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1. Introduction and Statement of Purpose

| have been retained on behalf of BP Exploration & Production to evaluate laboratory
data and offer opinions about the value of a rock property called “uniaxial pore volume
compressibility” or “UPVC™ (sometimes referred to as “rock compressibility” or
“formation compressibility™) for the Macondo reservoir sandstone, The value of UPVC is
relevant to various reservoir engineering calculations, including material balance
calculations. Government expert witnesses have in several cases used a number for
UPVC that is approximately double the value that is indicated by measurements on actual
samples of Macondo reservoir rock. The Government expert reports do not provide an
expert analysis as to why they depart from the measured data. In this report | analyze the
data from three tests performed by an independent laboratory that allow a calculation of
the UPVC. All of these strands of analysis converge on the number that I have provided
to other BP experts as an input into their calculations.
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2. Personal Background — Robert W. Zimmerman

I am currently Professor of Rock Mechanics in the Department of Earth Science and
Engineering, Royal School of Mines, Imperial College, London, United Kingdom. Rock
mechanics is the name of the field of study that encompasses the subject of pore volume
compressibility, which is one of the properties of the Macondo reservoir that is in dispute
between the calculations of cumulative flow by BP’s experts and those of several United
States experts.

I have a B.S. degree in Mechanical Engineering from Columbia University, an M.S.
degree in Mechanical Engineering from Columbia University, and a Ph.D. in Solid
Mechanics from the University of California at Berkeley. My Ph.D. thesis was entitled
“The Effect of Pore Structure on the Pore and Bulk Compressibilities of Consolidated
Sandstones™.

[ have previously been a lecturer at the University of California, Berkeley. a staff scientist
at the Lawrence Berkeley National Laboratory, and Head of the Division of Engineering
Geology and Geophysics at the Royal Institute of Technology (KTH) in Stockholm. 1
have taught courses in rock mechanics, rock physics, geodynamics, soil mechanics,
engineering mechanics, fluid flow through porous media, heat transfer, fluid mechanics,
and applied mathematics. at UC Berkeley, KTH, and Imperial College.

I currently conduct research in rock mechanics, fractured rock hydrology, and
petrophysics, with applications to petroleum engineering, mining, nuclear waste disposal,
and carbon sequestration. I have authored or co-authored ninety papers in refereed
scientific journals, and eighty-five conference papers, including thirteen SPE papers. |
have supervised or co-supervised twenty-six Ph.D. students (twenty-one completed, five
in progress), mainly in various aspects of rock mechanics.

[ have been, since 2006, the Editor-in-Chief of the International Journal of Rock
Mechanics and Mining Sciences, and serve on the Editorial Boards of Transport in
Porous Media and the International Journal of Engineering Science. | am the author of
the monograph Compressibility of Sandstones, published as Volume 29 of the series
Developments in Petroleum Science (Elsevier, 1991), and am the co-author. with J. C.
Jaeger and N. G. W. Cook, of Fundamentals of Rock Mechanics (4th ed., Wiley-
Blackwell, 2007).

My papers and books have received over 3000 citations, according to the Institute of
Scientific Information, and over 4500 citations according to Google Scholar. In 2010 1
was awarded the Maurice A. Biot Medal for Poromechanics from the American Society
of Civil Engineers, in recognition of my “outstanding contributions in applying
poroelasticity to rock mechanics and fluid flow in fractured media”.

My detailed curriculum vitae is appended to this report as Appendix 2.
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3. Executive Summary

Uniaxial pore volume compressibility (UPVC) is a key parameter in many petroleum
reservoir engineering calculations, including material balance calculations and well test
analysis. In the present context, UPVC represents how the pore volume of reservoir rock
changes as the pore pressure inside the rock changes while the reservoir is depleting.
UPVC is typically expressed in units of microsips, which are sometimes abbreviated
“usips”. One microsip is equal to 1x10®/psi. The UPVC of the Macondo reservoir
sandstone is a necessary data input for most reservoir analysis techniques for estimating
the cumulative amount of oil that flowed from the Macondo well from April 20, 2010, to
July 15, 2010.

Counsel for BP have asked me to analyze and evaluate laboratory and other data,
including laboratory measurements of rock samples performed by Weatherford
Laboratories, to determine the best estimate of the Macondo reservoir sandstone’s
average UPVC. The primary opinions I have formed are as follows:

i. It is common in petroleum engineering to test rotary sidewall core rock samples —
the type of samples available from the Macondo Reservoir — for pore volume
compressibility and to analyze and rely on the results of those tests.

ii., Based on measurements by Weatherford Laboratories of pre-incident rotary
sidewall core rock samples, 6.35 microsips is the best estimate of the average
UPVC of the Macondo Reservoir.

iii. My estimate of an average UPVC of 6.35 microsips is supported by analysis of
three independent laboratory measurements. First, | have analyzed the raw data of
the uniaxial compression tests conducted by Weatherford Laboratories on the pre-
incident Macondo rock samples, and I have determined that the average UPVCs of
these samples range from 4.34 microsips to 8.57 microsips, with an average value
of 6.35 microsips.

iv.  Second. | have analyzed Weatherford's measurements of the porosity changes that
oceurred in the Macondo rock samples under hydrostatic compression, and used
well-established relationships (physical and mathematical) to convert those
measurements to a UPVC value. 1 determined that the UPVC value derived from
this set of data was slightly lower than 6.35 microsips.
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v.  And third, 1 have calculated the Macondo UPVC by analyzing Weatherford’s
measurements of ultrasonic wave velocities on different pre-incident rock samples,
and converted those measurements to UPVC values using accepted equations and
correlations. The ultrasonic wave velocity data yielded values that were somewhat
lower than 6.35 microsips.

vi. Finally, I note that my estimated UPVC value of 6.35 microsips is roughly
consistent with reported values of UPVC from other consolidated sandstones
having similar ranges of porosity. My value of 6.35 microsips is, therefore, not
unexpected, nor does it require any special explanation.

vii. A value of UPVC on the order of 12 microsips, which is used by some United
States experts, is nof consistent with, and is mof supported by, any available data,
including data from Weatherford’s tests.

In the following section (Section 4), | provide an overview of the work that | performed
to arrive at my opinions regarding UPVC, including a discussion of the work [ did related
to the three Weatherford tests, my literature review, and a comparison of my work to the
United States experts. Section 5 then provides some detailed background and the
mathematical and physical principals | used in my analysis. Sections 6 through 8 provide
the detailed calculations I performed relating to each of the three Weatherford tests.
Section 9 describes in further detail my findings in industry literature related to UPVC.
Section 10 provides a brief conclusion to my report.
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4. Overview of Work Performed

Based on my analysis of the relevant data, I conclude that the best estimate of the
reservoir’s average UPVC is 6.35 microsips over a range of pore pressures from 11,800
psi to 10.400 psi. 11,800 psi represents the highest pore pressure used by Weatherford in
its uniaxial compression experiments, and it is close to the initial pore pressure of the
Macondo reservoir. 1 have been advised that other experts for BP have estimated that the
Macondo reservoir’s final pore pressure was close to 10,400 psi. My estimate of the
average UPVC remains relatively constant over a wide range of final pore pressures. For
instance, | obtain nearly the same average UPVC over pore pressure ranging from 11,800
psi to 10,500 psi. Some United States experts use a final pressure less than 10,400 psi.
Because UPVC is lower at lower pore pressures, my estimate of average UPVC would be
lower than 6.35 microsips if [ had used the final pressures used by some United States
experts.

The following subsections describe the work I performed. Section 4.1 describes the data
available for my evaluation. Section 4.2 provides general background on rock
compressibility (more detailed background is provided in Section 5). Section 4.3
describes my analysis of uniaxial compression test data and the results I obtained (also
described in more detail in Section 6). Section 4.4 describes my work involving
“stairstep” porosity data (also described in more detail in Section 7). Section 4.5 covers
the work 1 did related to ultrasonic velocity test data (also described in more detail in
Section 8). Section 4.6 describes my findings in relevant literature regarding UPVC (with
more description provided in Section 9). And finally, Section 4.7 compares my analysis
to that of the experts for the United States.

By the end of Section 4, I hope to have provided a complete overview of the work 1
performed related to the Macondo reservoir. The subsequent sections provide additional
detail about that work.

4.1  Samples, Testing, and Analysis Methods

While the Macondo well was being drilled, several dozen samples of reservoir rock were
collected.' All of the rock samples from the Macondo reservoir were rotary sidewall core
samples.” Rotary sidewall core samples are extracted using a tool that bores sideways into

" Jaime Loos Deposition, p. 49,

* Jaime Loos Deposition, p. 220.
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the reservoir wall in order to extract cylindrical rock samples. The rock samples were
sent to Weatherford Laboratories for evaluation and testing.

Coring Bit

~= Samples

Fig. 4.1. Representative diagram of a rotary sidewall coring tool. The tool cuts cylindrical rock
samples out of the wall of the wellbore. All of the rock samples from Macondo are rotary sidewall

cores.

T
Taprmwdn N =0

X

Fig. 4.2. Photograph of the Macondo reservoir rotary sidewall core rock sample number 3-16R.?
Weatherford used sample number 3-16R and other cores for its uniaxial compression tests.

* Weatherford Photograph 18129.10_3-16R_wl_ljpg. WFT-MDL-00039304.
9
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It is common to perform compressibility testing on rotary sidewall core rock samples,’ as
well as to analyze and rely on the results of those tests.

l!’

For some reservoirs, laboratory data is available from “whole™ or “conventional™ core
samples. Such samples are not available from the Macondo reservoir, but that does not
affect my analysis. Although whole core rock samples are typically larger than rotary
sidewall cores, I am not aware of any literature or information showing that the size of a
sample is relevant to compressibility measurements. Indeed, rock mechanics theory
suggests that the size of the sample should have no effect on the measurements of
compressibility. Sometimes a rotary sidewall core sample can be so small that the strain
gauges are affected by frictional end effects, but the effect of those frictional effects does
not usually exceed a few percentage points.” Size — and specifically, length-to-diameter
ratio — can be relevant to other types of rock tests, such as strength measurements, but it
is not relevant to the tests that 1 analyze in this paper. The eight cores 1 evaluate look

sufficiently intact to be suitable for the types of testing I analyze.

To reach my conclusions, 1 use data from the tests conducted by Weatherford

Laboratories on the Macondo rock samples. Estimates of UPVC can be derived from

several different types of laboratory measurements conducted on rock samples taken

from wells. Here, Weatherford conducted three experiments on the Macondo samples N
that can be used to calculate UPVC: uniaxial compressibility tests; hydrostatic “stairstep™

porosity tests, and ultrasonic velocity tests. Each type of test was conducted on a separate

set of rock samples, and all three tests yield values that are in reasonable agreement with

my opinion that the average UPVC of the Macondo reservoir is 6.35 microsips. None are

at all consistent with a value as high as 12 microsips, a value used by some of the United

States experts.

4.2  General Background on Rock Compressibility

The property of “compressibility™ is, in general, a measure of the ability of a material to
deform under pressure. Compressibility describes how much the rock volume changes for
a given change in pressure, but there are various ways to look at the volume of a porous
rock and the pressures acting on a porous rock.

* Weatherford also notes that it is common. Jaime Loos Deposition, p. 143.

* Jaeger et al., 2007. section 6.3.

10
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Rock volume: A porous rock is made up of solid mineral grains and empty pore space.
Thus, an investigator can look at (1) the mineral volume of a porous rock — the volume
of the solid mineral grains by themselves; (2) the pore volume of the porous rock — the
volume of the empty pore space alone; or (3) the total bulk volume of the porous rock —
the total volume of both the grains and the pores.

Bulk Volume
Pore Volume

Mineral Volume

Fig. 4.3: Illustration of the “pore volume™, “mineral volume™. and “bulk volume™ of a porous rock.

Rock pressure: A porous rock has internal pore pressure pushing outward due to the
fluids inside the pore space, and the external confining pressure pushing inward due to
gravity and other external forces. The confining pressure can be lateral, i.e., from the
sides, or overburden, i.e., from the top and bottom. Moreover, the external confining
pressures on a rock can be hydrostatic — the same in all directions; or friaxial— where
the vertical stress is not the same as the horizontal stresses.

11
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Overburden
Confining Pressure

Lateral Lateral
Confining Confining
Pressure Pressure

Overburden
Confining Pressure

Figure 4.4: Illustration of the “pore pressure” and “confining pressure™ that act on a porous rock.

Thus, one can evaluate, taking two examples, how the bulk volume changes with a
change in the confining pressure under hydrostatic conditions, or how the pore volume
changes with a change in the pore pressure under uniaxial strain conditions.

It is this latter type of compressibility — uniaxial pore volume compressibility, or UPVC
— that is most relevant to reservoir modeling and material balance analysis. First, the
primary interest with respect to volume is in the changing pore volume, not the changing
mineral volume, because the pore volume defines how much fluid the porous rock can
contain. Second, the primary interest on pressure is in the changing pore pressure, not the
changing confining pressure, because removal of hydrocarbons from a reservoir will
lower the pore pressure. Finally, the external pressures on a reservoir are different in the
vertical and horizontal directions; when a reservoir is depleted and the pore pressure
declines, the state of stress that acts on the rock is not hydrostatic. The vertical stress
remains constant, since this stress is essentially due to the weight of the rock that lies
above the reservoir. As the pore pressure declines, a rock would ordinarily contract
laterally, but the reservoir rock is prevented from doing so by the vast expanse of rock to
its sides. This type of deformation is known as uniaxial deformation, because the
deformation occurs only in the vertical direction. Figure 4.5 illustrates uniaxial
deformation.

12
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Overburden Pressure Qverburden Pressure

Lateral Lateral Lateral Lateral
Confining Confining  Confining Confining
Pressure Pressure Pressure Pressure
Overburden Pressure Overburden Pressure

Fig. 4.5. Illustration of uniaxial deformation. The rock changes size (is deformed) along the vertical
axis. but it does not change size along the horizontal axes. Dashed lines represent the original shape.

The different types of compressibility can be measured through different tests in
laboratories. Then, using mathematical relations that can be derived between these
compressibilities using the theory of elasticity, we can, for example, estimate the value of
the pore volume compressibility from measurements of the bulk volume compressibility.
The uniaxial pore compressibility is also related mathematically to the hydrostatic pore
volume compressibility.

Section 5 of this report gives a more thorough overview of the theory of porous rock
compressibility, as well as a description of the mathematical and physical relationships
used in my work.

In this report, I have evaluated three different laboratory tests by Weatherford
Laboratories, each measuring a different type of compressibility, and generated UPVC
estimates based on each. The fundamental result was that each set of samples, and the
measurements of each of the three rock properties, confirmed my estimate of the average
Macondo UPVC as being 6.35 microsips or lower.

