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Abstract

The paper demonstrates that a linear elastic finite element
calculation can provide a good indication of the ground surface
subsidence and horizontal movements caused by fluid removal from an
0il field. The case history used for comparison purposcs was the
Inglewood 0il Field, Los Angeles, California, which included the
site of the Buldwin Hills dam failure in 1903, believed by many to
be related to the oil field induced ground movements.

sSommaire

LTarticle d@uontre comment L'utilisation des Cifiments finis en
Elasticitf linfaire peut donner une bonne indication des tassoements
en surface et des ufplacements horizontaux provoques par 1i'extraction
de fluide dans un champ de pérrole. Le cas considéird pour illus-
tration est le champ de pétrole Inglewood & Los Angeids, California
gui englobe le site du barrage de Baldwin Hills, dont la rupture en
1963 est consiaérde par beaucoup comme lieé aux mouvements de surface
causés par le champ de petrole.

introduction: This paper reporits the results ol a study to check
the validity of using a linear elastic finite element approach iov
calculating the nature and magnitude of horizontal zround movements
to be expected from subsidence due to fluid withdrawal from a con-
fined vil field. Geotechnical engineering abounds with examples of
horizontal ground surface movements which develop in association with
vertical subsidence. The best hnown examples involve mining opera-
tions, but other examples include soil consolidation and pumping of
fluids (0il and water) from underground resevvoirs. Many methods
have been proposed for quantifying the amount of vertical and hori-
zontal movements that will develop under various natural and man
imposed conditions, ol which the finite element method is thought to
be the newest and most versatile, 1t has been shown tou give reason-
ably good checks against field case history data for some model tests
and dam settlement (Lee and Shen, 1969), salt mine collapse (l.ee and
Strauss, 19069) and subsidence due to oil pumping at Long Beach,
California (Lee, 1975).

An additional case history comparison between obscrved and com-
puted ground movements caused by oil pumping from an underground
reservoir is presented herein. Tiis case history is particularly
significant because of the failure of an importanc carth dam which
was located in the subsidence bowl. Although many detailed
engineering investigations have been conducted and expert opinions
expressed on factors pertaining to this dam failure, there still
appears tu be no consensus of opinion as to whether or not the
failure was caused predominantly by the o0il field operations
(Casagrande et al, 1972; Castle and Youd, 1972; Hudson and Scott,
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1965; Investigation, 1964; Jansen et al, 1967; Leps, 1972). This
paper does not intend to indicate blame for the dam failure, but
rather to investigate the ability of the calculation technigue to
reproduce the observed ground movements. The dam failure merely
adds an interesting and perhaps instructive aspect to the discussion,

Case History Description: Details of the Baldwin Hills area,

the underlying Ingiewood 0il Field and the dam are readily available
so that only a brief summary need be repeated here. The Baldwin
Hills area lies within the city of Los Angeles, midway between the
International Airport and Downtown. 0il was discovered in 1924 and
significant oil production has continued from that time to the
present.

A water storage reservolir was constructed during the years 1948
to 1951 by excavating intu a hilltop and building an earth dam across
a small valley with the excavated soil. On Dec. 14, 1963, the dam
failed by croding a V-notch through the embankment. The ensuing
flood damaged a lavge portion of the city ro the north below the
reservoir to the extent of abour 15 million dollars and killed 5
weople,

The ground conditions at Baldwin Hills consist of dinterbedded
shales and sandstones which extend to a depth in excess of 20,000 ft.
is sedimentary rock material is similar to that at Long Beach,
where some engineering property data are available (7). These
Long Beach data were also used in this study because the sedimentary
rock was belicved to be similar.

The major vil producing zones at Baldwin Hills occur within a
depth range of about 1000 to 1500 ft below the surface, but some
smaller amounts of oil are produced at depths ranging up to 10,000 frt.
Good records of oil rescrvoir pressures are unavailable (Castle and
Yerkes, 1969), but such data as exlist suggest that prior to any oil
produciion, the initial pore fluid prossure, u,, in Southern Califor-
nia oil fields ;ncrcdaes nvdrostatically with depth, D, below the
surface according to the eguation, ug = 1{, D, where 3@ = gl 1b per
cu £ty the unit weight ul sea water, It is further estimated
{(Investigation, 1964) that the reservoir pressure in the zone of
major production veduced to about 30 psi (#.3 ksf} as the oil was
removed .,

The exaet magn des of ground subsidence and horizontal move-
ments in the Baldwin Hills area are somewhal wvpcertain. Two original
surveys were conducted in 1911 and 1917 respectively, before oil was
discovered. The next surveys were not until afier vil production
began and considerable movewents had developed causing shifts in the
basic bench marks. The ground movements presented herein ave
believed to be )pr\xxmaLLl/ correct, at least within sufficient
accuracy fur the wurpoa>s of this paper.

