APR 26 2000

SANDIA REPORT 5

SAND2000-0827 2 <%
Unlimited Release 7 <§> |
y Printed April 2000 O @ L
S @ *"é )
NS L
-~/ ( \/\ /r - AV &)\ @ St
\ “ i = s

Constltutlve Models for the
Etchegom Sands Belridge Diatomite,
N and Overburden Formations at the
Lost Hills_ Oll Fleld California

/

/e
~

“\
\

/

rd

. A.F.Fossunyand J. T. Fredrich

- Prepared by
_____Sandia-National Laboratories
" Albuquerque New Mexico 87185 and Livermore, California 94550

Sandia is a multiprogram laboratory operated by Sandia Corporation,
p a Lockheed Martin Company, for the United States Department of
/ Energy under Contract DE-AC04-34AL85000.

Approved for public release; further dissemination unlimited.

A
/ @ Sandia National Laboratories



Issued by Sandia National Laboratories, operated for the United States
Department of Energy by Sandia Corporation.

NOTICE: This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States Government,
nor any agency thereof, nor any of their employees, nor any of their contractors,
subcontractors, or their employees, make any warranty, express or implied, or
assume any legal liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process disclosed, or
represent that its use would not infringe privately owned rights. Reference herein
to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise, does not necessarily constitute or imply
its endorsement, recommendation, or favoring by the United States Government,
any agency thereof, or any of their contractors or subcontractors. The views and
opinions expressed herein do not necessarily state or reflect those of the United
States Government, any agency thereof, or any of their contractors.

Printed in the United States of America. This report has been reproduced directly
from the best available copy.

Available to DOE and DOE contractors from
Office of Scientific and Technical Information
P.O. Box 62
Oak Ridge, TN 37831

Prices available from (703) 605-6000
Web site: http://www.ntis.gov/ordering.htm

Available to the public from
National Technical Information Service
U.S. Department of Commerce
5285 Port Royal Rd
Springfield, VA 22161




DISCLAIMER

Portions of this document may be illegible
in electronic image products. Images are
produced from the best available original

document.



SAND2000-0827
Unlimited Release
Printed April 2000

Constitutive Models for the Etchegoin Sands,
Belridge Diatomite, and Overburden
Formations at the Lost Hills Oil Field,

California

A.F. Fossum
Materials Mechanics Department

J. T. Fredrich
Geophysical Technology Department

Sandia National Laboratories
P.0O. Box 5800
Albuquerque, NM 87185-0750

Abstract

This report documents the development of constitutive material models for the
overburden formations, reservoir formations, and underlying strata at the Lost Hills
oil field located about 45 miles northwest of Bakersfield in Kern County, California.
Triaxial rock mechanics tests were performed on specimens prepared from cores
recovered from the Lost Hills field, and included measurements of axial and radial
stresses and strains under different load paths. The tested intervals comprise
diatomaceous sands of the Etchegoin Formation and several diatomite types of the
Belridge Diatomite Member of the Monterey Formation, including cycles both above
and below the diagenetic phase boundary between opal-A and opal-CT. The
laboratory data are used to derive constitutive parameters for the Extended Sandler-
Rubin (ESR) cap model that is implemented in Sandia’s structural mechanics finite
element code JAS3D. Available data in the literature are also used to derive ESR
shear failure parameters for overburden formations. The material models are being
used in large-scale three-dimensional geomechanical simulations of the reservoir
behavior during primary and secondary recovery.
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1 Introduction

In 1994 a cooperative National Laboratory/industry research program was initiated to
improve understanding of the geomechanical processes causing well casing damage during
oil production from weak, compactable formations. The study focuses on the shallow
diatomaceous oil reservoirs located in Kern County, California, and combines analyses of
historical field data, experimental measurement of rock mechanical behavior, and
development of geomechanical models to simulate the reservoir and overburden response to
production and injection during primary and secondary recovery.

A comprehensive database, consisting of historical well failure, production, injection,
and subsidence data was compiled to provide unique, complete pictures of the diatomite
reservoirs and overburden behavior at both the Belridge (Myer et al., 1996, Fredrich et al.,
1996) and Lost Hills fields situated in the San Joaquin basin. Thorough analysis of the
database for Belridge indicated that two-dimensional (plane-strain) geomechanical
simulations could not capture the locally complex production, injection, and subsidence
patterns, and motivated large-scale, three-dimensional geomechanical simulations. Central
to the numerical modeling work has been the use of sophisticated material models that
capture accurately the highly non-linear deformation behavior of the reservoir rock,
including inelastic compaction (yield) at stress states below the shear failure surface.

Fredrich et al. (1996, 1998, 2000) described the development of three-dimensional
geomechanical models for the Belridge field and the historical simulations that were
performed collaboratively with Shell E&P Technology Co. and Aera Energy LLC for
Sections 33 and 29 using Sandia National Laboratories’ quasi-static large-deformation
structural mechanics finite element code, JAS3D (Blanford et al., 1996). JAS3D provides
several constitutive models to simulate time-independent elastic and inelastic (non-linear)
deformation as well as time-dependent (creep) behavior. One of these material models,
referred to as the Extended Sandler-Rubin (ESR) cap model (Fossum et al., 2000), is a
generalized version of the Sandler and Rubin cap plasticity model (Sandler and Rubin,
1979). The ESR cap model includes a non-linear shear failure surface and a second yield
surface (cap) to account for inelastic compaction at stress states lower than those required to
induce shear failure. Fossum and Fredrich (1998) described the development of cap
plasticity models for several cycles of the Belridge Diatomite at the Belridge field in
California.

The historical simulations for the Belridge field served to validate the conceptual
model that was formulated for casing damage and the geomechanical modeling approaches.
This work also demonstrated that geomechanical simulation can be applied as a reservoir
management tool to optimize production and injection policies for existing field
developments, and to identify the most economical strategy for infill drilling, such as the
relative density and placement of production and injection wells.

Following the successful application at Belridge, attention shifted to the Lost Hills oil
field. The Lost Hills field is at an earlier stage of development than the Belridge field, and
therefore, development and application of geomechanical models for the Lost Hills field




were expected to be particularly useful in regard to infill drilling and expansion of the
waterflood.

This report documents the development of material models for the Lost Hills oil field.
Constitutive parameters for the ESR cap model were derived from experimental rock
mechanics test data for the two reservoir formations (including two diatomaceous sand units
of the Etchegoin Formation and three cycles of the Belridge Diatomite Member of the
Monterey Formation). Shear failure parameters for the ESR model were also derived for the
strata underlying the reservoir (Opal CT diatomite). Existing data in the literature were used
to determine shear failure parameters for the ESR model for the overburden formations,
including the San Joaquin Formation, Tulare Formation, and alluvium.

