on the glass, and
Ft the tangential component. Sliding will
occur when
Ft/F» = tan 4>.
(148)
If 6 be the angle of tilt, p the excess pressure
of the air inside the can over that outside, A
the base of the can, and m its mass, then
Ft = mg sin 9,

(149)

Fn = mg cos 9 - pA.

(150)

Then, if we let
pA = \(mg cos e)

(151)

and introduce this into equation (ISO), we
obtain
Ft
Fn~

an

mg sin 6
tan 0,
~ (1 - X)mg cos e ' 1 - X

or
tan 6 = (1 — X) tan <j>.

(152)

Since this is the same equation and has the
same physical basis as that derived earlier for
the case of gravitational sliding of fault blocks
[equation (117)], the beer-can experiment constitutes a legitimate confirmation of the validity
of the earlier equation.
Bearings of the Mount Palomar Telescope
A striking example of the use of substantially
the same principle occurred in the design of the
bearings for the 200-inch telescope at the Mount
Palomar Observatory (Karelitz, 1938). The
telescope and its frame weighs approximately a
million pounds (or 450 metric tons), yet the
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frictional forces opposing rotation that could be
tolerated in the design were very much less
than those which would be produced by any
known bearing material. The problem was
solved by supporting the telescope and its
mount on five large bearings, each consisting of
an open wide-rimmed box upon which the load
rested. When in operation oil is pumped into
each box at a pressure great enough to support
the load without metal-to-metal contact, with
the oil continually escaping through the narrow
space between the rim of the bearing box and
the load.
According to Karelitz, this gave an equivalent
coefficient of friction of 2.6 X 10~6 at the
driving speed of the telescope, and a Ha-horsepower motor is more than adequate as a source
of power.
The support in this case differs from the
hydraulic support for fault blocks with which
we are concerned only in that the pressure p is
maintained at such a value that X is always
unity. At smaller values of p and X, the frictional resistance of the bearings would be given
by an equation analogous to (117) and (152).
GENERAL SUMMARY AND CONCLUSION
Despite the widespread empirical evidence
for the existence of large-scale overthrust
faults which has been accumulating for more
than a century, a satisfactory mechanical explanation of this phenomenon has proven to be
extraordinarily difficult to develop. However, as
a result of an understanding which currently is
evolving concerning the mechanics of fluidfilled porous solids, it appears that we now have
a simple and adequate means of reducing by the
required amount the frictional resistance to the
sliding of large overthrust blocks.
This arises from the circumstance that the
weight of such a block per unit area SZ2 is jointly
supported by a solid stress ffzz and by the pressure p of the interstitial fluids, whereby
whereas the critical shear stress required to
slide the block depends only upon <rzz in accordance with the equation
Tcrit — 0"z2 tan </>.
Then, when the value of azz from the preceding equation is substituted into the one
immediately above, we obtain
7-crit = (Siz — p) tan 0,
from which it is clear that as the fluid pressure
p approaches 522, corresponding to a flotation

of the overburden, the shear stress required to
move the block approaches zero.
Most rocks are to some degree porous, and
beneath shallow depths their pores are usually
filled with water. In a nearly static state the
pressure of this water at any given depth would
be approximately equal to that of a column of
water extending from this depth to the surface
of the ground. The pressure corresponding to
such a state is taken as a reference or "normal"
pressure field. However, if bodies of porous and
mechanically weak, rocks of low permeability,
such as clays and interbedded clays and evaporites, which were initially filled with water at
normal pressure, should be subjected to an
increased compressive stress, the pressure of the
water would be raised, and the water would
tend to be expelled, and the rock to become
compacted.
Two ways geologically in which such compressive stresses can be applied are by means of
gravitational loading by continued sedimentation in a subsiding geosynclinal basin, or by the
application of tectonic compressive stresses
during periods of orogeny. The maximum value
that the pressure p can attain is p = Szz. In the
case of gravitational loading, the maximum
principal stress is vertical so that the pressure
p can only approach Sz! as a limit. Under
tectonic compression, however, the maximum
stress is horizontal and hence greater than 5ZZ.
In this case the pressure p can readily be raised
until it is equal to Szz.
Observations made during recent decades in
oil wells drilled in various parts of the world
have shown that fluid pressures of the order of
0.9SzZ, and greater, occur both in geosynclinal
basins and in areas which are probably being
compressed tectonically at present.
It therefore appears that, during periods of
orogeny in the geologic past, which often have
affected sedimentary sections many kilometers
thick, the pressure in the water contained in
large parts of these sediments must have been
raised to, or approaching, the limit of flotation
of the overburden. This would greatly facilitate
the deformation of the rocks involved, and the
associated great overthrusts, whether motivated
by a push from the rear or by a gravitational
pull down an inclined surface, would no longer
pose the enigma they have presented heretofore.
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