The following sections 4.2 through 4.4 provide a summary of the measurements and my
analysis of those three tests.

4.3 First Calculation: Based on Uniaxial Compression Test Data — 6.35 microsips

The main set of data that I have used to estimate the average UPVC of the Macondo
reservoir was collected by Weatherford during a set of uniaxial compression tests

TREX 011497.0013



conducted on three samples from the Macondo well.® These data are the most
representative measurements of UPVC available from the laboratory data, because they
reproduce the sort of uniaxial deformation that occurs in the reservoir. It is these data that
I use to develop my best estimate of the Macondo UPVC — 6.35 microsips.

In the uniaxial compressibility test, each rock sample was inserted into a testing
apparatus, the pores were filled with pressurized fluid, and external pressure was applied
to the top, bottom, and sides of the cylinder. Pore pressure was then reduced while the
pressure on the sides of the sample was adjusted so that there was no change to the
diameter of the sample. This mimics the uniaxial deformation the rock would experience
in the reservoir, where the rock could compress and expand in the vertical direction, but
the vast expanses of rock surrounding the sides of the reservoir prevent the reservoir rock
from expanding or contracting laterally. For these tests, Weatherford used standard
methods that are well accepted in the industry.

Overburden Pressure

Lateral Lateral
Confining  Confining
Pressure Pressure

Lateral
Confining
Pressure

Overburden Pressure Overburden Pressure

Fig. 4.6. Illustration of Weatherford's uniaxial compression test. The core sample is “loaded™ with
internal pore pressure, lateral confining pressure, and vertical overburden pressure (left diagram). Pore
pressure is reduced while overburden pressure remains constant. The lateral confining pressure is
adjusted so that the sample diameter remains constant (right diagram). The shrinkage of the core in the
vertical direction is measured.

Although Weatherford calls these tests “uniaxial pore volume compressibility tests™, the
tests do not directly measure pore volume compressibility. Instead, the tests measure the
change in bulk volume and yield values for the rock’s uniaxial bulk volume
compressibility. While the bulk volume compressibility measured in the test is closely
related to the pore volume compressibility, it is slightly different. I converted the uniaxial

& Weatherford Pore Volume Compressibility Test. WFT-MDL-00082904.
14
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bulk volume compressibility data to uniaxial pore volume compressibilities using
accepted conversion equations (see Section 5 for those equations). Based on the
Weatherford data, 1 determined that the average value of the UPVC, over the range of
pressures from 11,800 psi down to 10,400 psi, was 8.57 microsips for sample 3-6R, 4.34
microsips for sample 3-16R, and 6.14 microsips for sample 3-22R. I then took the
arithmetic average of the values from these three samples, which yielded 6.35 microsips.
I consider this value to be the most accurate estimate of the Macondo UPVC, since it is

based on data collected under conditions of uniaxial deformation.

Sample Number:

3-6R

3-16R

CT Scan Images:’

Calculated UPVC:

8.57 microsips

4.34 microsips

6.14 microsips

Average of all
samples:

6.35 microsips

Table 4.1. Rock samples tested by Weatherford Laboratories for UPVC.

7 Weatherford Photograph plug-18074_90-0.jpg. WFT-MDL-00039346: Weatherford Photograph plug-
18129_10-0.jpg. WFT-MDL-00039352; Weatherford Photograph plug-18150 00-0.jpg. WFT-MDL-

00039354.
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A detailed description of the uniaxial compression test data, and my analysis of that data,
can be found in Section 6.

4.4  Second Calculation: Based on Hydrostatic “Stairstep” Porosity Test Data —
5.47 microsips

The second set of data that 1 use to calculate UPVC comes from Weatherford's
hydrostatic “stairstep”™ porosity test.* Weatherford conducted this test on three additional
rock samples; the test provides confirmation of, and adds robustness to, the 6.35-microsip
UPVC estimate that I determined from the uniaxial compression test data.

UPVC can be inferred from hydrostatic compression measurements. In the “stairstep™
test, porosities were measured by Weatherford on three core samples: sample 3-8R,
sample 3-21R, and sample 3-25R.” The porosity measurements were made by increasing
the external confining pressure, while holding the pore pressure constant. They therefore
correspond to a stress path in which the difference in pressure between the external
confining pressure and the internal pore pressure (known as the “differential pressure” or
“net confining stress”) increases — which mimics the stress path that occurs in the
reservoir during depletion. Converting the compressibility coefficient measured in these
hydrostatic compression tests into the UPVC requires knowledge of a property known as
the Poisson ratio. The Poisson ratio of a consolidated sandstone usually lies between 0.1
and 0.2 (see Table S.1), which I have used in my calculations. (And, in fact, the two
values measured during ultrasonic tests on two other Macondo cores were 0.13 and 0.18,
as will be discussed further in Section 8.)

Using the hydrostatic porosity measurements, | calculate an average UPVC of between
4.56 and 5.47 microsips at a differential pressure of 2372 psi, which is the mean value of
the differential pressure experienced by the reservoir over the relevant range of pore
pressure. The UPVC values derived from the hydrostatic compression fests is therefore
roughly consistent with the value of 6.35 microsips that was calculated from the uniaxial
compression tests. It is, once again, not consistent with a UPVC value of 12 microsips.

Since the stresses in the hydrostatic “stairstep™ porosity test were applied in all directions,
this test essentially provides a measure of the average compressibility in all three

* Weatherford Laboratories Report WFT Labs HH-46949. WFT-MDL-00129171.
Y Weatherford Laboratories Report WFT Labs HH-46949. WFT-MDL-00129171.

16
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directions. The fact that the UPVC values computed from these tests were close to the
value estimated from the uniaxial tests implies that the samples were not highly
anisotropic — they had the same compressibility values in all directions. This provides
further justification of the use of rotary sidewall core rock samples.

Sample Number:

CT Scan Images:"

Calculated UPVC
(average of all

56 to 5.47 microsips
samples): 4.56 to 5.47 microsips

Table 4.2. Rock samples tested by Weatherford Laboratories for hydrostatic “stairstep™ porosity.

I discuss my analysis of the hydrostatic “stairstep” porosity measurements further in
Section 7.

1o

Weatherford Photograph plug-18081_80-0.jpg. WFT-MDL-00039236; Weatherford Photograph plug-
18147 _90-0.jpg. WFT-MDL-00039245: Weatherford Photograph plug-18161 00-0.jpg, WFT-MDL-
00039356.
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4.5 Third Calculation: Based on Ultrasonic Velocity Test Data — 4 microsips

The third and final set of Weatherford data I use is from ultrasonic velocity
measurements.'’ The result of this analysis is an estimated UPVC of around 4 microsips.
This once again confirms that the best estimate of Macondo’s average UPVC is no more
than 6.35 microsips and is not anywhere near 12 microsips.

| Sample Number: 3-17R 3-19R

CT Scan Images:j:

Calculated UPVC: 4 microsips B 4 microsips

Average of all samples: 4 microsips

Table 4.3. Rock samples tested by Weatherford Laboratories for ultrasonic velocities.

Weatherford measured ultrasonic wave velocities on two dry cores from the Macondo
reservoir — cores that were not previously tested in either the uniaxial compressibility
tests, or in the hydrostatic porosity tests. The bulk volume compressibility influences the

1 Weatherford Laboratories Rock Mechanics Final Report (Acoustic Velocities / Mohr-Coulomb Failure
Analysis), Weatherford Laboratories Report WFT Labs HH-46949, WFT-MDL-00082902.

"2 Weatherford Photograph plug-18131 90-0.jpg. WFT-MDL-00039242: Weatherford Photograph plug-
18141 _90-0.jpg, WFT-MDL-00039353.

18
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speed at which acoustic waves travel through a rock. If the speeds of the waves are
measured on a dry rock, the hydrostatic bulk volume compressibility can be calculated.
Since the bulk and pore compressibilities are related to each other through mathematical
relations, ultrasonic measurements can also be used to provide an indirect way to estimate
UPVC.

Weatherford directly converted the measured wave velocities to a dvnamic bulk modulus.
From that information, 1 was able to use standard rock physics equations to calculate a
dynamic UPVC. The resulting value, for both of the samples, was 1.15 microsips. While
this value is much lower than the values estimated from the other two measurements, it is
known that dyvnamic compressibilities (like the ones here, based on the dynamic bulk
modulus) are typically lower than static compressibilities (like the one needed for
material balance and reservoir simulation). Known handbook correlations reveal that the
conversion of the dynamic bulk modulus to the static bulk modulus requires an increase
by about a factor of three — yielding a static UPVC of about 4 microsips. Although this
calculation is not as precise as the other methods, it can nevertheless be concluded that
the UPVCs that can be derived from the ultrasonic measurements are roughly consistent
with the value of 6.35 microsips that was calculated from the uniaxial compression tests,
but are not consistent with values of UPVC as large as 12 microsips.

Further exposition of my ultrasonic wave analysis can be found below in Section 8.
4.6  Literature Review Supports Measured Data

The Macondo average UPVC estimate of 6.35 microsips is roughly consistent with other
sets of measured values of the UPVC of consolidated sandstones having porosities of
about 20% — like the Macondo reservoir. For example. the classic 1953 correlation
developed by Hall indicates that consolidated sandstones of 20% to 23% porosity would
have pore compressibilities of about 3 to 4 microsips;B the porosity of the Macondo
reservoir is in this porosity range. Another well-known data set collected by Newman in
1973, which consisted of almost 100 consolidated sandstones, showed that all samples
with porosities greater than 20% had pore compressibilities less than 6 microsips.'* The
estimated UPVC of 6.35 microsips, which is based on laboratory measurements on the
Macondo rock samples, is therefore neither unexpected. nor does it require any special

" Hall. 1953,
" Newman. 1973.
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explanation. On the other hand, a UPVC of 12 microsips for a consolidated sandstone of
about 20% porosity would be anomalous, and inconsistent with known values from the
petroleum engineering literature.

The literature, which supports my numerical conclusions, is discussed further in
Section 9.

4.7  Comparison to the Work of the United States Experts

I have reviewed the laboratory measurements by Weatherford Laboratories, and applied
my expertise in rock mechanics to conclude that the best estimate of Macondo reservoir
UPVC is 6.35 microsips.

While none of the United States experts has presented a detailed analysis of the
compressibility data, three of the experts do employ reservoir analysis techniques that use
values for the Macondo reservoir’s UPVC as an input:

e Dr. Mehran Pooladi-Darvish: In his reservoir analysis, Dr. Pooladi-Darvish uses a
“base estimate” of 6 microsips for formation compressibility (i.e., UPVC), which is
consistent with my opinion regarding the Macondo reservoir’s UPVC. According to
his report, this “base estimate™ was “taken from [the] uniaxial strain pore volume
compressibility test conducted by Weatherford” — the same tests that I reviewed for
my best estimate of Macondo UPVC. Dr. Pooladi-Darvish is the only United States
expert who references the Weatherford Laboratories data in his expert report

¢ Dr. Mohan Kelkar & Dr. Rajagopal Raghavan: The report of Drs. Kelkar and
Raghavan includes a material balance analysis that uses a base UPVC value of 12
microsips as one of its inputs. Citing a July 8, 2010 PowerPoint presentation by
Robert Merrill, Drs. Kelkar and Raghavan claim “this is the most likely value of
formation compressibility....”'® However, they have not cited or referenced any
laboratory data to support this conclusion. Nor does their report include any analysis
of available compressibility data. Their conclusion that 12 microsips is “the most
likely value of formation compressibility™ is not supported by the laboratory and
other data that I have reviewed.

1" Pooladi-Darvish Report Appendix 11I. page 8. Dr. Pooladi-Darvish also asserts that |2 microsips is
“taken from [the] uniaxial strain pore volume compressibility test conducted by Weatherford™, and cites the
Weatherford uniaxial compression test summary (BP-HZN-2179MDL02394184). | have reviewed this
data. and it does not support a UPVC of 12 microsips under any pressure conditions (see Section 6).

'® Kelkar/Raghavan Report, page 28.
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In 2010, Dr. Kelkar issued a report commissioned by the Flow Rate Technical Group
(FRTG) wherein he stated that, “from the available data”, the base case for average
rock compressibility at a reference pressure of 11,000 psi was 5.61 microsips. "7 This
value for UPVC is very similar to the value I have calculated based on the available
data.

e Dr. Paul Hsieh: Dr. Hsieh uses an assumed “effective formation (or pore)
compressibility, ¢/* (i.e., UPVC) of 12 microsips.'® Dr. Hsieh states that he “did not
look at the data™ from Weatherford Laboratories, and did not do his own analysis of
UPVC," but rather used a value of UPVC that he says was provided to him by Kelly
McAughan and Bob Merrill. However, as mentioned above, this value of twelve
microsips is not consistent with any of the data I have reviewed.

Therefore, no United States expert has presented data or analysis that contradicts my
analysis of the Weatherford Laboratory measurements. Furthermore, the one United
States expert who has analyzed the data agrees with my results.

"7 Kelkar Modeling Report (2010), Deposition Exhibit 9859, page 17.
" Hsieh Pre-Decisional Draft Report, Deposition Exhibit 8615, page 12: Paul Hsieh Deposition, p. 264.
" Paul Hsieh Deposition, p. 354.
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5. Basic Theory of Porous Rock Compressibility

There are many ways to describe the compressibility of a porous rock, all of which are
related by known mathematical formulae. Ultimately, the value needed for reservoir
engineering is what is called the uniaxial pore volume compressibility (UPVC). I begin
this section with a discussion of the units commonly used in the field of rock mechanics
(Section 5.1). Next I describe the hydrostatic porous rock compressibilities (Section 5.2)
because they form the foundation for understanding porous rock compressibilities. I then
describe uniaxial compressibilities and how they relate to hydrostatic compressibilities
(Section 5.3). And finally in this section, because my analysis partly relies on ultrasonic
velocity measurements, 1 describe the relationship between those velocities and rock
compressibility (Section 5.4).

5.1  Units of Measurement of the Compressibilities

The oil and gas industry in the United States generally measures distances in units of feet
and inches and measures pressure and stresses in units of psi, or “pounds per square
inch”. Since every compressibility parameter represents the fractional change in volume
due to an incremental change in pressure, the compressibilities have units of 1/psi. But
reservoir sandstones are relatively stiff, in the sense that pressure increments on the order
of thousands of psi would be needed to cause a 1% change in pore volume, and so
hydrostatic pore volume compressibilities of sandstones usually have magnitudes in the
range of 1x10%/psi to 30x10°/psi®’ (Note that this upper range is observed in
unconsolidated sandstones having porosities much greater than 20%, and which are not
analogous to the Macondo samples.) To avoid frequent mention of “ten to the minus six
power”, the unit of 1x10®/psi is often referred to as a “microsip™, where “micro” is the
standard terminology for 10 (one part in one million), and “sip™ indicates the inverse of
a psi. Therefore, for example, a pore compressibility value of 6x10™/psi would be
referred to as “six microsips™.