2 Geology, Stratigraphy, and Lithology at Lost Hills

The Lost Hills oil field is one of several significant oil fields located in the San
Joaquin basin of central California (Graham and Williams, 1985). Other major fields include
Belridge, Cymric, Elk Hills, Buena Vista, and Midway-Sunset. The Lost Hills field is about
45 miles northwest of Bakersfield in Kern County, and the producing structure is a
northwest-southeast trending doubly-plunging anticline that roughly parallels the San
Andreas fault about 25 miles to the west. The anticline is about one mile wide and 12 miles
long and slightly asymmetric, with dips approaching ~20° on the eastern flank as compared
to ~10° on the western flank. Stewart et al. (1994) estimated about 2 billion bbl of oil-in-
place. The structural setting is similar to that of the Belridge and Cyrmic fields directly to
the south.

The main reservoir is relatively shallow and the producing intervals reach a
maximum thickness of approximately 1500 feet along the crest, and thin on the flanks. A
generalized stratigraphic column for the Lost Hills area is shown in Figure 2.1. Most
production is from the Belridge Diatomite Unit of the Reef Ridge Member of the Upper
Miocene Monterey Formation. Overlying the Belridge Diatomite are partially saturated
sands of the Etchegoin Formation, the Pliocene San Joaquin Formation, and the Pleistocene
Tulare Formation. The overburden formations generally thin from the flanks to the crest,
reaching a total thickness of about ~1000 feet along the crest. Reservoir production extends
up through the C and D sands of the late Pliocene to early Miocene Upper Etchegoin
Formation that overlie unconformably the Reef Ridge Member, as well as down into the
uppermost interval of the Brown Shale Member of the Monterey Formation. Underlying the
Brown Shale are the McLure and Devilwater Members of the Monterey Formation.

Diatomite is a biogenic siliceous deposit consisting of the shells or tests of diatoms
with varying amounts of detrital material (principally clay and sand) so that individual
depositional cycles are identifiable, with the rock ranging from fairly pure to shaley
diatomite. In the upper intervals, diatoms are preserved as opal-A, which is an amorphous,
colloidal form of silica, and porosity of the Belridge diatomite unit ranges typically from 50-
60% at Lost Hills. With increasing depth (pressure) and temperature, the mineralogic phase
changes from opal-A to opal-CT. The associated reduction in porosity (<45%) makes the
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Figure 2.1 Generalized stratigraphic column, Lost Hills Field.

diatomite less productive below the opal-CT transition, and most production at Lost Hills is
from the opal-A phase of the Belridge Diatomite Unit. Below this, the diatom skeletal
structures are no longer well preserved and the rock is termed a porcelanite. The opal A/CT
transition is tilted across the field, and occurs at a slightly shallower depth on the western
versus eastern flank. Because of the asymmetric structure, in some places the Belridge
Diatomite is entirely in the opal-A phase, with the transition to opal-CT occurring beneath in
the Brown Shale Member. With further depth, the opal-CT phase is replaced by chert.

The main producing formation at the Lost Hills field is stratigraphically equivalent to
the Belridge Diatomite unit that is one of two reservoir formations at the Belridge field
located to the south. However, because of its relative position with respect to sources of
terrigenous clastic sediments during deposition, the Belridge Diatomite at Lost Hills is less
pure than at Belridge. Also, the unit is thicker and shallower at Belridge than at Lost Hills.

Because of the lower purity and more variable composition of the diatomite at Lost
Hills, a compositional scheme is used to characterize the diatomite. The two primary
operators at Lost Hills, Aera Energy LLC and Chevron USA Prod. Co., identify three type
diatomites that correspond to compositional variations. Neutron density logs are used to
classify the rock types with depth as indicated in Table 2.1.

Table 2.1 Composition and Physical Properties of Diatomite, Lost Hills Field (Fast er al. 1992, 1993).

Type Approximate Composition (%) Bulk Density Approximate Approximate Bench
Diatomite Clays Silt (g/ce) Porosity (%) Permeability (mDa)
1 ~ 60 ~ 20 ~ 20 <1.6 60 1.4
2 ~ 40 ~ 40 ~ 20 1.6-1.75 55 1.2
3 ~ 25 ~25 ~ 50 >1.75 50 3.0
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3 Description of the ESR Cap Plasticity Model

The ESR cap model is a generalization of the soil and rock constitutive model of
Sandler and Rubin (1979). The model is designed to represent the elastic-plastic behavior of
porous rock and soil. The yield surface comprises a nonlinear, non-hardening shear yield
surface and a hardening or softening cap surface each of which can vary with Lode angle (as
defined later). This composite shear-failure/yield-cap surface is illustrated in Figure 3.1. The
dashed line in Figure 3.1 depicts a triaxial compression load path. Linear elastic behavior
occurs when the stress point is within the composite shear-failure and yield-cap surfaces.
For the load path and the initial yield surface shown in Figure 3.1, the material compacts
after intersecting the initial yield surface and compaction hardens (i.e., pushes the cap out)
until the stress point reaches the shear-failure surface at which point the material fails in
shear.

VJ,

Figure 3.1 Shear and cap yield surfaces depicted with a triaxial compression load path. I, is the mean
stress and VJ, is the square root of the second invariant of the deviatoric stress.

It is assumed that the elastic strain is always much less than unity, so that the strain-
rate measure can be decomposed into the sum of an elastic component and an inelastic
component as

g, =&, +&]. (3.1)
The stresses can be determined from Hooke’s Law and Eq. 3.1 as
6y = Cpulen - 5) (3:2)

where the fourth-order elastic coefficient matrix, Giju, is given in terms of the shear
modulus, G, and bulk modulus, K, as

Cijld = 2G5ik5jl +(K—§G)5ij5kl' (3.3)



When the stress point lies on the shear-failure envelope, shear failure occurs
according to the yield function, F,

F,=T\JJ, - A+ Cexp(BI,) (3.4)
where J; is the second invariant of the deviator stress; /, is the first invariant of the Cauchy

stress; and A, B, and C are material constants. The I” is a function of Js, the third invariant
of the deviator stress that incorporates the Lode-angle dependence of yield, given by

= %{[1+sin(3‘?)]+%[l —sin(3‘~P)]} (3.5)

where K is the ratio of the yield stress in triaxial extension to the yield stress in triaxial
compression and ¥ is the Lode angle given by

qf:lasir{-ﬁL) —%S‘Ps (3.6)

N

For triaxial extension, ¥ = -7z /6, and for triaxial compression, ¥ =7 /6. In the case of
triaxial compression, I" = 1, while I" = 1/K for triaxial extension. Thus, in this formulation
the difference in strength between triaxial compression and triaxial extension stress states is

handled by multiplying the loading variable, +/J, by a factor I such that the yield function

experiences an apparent higher loading condition for stress states different from triaxial
compression, depending on the value of J3.