A plan of subsidence rate contours in the Baldwin Hills avea
{as oi 19061} is savwn in Fig. 1. The available data do not permit
drawing conteurs of tutal subsidence. However, the data do define
a rpyical bowl shaped subsidence pattern. Vectors of measured
total horizontil movements for a known period of time are also shown.
As typical in all subsidence cases, the direction of the horizontal
movements is toward the center of the subsidence bowl. This leads
to extension straius (with the possibility of ground cracks) at the
outer edges of the bowl and compression near the center. Indeed,
therce are nunerous ground cracks at the edges of the Baldwin HJlls
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subsidence bowl., The crack pattern is complicated however, by the
existence of several pre-existing old near vertical tectonic faults.
Two of these faults pass through the Baldwin Hills Dam, and the
seepage piping failure of the dam occurred at the location of one
of these faults,

One hypothesis (Casagrande et al, 1972) for the cause of the
dam failure is that the lining of the reservoir was inadequate and
that the material within the fault zone was highly erodable. Thus,
when seepage water penetrated through the asphalt lining of the
reservoir it then washed out the material along the fault, accelera-
ting with time to produce a complete piping failure of the dam.

This action is viewed as being independent of any subsidence induced
horizontal extension strains at the fault. An alternate hypothesis
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(Leps, 1972) favors the opinion that subsidence led to extension
strains at the fault which initiated the above described erosion
process.

A photograph looking from south to north over the Baldwin Hills
reservoir and dam after failure is shown in Fig. 2. With the water
drawn down, a crack could be traced through the reservoir from the
V-notch at the top of the photograph to the pavement at the construc-
tion joint in the parapet wall at the bottom of the photograph.

This crack followed the pre-existing fault trace shown in Fig. 1.
Certainly the weak soil in the pre-existing tectonic fault zone
contributed to the failure, but the question still remains whether
or not the fault opened to develop a crack in the foundation as a
result of oil field subsidence induced horizontal ground motion.

Fig. 2 Photograph of Failed Baldwin Hills Dam Looking
North Along Reservoir Faults. Construction Joint
has opened and Pavement in Front has Cracked
Recently.

A chronological history of significant ground movements and
related events at the Baldwin Hills area is shown in Fig. 3. Note
the well defined relation between reservoir pressure drop, oil
production and ground movements. The data in Fig. 3d are particular-
ly interesting in that they show the widening of a crack in an
inspection tunnel which crossed the fault through the reservoir,
This extensior strain movement continued progressively with the
0il production and ground subsidence up to the time of failure.
The reservoir pressures (Fig. 3a) were obtained at one of the
producing wells, It is expected that the average pressure in the
field away from the well would not have reduced as fast as at the
well (Castle and Yerkes, 1969).
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Finite Element Model: The element modeling technique used herein
was essentially the same as used by Lee (1975) in a similar study

of the movements at the Wilmington 0il Field in Long Beach. The
model and the pressure changes are shown in Fig. 4.

The finite element program was a standard axis-symmetric,
linear elastic program written by the writer. From the Lee (1975)
data, Poisson's ratio was taken to be 0.1 and Young's modulus was
assumed to vary with depth (D ft) according to the equation

E = 500 pU-> pst w

The loading used to simulate the oil removal was defined in
terms of changes in pore pressure throughout the producing zone
shown by the shaded areas in Fig. 4. The three dimensional extent
and the magnitude of these pore pressure changes were estimated
from the known limits of the oil field (Fig. 1) along the Section
BB', and the other information described above. No data were
available for pore pressure changes in the deep zones, but since
the deep zones were not the source of major oil production, it was
reasoned that it would likewise not by a zone of major pore pressure
change.

Following the basic principle of effective stress and as de-
scribed by Lee (1975), the only net loading that need be considered
in the analysis is the isotropic change in effective stress which
is equal and opposite to the change in pore water pressure,

AQ' = = Au. No other loading changes occurred, and the calcula-
tions were intended to define the movements caused by only this
change in loading. Therefore, the appropriate values of Ag' at the
center of each element within the shaded producing zone (Fig. UY)
were converted to nodal point forces as the sole source of loading.

It should be noted that the extent of the oil producing zone
and the pore pressure reduction used in the analysis correspond to
the 25 year period, 1937-1962, because the data available to the
writer pertained to this period. Note also that the oval shaped
producing zone (Fig. 1) has been approximated in the calculations
by a circle of radius, R = 2000 ft with an assumed linear transition
zone of pore pressure reduction beginning at R = 1250 ft and
extending to R = 3000 ft where Au = 0.