5.2 Hydrostatic Porous Rock Compressibilities

“Compressibility” is the material property that quantifies the relationship between the
stress (or pressure) that acts on a body, and the resulting fractional change in the volume
of that body. For a solid, non-porous body, the compressibility C is defined as

A Newman. 1973;: Crawford ef al., 2011,
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where V' is the volume, P is the pressure to which the body is subjected, and the term in
parentheses is the derivative of the volume with respect to pressure, i.e., the incremental
change in volume divided by the incremental change in pressure. Since an increase in the
external pressure will cause the volume to decrease, the minus sign in equation 5.1 causes
the defined compressibility to be a positive number.

The rocks in petroleum reservoirs are, however, composed of various mineral grains —
they are not completely solid. These rocks are porous; they contain cracks and pores that
are filled with oil, gas, and water, to varying degrees. Three different types of volumes
can be defined for a porous rock (Fig. 5.1).

®  Bulk volume (V3): This is the total volume, counting both the volume of the grains and
the volume of the empty pore space. The bulk volume is the volume enclosed by the
square in Figure 5.1.

® Mineral (or Grain) Volume (V,,): This is the volume occupied by the mineral grains.
The mineral volume is indicated by the brown region in Figure 5.1.

e Pore Volume (V,): This is the portion of the bulk volume that is not occupied by
mineral grains. The pore volume is represented by the white regions in Figure 5.1.

It is, by definition, always the case that Vp =¥+ ¥p. The fraction of the total bulk

volume that consists of pore space is known as the porosity, ¢, and is defined by
@=Vp!Vs.

Bulk Volume
Pore Volume

Mineral Volume

Fig. 5.1. A representative porous rock diagram, showing the bulk volume (region bounded by the
closed outer solid square), the pore volume (the white regions), and the mineral volume (brown
region).
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A reservoir is subjected to external vertical stresses that are due to gravity (i.e., the
weight of the rock that lies above the reservoir, the so-called “overburden™), and external
lateral stresses. Being porous, reservoir rock is also subjected to internal pressures that
act on the walls of the pores, due to the pressure caused by fluid in the pores. The
external stresses tend to compress both the bulk volume and the pore space, whereas the
pore pressure tends to cause both the bulk volume and the pore space to expand. During
depletion of a reservoir, however, as the pore pressure decreases, the pore volume will
contract (like a car tire that has a leak, for example). The total bulk volume change
undergone by a rock is equal to the volume change of the pore space, plus the volume
change of the mineral grains.

Confining Pressure

Confining
Pressure

Confining w
Pressure

Confining Pressure

Figure 5.2. Porous rock subjected to an external “confining” pressure and an internal “pore™ pressure
that acts over the surfaces of its internal pore walls.

Figure 5.2 shows a generic piece of a porous rock, acted upon by a pore pressure, Pp, and
an external confining pressure, Pe. In this particular type of stress state, known as
“hydrostatic compression”, the vertical and lateral pressures are equal. Although this
simplified state of stress is not generally the one that exists in the reservoir, it is the
starting point for the theory of porous rock behavior, and it is often used in laboratory
measurements, as described in Section 7.
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Because Vp = Vi+ Vp, there are two independent mathematical volume variables during
hydrostatic compression — the bulk volume (¥}), and the pore volume (V) — and two
independent mathematical pressure variables — the confining pressure (P.). and the pore
pressure (7,). Consequently, four different hydrostatic porous rock compressibilities can
be defined.’’ Each of these compressibilities is defined as the fractional change in a
volume, divided by the change in a pressure. Mathematically, these definitions are
expressed in terms of partial derivatives, as follows:

Che =;—;(C;;” JP \ (eq.5.2)
Chp = VL{J[%JP‘ 3 (eq. 5.3)
Cpe =;—;[Zf L : (eq. 5.4)
Cpp = —;;[%:)P R (eq. 5.5)

where the pressure outside the parentheses indicates that that pressure must be held
constant as the other pressure changes. Since an increase in the confining pressure would
cause the bulk and pore volumes to decrease, whereas an increase in the pore pressure
would cause these volumes to increase, minus signs are needed in two of these definitions
in order to ensure that all four of these porous rock compressibilities are positive
numbers.

The first “bulk compressibility”, defined by equation 5.2, namely Cpe. is the fractional
change in the bulk volume caused by an increase in confining pressure. This
compressibility is directly analogous to the compressibility of a non-porous material, as
defined by equation 5.1. This compressibility is relevant to seismic or acoustic wave
propagation since, by definition Cae =1/ K, where K is the bulk modulus, which is one of
the main parameters that controls the speed of compressional waves (P-waves). (The
compressibility is most often used when discussing compressibility measurements,
whereas ultrasonic measurements are typically discussed in terms of the bulk modulus:

! Zimmerman, 1991.

(2]
.
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these parameters are essentially equivalent, as both Cj. and /K are defined by eq. 5.2.) |
use the relationship between C. and UPVC in Section 8.

The other bulk compressibility, Cj,, defined by equation 5.3, represents the fractional
change in bulk volume that would be caused by a change in the pore pressure. This
compressibility is useful in surface subsidence calculations, as explained by Geertsma.”
A closely related parameter, namely the uniaxial version of Chp, is used in my analysis of
the Weatherford Laboratories uniaxial compression data in Section 6.

The two compressibilities defined in equations 5.4 and 5.5, Cpe and Cpp. are pore
compressibilities. Hall referred to Cpe, which represents the fractional change in pore
volume due to a change in confining pressure, as the “formation compaction™
coefficient.™ Cpe is not used in my analysis of the Weatherford data.

The pore compressibility defined in equation 5.5, which is the fractional change in pore
volume due to a change in pore pressure, was denoted by Hall as “effective rock
compressibility”™ The pore compressibility Cpy is used extensively in reservoir
engineering, since it is related to the volume of pore fluid that is released from a rock as
the pore pressure declines. It appears directly in the material balance equations that are
used to calculate oil and gas reserves.” This compressibility, or more accurately a close
relative thereof (specifically, the uniaxial pore volume compressibility that is relevant to
depletion that occurs under conditions in which the rock is not allowed to expand or
contract laterally, as explained further below), is added to the compressibility of the
reservoir fluid to give the “total compressibility™ term that appears in the basic equation
that governs reservoir pressure analysis and transient flow to a well.?® The uniaxial
version of Cpp is referred to throughout this report as wmiaxial pore volume
compressibility, or UPVC,

Under the standard assumption that the mineral grains behave as an elastic material,
which means that the incremental volume change undergone by the grains is directly
proportional to the incremental change in pressure, it can be shown mathematically that

= Geertsma, 1973.

* Hall. 1953.

* Ibid.

* Dake. 1978.

** Matthews and Russell. 1967.
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the four hydrostatic porous rock compressibilities are related to one another by the
following three equations:27

Cp - C”-i- C.., (eq. 5.6)
Cip = $(Cpp + Cn). (eq. 5.7)
Che = Cou+ ¥ Cpp + Cu). (eq. 5.8)

where C), is the compressibility of the mineral grains. These relations allow one to infer
the numerical value of one of the porous rock compressibilities, based on measurements
of one of the other compressibilities. In fact, although C,, is the most important porous
rock compressibility in petroleum reservoir engineering, it is the most difficult to directly
measure. Consequently, the usual practice is to measure one of the other compressibilities
and use equations such as 5.6 through 5.8 to infer the value of €. This procedure will be
applied in Sections 6 through 8 to the Weatherford data.

The mineral compressibility, C,, that appears in equations 5.6 through 5.8, is essentially
constant for a given rock, and does not vary with pressure. The porosity. ¢. that appears
in equations 5.7 and 5.8 represents the initial porosity that exists at the start of the
depletion process, and so will be constant as depletion proceeds. But the four porous rock
compressibility coefficients, as defined in equations 5.2 through 5.5, are generally
pressure-dependent, particularly in sandstones. These coefficients vary as functions of the
differential pressure, which is defined as the difference between the confining pressure
and the pore pressure. These compressibilities are often quite high at low values of the
differential pressure, but decrease as the differential pressure increases, leveling off to
some nearly constant value as the differential pressure reaches a few thousand psi.

In particular, during depletion of the Macondo reservoir, the pore pressure decreased. The
differential pressure — the difference between the confining pressure and the pore
pressure — will therefore increase. Because the pore compressibility decreases as the
differential pressure increases, it is to be expected that the pore compressibility will
decrease during depletion. However, the extent to which it decreases will depend on the
pore geometry of the reservoir rock™ and also on the range of the change in the
differential pressure.

! Geertsma, 1957; Zimmerman, 1991

* Zimmerman. 1991.
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One of the earliest measurements of the hydrostatic pore compressibility of a reservoir
rock was made by Carpenter and Spencer” on a Frio sandstone from East Texas, which
had an initial porosity of 30%. Figure 5.3 shows the fractional change in pore volume as a
function of differential pressure, and Figure 5.4 shows the calculated pore
compressibility, Cy, as plotted by Zimmerman,” from the data shown in Figure 5.3.

4.0
3.5
3.0
25
20

1.5

Pore strain (%)

1.0
0.5

0.0
o 1 2 3 4 8 6 T ¥ ~

Confining pressure (102 psi)

Fig. 5.3. Pore strain of a Frio sandstone from East Texas, as a function of confining pressure, measured
at zero pore pressure.’’

* Carpenter and Spencer, 1940,
0 Zimmerman. 1991,

¥ Carpenter and Spencer. 1940,
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Fig. 5.4. Pore compressibility of a Frio sandstone from East Texas. as calculated by Zimmerman,”
based on the data shown in Fig. 5.3.

The curve in Figure 5.4 is typical, in both its general trend and its numerical values, of
most consolidated sandstones. Note that the differential pressure in the Macondo
reservoir during its period of depletion was in the range of about 2000-3000 psi.

5.3 Uniaxial Pore Volume Compressibility

The hydrostatic porous rock compressibilities defined in Section 5.2, above, are relevant
to situations in which the entire outer boundary of the rock is subjected to a confining
pressure of the same magnitude. In particular, the pore compressibility C'pp is directly
applicable to the situation in which the external confining pressure remains constant as
the pore pressure changes. But when fluid is withdrawn from a reservoir, it is not realistic
to assume that, as the pore pressure declines, the external confining pressure remains
constant. Although the pore pressure initially declines only within a region of the
reservoir around the well, the large expanse of reservoir rock farther away from the well
experiences no change in pore pressure, and this rock would prevent the rock within the
depleted region from expanding or contracting laterally. Later in time, as the entire
reservoir experiences a decrease in pore pressure, the rock outside the reservoir would

2 Zimmerman. 1991,
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provide the same lateral restraint on compression or expansion of the reservoir rock.
Consequently, although the vertical stress, which is essentially due to the weight of the
rock layers above, remains constant during reservoir depletion, the reservoir rock
deforms under conditions in which no lateral deformation (or *lateral strain™) is
permitted.” This type of deformation is known as “uniaxial deformation™, since the rock
is free to contract or expand only along the vertical axis (Fig. 5.5).

Overburden Pressure Overburden Pressure
Pore
+ Pressure
Lateral Lateral Lateral Lateral
Confining Confining  Confining Confining
Pressure Pressure Pressure Pressure
Overburden Pressure Overburden Pressure

Fig. 5.5. Porous rock undergoing uniaxial deformation due to pore pressure depletion. Left: state of

stress and deformation before the start of depletion. Right: As the pore pressure decreases, the vertical

stress remains constant. which cause vertical strain. The lateral confining stresses, however. o
continually adjust themselves so that there is no lateral strain. Hence, the pore volume decreases, and

the rock compresses vertically. But the rock does not compress or expand laterally, Dashed lines

represent the original geometry.

The pore compressibility that is most relevant to reservoir depletion is therefore the
uniaxial pore volume compressibility, which can be defined as

UPVC=Cypi = —;—[%KJ . (eq.5.9)
4 4

Exx €y, T2z

where the terms outside of the parenthesis indicate that the vertical stress, ¥z, and the
lateral strains, sz and ggg, each remain constant as the pore pressure declines.

Since the rock is constrained against deforming laterally (ie., horizontally) during
uniaxial compression or expansion, it is to be expected that the UPVC, Cjj', will be less
than the hydrostatic pore volume compressibility, Cpp.

3 Fjaer et al.. 2008.
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The precise relationship between these two compressibility coefficients can be derived
using the full three-dimensional equations of poroelasticity.** The relationship is:**

q-c”_@(cﬂ.*c_) (eq. 5.10)

In this equation, the parameter v is known as the Poisson ratio, and represents the ratio of
lateral strain to axial (vertical) strain when the rock is acted upon by a uniaxial stress. The
parameter « is the Biot coefficient,”® which is defined as @ =1-(Cw/Ch). The Biot
coefficient represents the fraction of the total bulk volume change that takes place in the
pore space, as opposed to taking place in the mineral grains, during hydrostatic
compression. The Macondo reservoir’s burial depth, confining pressures, and lab-
measured “unconfined compressive strength™ all confirm that the Macondo reservoir
consists of “consolidated” sandstone (see Section 9). The Poisson ratio of such
consolidated sandstones will usually lie in the range of 0.1 to 0.2, and the Biot coefficient
will usually lie in the range of 0.6 to 0.9.%” The hydrostatic pore compressibility, Cpp. is

usually an order of magnitude larger than the mineral compressibility, Cp.

Table 5.1 shows some typical data for six different consolidated sandstones, collated
from various sources by me in a paper | authored in 2000.** The porosities (#) of these
six sandstones, shown in the second column, range from .02 to .26 (2% to 26%). The
Poisson ratios ( ¥) of these sandstones, shown in column 3, lie in the range of 0.12 to 0.20.
The Biot coefficients (&) of these sandstones, shown in column 4, lie in the range of 0.64
to 0.85. The ratios of uniaxial to hydrostatic pore volume compressibility, as computed
from equation 5.10, are shown in the last column; these ratios range from 0.51 to 0.64.
Thus, the numerical value of the UPVC is usually slightly more than one-half of the
hydrostatic pore volume compressibility.*

¥ Zimmerman. 2000a.

* Zimmerman. 2000b, 2000¢: Fjaer et al.. 2008,
** Biot. 1941.

7 Detournay and Cheng. 1993: Jaeger ef al.. 2007.
* Zimmerman. 2000c.

* Ibid.
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Sandstone ¢ v a Clgi [ Claro
Ruhr sandstone 02 12 .65 ‘ .62
Berea sandstone 19 2 | 1 | 59
Weber sandstone .06 A5 .64 | .64
Ohio sandstone 19 18 .74 ! .59
Boise sandstone .26 15 85 | 51
Pecos sandstone 20 16 .83 .53

Table 5.1. Ratio of uniaxial to hydrostatic pore volume compressibility in some consolidated
sandstones.*

I am able to use the relationships between hydrostatic and uniaxial compressibilities in
Section 7 to convert Weatherford’s measurements of hydrostatic compressibilities to
estimates of UPVC.