When the stress point lies on the cap and pushes it outward, plastic strain causes an
irreversible decrease in volume called compaction, and a shear component for stress states
other than pure hydrostatic compression. The cap motion is related to the plastic decrease in
volume through a hardening rule. The elliptical shape of the cap is defined through the cap
yield function,

F =TT, —%J(X —LV —(1,-L) 3.7)

in which L is the value of I, at which the cap intersects the shear surface, and
X (L)=L-R[A-Cexp(BL)]. (3.8)

The material parameter, R defines the ratio of principal ellipse radii of the cap surface. The
cap intersects the shear failure surface at the point on the cap with zero horizontal tangency,
i.e., the point of zero dilatancy. When the cap is too small to intersect the shear failure
surface, a von Mises surface extends from the point of horizontal tangency to either the
shear failure or tension cut-off surface.

The plastic strain rates, 8: , can be determined from a flow rule,




Er =y (3.9

if F (0',.]. , L) is constructed to be the composite yield function defined as the union of the

shear and cap yield functions, F = F, U F, and where ¥ is the consistency parameter. Since
subsequent loading surfaces pass through the loading point, the yield function, F, is such
that

»L)=0 (3.10)

,j’

F(O'
where the state variable L is governed by an evolution equation of the form
L=1#,(0,.L) (3.11)

where £, is a hardening function. During loading, the consistency condition (Eq. 3.10),
requires that

oF c';,..+a—FL'=o. (3.12)
do,

F=
AT

From Egs. 3.2, 3.9, 3.11, and 3.12, the consistency parameter, ¥, can be determined from

OF i
3g, T
y = ! (3.13)
oF . OF oF, '

L Cy
do, " oo, oL *

The hardening parameter is determined as follows. In incremental form, the trace of
Equation 3.9 gives the incremental plastic volume strain as

Agl =Agl = 3Aya—F. (3.14)
al,

Now, by specifying an isotropic hardening rule in the form of a pressure-volume relation,
&7 =WlexplD, (X - X,)-D, (X - X, }-1] (3.15)

in which W, D, and D, are material parameters and X is the initial cap position, one can
obtain another expression for the incremental plastic volume strain as

P
. %‘; %%AL (3.16)

where



A )
a)g =w[D, ~2D,(X - Xo)]eXP{Dl (X - Xo)}eXp{— D,(X - Xo)ﬁ} (3.17)
and
aa_}zi =1+RBCexp(BL) L<L,. (3.18)

Thus, from Egs. 3.14 and 3.16 an expression for AL can be found as

oF

3Ay —
—_ yall
97 0%
0X oL

(3.19)

Since the incremental form of Eq. 3.11 is given by
AL = Ay, (3.20)
the cap hardening function, 4;, can be found from Eqs. 3.19 and 3.20 as

oF
33—
)2
0X dL

(3.21)

The formulation of the ESR cap plasticity model in terms of classical plasticity concepts is
thus complete.

4 Development of Constitutive Models for Lost Hills

The geomechanical simulation effort required the development of a suite of material
models to simulate the response of the reservoir and overburden formations to pore pressure
changes caused by primary production (drawdown) and secondary recovery (drawdown at
production wells and pressure maintenance at injection wells). The simulations also required
development of a material model to represent the rock formations underlying the reservoir
(underburden). The produced reservoir formations are subjected to changes in pore pressure
that lead to compaction, whereas the overburden units are subjected to stress changes as a
result of deformations of the underlying reservoir formations.

4.1 Geomechanical Units

ESR cap model parameters were derived for five distinct rock types representing the
reservoir formations (Table 4.2). In accord with the customary practices of the field



operators (Table 2.1), three intervals of opal-A Belridge Diatomite representing Type 1
(“clean”), Type 2 (“shaley™), and Type 3 (“sandy”) diatomite were characterized. In
addition, the two sand units of the overlying Etchegoin Formation that are also produced at
Lost Hills (C and D sands) were characterized. Finally, to represent the porcelanite rock that
lies below the production horizon, core samples of the Belridge Diatomite member obtained
from a depth below the opal A/CT transition (Table 4.2) were tested to derive shear failure
parameters for the ESR cap model.

Material models for the remaining overburden formations were developed using data
available from the literature since no core was available (Table 4.2). Mohr envelope failure
data for the San Joaquin Formation determined from rock mechanics tests on cores from the
Lost Hills field (Bruno and Bovberg, 1992) were used to determine shear failure parameters
for the ESR cap model. The Drucker-Prager constitutive parameters applied by Fredrich et
al. (1996) to the Tulare Formation at the Belridge field were used to calculate equivalent
shear failure parameters for the ESR cap model. Likewise, Drucker-Prager parameters for
the alluvium used in the prior Belridge work were similarly applied.

Table 4.1 Core samples and other.data used for development of material models for the Lost Hills Field

Section of Geological unit Well Depth Comments
Geomechanics (feet)
Model
Overburden Alluvium No core available | N/A DP parameters used
from prior Belridge study
Tulare Formation No core available | N/A DP parameters used
from prior Belridge study
San Joaquin Formation Chevron, Sect. 7, 1389 — Mohr envelope failure
well Cahn 7-7D 1412 data from Bruro &

Bovberg (1992)

Etchegoin Formation— A & B sands | No core available | N/A

Reservoir Etchegoin Formation C sand Aera Energy, Lost | 1498 Diatomaceous sand
Hills 1, well #485
D sand Aera Energy, Lost | 1628 Diatomaceous sand
Hills 1, well #485
Belridge Diatomite E Chevron, Sect. 32, | 1483.0— | Type 1 Diatomite
Member (Opal A) well OB-4A 1484.0
EE Chevron, Sect. 32, | 1527.3~ | Type 3 Diatomite
well OB-4A 1533.7
G Chevron, Sect. 32, | 1655.6— | Type 2 Diatomite
well OB-4A 1666.0
Underburden Belridge Diatomite Member Chevron, Sect. 9, | 2631 & | Porcelanite
(Opal CT) well 8-14F 2658

4.2 Laboratory Rock Mechanics Tests

Triaxial rock mechanics tests were conducted on samples prepared from cores
recovered from both the Etchegoin Formation and Belridge Diatomite unit at the Lost Hills
field (see Table 4.1). The tests were conducted by TerraTek, Inc., and designed to provide
axial and radial stress (o) and strain (€) data under a variety of load paths. The three load
paths used in the laboratory program included hydrostatic compression (loading with
01=02=03), uniaxial strain (axial stress o loading with radial stresses 6>,=03 increased as
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required to maintain radial strain &,=¢€3=0), and conventional triaxial compression
(hydrostatic loading followed by increasing o) with 6G,=Gs;=constant).