Calculated Ground Surface Movements: The computer output from a
finite element calculation provides detailed information concerning
deformations, strains, and stresses at every location within the
grid system. For this study, only the movements at the ground
surface were of interest, since this was the only location where
actual observed field data were available. Note however, that in
a previous similar study by Lee (1975), the calculated results at
various vertical as well as horizontal locations were of interest
since they could be compared with field measured data within the
ground as well as at the ground surface.

The calculated ground surface movements at the Baldwin Hills
area are shown in Fig. 5 along with field measured data points.
In considering a comparison between measured and calculated move-
ments, a few brief comments on the measured data are appropriate.
The horizontal movement data over the periods shown in Fig. 1 are
believed to be fairly reliable. The three points closest to Sec. BB
have been transferred to this section and are shown in Fig. 5. The
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vertical subsidence profile follows the shape of the subsidence rate
contours in Fig. 1, with magnitude interpolated on the basis of the
measured vertical subsidence at bench mark PBM 68 (Fig. 1 and 3)
which Castle and Yerkes (1969) believe to be the most correct. The
single strain data point was obtained from a measured extension of
0.4 ft in the 1100 ft long NE-SW diagonal of the Baldwin Hills water
reservoir between the 13 year period 1950-1963. Assuming that the
stretching would be proportional to the measured subsidence at

PBM 68 back to 1937, a value of horizontal extension strain of 0.1
vercent was obtained for the 25 year period at this location. As
can be seen in Fig. 5, there was excellent agreement between the
calculated and the observed field ground surface movements along

the section BB'.
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 Comments: A simple linear clastic finite element
calculation has been used to calculate ground surlace verticat and
poprizontal movanents for comparison with measured field data. The
purpose of thi

Concluding

study was to check whether this method of caleulation
would be abile to reproduce the observed movements, and therefore
would it be reasonable to use the method for Tuture studies of
similar problems. The results sugyest an affirmative answer Lu each
of these guestions. Furthermore, the reader is referved to the

cited previous similar studies by the writer which have also produced
siniler contirming resultes. Taken together, it would appear that the
technigue described herein should provide a usetul method for pre-
dicting in advance the naturce ol ground surface movements likely to
be associated with subsurface fluid withdrawal.

G course, the accuracy of the predictions depends greatly on
the accuracy ol the boundary and loading conditions used in the
analvtical formulation. Nevertheless, the results from this and
the previous similar study at the Wilmington field, suggest that
with estimates of boundary and loading conditions that should be
possible to make in advance, useful results can be obtained. Alter-
natively, the technique can provide a means of studying the effect
of boundary or leading conditions thalt might be possible to control,
such as the extent of the underground fluid zones that are produced
and the amount of fluid pressure reduction allowed without resorting
to auxiliary fluid pressure injection.

Since the geographical study area for this paper involved the
site ol the Baldwin Hills Dam, perhaps a brief comment on the
application of the results to the dam {ailure would also be appro-
priate. The ground strain data (Fig. 5) and the plan view (Fig. 1)
illustrate that the dam was situated in the most inappropriate
location and orientation from the point of view of ground surface
movements caused by fluid removal from the underlying oil field.

The dam was located toward the edge of the subsidence bowl where

the largest extension strains developed. The embankment was oriented
in an approximate radial direction, so that the extension strains in
the ground would have the maximum adverse affect by stretching the
axis, which would be favorable to crack development., Had the dam
been turned by about 90 degrees, the axis would have been parallel

to the subsidence contours, which would have led to compressive axial
strains as described by Lee (1975) for the Commodore Heim Lift

Bridge in the Wilmington field.

Finally, it was unfortunate that the ground contained a weak
fault zone also located unfavorably across the dam foundation where
the subsidence alone would produce fairly large extension strains.
Assuming that the fault was weaker than the surrounding rock foun-
dation, it follows that the extension strains would tend to concen-
trate at the fault where a crack would develop, as was actually
observed,

It is beyond the scope of this paper to speculate on what might
have happened without any subsidence or without a pre-existing
fault or to suggest responsibility for the failure. The results of
the study do indicate however, that the subsidence could be expected
to produce substantial extension strains along the axis of the dam,
which would be unfavorable to its stability. Thus, had an analysis
such as this been performed prior to the dam construction, it would
have shown this unfavorable situation and probably led to precau-
tionary or alternative procedures with regard to a water storage
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facility in the area. Unfortunately, the finite element method had
not been invented in 1948 when construction began on the dam.
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