5.4  Relationship between Pore Compressibility and Ultrasonic Velocities

Measurements of ultrasonic velocities can also be used to assess pore volume
compressibility. UPVC is essentially a measure of the stiffness of the rock. As such. it is

related to other stiffness and compressibility parameters. For example. as discussed in o
Section 5.3. the UPVC is related to the hydrostatic pore volume compressibility through

equation 5.10. The hydrostatic pore volume compressibility, Cpp, is in tum (and as

shown in Section 5.2) related to the bulk compressibility, Che, through equation 5.8. The

inverse of the bulk compressibility is, by definition, equal to the bulk modulus, X. i.e., K

= 1/Cs.** Since the bulk modulus X can be measured via ultrasonic wave measurements,

and the UPVC can be related to Ch using equations 5.8 and 5.10, the UPVC can be

estimated from ultrasonic measurements, as will be described in Section 8.

The bulk modulus, X, along with the shear modulus. G, are the two stiffness parameters
that control the bulk deformation of a rock. The bulk modulus represents the stiffness of
the rock when it is compressed hydrostatically from all sides (Fig. 5.6, left). in which
case the volume of the rock changes. but its shape does not change. The shear modulus,
on the other hand. represents the stiffness of the rock when it is compressed i one
direction and extended in the other direction (Fig. 5.6, right), in which case the shape of

“ Ibid.

41 Zimmerman, 1991.
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the rock changes, but its volume does not change. The bulk and shear moduli are related
to each other through the equationG =3K(1-2v)/2(1 + v), where vis the Poisson ratio.*

Overburden Pressure Overburden Pressure

- -

]

]

]
Lateral Lateral Lateral ) Lateral
Confining Confining  Confiningee=1 -~ Confining
Pressure Pressure Pressure | I  Pressure

] 1

] ]

' 4

Overburden Pressure Overburden Pressure

Fig. 5.6. Left: Representation of a rock subjected to compression in the vertical and horizontal
directions. Right: Representation of a rock subjected to compression in one direction and extension in
the other direction. In both figures, the solid line represents the shape of the rock hefore the pressures
are applied, and the dashed line represents the shape of the rock affer the pressures are applied.

These two stiffness parameters, which are also known as elastic moduli, control the speed
of the two types of seismic/ultrasonic waves that can travel through a rock: the
compressional wave, called the “P-wave”, and the shear wave, called the “S-wave”. The
speeds of these two waves are given by“

Vp= M (eq. 5.11)
\J P

Vs=4q]—. (eq. 5.12)

where p is the density of the rock. According to these equations, waves travel faster in a
stiffer rock than in a softer rock, and travel more slowly in a denser rock than in a less
dense rock.

In a reservoir, the pores of the rock will be filled with fluid. The pore fluid has the effect
of stiffening the rock, i.e., increasing the bulk modulus, K, and also increases the density

* Jaeger et al., 2007; Mavko et al.. 2009.
“ Mavko er al., 2009, p. 81.
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of the rock.* However, for measurements that are made in a laboratory on a dry rock, the
various effects related to the pore fluid are not relevant. If the P-wave and S-wave
velocities are measured on a dry rock, the bulk modulus can be found from equations
5.11 and 5.12:

K=;{V,§-§VEJ, (eq. 5.13)

after which Che, which is related by definition to K through K = 1/Che, can be related to
the uniaxial pore compressibility through equations 5.8 and 5.10.

* Jaeger et al., 2007; Mavko et al., 2009,
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6. Uniaxial Compression Measurements
on Macondo Samples

Weatherford analyzed three pre-incident samples of Macondo reservoir rock using a set
of uniaxial compression tests.*’ Because these measurements were made under conditions
of uniaxial strain, these tests supply the data that is most directly relevant to the
calculation of the UPVC.

The general procedures for the so-called “uniaxial strain pore volume compressibility
test” are described by Weatherford,” and are summarized here briefly. Cylindrical
specimens were saturated with kerosene, and then placed between two end-caps, and a
heat-shrink jacket placed over the specimen to separate the pore fluid from the
pressurized fluid that is used to apply the lateral confining pressure. Axial strain and
radial strain devices were mounted in the end-caps, and on the lateral surface of the
specimen, respectively. The lateral confining pressure was first brought to the initial
reservoir value of 13,300 psi." The pore fluid pressure was brought to the initial reservoir
value of 11,800 psi. The axial stress was then increased to the initial reservoir overburden
stress of 14,800 psi.** After establishing the initial reservoir stress state, all pressures
were maintained constant for a sufficient time to allow the stresses and strains to
stabilize.

The pore pressure was then reduced at a rate of 0.5 psi per second. and pressure and
displacement data were recorded at fixed time intervals. During the pore pressure
depletion, the lateral pressure was continually adjusted to maintain zero radial strain, i.e.,
making sure there was only uniaxial deformation. The overburden stress was maintained
constant throughout the test, at 14,800 psi. The test ended when the pore pressure had
been reduced to 3800 psi. The method used by Weatherford was a standard and accepted
approach in the oil and gas industry. Because the gauges used to take measurements of
pressure and strain are generally accurate to within a few percent, the accuracy of the raw
data collected in these tests is very high. Precise quantification of the uncertainty in the

* Weatherford Laboratories Rock Mechanics Final Report (Uniaxial Pore Volume Compressibility Tests).
Weatherford Laboratories Report WFT Labs HH-46949, WFT-MDL-00130933,

“ Ibid.
*7 Jaime Loos Deposition, pages 138-9,
* Ibid.
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computed UPVC is difficult, but this uncertainty is much less than the factor of two that
would be needed in order to reconcile the data with a claimed UPVC of 12 microsips.

Overburden Pressure

Lateral Lateral
Confining  Confining
Pressure Pressure

Lateral
Confining
Pressure

Overburden Pressure Overburden Pressure

Figure 6.1. llustration of Weatherford’s uniaxial compression test. The core sample is “loaded” with
internal pore pressure, lateral confining pressure, and vertical overburden pressure (left diagram). Pore
pressure is reduced while overburden pressure remains constant. The lateral confining pressure is
adjusted so that the sample diameter remains constant (right diagram). The shrinkage of the core in the
vertical direction is measured.

It is important to note that, in these measurements, the pore volume was not actually
monitored. Rather, changes in the bulk volume were measured, and in the original data ~
analysis, “it [was] assumed that the grain compressibility is negligible and hence the
change in the pore volume (AV}) is equal to the change of bulk volume (A V)" In other
words, the change in volume that occurred within the mineral grains themselves was
ignored. While the grain compressibility is small relative to the pore volume
compressibility, it is more accurate to take the grain compressibility into account, which I
have done in this report. Since the property that was measured was the bulk volume
change under conditions of uniaxial strain and variable pore pressure, Weatherford
essentially measured the coefficient Cg;f . and then converted it to C#i' using the

following conversion:

ani
Cly = ; . (eq. 6.1)

49 Weatherford Laboratories Rock Mechanics Final Report (Uniaxial Pore Volume Compressibility Tests).
Weatherford Laboratories Report WFT Labs HH-46949, WFT-MDL-00130933.
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This conversion would be exact if the grains were incompressible. However, real grains
are never actually incompressible, and so equation 6.1 is only an approximation.
Although the mineral compressibility is small compared to the pore compressibility
values, the conversion used by Weatherford would tend to slightly understate the
UPVC.™ I have accounted for the grain compressibility in my UPVC calculations.

The exact relationship between the uniaxial version of Chp and the UPVC, which I have
used for my calculation, is”'

Cp' | 2(1-2v)a }(‘
Cunt = 2P —1 Cms . 6.2
Joi l: 30-v) (eq )

This equation will be used to convert the measured values of C;,‘;,"' to the desired UPVCs.

In order to implement this conversion, it is necessary to calculate or estimate the porosity,
¢, the Biot coefficient, . the Poisson ratio, v, and the mineral compressibility, C,,.

The effective mineral compressibility, C,, can be calculated from the mineralogical
composition of the Macondo rocks, using known handbook values of the
compressibilities of the individual minerals. The Macondo samples that were examined in
the uniaxial deformation tests were composed of 93% quartz, 3% plagioclase. 3% clay,
and 1% feldspar. The compressibilities of these minerals are Cyuer = 0.19 microsips, Cyiae
= 0.09 microsips, Cuy = 0.28 microsips, and Cry = 0.18 microsips.’u The effective
compressibility of a mixture or minerals must necessarily lie between the weighted
arithmetic mean of the individual compressibilities (the “Reuss average”) and the
weighted harmonic mean (the *Voigt average”). The mean value of the Reuss and Voigt
bounds, known as the Voigt-Reuss-Hill average, is often used as the best estimate of
C,. Bearing in mind that the individual mineral compressibilities are only known to
two-digit accuracy, these averages are only meaningful to two digits. In units of
microsips, with F representing the volume fractions of the individual minerals, these
calculations are as follows:

* Specifically. the value of UPVC calculated by BP engineers using Weatherford's data (WFT-MDL-
00130933) and eq. 6.1, was 6 psips (Deposition Exhibit 8767). This is slightly lower than my estimate.
which takes grain compressibility into account.

3! Zimmerman, 2000b, egs. 13, 26.
2 Mavko er al., 2009, p. 459,
% Zimmerman, 1991, pp. 16-19.
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Creuss = Firi=Cariz + FpiagCpiag + FotayCelay + FpetaC feta

(eq. 6.3)
=0.93(0.19)+0.03(0.09) + 0.03(0.28) + 0.01(0.18) = 0.190,
Cvoigt = V[(Fgrez | Cariz )+ (Fptag / Cplag )+ (Fetay I Cetay )+ (Fretd ' C feld )
(eq. 6.4)
=1/[(0.93/0.19) +(0.03/0.09) +(0.03/0.28) +(0.01/0.18)] = 0.186,
Cn=(0.190+0.186)/2=0.188=0.19, (eq. 6.5)

The conversion equation (eq. 6.2) also involves the porosity, ¢. the Biot coefficient, a,
and the Poisson ratio, v. Poisson ratios of consolidated sandstones tend to lie between 0.1
and 0.2 (see Table 5.1). The two values of v that were measured in the ultrasonic tests
(see Section 8 and Table 8.1) were 0.13 and 0.18. Biot coefficients tend to lie between
0.6 and 0.9 (see Table 5.1), and can never exceed 1.0

So. in order not to underestimate the UPVCs, a maximum realistic value of the term in

square brackets in equation 6.2 will be used. This maximum value can be found taking

the lowest reasonable value of the Poisson ratio (v = 0.1), the highest possible value of

the Biot coefficient (@ = 1.0), and the measured value of porosity (for example, ¢ = 0.217

in sample 3-6R). Using these values, it is found that the second term in equation 6.2,

which was not included in Weatherford’s original analysis of the data, will contribute a ~
maximum of about (.33 microsips to the computed value of UPVC. This value of 0.33

microsips will be used in subsequent calculations.

The uniaxial compression tests were conducted over the range of pore pressures from
11,800 psi, down to 3,800 psi. However, most of this range is not relevant to the issues at
hand because, according to other BP experts the final average pore pressure after the well
was eventually sealed was about 10.400 psi. Therefore, to calculate UPVC for present
purposes, I will only use the data for the range of pore pressures from 11,800 psi to
10,400 psi. The UPVC values vary only slightly in the region of 10,400 psi. I will
therefore base subsequent calculations on the pressure range of 11.800 to 10,400 psi.
Some United States experts have offered the view that the final reservoir pressure was
less than 10,400 psi. If | were to include data from pressures lower than 10,400 psi, my
estimate of UPVC for the Macondo reservoir would be lower. My estimate of UPVC
over the range of 11,800 psi to 10,500 psi would be nearly identical to my estimate over
the 11,800 psi to 10,400 psi range.

* Ibid.. p. 33.
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Table 6.1 shows the relevant data and calculations for core sample 3-6R. This core
sample came from a depth of 18,074.9 ft in sandstone layer M56D.” and had an initial
porosity, at the start of the depletion test, of 21.7%. Although data was collected at pore
pressure increments of roughly 1 psi, utilization of all data points would only serve to
exacerbate the effects of experimental “noise™, numerical round-off error, efc. Therefore,
Table 6.1 shows only data collected at increments of roughly 100 psi. The parameter of
ultimate interest is the average compressibility over the range of pressures that existed in
the reservoir during the flow period. We can calculate this average value by averaging the
individual compressibility values in Table 6.1 that were calculated for 100 psi
increments, or by making a single compressibility calculation over the entire pressure
range of 11,800 to 10,400 psi: both calculations would lead to the exact same result.

 Weatherford Pore Volume Compressibility Test. WFT-MDL-00082904; Post-Well Subsurface Technical
Memoarandum, BP-HZN-2179MDL03290054,
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Axiad & Cup(uni)

P. P, Stress | Bulk Strain | =Agy/AP, | Cyp(uni)p | Cppluni)
(psi) | (psi) |  (psi) ) (10%psi) [ (10%%psi) | (10%psi)
13281 [ 11799 | 14794 0.000000

13219 [ 11699 | 14793 0.000071 0.84 3.87 420
13156 | 11599 | 14808 0.000168 1.10 5.07 5.40
13096 | 11500 | 14813 0.000290 1.52 7.00 7.33
13034 | 11398 | 14793 | 0000474 | 181 8.32 8.65
12969 | 11299 | 14811 0.000653 1.82 8.40 8.73
12902 | 11200 | 14790 | 0.000835 1.81 8.36 8.69
12833 | 11100 | 14799 | 0.001014 1.75 8.06 839
12763 [ 11000 | 14812 0.001185 1.75 8.08 8.41
12695 | 10901 | 14804 | 0001363 [ 1.72 7.90 8.23
12620 | 10800 | 14793 0.001528 1.71 7.89 822
12551 [ 10700 | 14797 | 0.001707 1.77 8.13 8.46
12483 | 10600 | 14789 0.001881 1.83 8.4l 874 |
12414 | 10500 | 14816 | 0.002072 | 187 861 8.94 -
12343 | 10401 | 14801 0.002253 1.85 8.52 8.85
12272 | 10300 | 14794 0.002442 1.79 8.25 8.58
12200 | 10200 | 14795 0.002613 1.73 7.95 8.28
12131 [ 10100 | 14782 0.002787 1.73 7.97 8.30
12061 | 10001 | 14799 0.002957

Table 6.1. Data collected during uniaxial compression test conducted on sample 3-6R. along with steps
in the calculation of the UPVC.