The cylindrical test samples were prepared perpendicular to bedding (i.e. vertically
oriented cores), with diameter to length dimension of either 12 inches or 1.5x3 inches.
Samples were jacketed to prevent the confining fluid from penetrating the samples and
tested in a servo-controlled triaxial system with the pore pressure system drained to the
atmosphere. Confining pressure was measured with a conventional strain gauge transducer,
and measurements of force on an internal load cell were used to calculate axial stress. Axial
and radial strains were measured using cantilever-type strain transducers, with corrections
applied for elastic distortion of the end-caps and jacketing material. Radial deformations
were measured at two perpendicular directions along the sample mid-point, and averaged for
calculating radial strain. Load-unload cycles (with typical excursions of 300 psi) were
performed during at least two tests on each rock type to enable determination of elastic
moduli.

4.3 Parameter Estimation
431 Elastic Parameters

Since isotropic elasticity is assumed it suffices to measure any two elastic constants.
In the current study, the shear modulus, G, and Young’s modulus, E, were determined from
the unload-reload portions of conventional triaxial compression tests, while G and the bulk
modulus, K, were determined from the unload-reload portions of uniaxial strain tests. The
authors judiciously selected the ranges of the unload-reload stress-strain curves from which
to evaluate these moduli. To calculate a shear modulus from triaxial compression tests, the
axial stress minus radial stress is plotted versus the axial strain minus radial strain for the
selected part of the unload-reload portion of the test. The slope is equal to twice the shear
modulus. If the same stress difference is plotted versus the axial strain, the slope is equal to
the Young’s modulus. The bulk modulus can then be determined in terms of the shear and
Young’s moduli as

GE
- = 4.1
K 3(3G - E) @D

For uniaxial strain tests, the slope of the unload-reload portion of the axial minus radial
stress versus axial strain is similarly equal to 2G. The slope of the unload-reload portion of
the mean stress versus axial strain plot is equal to the bulk modulus.

43.2 Shear Failure Parameters

A suite of triaxial compression tests, each conducted at a different confining
pressure, is used to determine the parameters A, B, and C appearing in Eq. 3.4. The peak

value of /J, is determined for each test from a /J, versus I; plot. These values of /J,
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together with their corresponding ; values are then assembled as data pairs into a fitting
database. Nonlinear regression is used to determine a set of material parameter estimates in
the sense of least squares. A merit function is minimized to determine best-fit parameters. It
is assumed that the measurement error is normally distributed with a mean of zero. An
appropriate merit, or objective function, is the weighted sum of squared residuals given by

O(P)= Zw .= y(x; P (no sum on repeated i) (4.2)

where y(x,.;P) represents the model dependent-variable response prediction at the ith of N

data points; y; is the ith dependent variable data point value; x; is the ith independent
variable data point value; P is the vector of parameters to be estimated; and w; is the weight

factor. In the current application, /; is chosen as the independent variable and +/J, as the
dependent variable, i.e.,

W x;;P)=AJ, =A-Cexp(BI, ). 4.3)
The weight factors, w;, were chosen arbitrarily as w; = 1/y;.

4.3.3 Cap Parameters

Once the elastic and shear failure parameters have been established, they are held
fixed while the cap parameters are determined through nonlinear regression involving direct
simulation of the triaxial tests (either uniaxial strain or conventional triaxial compression)
using the procedure described above. The principal laboratory-measured strains were used
as the independent variable values while axial stress was used as the dependent variable.
Eqgs. 3.2 through 3.21 were solved numerically to determine the dependent variable, axial
stress, as a function of the independent variables, axial and radial strains. The parameters
were determined from an iterative application of the Levenberg-Marquardt optimization
method as described by Fossum (1997), but using numerical derivatives for the Hessian
matrix.

4.4  Constitutive Parameters
4.4.1 Belridge Diatomite Unit — Type 1 (Clean) Diatomite

Table 4.2 identifies the tests and specimens used in the estimation of material
parameters for the Type 1 Diatomite. All test specimens were prepared from cores that were
preserved. Tests Lhls_1b (50 psi) and Lhls_5b (200 psi) clearly reached a peak stress
difference while test Lhls_4Ab (500 psi) appeared to be very close to reaching a peak stress
difference. Test Lhls_6b (1000 psi) did not appear to have reached a peak stress difference
and was therefore not used to determine shear failure parameters. Figure 4.1 shows the
model fit to the shear failure data along with the shear failure parameters. Note that even
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though test Lhls_6b was not used in the fitting routine, the model predicts failure at the
maximum stress difference reached in test Lhls_6b (depicted as an open triangle in Figure
4.1). Thus, the maximum stress difference observed in this test was indeed possibly close to
maximum. Cap model parameters were determined using the two uniaxial strain tests and
the triaxial compression test conducted at 50 psi confining pressure. Figure 4.2 shows the
model fit to these data along with the best-fit parameters. The triaxial compression tests at
200, 500, and 1000 psi included extended hold periods that precluded use of that data due to
the time independence of the material model. “Zeroing out” the strains during the hold
period is not possible because commensurate with the strains during the hold period is cap
hardening. Because the cap hardening affects the cap behavior upon resumption of the
triaxial loading the hold period cannot be simply zeroed out.

Table 4.2 Type 1 Diatomite test information and derived elastic properties

TestNo. | Sample Depth Bulk Dergsity Load Path 2x Shear Modulus | Bulk Modulus
ID (ft.) (glem’) (psi) (psi)
Lhis_1b 1-1 1,483 1.611 Triaxial Compression No Unload No Unload
(50 psi)
Lhis_5b 5-3 1,484 1.612 Triaxial Compression 62,818 43,632
(200 psi)
Lhis_4ab 4-2 1,483.5 1.594 Triaxial Compression No Unload No Unload
(500 psi)
Lhis_6b 6-3 1,484 1.553 Triaxial Compression 108,392 320,250
(1000 psi)
Chv2a-2 2A 1483.5 1.573 Uniaxial Strain 64,399 44,031
Chv2b-1 2B 1483.5 1.534 Uniaxial Strain 48,139 35,208
NI, psi
500 | "— Model
400 //’*"’Fé— . A Failure
A Pre-Failure
300 - /
200 A =442.61 psi
, / B = 1.22E-03 1/psi
100 / C = 422,65 psi
0 :
-1000 0 1000 2000 3000 4000 5000
-1, psi

Figure 4.1 Shear failure model fit to conventional triaxial compression test data for Type 1 Diatomite
(see Table 4.2)
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0.00 0.10 0.20 0.30 0.40
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Figure 4.2 Measured versus predicted axial stress — axial strain behavior for two uniaxial strain tests
(first two tests shown), and for a triaxial compression test at 50 psi (third shown) for Type 1 Diatomite
(see Table 4.1). Note that the hydrostatic load segment of the triaxial test is included.

