








Ground heave attributable to injec-
tion-induced volumetric expansion of
substrata apparently has not generally
given rise to secondary problems, per-
haps because injection programs usually
involve relatively small quantities or,
not infrequently, are carried out in
areas simultaneously or previously af-
fected by subsidence and perhaps lack-
ing structures such as reservoirs that
could be seriously damaged. However,
another side effect of high-pressure in-
jection is the weakening of substrata
that inevitably accompanies artificially
induced increases in fluid pressure. This
will occur in both cemented and un-
cemented rock materials; it can be more
easily visualized in the case of unce-
mented sediments such as those in the
Baldwin Hills.

The shear strength of unconsolidated
sediments is mainly frictional and can
be related to the quantity previously de-
scribed as the effective stress. This can
be shown experimentally by confining
a sand specimen in a box (or flexible
membrane) and then causing the speci-
men to fail by shearing. The shear
stress on the failure plane at failure
will be, for a typical sandy sediment,
about 0.6 times the normal stress on
the failure plane (Fig. 11A). This rela-
tion holds in a simple solid-fluid sys-
tem, if the effective stress is taken as
the normal stress. It can also be dem-
onstrated theoretically and experimen-
tally that the relation between major
and minor principal stresses (effective
stresses) at failure for the same ma-
terial will be approximately as shown
in Fig. 11B.

Subsurface stresses in relatively un-
consolidated sediments under condi-
tions of normal (gravity) faulting are
approximately as shown on Fig. 11B.
The major principal stress is vertical;
expressed in terms of effective stress, it
is equal to the pressure exerted by the
weight of the overburden less any fluid
pressure. The faulting is by definition a
shear failure of the material, from
which it may be deduced that the hori-
zontal effective stress is at or near one-
third the vertical effective stress.

Figure 12 illustrates the fluid pres-
sure on a hypothetical system at a
depth of 1600 feet—the depth of in-
tensive injection activity in the east
block—and initially in a state of incipi-
ent normal faulting. A geostatic pres-
sure gradient of 1 pound per square
inch per foot is assumed; thus, total
vertical stress is 1600 pounds per square
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Fig. 11. Typical failure conditions in un-
cemented sediments: (A) as determined
by laboratory tests; (B) Mohr failure cri-
terion.

inch. The hydrostatic fluid pressure
gradient is 0.43 pound per square inch
per foot of depth, or 690 pounds per
square inch at a depth of 1600 feet.
From Eq. 1, effective vertical stress is
then 1600 less 690, or 910 pounds per
square inch. Horizontal stress includes
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Fig. 12. Hypothetical natural stress condi-
tions in element at a depth of 1600 feet.
Normal faulting is imminent.

a fluid stress component, equal to the
assumed hydrostatic fluid pressure of
690 pounds per square inch at a depth
of 1600 feet, and an effective stress
component that, under the assumed
state of limiting equilibrium, is about
one-third of the vertical effective stress,
or 303 pounds per square inch.

Reduction of fluid pressure increases
both major and minor principal stresses,
produces compression of the element,
and, by reduction of the ratio of prin-
cipal stresses, “backs away” from the
critical state of shearing equilibrium.

Increase of fluid pressure has an op-
posite, destabilizing effect. If the fluid
pressure is raised beyond the natural
hydrostatic condition, the principal
stress ratio will tend to increase, a con-
dition not compatible with the pre-
viously defined state of limiting equi-
librium; shearing will then occur and
will continue until some readjustment
of stresses restores equilibrium.