The first column of Table 6.1 shows the lateral confining pressure. During the tests, the
lateral confining pressure was decreased so as to maintain a state of zero lateral strain.
The second column shows the pore pressure. The third column shows the axial (vertical)
stress, which was nominally held constant at roughly 14,800 psi. The fourth column
shows the total bulk strain, which is a fractional number and therefore dimensionless.
These first four columns are obtained directly from the Weatherford test results %

% Weatherford Pore Volume Compressibility Test, WFT-MDL-00082904.
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The fifth column shows the uniaxial bulk volume compressibility, Cg;,". which |

calculated from the ratio of the incremental bulk strain to the incremental pore pressure
change. For example, the value at a pore pressure of 11.699 psi is found by using the
increments that occurred over the pressure range of 11.799 psi down to 11,599 psi:
mathematically. this is known as the central difference approximation. The sixth column
shows the conversion to UPVC, using equation 6.1, as suggested by Weatherford.
Finally, the last column shows the UPVC calculated using the more precise equation (eq.
6.2), with the second term taken to have the value 0.33 microsips, which was calculated
above. Note that, in all cases, the values of UPVC using Weatherford’s equation 6.1 are
lower than those I calculate.

Table 6.2 shows the analogous data and calculations for core sample 3-16R, which came
from a depth of 18,129.1 ft in sandstone layer MS6E.” and had an initial porosity, at the
start of the depletion test, of 20.6%.

7 Weatherford Pore Volume Compressibility Test. WFT-MDL-00082904: Post-Well Subsurface Technical
Memorandum, BP-HZN-2179MDL03290054.
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Axial Ep. Crp(uni)

P, P, | Stress | Bulk Strain [ =Aey/AP, | Cpgluni)/¢p | Cpp(uni)
(ps) | (psi) | (psi) ) (10%si) | (10%psi) | (10%psi)
13286 | 11800 | 14799 | 0.000000
13229 [ 11700 [ 14793 0.000057 0.612 2.97 3.30
13165 | 11599 | 14807 0.000123 0.645 3.13 3.46
13101 | 11500 | 14808 0.000186 0.688 3.34 3.67
13037 | 11400 | 14790 0.000260 0.765 3.71 4.04
12971 | 11300 | 14825 0.000339 0.805 3.91 424
12905 | 11200 [ 14810 0.000421 0.824 4.00 433
12837 [ 11101 [ 14784 0.000503 0.825 4.00 433
12768 | 11000 | 14793 0.000586 0.840 4.08 441
12699 | 10900 | 14798 0.000671 0.831 4.03 4.36
12625 | 10799 | 14788 0.000753 0.815 3.96 429
12555 [ 10700 | 14791 0.000834 0.779 3.78 4.11
12484 [ 10600 | 14798 0.000908 0819 | 398 431
12413 | 10501 | 14800 0.000997 0.884 4.29 4.62 A
12342 | 10401 | 14807 0.001084 0.836 4.06 439
12270 | 10300 | 14809 0.001165 0.776 3.77 4.10
12198 | 10200 [ 14805 0.001240 0.760 3.69 4.02
12128 | 10100 | 14795 0.001317 0.770 3.74 4.07
12055 | 10000 | 14800 0.001394

Table 6.2. Data collected during uniaxial compression test conducted on sample 3-16R. along with
steps in the calculation of the UPVC,

Table 6.3 shows the analogous data and calculations for core sample 3-22R. which came
from a depth of 18.150.0 ft in sandstone layer MS6E.*® and had an initial porosity, at the
start of the depletion test, of 21.4%.

% Weatherford Pore Volume Compressibility Test, WFT-MDL-00082904: Post-Well Subsurface Technical
Memorandum. BP-HZN-2179MDL03290054.
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Axial Ep. Cpluni)

P. P, | Stess | BulkStrain | =Aey/AP, | Cppluni)/p | Cppuni)
(psi) | (psi) |  (psi) ) (10%psi) | (10%psi) | (10%psi)
13276 | 11799 | 14792 | 0.000000

13217 | 11700 | 14776 | 0.000061 0.727 3.40 3.73
13157 | 11601 | 14808 | 0.000144 0.844 3.94 427
13102 | 11501 | 14796 | 0.000229 | 1.00 467 5.00
13037 | 11400 | 14792 | 0.000345 1.22 5.70 6.03
12967 | 11301 | 14796 | 0.000473 1.28 5.96 6.26
12898 | 11200 | 14796 | 0.000600 1.33 6.21 6.54
12834 | 11100 | 14792 | 0.000740 1.32 6.18 6.51
12764 | 11001 | 14792 0.000863 1.24 5.78 6.11
12688 | 10901 | 14798 | 0.000986 1.24 5.79 6.12
12620 | 10800 | 14782 | 0.001112 1.22 572 6.05
12544 | 10700 | 14807 | 0.001232 1.22 5.70 6.03
12474 | 10600 | 14797 | 0.001356 123 573 6.06
12399 | 10501 | 14800 | 0.001476 1.23 573 6.06

| 12327 [ 10401 | 14793 | 0.001600 1.15 539 5.72
12254 | 10300 | 14807 | 0.001708 1.09 511 544
12177 | 10200 | 14794 | 0.001820 120 5.58 591
12103 | 10100 | 14799 | 0.001947 1.16 542 575
12032 | 10001 | 14811 | 0.002051

Table 6.3. Data collected during uniaxial compression fest conducted on sample 3-22R. along with
steps in the calculation of the UPVC.

Porous rock compressibilities should never increase during a process such as reservoir
depletion, in which the stress path is such that the effective differential pressure
increases. This is because, as the differential pressure increases, small cracks close up,
and the rock becomes stiffer.”® This is ubiquitous behavior in regard to rock
compressibility. Hence, the first few values in the last column of each of these three
tables. which show an increase in pore compressibility as the pore pressure starts to

#® Zimmerman. 1991.
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decrease, must to some extent be experimental artifacts. This phenomenon is commonly
observed in compressibility tests and is attributed to the rock requiring some time to “bed
itself in” to the experimental apparatus.”

The region of the pore compressibility values that are contaminated by experimental
artifacts can easily be discerned by plotting the values as a function of pore pressure, as
in Figure 6.1. For each of the three samples, the calculated UPVC increases linearly until
the pore pressure declines to about 11,400 psi, after which it essentially levels off. Hence,
the UPVC that is relevant for the depletion of the Macondo reservoir will be calculated
from the data in the region between 11,400 psi and 10,400 ]:usi."’I

10

i 4$ O ¢
6 F—a - 4 . S—
oooo? - ;

Cpp-uni (10°%psi)

l
0 i | i
10000 10500 11000 11500 12000

Pp (psi)

Figure 6.1. UPVC values, as calculated in Tables 6.1 through 6.3, as a function of pore pressure. For
each sample, a region of spurious values that increase as the pore pressure decreases is observed until
the pore pressure declines to about 11,400 psi. These values are therefore discarded when calculating
the average values during depletion of the reservoir.

The average value of the uniaxial pore compressibility is thereby calculated by averaging
the values in the rightmost columns of Tables 6.1 through 6.3 for pore pressures between
11,400 psi and 10,400 psi. The result is an average UPVC of 8.57 microsips for sample 3-
6R, 4.34 microsips for sample 3-16R, and 6.14 microsips for sample 3-22R.

“ Hoek. 1966.
My estimate of UPVC would be lower were | to use the data from between 11,800 psi and 11,400 psi.
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The most straightforward estimate of the overall UPVC of the reservoir is found from the
mean value of these three measurements, which is 6.35 microsips. One could use a
weighted average based on the thickness of the different sandstone layers, but that would
only be appropriate if there were clear evidence that the sandstone layers represented
different types of rock with regard to compressibility. [ am not aware of any evidence of
this sort with respect to the Macondo sandstone layers, so it is my opinion that an
arithmetic average is the most appropriate. (However, it should be noted that my estimate
of the average UPVC would be /lower if | were to use a thickness-weighted average, since
the sample that exhibited the highest compressibility, sample 3-6R, was from a thin
sandstone layer.)

Finally, it may be worth noting that in the uniaxial compression tests conducted on rotary
sidewall cores, the samples were loaded in a direction that corresponds to the horizontal
direction relative to the samples’ orientation while in the reservoir, whereas the actual
deformation that occurs in the reservoir is in the vertical direction. If a rock’s properties
vary according to the orientation of the sample with respect to the stress, this type of
behavior is known as anisotropy. However, appreciable mechanical (i.e., compressibility)
anisotropy (as opposed to anisotropy with regard to permeability) is rare in sandstones. In
one of the most highly-cited papers on this topic, Thomsen® points out that even for
rocks that are considered to be anisotropic, “in most cases of interest to geophysicists, the
anisotropy is weak (10-20%)". Thomsen presents a table of measurements of mechanical
anisotropy on various rocks relevant to the oil and gas industry, collated from various
sources, and of the seventeen sandstones, the maximum difference between the
compressibility in the vertical and horizontal direction — which occurred for a sandstone
of 10% porosity — was 22%: in most cases the anisotropy was much lower. | have not
seen any evidence that the Macondo sandstone is mechanically anisotropic. But even if it
were, there is no reason to think that the compressibilities measured on the sidewall cores
would differ from those that would have been measured on “vertical™ cores, by more than
a few percent. I am not aware of any scientific argument or data that supports the
assumption that UPVC values measured on rotary sidewall cores should be doubled to
yield the in situ reservoir values.

In the following two sections, this value will be compared with UPVC values obtained
through somewhat more indirect methods: hydrostatic compression tests, and ultrasonic
velocity tests.

® Thomsen. 1986.
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7. Uniaxial Pore Volume Compressibilities
Inferred from Hydrostatic “Stairstep™ Porosity Measurements

Weatherford Laboratories also measured the porosity of three additional pre-incident
reservoir rock samples, while the hydrostatic confining pressure was varied and holding
the pore pressure constant." Weatherford called these measurements the “stairstep
porosity measurements.

b

Since the porosity is merely the ratio of pore volume to bulk volume, changes in porosity
due to stress can be expressed in terms of the changes in bulk volume and pore volume.
Consequently, the coefficient that quantifies the incremental change in porosity due to an
incremental change in pressure can be expressed in terms of, for example, pore
compressibility, bulk compressibility, and mineral compressibility. Therefore, the
hydrostatic pore volume compressibility can be determined using laboratory
measurements of porosity as a function of stress. The UPVC estimates derived from
Weatherford's hydrostatic porosity measurements are consistent with the estimate from
the uniaxial compression tests — i.e., in the range of 6 microsips or less.

Incremental changes in the applied confining pressure and/or pore pressure lead to
incremental changes in porosity, according to™

d¢ = —[“ — ¢J )Ch(.‘ =1 Cm](dpc = de ) = —[(l =4 ¢i )Chc _Cm]dﬂ s (Eq 7.1 )

where ¢ represents the initial porosity at the start of the process, and Fy. the differential
pressure, is the difference between the confining pressure and the pore pressure. For
laboratory tests, like this one, conducted at constant pore pressure and variable
hydrostatic confining pressure, the change in differential pressure is equal to the change
in confining pressure.

By making use of equation 5.8, equation 7.1 can be written in terms of the hydrostatic
pore compressibility, Cpp, as follows:

dg=—¢'[(1- ¢ )Cpp + CmldPa =—CpdPy, (eq.7.2)

where Cy is the compressibility coefficient for the porosity, and is equal to
@'[(1- ¢ YCpp + Cm]. The parameter Cy is the derivative of the porosity with respect to

“ Weatherford Laboratories Report WFT Labs HH-46949, WFT-MDL-00129171.

® Zimmerman. 1991, p. 38.
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differential pressure, i.e., the ratio of the incremental change in porosity divided by the
incremental change in differential pressure.

Weatherford measured porosity by first increasing, and then decreasing, the confining
pressure, while the pore pressure was held constant (hence the name “stairstep”). In the
“loading™ stage in which the confining pressure increases, the differential pressure
increases, whereas in the “unloading” stage, the confining pressure decreases, and so the
differential pressure decreases. During depletion of a reservoir, the stress path is more
complicated, but overall, the differential pressure increases, because the pore pressure is
decreasing. Therefore, the porosity data collected during the loading stage of these
experiments are the ones that are most relevant to reservoir depletion.

Confining Pressure Confining Pressure

Confining Confining
Pressure Pressure

Confining Pressure Confining Pressure

Figure 7.1. During Weatherford’s hydrostatic “stairstep™ test, the core samples were subjected to a
confining pressure and a pore pressure (left diagram). The confining pressure was increased while the
pore pressure remained constant. causing the sample to shrink (right diagram). The process was then
reversed (left diagram).

Porosities were measured on three rock samples: sample 3-8R from a depth of 18,081.8 fi
in sandstone layer M56D, sample 3-21R from a depth of 18.147.9 ft in sandstone layer
MS56E, and sample 3-25R from a depth of 18,161.0 ft in sandstone layer MS6E.®® The
“initial” porosities, measured at a differential pressure of 500 psi, were 23.4%, 23.4%,
and 23.7%, respectively. All three samples showed very similar behavior with regard to
their variation of porosity as a function of pressure. Therefore, rather than analyze these
three samples separately, and then average the resulting compressibilities, the porosities
can be averaged first, from which a single compressibility can be calculated. (Any
difference between the two calculations would in fact be dominated by the effects of

% Post-Well Subsurface Technical Memorandum, BP-HZN-2179MDL03290054.
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roundoff error, as the porosities were only reported to the nearest 0.1%, and porosity
changes between adjacent pressure levels on the “stairsteps™ were typically on the order
of a few tenths of a percent.)

The raw data, and the subsequent calculations of the hydrostatic pore volume
compressibility, are shown i Table 7.1.

Py ¢ AP, Ad Co =-04 /AP, Ce
(psi) (psi) (10%/psi) (10%/psi)
500 0.235 )

850 ] 700 -0.005 7.14 39.5
1200 0.230
1600 ] 800 20.002 2.50 133
2000 0.228
3000 2000 0.003 1.50 7.96
4000 0.225
5000 2000 -0.003 1.50 7.96
6000 0.222 ’ ' L
7000 2000 -0.003 1.50 7.96
8000 0.219
9000 2000 -0.002 1.00 531

10.000 0.217

Table 7.1. Calculation of the hydrostatic pore volume compressibility from porosity measurements on
three samples from Mississippi Canyon Blk. 252 No. 1 BP 1 Macondo Prospect.

