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ABSTRACT: In this paper we present the results of a coupled nonlinear finite element geomechanics model
for reservoir compaction and well-to-well interactions for the high-porosity, low strength diatomite reservoirs
of the Belridge field near Bakersfield, California. We show that well damage and failures can oceur under the
action of two distinct mechanisms: shear deformations induced by pore compaction, and subsidence, and shear
deformations due to well-to-well interactions during production or waler injection. We show such casing
damage or failure can be localized to weak layers that slide or slip under shear due to subsidence. The
magnitude of shear displacements and surface subsidence agree with field observations.

| INTRODUCTION

The subject of this paper is the effect of ground
subsidence and pore compaction on the damage and
failure of oil wells in the Belridge field in Southern
California. It is well known that subsurface rock
formations can compact under the reduction of pore
pressure, that is when interstitial fluids are removed
(Poland, JLF. and Davis, G.H., 1969, Geertsma,
1973). Under large loads or a significant reduction
ol pore pressure, rock grains can fracture or become
crushed and undergo translations and rotations thus
filling pore space, a mechanism referred 1o as “pore
collapse” (see, Wong, et al., 1992 and Wong, et al.,
1996).

Pore compaction is expressed at the surface of
the earth as subsidence, or sinking of the ground.
The magnitude of subsidence can be large, as much
as 30 feet in the case of the San Joaquin Valley
groundwater withdrawal (Poland, J.F. and Davis,
G.H., 1969), 29 feet in the Wilmingten oil fields in
southern California (Mayuga and Allen, 1969) and at
least 13 feet in Ekofisk in the North Sea and
continuing to subside (Boade, et al., 1988).

The forces associated with pore compaction and
subsidence can be large and on the scale of an oil
field, say several thousand feet in width, length and
depth, a steel casing string that is 7 inches in
diameter offers little resistance. Damage to and
complete failure of well tubulars in subsiding oil
fields can take the form of S-shaped bending or
“kinking" at the flanks of the subsiding region and

bending can cause tensile failure of the threaded
connections, while compression can result in helical
buckling, cross-sectional buckling (i.e., bulging) and
telescope type thread shear. If the shearing or
bucking of the casing or lubing is severe enough,
then downhole tools may be impassable through the
buckled section and the well can not be worked over.
If this is the case. local regulations may preclude
further production and may require abandonment of
the well.

In this paper we report the results of analysis of
subsidence in the Belridge -Field, located near
Bakersfield, California. We constructed a two-
dimensional plane strain finile clement model of a
slice of the field using a commercially available
general-purpose finite element program (Hibbiut, et
al., 1994). A geoemechanical model consisting of
mixed displacement-pore pressure elements was
coupled to a two-dimensional reservoir simulator 1o
capture the constitutive behavior of the formation
rocks during oil and gas production and water
injection. To model failure of weak layers, such as
weak shales, we used contact elements. In Section 2
of this paper we describe the relevant aspects of the
Belridge field and the subsurface environment. In
Section 3 we deseribe the coupled geomechanics-
reservoir model and modeling procedures. In
Section 4 we present resulls obtained Lo date (lhis
project is ongoing and we expecl Lo reporl on further
developments in the near future). In Section 5 we
discuss observations and conclusion made from a
review of the modeling results.
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2 PROBLEM DESCRIPTION

The Belridge field is located in Kern County
California, which is west of Bakersfield, as shown in
Figure 1. An idealized geologic cross section is
shown in Figure 2. The diatomite and upper
porcelanite formations are completed and produced
together, but separately from the shallower Tulare
sanstones. The Tulare sands have been subject to a
stearn flooding for several years, while some steam
flooding pilots in the diatomite are underway
currently.

Wellbore damage and failures associated with
pore compaction and subsidence in the Belridge field
have been documented in several previous papers.
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Figure 2. Idealized lithology and stratigraphy for
Section 33 of the Belridge Field.
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Bowersox and Shore (1990) described subsidence in
Section 12 of the field, which included about 12.5
feet of surface subsidence and the appearance of
surface fissures at the flanks of the subsiding region.
They also provided well failure and damage statistics
up through the end of 1987, Hansen, et al. (1993)
and de Rouffignac, et al. (1995) presented results of
two-dimensional finite element models of cross
sections of the field. Hansen, et al. (1993) modeled
the diatomite using an elasto-plastic constitutive law
based on the Drucker-Prager model and included the
thermal effects of steam flooding in the Tulare sands.
Their model was successful in predicting the
locations of surface fissures, the magnitude of
subsidence, and was consistent with the mode of
casing damage and failure mechanisms.

de Rouffignac, et al. (1995) incorporated an
extended Drucker-Prager model for the diatomite
that included a “cap” yield surface to capture plastic
deformation resulting from pore collapse. Their
results showed less elaslic rebound at the surface
under waler injection than predicted by Hansen, et al.
(1993) due to incorporation of the cap yield surface.
Their results also indicated the potential for casing
damage due to well-to-well interactions under
production and water injection.