442 Belridge Diatomite Unit — Type 3 (Sandy) Diatomite

Table 4.3 identifies the tests and specimens used in the estimation of material
parameters for Type 3 Diatomite. All test specimens were prepared from cores that were not
preserved. Tests Lhls_25b (50 psi) and Lhls_26b (200 psi) clearly reached a peak stress
difference while test Lhls_18b (500 psi) appeared to be close to reaching a peak stress
difference. Thus these three tests were used to determine the shear failure parameters. Figure
4.3 shows the model fit to the shear failure data as well as the shear failure parameters. The
two uniaxial strain tests, in addition to three triaxial compression tests (at 50, 200, and 500
psi) were used for determination of the remaining cap plasticity parameters. Figure 4.4
shows the model fit to these data along with the best-fit parameters. The triaxial
compression test at 1000 psi could not be used because of the protracted hold period
following the hydrostatic loading. As discussed previously, the time independence of the
material model precludes the occurrence of creep deformation.

Table 4.3 Type 3 Diatomite test information and derived elastic properties

Test No. Sample Depth Bulk Density Load Path 2 x Shear Bulk Modulus
ID (ft.) (g/cm3) Modulus (psi)
{psi)
Lhls_25b 25-1D 1,533.7 1.734 Triaxial Compression No unload No unload
(50 psi)

Lhls_26b 26-1D 1,533.7 1.773 Triaxial Compression 118,863 71,130
(200 psi}

Lhls_18b 18-1D 1,533.7 1.735 Triaxial Compression No unload No unioad
(500 psi)

Lhls_21b 21-1D3 1,527.3 1.711 Triaxial Compression 152,986 322,347
(1000 psi)

Chvid2-1 1D2 1,529.4 1.681 Uniaxial Strain 110,909 88,961

Chv1d7-1 1D7 1,530.5 1.748 Uniaxial Strain 99,708 77,745
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Figure 4.3 Shear failure model fit to conventional triaxial compression test data for Type 3 Diatomite
(see Table 4.3)
3000 .
—_— K =77745.4 psi
‘f— Data : 2G =99707.8 psi
T . A = 449.85psi
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Figure 4.4 Measured versus predicted axial stress — axial strain behavior for two uniaxial strain tests (first
two tests shown) and three triaxial compression tests at 50, 200, and 500 psi (third through fifth shown) for
Type 3 Diatomite (see Table 4.3). Note that the hydrostatic load segments of the triaxial tests are included.

4.4.3 Belridge Diatomite Unit — Type 2 (Shaley) Diatomite
Table 4.4 identifies the test specimens used in the estimation of material parameters
for Type 2 Diatomite. Specimens used for the uniaxial strain and conventional triaxial

compression tests at 50, 600 and 1000 psi were prepared from preserved cores. Specimens
used for the conventional triaxial compression tests at 100 and 300 psi were prepared from
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unpreserved cores. Tests Lhls_13Ab (50 psi) and Lhls_16b (100 psi) clearly reached a peak
stress difference, and failure in Lhls_14b (300 psi) was imminent. However, data from the
two unpreserved specimens conflicted with the other test data and was not used in
estimation of the shear failure parameters (recall that the Type 2 diatomite has the highest
clay content of the three types). Also, for physically realistic parameter estimation it was
necessary to constrain the difference A-C to be positive, and the shear failure parameters
were estimated from the data at 50, 600 and 1000 psi. Figure 4.5 shows the model fit to the
triaxial data along with the shear failure parameters. The cap plasticity parameters were
determined using the two uniaxial strain tests and the triaxial compression tests at 50, 300,
and 600 psi. The test at 1000 psi was not included because of the large hold time that
followed hydrostatic load-up that precluded estimation of cap hardening. Figure 4.6 shows
the model fit to these data along with the best-fit parameters.

Table 4.4 Type 2 Diatomite test information and derived elastic properties

Test No. Sample Depth Bulk Density Load Path 2x Shear Modulus | Bulk Modulus
ID (ft.) (gfem’) (psi) (psi)
Lhls_13ab 13-3A 1,656.6 1.560 Triaxial Compression No unload No unload
(50 psi)
Lhis_16b 16-1C 1,666.0 1.531 Triaxial Compression No unload No unload
(100 psi)
Lhils_14b 14-1B 1,664.8 1.633 Triaxial Compression 116,375 84,655
(300 psi)
Lhis_11b 11-3A 1,656.6 1.509 Triaxial Compression No unload No unload
(600 psi)
Lhis_9b 9-3A 1,656.6 1.468 Triaxial Compression 78,592 Undefined
(1000 psi) (E=120,367)
Chvia-1 1A1 1,655.6 1.681 Uniaxial Strain 92,000 68,518
Chvia-1g 1A2 1,655.6 1.659 Uniaxial Strain 118,377 87,068

400 - A |=—Model

7~ A © . A Failure

300 :

. 7 A Pre-Failure
\/Jz, psi 509 ' / '
. | / A = 344.63 psi
100 ‘ B = 2.04E-3 1/psi

. | C =338.91 psi

0

-2000 0 2000 4000

I;, psi

Figure 4.5 Shear failure model fit to conventional triaxial compression test data for Type 2 Diatomite
(see Table 4.4)
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Figure 4.6 Measured versus predicted axial stress — axial strain behavior for two uniaxial strain tests
(first two tests shown) and three triaxial compression tests at 50, 300, and 600 psi (third through fifth
shown) for Type 2 Diatomite (see Table 4.4). Note that the hydrostatic load segments of the triaxial
tests are included. Inclusion of the test at 300 psi did not affect the cap parameter optimization.

444 Etchegoin Formation — C Sand

Only conventional triaxial compression load paths were available to derive cap
parameters for the reservoir sands of the Etchegoin Formation (C and D sands). Because
none of the principal strains are controlled under the conventional triaxial compression load
path, the parameter optimization in the absence of uniaixal strain data was more
complicated.