These calculations can be explained as follows. The first two porosity measurements
were made at differential pressures of 500 psi and 1200 psi (first and second columns):
these values are shown in the first and third rows. The incremental change in porosity that
occurred over this range of pressure was -0.005 (-0.5%) (fourth column), and the
increment in differential pressure was 700 psi (third column): these values are recorded m

row 2. The parameter Cy is calculated, from the ratio of these two increments, to be 7.14
microsips (fifth column). This change occurred over the pressure range of 500 to 1200
psi. and so the average differential pressure in this range was 850 psi (first column), as
listed in data row 2. The hydrostatic pore volume compressibility (sixth column) is then
calculated as follows, based on equation 7.2:
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C¢—¢#'Cm
Cpp=——_1——. (eq. 7.3)
G- g "

where the initial porosity, ¢/, is the porosity at the start of the measurement, i.e., @' =
0.235, and the mineral compressibility, Ci, is taken to be the value calculated in Section
6. ie., Cp = 0.19 microsips. As discussed in section 5.2, the pore compressibility
decreases as the differential pressure increases — rapidly at low differential pressures,
but much more gradually at higher differential pressures.

The final step in calculating the UPVC from the porosity measurements is to convert the
hydrostatic pore volume compressibility values listed in the sixth column of Table 7.1, to
the UPVC. As seen in equation 5.10, repeated below, this calculation requires knowledge
of the Poisson ratio and the Biot coefficient:

C"-C,-%;—a-(c,,-pc.), (eq. 5.10)

The Biot coefficient is, by definition, given by @ =1—(Cp» /Che). Using equation 5.8, this
can be written as

= ¢ (Cpp +Cm) .
P (Cpp+Cm)+Cm

(eq. 7.4)

Hence, a can be calculated from C), using a mineral compressibility, (. of 0.19
microsips, and an initial porosity, ¢, of 0.235.

The Poisson ratio was not reported for these samples. However, the Poisson ratios of
consolidated sandstones generally lie in the range of 0.1 to 0.2, as shown in Table 5.1.
More specifically, the Poisson ratios of samples 3-17R and 3-19R, as reported in Section
8. were 0.18 and 0.13, respectively. So, using equation 5.10, along with equation 7.4, to
calculate @, and taking the “high” (0.2) and “low™ (0.1) reasonable values of the Poisson
ratio, the hydrostatic pore volume compressibilities shown in Table 7.1 can be converted
to UPVCs: the relevant calculations are shown in Table 7.2.
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Ps(psi) | Cu (105/psi) a UPVC (10”/psi) UPVC (10™/psi)
(v=01) (v=0.2)
850 | 395 0.98 16.4 20.1
1600 133 0.4 5.78 6.96
3000 7.96 | 091 3.56 425
5000 7.96 0.91 356 4.25
7000 | 7.96 0.91 3.56 4.25
9000 5.31 0.87 247 2.92

Table 7.2. Calculation of the UPVC from the hydrostatic pore volume coxilpressibility (following on
from Table 7.1).

The UPVC. like all porous rock compressibilities, 1s a function of the differential
pressure. The differential pressure in this context is the difference between the mean
value of the three confining stresses (the two lateral confining stresses and the axial
stress), and the pore pressure. In order to directly compare the UPVC wvalues calculated
from the hydrostatic tests in Table 7.2 to those calculated from the uniaxial test in Section
6. the comparison must be made at equivalent values of the differential pressure.

At the start of the uniaxial compression tests discussed in Section 6, the differential
pressure for sample 3-6R was 1986 psi (13,786 psi confining pressure minus 11,800 psi
pore pressure) and increased to 2761 psi (13,161 psi confining pressure minus 10,400 psi
pore pressure) when the pore pressure had declined to 10,400 psi. For sample 3-16R. the
differential pressure increased from 1990 psi to 2763 psi when the pore pressure had
declined to 10,400 psi. For sample 3-22R, the differential pressure increased from 1982
psi to 2748 psi when the pore pressure had declined to 10,400 psi.®® Hence, the average
differential pressure in the reservoir during the flow period was about 2372 psi.
Interpolating the values in Table 7.2 to find the UPVC at a differential pressure of 2372
psi leads to a value of 4.56 microsips for an assumed Poisson ratio of v=0.1. and a value
of 5.47 microsips for an assumed Poisson ratio of v = 0.2. These values of the Poisson
ratio cover the range that is expected for quartz-rich consolidated sandstones and bracket
the values of 0.13 and 0.18 that were obtained using ultrasonic measurements (see
Section 8). These estimated compressibilities are in reasonably good agreement with the
value of 6.35 microsips that was obtained from the uniaxial compression tests. The values
inferred from the hydrostatic compression tests were, in fact, slightly /ower than those

% Weatherford Pore Volume Compressibility Test, WFT-MDL-00082904.
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estimated from the uniaxial tests, and certainly do not support the claim that the UPVC
was as large as 12 microsips.
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8. Uniaxial Pore Volume Compressibility
Inferred from Ultrasonic Velocities

Weatherford also performed a third test that allows estimation of UPVC: an ultrasonic
velocities test. The ultrasonic wavespeeds in a dry rock depend on the elastic moduli (the
bulk modulus/compressibility and the shear modulus) and the density of the rock. If the
wavespeeds are measured, and the density is known, the bulk modulus and Poisson ratio
can be determined, which in turn permits one to assess UPVC. Although this calculation
will not provide a direct measurement of UPVC, one can use this indirect evidence as a
check of the UPVCs that were estimated from the uniaxial compression tests. As shown
below. the UPVC derived from Weatherford’s ultrasonic measurements are roughly
consistent with the 6.35-microsip UPVC estimate based on the uniaxial compression
tests. but, like the other tests, are nof consistent with values of UPVC as large as 12
microsips.

Weatherford measured ultrasonic wave velocities on two dry cores from the Macondo
reservoir. These were different cores from those tested in the tests referenced in Sections
6 and 7.7 The term “ultrasonic™ refers to the fact that the wavespeeds were measured
using high-frequency waves, with frequencies on the order of 10° Hz. or 10° cycles per
second. Frequency dependence does not occur in a dry rock, and so the frequency of the
waves is not relevant to the subsequent calculations. Wavespeeds are typically measured
in feet per second. Densities are measured in grams per cubic centimeter, which can be
converted to “pound-ft™ units through the conversion 1 gm/cm’ = 62.43 Ibm/ft’.**

The measured wavespeeds, and the inferred dynamic elastic moduli, are shown in Table
8.1, which is taken directly from the Weatherford report.”” These wavespeeds were
measured under the following stress conditions: a 2000 psi lateral confining stress; 2500
psi axial stress; and zero pore pressure. Those stresses correspond to a differential
pressure of 2167 psi, which was very close to the average differential pressure of 2372
psi that the samples experienced over the relevant range of the uniaxial compression tests.

7 The compressional wave velocity was actually measured on three cores, but the shear wave velocity was
measured on only two of those cores. Since both wavespeeds are needed in order to calculate the bulk
modulus. only the two cores for which both wavespeeds are available will be used in the following
analysis.

% Mavko et af.. 2009, p. 454,

“ Rock Mechanics Final Report (Acoustic Velocities / Mohr-Coulomb Failure Analysis). Weatherford
Laboratories Report WFT Labs HH-46949. WFT-MDL-00082902,
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fini Bulk Shear
Sample | Depth CPO ng DE::ty Ve Ve Modulus. X Modult:s. Poisson
No. (ft) : 3 | (fsec) | (ft/sec ! G(10 Ratio. v
@si) | (ewem’) | (Bsec) | (fisec) | 06 ) pel)
3-17R | 18131.90 2000 2.04 10481 | 6517 1.46 1.17 0.18
3-19R | 18141.90 2000 200 | 10551 | 6861 1.31 1.27 0.13

Table 8.1. Dynamic pmgnenies of two dry cores from the Macondo reservoir: data taken from
Weatherford's test results,

The calculations that are required to derive the elastic moduli, X and G, from the
wavespeeds, ¥, and V;, can be explained as follows, using as an example the shear
modulus calculated for sample 3-17R. According to equation 5.12, the shear modulus is
given by G = pV;*. However, care must be taken to properly convert the units. First, the
density in grams per cubic centimeter (gm/cm’) must be converted to pound mass per
cubic foot (Ibny/ft*), according to the conversion 1 gm/cm’ = 62.43 Ibnv/ft’,”" where Ibm
denotes “pound mass”. All terms involving feet, such as are used for the wavespeeds,
must be converted to inches, as are used for the shear modulus. Furthermore, the “pound
mass” units that are used for the density must be converted to “pound force” units that are
used in the elastic moduli, according to the conversion 1 Ibf=32.174 Ibmeft/s’. So:

G = pV¢

) bl

3 i 2

=[2.04§i“-]62.43 Lt 16517£][ 18 I b ] (eq. 8.1)
cm? gm/cm? sec/ (32.174 Ibm ft/s? A 144 in?

=1.17 x 109 psi.

Similarly, using the wavespeeds and densities reported in Table 8.1, along with equation
5.13, the bulk moduli of the two samples, 3-17R and 3-19R. can be calculated to be
1.46 x 106 psi and 1.31x 106 psi, respectively.

™ Rock Mechanics Final Report (Acoustic Velocities / Mohr-Coulomb Failure Analysis). Weatherford
Laboratories Report WFT Labs HH-46949, WFT-MDL-00082902.

™ Mavko er al.. 2009, p. 454.
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The next step is to convert the bulk moduli to the hydrostatic pore volume
compressibility, Cpp. To accomplish this, the bulk modulus, K, is first converted to the
bulk compressibility, Che, through the definition Che = 1/K. Next, the hydrostatic pore
volume compressibility is calculated from equation 5.8, which states that Cpe = Cm +
¢ (Cppt Cm), ie.,

_ Che -‘Cm(] % ¢)

p (eq. 8.2)

Crp

The calculation prescribed in equation 8.2 requires knowledge of the mineral
compressibility, Cm, and the porosity, ¢. As explained in Section 6, the mineral
compressibility is (.19 microsips.

The porosity of each sample can be calculated from knowledge of its bulk density and its
mineral density through the relationship pp = pm(1-¢). Using the average mineral

density reported by Weatherford of 2.65 gm/cm” the porosity can be found from™

p=1-(pn/ pm) (eq. 8.3)
The calculated porosities are shown in Table 8.2.
-’
Using the calculated porosities. and the mineral compressibility of 0.19 microsips, the
hydrostatic pore volume compressibilities of these two samples can be calculated from
equation 2.2 and are shown in Table 8.2.
Finally. using equation 5.10, one can use the hydrostatic pore volume compressibility to
calculate the UPVC. This calculation requires knowledge of the Biot coefficient. a,
which is defined by @ = 1 — (Cw/Che).” The calculated UPVCs are shown in the last
column of Table 8.2.
™ Weatherford Laboratories Report WFT Labs HH-46949, WFT-MDL-00129171,
7 Zimmerman, 1991, p. 33: Mavko ef al.. 2009, p. 45.
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Bulk Bulk Biot Hydrostatic Pore Uniaxial Pore

T 51 i i Poisson | ¢ ibility, | Compressibility,
No. Density | Porosity C(‘on? Cy | coefficient, Ratio. v ompressy fy.

(gm/en’) | 107psi) a G (10%psi) | UPVC (10%psi)
3-17R 2.04 0.230 0.685 0.722 0.18 1.96 1.15
3-19R 2.00 | 0.245 0.763 0.751 0.13 2.15 1.15

Table 82 Pore compressibilities of two cores from the Macondo reservoir. as calculated from the
ultrasonic velocities shown in Table 8.1.

These uniaxial pore compressibilities, which have been estimated from the ultrasonic
data, both have been calculated as 1.15 microsips, which is much lower than the values
estimated from the static uniaxial measurements (Section 6), or from the static
hydrostatic measurements (Section 7). It is in fact well known that dynamic
compressibilities are usually lower than static compressibilities.”* This phenomenon is
usually attributed to the effects of frictional forces acting along adjacent grains. During
the small strains that occur during seismic or ultrasonic wave propagation, the small
motions are not sufficient to overcome the frictional forces, and the grains are “locked”
together, leading to stiffer behavior. On the other hand, during the large strains that occur
during static deformations, frictional forces are overcome, and the rock behaves in a less
stiff manner.

Although there are no simple relations between dynamic and static elastic moduli, there
are some correlations, as reviewed by Mavko et al.”” According to the correlation
developed by Wang and Nur,”® rocks having dynamic elastic moduli in the range shown
i Table 8.1 will tend to have static moduli that are about three times larger than the
dynamic values. Use of this factor of about 3 to convert “dynamic” UPVC to “static”
UPVC, would have led to static values of UPVC that are in the range of 4 microsips — a
value that, while certainly not precise, is roughly consistent with a value of UPVC in the
range of about 6 microsips, as was calculated from the uniaxial compression tests. This
analysis does not support UPVC as large as 12 microsips.

™ Mavko et al.. 2009, pp. 76-80.
5 Mavko et al.. 2009.
» Wang and Nur. 2000.
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9. Comparison with Values and
Correlations from the Literature

I also have compared my 6.35-microsip average UPVC estimate (based on the uniaxial
compression test data) with previously reported UPVC values for consolidated
sandstones. That literature shows that my value is actually at the upper range reported
UPVC values for sandstones having porosities in the range of 20% to 23% — the general
level of porosity of the Macondo reservoir.

For example, the classic correlation developed by Hall”’ indicates that consolidated
sandstones of 20-23% porosity will have hydrostatic pore compressibilities of about 3 to
4 microsips. Hall used a primitive experimental set-up in which the cores were placed in
Lucite holders (rather than thin, flexible sheathing as is now the practice), so it is difficult
to quantify the extent to which the nominal confining stress of 3000 psi was transmitted
through the Lucite to the sample. Hall depleted the cores from an initial pore pressure of
1500 psi down to a final pore pressure of 200 psi. Assuming that the actual confining
stress acting on the cores was 3000 psi, then the mean differential pressure during Hall’s
experiments would have been [(3000-1500)+(3000-2000)]/2 = 2150 psi, which is close to
the mean differential pressure that was acting on the Macondo cores during the uniaxial
depletion experiments discussed in Section 6.

Hall found that, when comparing the compressibilities of different rocks, the pore
compressibility decreases as the nominal porosity increases. For rocks with initial
porosities of 10% or greater, Hall found hydrostatic pore compressibilities of less than 6
microsips, which would translate to UPVCs of less than 4 microsips. For an initial
porosity of 20 to 23%, Hall’s data would imply an even lower hydrostatic pore volume
compressibility of 3 to 4 microsips. (The uniaxial pore volume compressibility would be
approximately 1.5 to 2 microsips.) Although Hall’s sample size is small, it is yet another
data point showing more consistency with a 6-microsip UPVC for Macondo than with a
UPVC of 12 microsips.

Another well-known data set was collected by Newman,”® who tested a larger number of
samples — 197 sandstone samples from twenty-nine different reservoirs. Newman
divided his samples into three categories:

7T Hall. 1953.