3 MODEL DESCRIPTION
3.1 Model Geomelry

The two-dimensional model used in this study
represents a planar slice of Section 33 of the South
Belridge field. The location of the slice is depicted as
a thick line in the plan view ol Section 33 shown in
Figure 3. It is assumed that the section is symmelric
about the long axis of the field and based on field

‘development this is appears to be a fair assumption,

The particular slice was chosen also because it cuts
through or is very near several wells, and thus there
is some experience with the life of particular wells.

The finite element mesh is shown in Figure 4.
The section outlined in thick lines is the area of the
model in which incremental pore pressures were
preseribed, which will be discussed later. It extended
to a depth of 4800 feet and laterally to the left a
distance of 3970.5 feet. The model had 6543 nodes
and 1696 8-node reduced integration biquadratic
displacement, bilinear pore pressure finite elements,
The model included mechanical descriptions of 12
distinct layers of geomaterials, according to rock
type.
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Figure 3. Plan view of Section 33 showing model
location.
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Figure 4. Finite element mesh for South Belridge
Section 33 two-dimensional model.

Table 1. Layer thicknesses and material elastic
properiies.
Layer® Thickness | Young’s | Poisson | Density
Modulus Ratio %107
(ft) (psi) (ib/in*) |
Airsands 308.2 18.000 0.50
Up, Tulare 2123 35,000 0.25
Lo. Tulare 95.3 35,000
Diatomite; | . gl
IS
il
i il
Bl S
Up. Porc.
Lo. Porc. 0.29

*Up.=Upper, Lo.=Lower, Porc.=Porcelanite

Geologic layer thicknesses and elastic material
properties are listed in Table 1 (material constitutive
behavior is addressed below). The layer thicknesses
are average values from the as-known stratigraphy of

the cross section. The overburden and diatomite
actually vary in thickness, but the resulls indicate that
the ‘model used herein produced results consistent
with field observations. Future developments include
a more detailed model with the curvature of the
formations.

The boundary conditions on the f[inite element
model are that nodes on the right and left side are
constrained to move only vertically and the lower
edge of the model is constrained to allow lateral
motion only. Boundary effects from the lefl side of
the model are mimimal, as established in earlier work
(sece Flansen, et al., 1993 and de Rouffignac, et al.,
1995).

3.2 Constitutive Models

Strickland (1985) characterized the diatomite rock as
“principally amorphous opaline silica diatoms with
only a trace of crystoballite quartz or chert quartz.”
It was observed that the diatomite can exhibit
inelastic and plastic behavior due to pore collapse
and can show creep behavior in the long term.

Constitutive models were developed through
extensive tests on samples from cores and are based
on additional tests to enlarge a data base of material
properties reported previously (see Hansen, et al,
1993 and de Rouffignac, et al,, 1995). The elastic
properties were listed in Table 1. It can be observed
that the density of the diatomite is significantly less
than that of the other rock types. This is consistent
with its high porosity, up to 55%, and low strength.

The airsands, Tulare sands, and Porcelanite rocks
were modeled with a Drucker-Prager shear failure
surface. The diatomite layers were modeled using a
multi-surface yield criterion: a Drucker-Prager shear
failure surface, a cap surface to capture plastic
compaction (i.e., pore collapse), and a wansition
surface to join the two surfaces. The Drucker-Prager
and transition surfaces use nonassociated flow rules
and the cap surface uses an associated [low.

Some comments are in order regarding the
constitutive models used in this study. First, it is
known that diatomite is capable of creep and
operators in this field indicate thal some well damage
may be a result of creep (Hansen; et al., 1993, and de
Rouffignac, et al. 1995). Such time dependent
deformation was not included in the current
modeling work, but is the subject of ongoing
research. Second, the development of computational
constitutive models for rock is an area of active
rescarch. Some investigators have advocated using a
curved shear failure envelope, rather than the linear
Drucker-Prager surface (e.g., Wong, et la., 1996 and
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DiMaggio and Sandler, 1971) or critical state Cam-
Clay, end-cap surfaces (Schofield and Wroth, 1968).
This too is an area for future research on diatomite
modeling.  Third, it is known that actual rocks
exhibit considerable hysteresis during loading,
unloading and reloading (see, e.g., Hilbert, et al.,
1994, and de Rouffignac, et al., 1994). The actual
effects of hysteresis and non-proportional loading are
unclear and are expecied to be complex (see, e.g,
Wong; et al., 1992).