Table 4.5 identifies the specimens used in the estimation of material parameters for
the Etchegoin C Sand. All specimens were unpreserved. Tests Aera_1hb (unconfined),
Aera_1lib (100 psi), and Aera_11b (300 psi) reached a peak stress difference, while tests
Aera_1kb (600 psi) and Aera_lmb (1000 psi) did not reach a peak stress difference. In order
to constrain the shear failure surface at higher mean stress, it was necessary to estimate the
hardening behavior and extrapolate the stress-strain behavior to approximate the shear stress
at failure for the test at 1000 psi. Figure 4.7 shows the model fit to the shear failure data
along with the values of the shear failure parameters. Only the axial stress — strain data of
the triaxial compression test at 600 psi (Aera_lkb) was used for determination of the cap
plasticity model parameters. The tests at 100, 300 and 1000 psi included protracted hold
periods that precluded use of that data because of the time independence of the material
model. “Zeroing out” the strains during the hold period is not possible because
commensurate with the strains during the hold period is cap hardening. The cap hardening
affects the cap behavior upon resumption of the triaxial loading and therefore the hold
period cannot be simply zeroed out. Inclusion of the unconfined test caused the parameter
optimization to be problematic, possibly because of the very small radial strains measured in
that test. Figure 4.8 shows the model fit to this test along with the values of the best-fit
parameters.

15




Table 4.5 Etchegoin C Sand test information and derived elastic properties

Test No. Sample Depth Buik Density Load Path 2x Shear Modulus | Bulk Modulus
ID (ft.) (gfem’) (psi) (psi)
Aera_1hb 1H 1,498.8 1.728 Uniaxial Compression No Unload No Unload
Aera_1ib 1l 1,498.1 1.728 Triaxial Compression No Unload No Unload
(100 psi)
Aera_1lb iL 1,498.1 1.728 Triaxial Compression 69,764 67,650
(300 psi)
Aera_1kb 1K 1,498.1 1.728 Triaxial Compression No Unload No Unload
(600 psi)
Aera_1imb iM 1,498.1 1.728 Triaxial Compression 118,218 Undefined
(1000 psi) (E=177,911)
Jo pst A=627.2 psi
600 B = 3.850E-04 1/psi
500 /. , C =570.7 psi
400 A X :
/ = ‘ —— Model 1
300 yiay |
/‘ - Failure
0 1 4 |
-Fail
100 Y A Pre-Failure i
0 ; 7 ; : ® Extrapolated
0 1000 2000 3000 4000 '
~1, psi

Figure 4.7 Shear failure model fit to conventional triaxial compresison test data for Etchegoin Sand C

(see Table 4.5)
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Figure 4.8 Measured versus predicted axial stress — axial strain behavior for the triaxial compression
tests for Etchegoin Sand C at a confining pressure of 600 psi. Note that the hydrostatic load segment is
included (also see the stress overload that occurred inadvertently during the hydrostatic portion).

4.4.5

Etchegoin Formation — D Sand

Table 4.6 identifies the specimens used in the estimation of material parameters for
the Etchegoin D Sand. All test specimens were unpreserved. Tests Aera_2gb (unconfined),
Aera_2hb (100 psi), and Aera_2ib (300 psi) reached a peak stress difference, while tests
Aera_2jb and Aera_2kb (600 and 1000 psi) did not. As described previously, the hardening
behavior during the test at 1000 psi was estimated to allow approximation of the failure
stress at elevated mean stresses. Figure 4.9 shows the model fit to the shear failure data
along with the values of the shear failure parameters. The axial stress-strain data of all five
triaxial compression tests were used in simulation of the cap model parameters. Figure 4.10
shows the model fit to these tests along with the values of the best-fit parameters.

Table 4.6 Etchegoin D Sand test information and derived elastic properties

Test No. | Sample Depth Bulk Density Load Path 2x Shear Modulus | Bulk Modulus
ID (i) (gfem®) (psi) (psi)

Aera_2gb 2G 1,627.6 1.712 Uniaxial Compression No Unload No Unload

Aera_2hb 2H 1,627.6 1.712 Triaxial Compression No Unload No Unload
(100 psi)

Aera_2ib 2i 1,627.6 1.712 Triaxial Compression 87,102 84,581
(300 psi)

Aera_2jb 2J 1,627.6 1.712 Triaxial Compression No Unload No Unload
(600 psi)

Aera_2kb 2K 1,627.6 1.712 Triaxial Compression 133,850 224,533
(1000 psi)
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Figure 4.9 Shear failure model fit to conventional triaxial compresison test data for Eichegoin Sand D (see
Table 4.7)
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Figure 4.10 Measured versus predicted axial stress — axial strain behavior for five triaxial
compression tests for Etchegoin Sand D (see Table 4.7). Note that the hydrostatic load segments of the triaxial
tests are included.

4.4.6 Etchegoin Formation — Belridge Diatomite Interface (D Sand / E Cycle)

A core was also provided from the approximate location of the interface between the
Etchegoin Formation and Belridge Diatomite Unit. Table 4.7 identifies the specimens used
in the estimation of material parameters for the D/E interface material. Tests Aera_3bb
(unconfined), Aera_3cb (100 psi), and Aera_3db (300 psi), reached a peak stress difference,
and Aera_3eb (600 psi) appeared to be close to peak stress. The test Aera_3fb (1000 psi) did
not, and the hardening behavior was extrapolated as described previously. Figure 4.11 shows
the model fit to the shear-failure data along with the values of the shear-failure parameters.
Cap parameters were not derived, and this unit was not defined in the geomechanical model.
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Table 4.7 Sand D — Cycle E (Interface) test information and derived elastic properties

Test No. | Sample | Depth | Bulk Deralsity Load Path 2x Shear Modulus Bulk Modulus
1D (ft.) (g/cm”) (psi) (psi)
Aera_3bb 3B 1,653 1.546 Uniaxial Compression No Unload No Unload
Aera_3cb 3C 1,653 1.546 Triaxial Compression No Unload No Unload
(100 psi)
Aera_3db 3D 1,653 1.546 Triaxial Compression 33,429 38,298
(300 psi)
Aera_3eb 3E 1,653 1.546 Triaxial Compression No Unload No Unload
(600 psi)
Aera_3fb 3F 1,653 1.546 Triaxial Compression 70,808 197,498
(1000 psi)
NJ, psi
500
A = 809.3 psi
400 B = 1.84E-03 1/psi
74 A C =694.3 psi
300
A /
200 / Model
. A Failure Data
100 +A ‘ ,
A Pre-Failure Data
0 - - © @ Extrapolated Data .
0] 1000 2000 3000 4000 5000

—1I, psi

Figure 4.11 Shear failure model fit to conventional triaxial compresison tests for the Etchegoin Formation
— Belridge Diatomite interface core (see Table 4.7).