™ Newman. 1973.
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1. Consolidated samples, defined as “hard” rocks for which thin edges could not be
broken off the samples by hand;

2. Friable samples, defined as samples that could be cut into cylinders, but for which the
edges of the samples could be broken off by hand:

3. Unconsolidated samples, defined as samples that would fall apart under their own
weight unless they had undergone special treatment such as freezing.

The Macondo cores, which had been buried at subsurface depths of greater than 13,000
feet, and at confining pressures of more than 10,000 psi, would be expected to fall into
Newman's category of “consolidated” sandstones. This is consistent with the
“unconfined compressive strengths™ of 863 psi, 1645 psi, and 2405 psi that were
measured by Weatherford on three Macondo samples,”” which indicate that the Macondo
rocks were very well consolidated.

Newman's experimental procedure and data analysis protocol are not entirely clear from
the description given in his paper. In particular, it seems that in some cases he measured
Cpp, and in other cases measured Cpe (as defined in Section 5), and most likely did not
distinguish between these two parameters. However, these two compressibility
coefficients differ numerically only by the mineral compressibility, Cm, which for the
Macondo cores is on the order of 0.19 microsips. Thus, the distinction between Cp and
(e is of no importance to the current discussion, which is only semi-quantitative.

In Newman’s data set of nearly one hundred consolidated sandstones. the fifty-five
samples with porosities greater than 10% each had a reported hydrostatic pore volume
compressibility of less than 11 microsips. which would correspond to UPVC values of
less than 7 microsips. The twelve samples with porosities exceeding 20% each had
reported hydrostatic pore volume compressibilities of less than 5 microsips.

The UPVC value of 6.35 microsips that has been estimated in this report for the Macondo
reservoir is therefore not unexpectedly low, and does not seem to require any special
explanation. This value is in fact at the upper edge of the values that can be found in
some classic data collections. On the other hand, a UPVC of 12 microsips for

™ Rock Mechanics Final Report (Acoustic Velocities / Mohr-Coulomb Failure Analysis). Weatherford
Laboratories Report WFT Labs HH-46949, WFT-MDL-00082902.
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consolidated sandstones having porosities of about 20% would indeed be anomalous, and
inconsistent with most values found in the petroleum engineering literature.

L
=
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10. Conclusion

The opinions that I have presented in this report are based on established techniques of
data analysis in the field of rock mechanics, and the results are supported by three
independent laboratory measurements on eight different samples and a review of the
literature. The best estimate of UPVC for the Macondo reservoir — based on all the
laboratory data — is no more than 6.35 microsips, and there is no support in the data for a
UPVC of 12 microsips.

My opinions rest on analysis of test data from eight rotary sidewall cores, each of which
yields a UPVC estimate of around 6 microsips or less. The chances of picking eight
samples at random such that each sample somehow had a compressibility that was lower
than the actual average compressibility are 1/2* — or 0.39%. This gives us a high degree
of confidence that the measurements discussed in this report are unlikely to significantly
understate the UPVC of the sandstone in the Macondo well. While the available rock
samples represent only a small fraction of the reservoir, the data from testing those cores
represents the best data we have available, and an entire field of petroleum engineering is
based on relying on information obtained from core sample analysis.*

I am receiving £280 per hour for my work on this case. although I understand that the
contracting agency of my university, by whom I am paid, receives £350 per hour.

-y |

. R—
f‘,('.h__‘ VAN b
L )

Robert W. Zimmerman

"I may form additional opinions after reviewing expert reports received after this report is submitted,
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University of Cape Town, South Africa (supervisor: Prof. B. D. Reddy), March
2002.

Stochastic Reservoir Characterization and Data Integration Near Wells, Jo
Eidsvik, Department of Mathematical Sciences, Norwegian University of Science
and Technology (NTNU), Trondheim (supervisor: Prof. Henning Omre),
September 2003.
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< Rock Physics of Extensional Faults and their Seismic Imaging Properties, Lill-
Tove Wetjen Sigernes, Department of Petroleum Engineering and Applied
Geophysics, Norwegian University of Science and Technology (NTNU),
Trondheim (supervisor: Prof. Egil Tjaland), September 2004.

6. A Study on New Approaches for Delineating Groundwater Protection Zones in
Fractured-Rock Aquifers, Jalio Ferreira Carneiro, Dept. of Earth Sciences,
University College, London (supervisor: Prof. John Barker) January 2005.

s Upscaling of Flow, Transport and Stress Effects in Fractured Rocks, Johan
Ohman, Department of Earth Sciences, Uppsala University, Uppsala, Sweden
(supervisor: Prof. Auli Niemi) April 2005.

8. Experimental and Modeling Studies on the Spreading of Non-Aqueous Phase
Liquids in Heterogeneous Media, Fritjof Fagerlund, Department of Earth
Sciences, Uppsala University, Uppsala, Sweden (supervisor: Prof. Auli Niemi) 19
January 2007.

9. Thermo-Poro-Mechanical Behavior of a Hardened Oil-well Cement Paste,
Siavesh Ghabezloo, Ecole Nationale des Ponts et Chaussées, Paris, France
(supervisor; Prof. Jean Sulem) 26 September 2008.

10.  Subsurface Impact of CO2: Response of Carbonate Rocks and Wellbore Cement
to Supercritical CO2 Injection and Long-term Storage, Emilia Liteanu,
Department of Earth Sciences, Utrecht University, Utrecht, Netherlands
(supervisor: Prof. Chris Spiers) 30 November 2009.

11, The Impact of Steam Injection on Fracture Permeability in Carbonate Reservoirs,
Rugaiva Al-Zadjali, School of Earth and Environment, Leeds University, Leeds,
UK (supervisor: Prof. Quentin Fisher) 19 May 2011.

Ph.D. Theses Supervised

I Di-Wen Chen, Coupled Stiffness-Permeability Analysis of a Single Rough-
Surfaced Fracture by the Three-Dimensional Boundary Element Method, (co-
supervisor: Neville Cook), UC Berkeley, May 1990.

Z Erika Schlueter, Predicting the Transport Properties of Sedimentary Rocks from
Microstructure, (co-supervisors: Neville Cook, Paul Witherspoon), UC Berkeley.
May 1995.

3. Melanie Lutz, Elastic and Thermoelastic Behavior of Materials with

Continuously-Varying Elastic Moduli, (co-supervisor: Paulo Monteiro), UC
Berkeley, August 1995.

4, In-Wook Yeo, Anisotropic Hydraulic Properties of a Rock Fracture Under
Normal and Shear Loading, (co-supervisor: Michael de Freitas), Imperial
College, December 1997. Examiner: John Barker, University College London.
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10.

1.

12.

13.

14.

15.

16.

17,

Hamed Al-Sharji, Experimental Observation and Measurement of the Flow of Oil
and Water through Polymer Gels, (co-supervisor: Carlos Grattoni), Imperial
College. November 2000.

Carlos Romero, A4 Genetic Algorithm for Reservoir Characterisation using
Production Data, (co-supervisor: Jonathan Carter), Imperial College, November
2000,

Sourith Sisavath, Fundamental Pore-Scale Modelling of Single-Phase Flow
through Sedimentary Rocks, (co-supervisor: Xudong Jing), Imperial College.
December 2000.

Canghu Yang. Mathematical Modelling the Flow of Water and Oil through
Polymer Gels, (co-supervisor: Ann Muggeridge), Imperial College, March 2001,

Peter Lock, Estimating the Permeability of Reservoir Sandstones using Image
Analysis of Pore Structure, (co-supervisor: Xudong Jing), Imperial College,
November 2001. Examiner: Ida Fabricius, Technical University of Denmark.

Widad Al-Wardy, Analytical and Experimental Study of the Poroelastic
Behaviour of Clean and Clay-Rich Sandstones, Imperial College, July 2003.
Examiner: lan Main, University of Edinburgh.

Rifaat Al-Mjeni, The Effect of Clay, Salinity and Saturation on the High-
Frequency Electrical Properties of Shaly Sandstones, (co-supervisor: Xudong
Jing). Imperial College, July 2003.

Azzan Al-Yaarubi, Numerical and Experimental Study of Fluid Flow in a Rough-
Walled Rock Fracture, Imperial College, August 2003. Examiner: Axel Makurat,
Shell SIEP.

John Matthews, Geological Controls on the Transition Zone in Hydrocarbon
Reservoirs, (co-supervisor: Jonathan Carter), Imperial College, June 2004.

Sultan Al-Mahrooqi, Investigation of Wettability of Sandstone Cores using NMR
Relaxation Times, (co-supervisor: Ann Muggeridge), Imperial College, December
2004.

Robert Seymour, Effect of Stress on Seismic Velocities in Reservoir Rocks,
Imperial College, March 2005. Examiner: Patrick Corbett, Heriot-Watt
University.

Adel Al-Ajmi, Analysis of Wellbore Stability using a True-Triaxial Failure
Criterion, Royal Institute of Technology, June 2006. Opponent: Bernt Aadnoy,
University of Stavanger.

Mathieu Jurgawczynski, Predicting Petrophysical Properties of Carbonate Rocks
from Two-Dimensional Images, Imperial College, February 2007. Examiner: Ole
Torsaeter, NTNU Trondheim.
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18.

19;

Thushan Ekneligoda, Estimating the Elastic Moduli of Porous Materials from
Image Analysis of the Pore Space, Royal Institute of Technology, December
2007. Opponent: Igor Tsukrov, University of New Hampshire.

Fuguo Tong, Numerical Modelling of Coupled Thermo-Hydro-Mechanical
Processes in Geological Porous Media, (co-supervisor: Lanru Jing), Royal
Institute of Technology, March 2010. Opponent: Chin-Fu Tsang, Lawrence
Berkeley National Laboratory.

Emmanuel David, The Effect of Stress, Pore Fluid and Pore Structure on Elastic
Wave Velocities in Sandstones, Imperial College, March 2012, Examiner: Michael
King.

Colin Leung. Modelling the Flow and Transport Properties of Two-Dimensional
Fracture Networks, including the Effect of Stress, Imperial College, November
2012. Examiner: Dave Sanderson, University of Southampton,

Journal Articles

L.

[

“Elastic moduli of a solid with spherical pores: new self-consistent method™, R.
W. Zimmerman, /nt. J. Rock Mech., vol. 21, pp. 339-343, 1984,

“Compressibility of an isolated spheroidal cavity in an isotropic elastic medium”,
R. W. Zimmerman, J. Appl. Mech., vol. 52, pp. 606-608, 1985.

“The effect of microcracks on the elastic moduli of brittle materials™, R. W.
Zimmerman, J. Mater. Sci. Letts., vol. 4, pp. 1457-1460, 1985,

“Comment on ‘The constitutive theory for fluid-filled porous materials’, by N.
Katsube”, R. W. Zimmerman, J. Appl. Mech., vol. 52, p. 983, 1985.

“The effect of the extent of freezing on seismic velocities in unconsolidated
permatrost”, R. W. Zimmerman and M, S. King, Geophysics, vol. 51, pp. 1285-
1290, 1986.

“Elastic moduli of mortar as a porous-granular material”, R. W. Zimmerman, M.
S. King, and P. J. M. Monteiro, Cement Concr. Res., vol. 16, pp. 239-245, 1986.

“Compressibility of two-dimensional cavities of various shapes™, R. W.
Zimmerman, J. Appl. Mech., vol. 53, pp. 500-504, 1986.

“Compressibility of porous rocks”, R. W. Zimmerman, W. H. Somerton, and M.
S. King, J. Geophys. Res., vol. 91, pp. 12765-12778, 1986.

“Stress singularity around two nearby holes”, R. W. Zimmerman, Mech. Res.
Comm., vol. 15, pp. 87-90, 1988.

“Seismic and electrical properties of unconsolidated permafrost™, M. S. King, R.
W. Zimmerman, and R. F. Corwin, Geaphys. Prospect., vol. 36, pp. 349-364,
1988.
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1.

12.

13.

14.

15.

16.

17.

19.

20.

“Stress concentration around a pair of circular holes in a hydrostatically stressed
elastic sheet™, R. W. Zimmerman. J. Appl. Mech., vol. 55, pp. 477-478, 1988.

“Second-order approximation for the compression of an elastic plate containing a
pair of circular holes”, R. W. Zimmerman, Zeit. Ang. Math. Mech., vol. 68, pp.
575-578, 1988.

“Thermal conductivity of fluid-saturated rocks”, R. W, Zimmerman, J. Petrol.
Sci. Eng., vol. 3, pp. 219-227, 1989.

“An approximate solution for one-dimensional absorption in unsaturated porous
media”, R. W. Zimmerman and G. S. Bodvarsson, Water Resour. Res., vol. 25,
pp. 1422-1428, 1989.

“Integral method solution for diffusion into a spherical block™, R. W. Zimmerman
and G. S. Bodvarsson, J. Hydrol., vol. 111, pp. 213-224, 1989.

“Absorption of water into porous blocks of various shapes and sizes™, R. W.
Zimmerman, G. S. Bodvarsson, and E. M. Kwicklis, Water Resour. Res., vol. 26,
pp. 2797-2806, 1990.

“A simple approximate solution for absorption into a Brooks-Corey medium™, R.
W. Zimmerman and G. S. Bodvarsson, Transp. Porous Media, vol. 6, pp. 195-
205, 1991.

“Permeability of a fracture with cylindrical asperities”™, S. Kumar, R. W.
Zimmerman, and G. S. Bodvarsson, Fluid Dyn. Res., vol. 7, pp. 131-137, 1991. et

“Comment on ‘Application of linear elastic fracture mechanics to the quantitative
evaluation of fluid inclusion decrepitation’, by A. Lacazette™, S. J. Martel and R.
W. Zimmerman, Geology, vol. 19, pp. 663-664, 1991.

“Reply to “Comment on ‘An approximate solution for one-dimensional
absorption in unsaturated porous media’, by R. W. Zimmerman and G. S.
Bodvarsson™, by Parlange et al.”. R. W. Zimmerman and G. S. Bodvarsson, Water
Resour. Res., vol. 27, pp. 2161-2162, 1991.

“Lubrication theory analysis of the permeability of rough-walled fractures™, R. W,
Zimmerman, S. Kumar, and G. S. Bodvarsson, /nt. J. Rock Mech., vol. 28, pp.
325-331, 1991.

“Elastic moduli of a solid containing spherical inclusions”, R. W. Zimmerman,
Mech. of Maters., vol. 12, pp. 17-24, 1991.

“The effect of contact area on the permeability of fractures”, R. W. Zimmerman,
D. W. Chen, and N. G. W. Cook. J. Hvdrol., vol. 139, pp. 79-96, 1992.

“Hashin-Shtrikman bounds on the Poisson ratio of a composite material”, R. W.
Zimmerman, Mech. Res. Comm., vol. 19, pp. 563-569, 1992.