3.3 Behavior of weak layers

The depositional Tulare sands above the diatomite
reservoir include thin layers of sandy-silts,
mudstones, and clays (McPherson and Miller, 1994).
The sands are produced by some operators in
Belridge and are subjected to steam flooding.
Several operators in the field have reported casing
damage and failure at depths corresponding to the
locations of shale or clay zones in the sands (see
Bowersox and Shore, 1990, Hansen, et al., 1993 and
de Rouffignac, et al., 1995). Moreover, the
geometry of the casing shear damage or failures is in
many cases localized to lengths of a only few feet,
which is consistent with the thickness of the weak
layers exhibited in wellbore logs. Tt has been
suggested that steamflooding could weaken the
layers, allowing slip or shear deformation.

Hamilton, el al. (1994) investigaled subsidence
and well damage in the Wilmington field, which has
the same general lithology and stratigraphy as
Belridge. The particular focus of their model was to
incorporate shear failure of weak layers with
subsequent relative sliding, or slip, between layers.
The behavior of a failed weak layer was modeled as a
sliding interface, which is the same approach
implemented in the work reported in this paper.
Shear displacements, or slip, reached as much as
several inches 1o several feet in their analysis,
depending on the amount of subsidence, and is in
agreement with field observations and consistent
with reported casing damage. They “calibrated” the
frictional resistance, or friction angle, of the weak
layer in the model by comparing the predicted
subsidence with reported field measurements. While
they tested models with friction angles ranging from
6% to 15°, their modeling showed that a friction angle
of 10" provided the best agreement between
predicted and observed subsidence.

In our work to date we have used a friction angle
of about 6°. While this appears to be a low value for
frictional resistance, it is consistent with the low end
of observed values for shales rich in montmorillonite

(Goodman, 1989). Moreover, it is to be expected
that the effect of high temperatures due to steam
flooding of the Tulare may reduce the frictional
resistance of the shales (notwithstanding any increase
in strength or embrittlement due to drying effects).

The interface elements used in the model were
for interactions between 8-node  coupled
displacement-pore pressure elements, capable of
infinitesimal sliding between the surfaces. Six layers
of interface elements were placed within and between
the Upper and Lower Tulare sands and also between
the Lower Tulare and Diatomite formation.

3.4 Coupled analysis procedures and loading history

The finite element model was coupled to a reservoir
simulator. We refer to this geomechanics model as
“weakly” coupled in the following sense: there was
no coupling between pore fluid flow and deformation
of the porous media. The element technology is
based on an effective porous continuum, although
there were discrete sliding interfaces between layers.
Under actual conditions, changing stresses will cause
changes in pore volume and concomitant changes in
permeability. Pore collapse will also result in more
significant changes in rock flow properties.

Our procedure consisted of an incremental
analysis of marching through a history of prescribed
pressure fields. The procedure began with a
geostatic step in which the initial wvertical and
horizontal subsurface stress state was established.
This was [ollowed by a sequence of sixteen load
sieps corresponding to sixteen years of field history,
from 1977 to 1992. For each step, increments of
pore pressure, compuled using a finite difference
reservoir simulator, were prescribed to nodes within
the outlined section of the mesh in Figure 4. For
each step, a Newton procedure was used to solve the
equations of equilibrivm, which were nonlinear
becuuse of the elasto-plastic constitutive laws for the
porous medium and the kinematic formulation of the
interface elements.

Pore pressure distributions for the finite element
model are shown as contour plots for the years 1986,
1987, and 1992 in Figure 5. These lime steps are
important  since they cormrespond to the end of
primary production in 1986 and the beginning of a
water injection program in 1987, which was initiated
Lo mitigate the subsidence problem. It is to be noted
that a history match of the pressures computed with
the reservoir model was conducted,
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(i) 1986

Tnjected

(b) 1987

fe) 1992

Figure 5. Pore pressure distributions prescribed in
[Jinite element model as computed from reservoir
simulator.

4 RESULTS

The geomechanics model was analyzed for two
conditions: a “continuous” mode! in which a high
friction angle (denoted as “infinite friction angle”)
was used o prohibil shear failure of the interfaces,
and a model with a friction angle of 6°.