4.4.7

Porcelanite (underburden)

Table 4.8 identifies the specimens used in the estimation of material parameters for
the Opal CT phase of the Belridge Diatomite Member. All specimens reached failure. Figure
4.12 shows the model fit to the shear failure data along with the values of the shear failure
parameters.
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Table 4.8 Belridge Diatomite (Opal CT) test information and derived elastic properties

Test No. | Sample | Depth | Bulk Density Load Path 2x Shear Maodulus Bulk Modulus
ID (ft.) (g/em’®) (psi) (psi)
Chv31-1b 3-1 2658 1.65 Triaxial Compression No Unload No Unload
(50 psi)
Chv32-1b 3-2 2658 1.85 Triaxial Compression No Unload No Unload
(100 psi)
Chv33-1b 3-3 2658 1.65 Triaxial Compression 482,793 274,333
(300 psi)
Chv22-1b 2-2 2631 1.65 Triaxial Compression No Unload No Unload
(600 psi)
Chv23 2-3 2631 1.65 Triaxial Compression 394,127 234,532
(1000 psi)
\J, psi
5000 ‘ A= 6,360 psi
4000 . | B =9.41 E-05 1/psi
: | .
| A/{ C = 5,923 psi
3000 -
! |
2000 — { Model
1000 , i A Failure Data
1
0

-5000

0 5000

10000

~1, psi

15000

Figure 4.12 Shear failure model fit to conventional triaxial compression tests for the Opal CT phase of
the Belridge Diatomite Member, Porcelanite (see Table 4.8)

448

Overburden Formations

No core was available for material testing for the overburden formations. Material
parameters were estimated from the best data available from the literature.

San Joaquin Formation. The elastic properties, K = 93,333 psi and 2G = 74,667
psi, for the San Joaquin siltstone, are from Bruno and Bovberg (1992). Shear-failure
parameters for the ESR cap model were determined from their Mohr envelope failure data
based on rock mechanics tests on cores from the Lost Hills Field. Figure 4.14 shows the
model fit to these shear failure data along with the values of the shear failure parameters.
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Figure 4.13 Shear failure model fit to shear failure data deduced from Mohr envelope failure data for
the San Joaquin Formation reported by Bruno and Bovberg (1992)

Tulare Formation. The elastic properties, K = 23,333 psi and 2G = 28,000 psi, for the
Tulare Formation at the Belridge Field were as reported in Fredrich et al. (1996). Drucker-
Prager parameters reported by Fredrich et al. (1996) were converted to equivalent shear
failure parameters for the ESR cap model. Figure 4.14 shows a comparison of the Drucker-
Prager shear failure locus with the equivalent ESR shear failure locus over the stress range
of interest.

\/z psi

800
H
700 ; // Drucker-Prager
600
o0 ! / JT; =445 psi+0.17331,

400 : // ESR

300 i —— A = 8345.6 psi
200 i / —DP | B 21457605 1psi
/ Ceeens ESR | C = 8341.2 psi
100 / -
0 ' -
-2000 0 2000 4000 6000
-1, psi

Figure 4.14 Comparison of the Drucker-Prager shear failure locus with the equivalent ESR shear-
failure locus for the Tulare Formation (based on constitutive model parameters from the Belridge Field
as reported in Fredrich et al. (1996)

Alluvium. The elastic properties, K = 15,000 and 2G = 13,846 psi, for the alluvium at
the Belridge Field, were as reported by Fredrich et al. (1996). The Drucker-Prager
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parameters presented in Fredrich et al. (1996) were converted to equivalent shear failure
parameters for the ESR cap model. Figure 4.15 shows a comparison of the Drucker-Prager
shear-failure locus with the equivalent ESR shear failure locus over the stress range of
interest.

600 :
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Figure 4.15 Comparison of the Drucker-Prager shear failure locus with the equivalent ESR shear
failure locus for alluvium at the Belridge Field

5 Discussion
5.1 Summary and Comparison of Constitutive Models

Table 5.1 summarizes the material models developed for the overburden, underburden,
and reservoir formations at the Lost Hills oil field. As described previously, the diatomite
reservoir is varied vertically in composition due to its cyclic sedimentary origin. This work
follows the convention of the two field operators who define three type diatomites that are
delineated based on bulk density and composition.

Table 5.1 Material Parameters for the Etchegoin Sands, Belridge Diatomite, and Overburden
Formations at the Lost Hills Oil Field, California

Material alluvium Tulare SJ Etchegoin  Formation DIE Belridge Diatomite

Parameter Formation Formation C Sand D Sand Interface Type 1 Type 3 Type 2 Opal CT
K (psi) 15,000 23,333 93,333 67,650 84,581 38,297 44,031 77,745 87068 274,333
2G (psi) 13,846 28,000 74,667 69,764 87,102 33.429 64,399 99,707 118,377 482,792
p (g/cu cm) 1.73 1.71 1.55 1.58 1.73 1.57 1.65
A (psi) 8,345.60 12,198.30 13,398.00 627.2 1,004 809.3 442.61 449.85 34463,
B (1/psi) 2.15E-05 1.18E-05 7.29E-06 3.85E-04 3.51E-04 1.84E-03 1.22E-03 1.39E-03 2.04E-03 9.41E-05
C (psi) 8,341.20 12,168.50 13,123.50 570.7 960.7 694.3 42265 440.19 338.91 5923.4
D 1 (1/psi) . o * 9.79E-05 2.02E-06 * 9.79E-05 7.00E-07 4.22E-07 *
D2 (1/psi2) * . 4.15E-08 6.33E-08 - 4.15E-08 6.32E-08 8.52E-08
2] . * 3.2 3.61 3.204 2.34 5.11
w " . 0.052 0.134 0.1288 0.12 0.073
X0 (psi) -0.1 -9.2 -0.1 -0.1 -0.1
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To complement the parameter listing in Table 5.1, the relative mechanical behavior of
the three type diatomites is illustrated from a physical perspective in Figures 5.1 through 5.3.
These figures show the material models and cap hardening behavior for the three type
diatomites in mean — deviatoric stress space (/; vs YJa) . The cap yield surfaces plotted
represent the cap positions at plastic volume strains of 1, 3, 6, and 10%. In cases where the
maximum compaction strain that the model predicts (that reflects the laboratory
experiments) is less than 10%, the cap position at that strain is shown instead. Thus, the
shape and position of the cap for the different diatomite types illustrate their relative
compactability and compaction hardening behavior.