If normal faulting had occurred in
the distant geologic past but a readjust-
ment of stresses had since provided a
margin of safety against reactivation of
existing normal faults, and if subsidence
were not contributing to disequilibrium,
then the initial stress condition in the
east block area might be somewhat dif-
ferent from the postulated condition of
limiting equilibrium. However, unless a
recent and major change in orientation
or magnitude of principal stresses in the
vicinity of the east block is postulated,
it is reasonable to assume that the ratio
of horizontal to vertical effective
stresses across the recently active, nor-
mal fault planes would be no greater
than about 0.5, a typical ratio obtaining
in “normally consolidated” sediments
under tectonically quiescent conditions.
In this case the initial horizontal effec-
tive stress would be 455 pounds per
square inch for the example in Fig. 12,
and a fluid pressure increase from 690
to 915 pounds per square inch (gradi-
ent increase from 0.43 to 0.57) would
be required to reestablish the limiting
principal stress ratio of one-third;
hence, faulting would be activated in
the ground affected by such a pressure
increase. It would thus appear that only
a small increase in fluid pressure (a
gradient of 0.6 or less) should be suffi-
cient to trigger at least local shear
failure in the east block, even if the
material was not stressed to the point
of failure by subsidence or active nor-
mal faulting.

The relation of fluid pressure to for-
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mation fracturing has been treated by

Hubbert and Willis (19), who show that.

hydraulic fracturing will occur in tec-
tonically relaxed regions at injection
pressure gradients of less than 1. In the
above example, the reduction of hori-
zontal effective stress (455 pounds per
square inch) to zero should result in
fracturing along vertical or near-ver-
tical planes and would occur at an in-
jection pressure gradient of 0.62. As
demonstrated above, this hypothetical
fracture condition is statically inadmis-
sible, given the shear failure criterion
adopted for the material, without read-
justment of stresses, which could arise
only through shear deformation. The
history of difficulties with injectors in
the east block and comparison of in-
jection gradients with fracture gradients
in similar tectonic environments leave
little doubt that fracturing could (and
did) occur in the east block at injection
gradients well below 1.0. Fracturing
would and doubtless did result in ex-
tension of the effects of a single injector
to points hundreds or thousands of feet
away from the injection interval, thus
exposing large volumes of sediment to
the elevated injection pressures soon, or
perhaps immediately, after the raising
of pressure at the wellheads. Moreover,
fracturing must have been accompanied
by shear deformation, unless initial hor-
izontal and vertical stresses in the injec-
tion zones were equal, which was cer-
tainly not the case in the recently
faulted sediments comprising the east
block.

In the Baldwin Hills east block area,
injection pressure gradients of as much
as 0.9 were employed, and relatively
large bodies of ground, including an
extensive reach of the Reservoir fault,
were subjected to pressure gradients
greater than 0.7. The history of casing
failures in injection wells, sudden injec-
tion pressure losses, uncontrolled major

entries of fluid at the tops of injection
intervals (leading in at least one inci-
dent to discharge of injection fluid at
the ground surface), all indicate that
injection pressures were high enough
to markedly reduce, or, in some areas,
locally to eliminate the shear strength
along preexisting fault surfaces and,
also locally, to “fracture” the formation
hydraulically and to create new frac-
ture surfaces. The weakened zones
must have been confined initially to
the immediate vicinity of the injection
wells, but subsequently, as new injec-
tors were put into operation, relatively
larger volumes of material became af-
fected. In the case of the Reservoir
fault, significant shear displacement
probably had occurred along much of
the break by mid-1963, and, at the end
of that year, rupture propagating to
the ground surface was of sufficient
magnitude to shear the clay lining of
the Baldwin Hills Reservoir and cause
its failure.

Conclusions

That the earth-crack ground ruptur-
ing of the Baldwin Hills was genetically
related to high-pressure injection of
fluid into the previously faulted and
subsidence-stressed subsurface seems
established beyond reasonable doubt.
The fault activation appears to be a
near-surface manifestation of stress-
relief faulting triggered by fluid injec-
tion, a mechanism identified as being
responsible for the 1962-65 Denver
earthquakes and for generation of small
earthquakes at the Rangely oil field in
western Colorado (20).

These examples of fault activation
through the response of stressed ground
to artificially induced increases in sub-
surface fluid pressure demonstrate some
of the mechanically predictable conse-

quences of injection of fluid into the
ground, a practice that is becoming in-
creasingly widespread not only in sec-
ondary oil recovery operations but as a
means of industrial waste disposal and
groundwater management.

Experience in the Baldwin Hills sug-
gests that, although fluid injection op-
erations may be carried out for bene-
ficial purposes, the effects of such
injection on the geologic fabric can be
serious and far-reaching.
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