Curves of the nodal displacements on the surface
of the model are shown in Figure 6. Both models

predict essentially the same magnitude of subsidence,
about 5 feet. This magnitude of subsidence is in

agreement with field observations for Section 33. It
is interesting that the sliding interface affects the
subsidence cxpression on the flanks, however the
changes are so slight that it is not practicable Lo
measure this shape difference in the feld as an
attempt to determine if there are shearing weak
layers.

Maniomim Sulwldence = 5.1 Feet]

Figure 6. Curves of surface subsidence.

The maximum subsidence on a yearly basis and
the rate of subsidence, both shown in Figure 7, are
also consistent with field measurements. It can be
observed that the subsidence rate is as high as 7-
inches per year before the water injection program
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Figure 7. Predicted maximum subsidence and rate.

reverses the subsidence. The small amount of
surface “rebound” during the last three years is in
agreement with field observations.

To investigate the deformation of the casing
under the prescribed loading  history, the
displacements of nodes lying in a vertical line at the
location of a well have been plotted. Considering the
fact that the diameter of the casing is from 5-inches
to 7-inches, it is appropriate to assume that casing
string will deform with the rock strata (of course,
this does not address local casing-cement-rock
interaction, or the support provided to the casing by
the surrounding material, which is a matter of current
research by other investigators). Four well locations
are considered: Wells A and B, located on the [lank
of the subsiding region of the model and Wells C and
D, located near the center of the model. The
locations of these study wells are shown in Figure
S(b). Concentration is focused on the years 1986,
1987 and 1992 of the load history, which
corresponds to the end of primary production, the
initiation of the water injection program, and several
years of the water injection program, respectively.

As an example lo set conventions, the vertical
and lateral displacements of one of the wells for an
arbitrary year are plotted in Figure 8 (the plot is from
the “continuum’™ model). Also plotted in this figure
are the depths of the various rock strata, It can be
seen that the vertical displacements are always
negative, corresponding to pore compaction (plastic
deformation) of the diatomite. The lateral
displacements are much more complicated, and
indicate the potential for large shear displacements at
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Figure 8. Casing deformations.

the interface between the Lower Tulare and
diatomite rocks.

A plot of lateral displacements for wells A, B, C,
and D for the model with six sliding interfaces is
shown in Figure 9. Note that the scales for lateral
displacement vary among plots. For wells A and B,
located on the left flank of the model where the
curvature of the deformed layers is greatest, it is
observed that there are large magnitudes of lateral
displacement at the Tulare-diatomile interface at
about 600 feet. This is consistent with the depth and
location of casing damage in the field. Wells C and
D are located in what is typically assumed o be the
“flat” portion of the subsidence region in the center
of the field, where there is little, if any, curvature
associated with subsidence. However, the wells are
subjected to localized shear deformations at the
Tulare-diatomite interface. These localized shear
displacements are due to the deformations induced
by the injection of water, as can be deduced from
Figures 5(b) and (¢). It can be seen in Figure 9 that
wells C and D undergo large shear displacements at
between 1986 and 1987. The shear displacements
arc exacerbated by the injection of greater volumes
ol water up lo 1992,

Relative slip between the Tulare-dialomite
interface are shown Figure 10. The slip magnitudes
are not expressed as a smooth, symmetric curve, as is
typically depicted for a subsidence “bowl”. Rather,
due o production of oil and gas and injection of
water there are considerable effects as a resull of
well-to-well interaction. Even during oil production
alone (i.c., 1986), shear slip can be up to 4 inches,
which may be sufficient to cause permanent
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Figure 9. Lateral displacements of wells.

deformation and damage to the casing. This iy
explain the cases of well damage and failurcs
observed by several of the operators in the field prior
to the advent of water injection programs. It can be
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Figure 10.  Relative slip along entire Tulare-
diatomite interface.
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observed that by 1992 some areas of the field may
experience up to a foot of slip due to well-to-well
interactions.

5 CONCLUSIONS AND DISCUSSION

We have conducted a coupled reservoir flow-
geomechanics analysis of a portion of the Belridge
field to determine the origin and mechanisms of well
damage. The analysis results show thal well-to-well
interactions during production as well as during
waler injection can cause sufficiently large shear
deformations to causc well damage or even failure.
Such well damage in the form of permanently
deformed kinked or bent casing, compressive
buckling, and tension failure under combined bending
and shearing deformations and loads can explain
many of the failure observed in the field.

Mitigation of damage and failures requires not
only failure analysis based upon field observations
and historical records, but also on a field program to
monitor the geotechnical deformations, such as



subsidence monuments. Moreover, casings could be
instrumented to observe downhole deformations, or
logs, such as till meters could be run with a pre-
determined frequency as part of a monitoring
programi.
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