The shear yield surfaces for the Type 1 and 3 diatomites are similar, and both are
stronger than the Type 2 diatomite. However, the cap behavior for Types 1 and 3 differs
slightly, with different cap curvature, and with Type 3 being somewhat more compaction-
resistant (i.e., the cap hardens more than it does for Type 1). More importantly, note that the
elastic properties of the Type 1 and 3 diatomites are significantly different, with close to a
factor of 2 difference in the bulk modulus of the Type 1 versus Type 3 diatomite. Therefore,
it is essential to distinguish between the two material models for Type 1 and 3. As noted, the
Type 2 diatomite is the weakest in regard to shear failure. The cap hardening behavior for
the Type 2 diatomite is also markedly different, such that the cap hardens dramatically at
volume strains greater than ~5% as compared to the hardening behavior of Types 1 and 3.
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200
150
100
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500 O 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500
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Figure 5.1 Cap plasticity model for the Type 1 Diatomite. The cap hardening behavior is illustrated by
the isovolume cap surfaces at plastic strains of 1, 3, 6, and 10%
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Figure 5.2 Cap plasticity model for the Type 2 Diatomite. The cap-hardening behavior is illustrated by
the isovolume cap surfaces at plastic strains of 1, 3, 6, and 7.3%
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Figure 5.3 Cap plasticity model for the Type 3 Diatomite. The cap-hardening behavior is illustrated by
the isovolume cap surfaces at plastic strains of 1, 3, 6, and 10%

The cap plasticity models for the Etchegoin reservoir formations, Sands C and D, are
shown in Figures 5.4 and 5.5. Sands C and D are significantly stronger than the three type
diatomites of the Belridge Diatomite unit. Also, the C Sand compaction-hardens more than
the D Sand, and the yield surfaces are less sensitive to shear stress.
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Figure 5.4 Cap plasticity model for the Etchegoin C sand. The cap hardening behavior is illustrated by
the isovolume cap surfaces at plastic strains of 1, 3, 5, and 5.2%.
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Figure 5.5 Cap plasticity model for the Etchegoin C sand. The cap hardening behavior is illustrated by
the isovolume cap surfaces at plastic strains of 1, 3, 6, and 10%
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5.2 Otherlssues

The laboratory rock mechanics experiments indicate that all of the rocks tested are
somewhat anisotropic. That is, under a hydrostatic loading path in which all of the principal
stresses are maintained equal, the radial and axial strains differ. Typically, the sample is
more compliant in the vertical direction, and the material is probably transversely isotropic,
with the axis of rotational symmetry oriented vertically (i.e., perpendicular to bedding). It
should be noted that the material model applied here assumes isotropy, and therefore does
not capture this aspect of the material deformation. At the present time, only an isotropic cap
plasticity model is implemented in JAS3D.

A second feature of the rock mechanics behavior that the present material model
does not capture is the transition from compactive to dilatant deformation that generally
precedes shear failure. Fossum and Fredrich (2000) describe the application of a newly-
developed continuous-surface cap plasticity model to this data, and show that the new model
represents the actual behavior more accurately than the traditional cap plasticity model used
here that precludes the occurrence of dilatant deformation at stress states below the shear
failure surface. This behavior is only realized at stress states very close to the intersection of
the cap yield and shear failure surfaces, and so this aspect is not relevant for stress states
sufficiently removed from the shear failure surface.

5.3 Geomechanical Model of Lost Hills

The material models were developed for use in three-dimensional geomechanical
simulations of the Lost Hills field that will be described in detail in a future report by
Fredrich et al. In brief, the 3D geomechanical model was meshed so as to include parts of
Sections 4, 5, 32, and 33, and included wells operated by both Chevron USA Prod. Co. and
Aera Energy LLC. The model was meshed directly from marker data provided by Chevron
USA Prod. Co with the layers in the geomechanical model being defined by the marker data.
Assignment of type diatomite models to layers in the geomechanical model was based on
analyses of lithologic correlation sections that were developed from neutron density well log
data for approximately 20 wells that transected the reservoir structure at Lost Hills. The
lithologic correlation sections included some wells in the area of the geomechanical model
and were provided by Chevron USA Prod. Co. Contact surfaces were also included at
specific horizons based on analyses of the field well failure data. The essential features of
the geomechanical model are summarized in Figure 5.6.
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Marker Horizons and

Stratigraphic Unit . .
Associated Material Models
Tulare Formation } Tulare ESR
San Joaquin Formation SJ ESR
AZN
Etchegoin Formation| A & B sands C Pt C Sand ESR
C sand C Sand ESR
Dsand | 2™ "L psandESR
~4\r~~~~~~’~~~~~-DD Pt
Reef Ridge Belridge E Pt
Member Diatomite Diatomite Type 3 ESR
EE Pt
FPt . .
FF Pt Diatomite Type 1 ESR

G Pt } Diatonite Type 2 ESR

Monterey Formation

ﬁ%tpt “} Diatomite Type 1 ESR

BH Pt Diatomite Type 2 ESR

J Pt

K Pt Diatomite Type 1 ESR
-L Pt

Porcelanite ESR

Figure 5.6 Schematic illlustrating the correlation of constitutive models with marker horizons used to
mesh the 3D geomechanical model of the Lost Hills Field. The geomechanical model also includes two contact
surfaces located at the AZN and F points. The reservoir horizon is shown with gray shading for clarity. Note
that there is no vertical scale.
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6 Summary

Constitutive models were developed for the reservoir formations, overburden
formations, and underlying strata at the Lost Hills oil field, Kern County, California.
Parameters for an Extended Sandler-Rubin (ESR) cap plasticity model were derived for the
two reservoir formations, and shear failure parameters of the ESR cap model were
determined for both overburden and underburden formations.

Our work followed the convention of the two field operators who define three type
diatomites that are delineated based on bulk density and composition. The analyses of the
rock mechanics experiments indicated that the three type diatomites have distinct differences
in their mechanical behavior. The failure strengths of Type 1 and 3 Diatomiites are similar;
however, their elastic properties differ substantially. Also, Type 3 is slightly more
compaction-resistant than Type 1. The Type 2 Diatomite is the weakest in regard to shear
failure, and the cap behavior is also markedly different, and exhibits rapid hardening at
relatively modest plastic volume strains. Table 5.1 and Figure 5.6 summarize the material
models and geomechanical layer definitions that were developed in this work.

It is emphasized that the constitutive models developed here are valid only within the
ranges of stress and strain of the laboratory data from which they are derived. In particular,
it is noted that the position of the shear failure surfaces at higher mean stresses would be
better constrained in the presence of additional laboratory data that included triaxial
compression tests that were extended to shear failure.

The material models developed here are presently being used in three dimensional
geomechanical simulations of the Lost Hills field that will be described in a future report.
The geomechanical model includes parts of Sections 4, 5, 32, and 33, and includes wells
operated by Chevron USA Prod. Co. and Aera Energy LLC.
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