TREX 011497.0072



29

26.

27.

29.

30.

34.

35.

37

“A numerical dual-porosity model with semi-analytical treatment of
fracture/matrix flow”, R. W. Zimmerman, G. Chen, T. Hadgu, and G. S.
Bodvarsson, Water Resour. Res., vol. 29, pp. 2127-2137, 1993.

“Behavior of the Poisson ratio of a two-phase composite material in the high-
concentration limit”, R. W. Zimmerman, Appl. Mech. Rev., vol. 47, pp. S38-44,
1994.

*Accuracy and efficiency of a semi-analytical dual-porosity simulator for flow in
unsaturated fractured rock masses”™, R. W. Zimmerman, G. Chen, and T. Hadgu,
Rad. Waste Manag. Environ. Restor., vol. 19, pp. 193-208, 1994,

“Grain and void compression in fractured and porous rocks”, R.W. Zimmerman,
L. R. Myer, and N. G. W. Cook, /Int. J. Rock Mech., vol. 31, pp. 179-184, 1994.

“Coupled reservoir-wellbore simulation of geothermal reservoir behavior™, T,
Hadgu, R. W. Zimmerman, and G. S. Bodvarsson, Geothermics, vol. 24, pp. 145-
166, 1995,

“Effective block size for imbibition and absorption in dual-porosity media™, R. W.
Zimmerman and G. S. Bodvarsson, Geophys. Res. Letts., vol. 22, pp. 1461-1464,
1995.

“Thermal stresses and effective thermal expansion coefficient of a functionally-
gradient sphere™, M. P. Lutz and R. W. Zimmerman, J. Thermal Stresses, vol. 19,
pp. 39-54, 1996.

“Effective transmissivity of a two-dimensional fracture network™, R. W.
Zimmerman and G. S. Bodvarsson, /nt. J. Rock Mech., vol. 33, pp. 433-438,
1996.

“Hydraulic conductivity of rock fractures”, R, W. Zimmerman and G. S.
Bodvarsson, Transp. Porous Media, vol. 23, pp. 1-30, 1996.

“Effective conductivity of a two-dimensional medium containing elliptical
inclusions™, R. W. Zimmerman, Proc. Roy. Soc. London, Series A, vol. 452, pp.
1713-1727, 1996.

“A new lumped-parameter model for flow in unsaturated dual-porosity media™, R.
W. Zimmerman, T. Hadgu, and G. S. Bodvarsson, Adv. Water Resour., vol. 19,
pp. 317-327, 1996.

“Effect of the interphase zone on the bulk modulus of a particulate composite”,
M. P. Lutz and R. W. Zimmerman, J. Appl. Mech., vol. 63, pp. 855-861, 1996.

“Inhomogeneous interfacial transition zone model for the bulk modulus of
mortar”, M. P. Lutz, P. J. M. Monteiro, and R, W. Zimmerman, Cement Concr.
Res.,vol. 27, pp. 1113-1122, 1997.
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38.

39.

40.

41.

42,

43.

44

45,

46.

47.

48.

49.

50.

“The fractal dimension of pores in sedimentary rocks and its influence on
permeability™, E. M. Schlueter, R. W. Zimmerman, P. A. Witherspoon, and N, G.
W. Cook, Eng. Geol., vol. 48, pp. 199-215, 1997.

“Formula for the conductivity of a two-component material based on the
reciprocity theorem™, . A. del Rio, R. W. Zimmerman, and R. A. Dawe, Solid
State Commun., vol. 106, pp. 183-186, 1998.

“Effect of shear displacement on the aperture and permeability of a rock fracture™,
I. W. Yeo, R. W. Zimmerman, and M. H. deFreitas, /nr. J. Rock Mech., vol. 35,
pp. 1051-70, 1998.

“Thermal stresses and thermal expansion in a uniformly-heated functionally-
graded cylinder”, R. W. Zimmerman and M. P. Lutz, J. Thermal Stresses, vol. 22,
pp. 177-188, 1999,

“Coupling in poroelasticity and thermoelasticity”, R, W. Zimmerman, /nt. J. Rock
Mech., vol. 37, pp. 79-87. 2000.

“Effect of stress on the hydraulic conductivity of rock pores”, S. Sisavath, X. D.
Jing, and R. W. Zimmerman, Phys. Chem. Earth, vol. 25, pp. 163-168, 2000.

“A model for steady laminar flow through a deformable gel-coated channel”, C.
Yang, C. A. Grattoni, A. H. Muggeridge, and R. W. Zimmerman, J. Colloid
Interface Sci., vol. 226, pp. 105-111, 2000.

“Flow of oil and water through elastic polymer gels”, H. H. Al-Sharji, C. A. s
Grattoni. R. A. Dawe, and R. W. Zimmerman, Qil & Gas Sci. Tech. - Rev. [FP,
vol. 56, pp. 145-152, 2001,

“Laminar flow through irregularly-shaped pores in sedimentary rocks™, S.
Sisavath, X. D. Jing, and R. W. Zimmerman, Transp. Porous Media, vol. 45, pp.
41-62, 2001.

“Accuracy of the renormalization method for computing effective conductivities
of heterogeneous media™, I. W. Yeo and R. W. Zimmerman, 7ransp. Porous
Media, vol. 45, pp. 129-138, 2001.

“Rheology and permeability of crosslinked polyacrylamide gel”, C. A. Grattoni,
H. H. Al-Sharji, C. Yang, A. H. Muggeridge, and R. W. Zimmerman, .J. Colloid
Interface Sci., vol. 240, pp. 601-607. 2001.

“Creeping flow through a pipe of varying radius™, S. Sisavath, X. D. Jing, and R.
W. Zimmerman, Phys. Fluids, vol. 13, pp. 2762-2772, 2001.

“Creeping flow through an axisymmetric sudden contraction or expansion™, S.
Sisavath, X. D. Jing, C. C. Pain, and R. W, Zimmerman, ASME J. Fluids Eng.,
vol. 124, pp. 273-278. 2002.
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31

wn
2

53.

54.

55.

56.

37,

58.

59.

60.

61.

63.

“Wettability alteration by aging of a gel placed within a porous medium”, C. A.
Grattoni, X. D. Jing, and R. W. Zimmerman, J. Petrol. Sci. Eng., vol. 33, pp. 135-
145, 2002.

“Flow of water through channels filled with deformable polymer gels™, C. Yang,
C. A. Grattoni, A. H. Muggeridge, and R. W. Zimmerman, .J. Colloid Interface
Sci., vol. 250, pp. 466-470, 2002.

“Segregated pathways mechanism for oil and water flow through silicate gels
formed from an oil-based gelant”, C. A. Grattoni, H. H. Al-Sharji, R. A. Dawe,
and R. W. Zimmerman, J. Petrol. Sci. Eng., vol. 35, pp. 183-190, 2002.

“Predicting the permeability of sandstone from image analysis of pore structure”,
P. A. Lock, X. D. Jing, R. W. Zimmerman, and E. M. Schlueter, /. Appl. Phys.,
vol. 92, pp. 6311-6319, 2002.

“A simple model for deviations from the cubic law for a fracture undergoing
dilation or closure™, S. Sisavath, A. Al-Yaarubi, C. C. Pain, and R. W,
Zimmerman, Pure Appl. Geophys. (PAGEOPH), vol. 160, pp 1009-1022, 2003.

“Laplace transform inversion for late-time behavior of groundwater flow
problems™, S. A. Mathias and R. W. Zimmerman, Water Resour. Res., vol. 39,
paper 1283, 2003.

“Comparison of methods for upscaling permeability from the pore scale to the
core scale™, P. A. Lock, X. D. Jing, and R. W. Zimmerman, J. Hydraul. Res., vol.
42, pp. 3-8, 2004.

“Effective stress law for the permeability of clay-rich sandstones”, W. Al-Wardy
and R. W. Zimmerman, J. Geophys. Res., vol. 109, No. B4, B04203, 2004.

“Nonlinear regimes of fluid flow in rock fractures”, R. W. Zimmerman, A. H. Al-
Yaarubi, C. C. Pain, and C. A. Grattoni, /nt. J. Rock Mech., vol. 41, paper 1A27.
p. 163, 2004,

“Polymers as relative permeability modifiers: adsorption and the dynamic force of
thick polyacrylamide layers™, C. A. Grattoni, P. F. Luckham, X. D. Jing, L.
Norman, and R. W. Zimmerman, J. Petrol. Sci. Eng., vol. 45, pp. 233-245, 2004.

“Effect of an inhomogeneous interphase zone on the bulk modulus and
conductivity of a particulate composite™, M. P. Lutz and R. W. Zimmerman, /nr.
J. Solids Struct., vol. 42, pp. 429-437, 2005.

“Relation between the Mogi and the Coulomb failure criteria™, A. M. Al-Ajmi
and R. W. Zimmerman, /nt. J. Rock Mech., vol. 42, pp. 431-39, 2005.

“Analytical analysis for oil recovery during counter-current imbibition™, Z.
Tavassoli, R. W. Zimmerman, and M. J. Blunt, Transp. Porous Media, vol. 58,
pp. 173-189, 2005.
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64.

65.

66.

67.

68.

69.

70.

71.
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74.

“Analysis of counter-current imbibition with gravity in weakly water-wet
systems”, Z. Tavassoli, R. W. Zimmerman, and M. J. Blunt, J. Petrol. Sci. Eng,
vol. 48, pp. 94-104, 2005.

“Compressibility of two-dimensional pores having n-fold axes of symmetry™, T.
C. Ekneligoda and R. W. Zimmerman, Proc. Roy. Soc. London, Ser. A, vol. 462,
pp. 1933-1947, 2006.

“Pore-scale modelling of NMR relaxation for the characterization of wettability™,
S. H. Al-Mahrooqi, C. A. Grattoni, A. H. Muggeridge, R. W. Zimmerman and X.
D. ling, J. Petrol. Sci. Eng., vol. 52, pp. 172-186, 2006.

“Stability analysis of vertical boreholes using the Mogi-Coulomb failure
criterion”, A. M. Al-Ajmi and R. W. Zimmerman, /nt. J. Rock Mech., vol. 43, pp.
1200-1211, 2006.

“Thermal and electrical conductivity of composites with graded interfaces™, R. W.
Zimmerman and M. P. Lutz, Adv. Sci. Tech., vol. 45, pp. 1097-1102, 2006.

“Influence of volume/mass on grain-size curves and conversion of image-analysis
size to sieve size™, J. M. R. Fernlund, R. W. Zimmerman, and D. Kragic, £ng.
Geol., vol. 90, pp. 124-137, 2007.

“Boundary perturbation solution for nearly-circular holes and rigid inclusions in
an infinite elastic medium™, T. C. Ekneligoda and R. W. Zimmerman, J. Appl.
Mech., vol. 75, paper 011015-1, 2008.

“Shear compliance of two-dimensional pores possessing N-fold axis of rotational
symmetry”, T. C. Ekneligoda and R. W. Zimmerman, Proc. Ray. Soc. London,
Ser. A, vol. 464, pp. 759-775, 2008.

“Sensitivity of the impact of geological uncertainty on production from faulted
and unfaulted shallow-marine oil reservoirs: objectives and methods™, T.
Manzocchi, J. N. Carter,....R. W. Zimmerman, Petrol. Geosci.. vol, 14, pp. 3-15,
2008.

“Assessing the effect of geological uncertainty on recovery estimates in shallow-
marine reservoirs: the application of reservoir engineering to the SAIGUP
project”, J. D. Matthews, J. N. Carter, K. D. Stephen, R. W. Zimmerman, A.
Skorstad, T. Manzocchi, J.A. Howell, Petrol. Geosci., vol. 14, pp. 35-44, 2008.

“Using drill-stem and production tests to model reservoir relative permeabilities™,
J. D. Matthews, J. N. Carter, and R. W. Zimmerman, SPE Reserv. Eval. & Eng.,
vol 11, pp. 1082-1088, 2008.

“Approximate solutions for pressure buildup during CO2 injection in brine
aquifers™, S. A. Mathias, P. E. Hardisty, M. R. Trudell, and R. W. Zimmerman,
Transp. Porous Media, vol. 79, pp. 269-284, 2009.
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76.  “Screening and selection of sites for CO2 sequestration based on pressure
buildup™, S. A. Mathias, P. E. Hardisty, M. R. Trudell, and R. W. Zimmerman,
Int. J. Greenhouse Gas Control, vol. 3, pp. 577-585, 2009.

77.  “A new well path optimization model for increased mechanical borehole
stability”, A. M. Al-Ajmi and R. W. Zimmerman, J. Petrol. Sci. Eng., vol. 69, pp.
53-62, 2009.

78.  “Influence of the interfacial transition zone and microcracking on the diffusivity,
permeability and sorptivity of cement-based materials after drying”, H. Wong, M.
Zobel, N. Buenfeld, and R. W. Zimmerman, Mag. Concr. Res., vol. 61, pp. 571-
589, 2009.

79.  “Aneffective thermal conductivity model of geological porous media for coupled
thermo-hydro-mechanical systems with multiphase flow™, F. G. Tong, L. Jing,
and R. W. Zimmerman, /nt. J. Rock Mech., vol. 46, pp. 1358-1369, 2009.

80.  “A fully coupled thermo-hydro-mechanical model for simulating multiphase flow,
deformation and heat transfer in buffer material and rock masses™, F. G. Tong, L.
Jing, and R. W. Zimmerman, /nt. J. Rock Mech., vol. 47, pp. 205-217, 2010.

81,  “Compressibility and shear compliance of spheroidal pores: Exact derivation via
the Eshelby tensor, and asymptotic expressions in limiting cases™, E. C. David
and R. W. Zimmerman, /nt. J. Solids Struct., vol. 48, pp. 680-686, 2011.

82.  “Numerical simulation of multiple 3D fracture propagation using arbitrary
meshes”, A. Paluszny and R. W, Zimmerman, Comp. Meth. Appl. Mech. Eng.,
vol, 200, pp. 953-966, 2011.

83.  “Elastic moduli of solids containing spheroidal pores™, E. C. David and R. W.
Zimmerman, /Int. J. Eng. Sci., vol. 49, pp. 544-560, 2011.

84. “Effect of entrained air voids on the microstructure and mass transport properties
of concrete”, H. S. Wong. A. M. Pappas, R.W. Zimmerman, and N. R. Buenfeld,
Cem. Coner. Res.,vol. 41, pp. 1067-1077,2011.

85.  “Pressure buildup during CO2 injection into a closed brine aquifer™, S. A.
Mathias, G. J. Gonzilez, K. E. Thatcher, and R. W. Zimmerman, Transp. Porous
Media, vol. 89, pp. 383-397, 2011.

86.  “Estimating the permeability of cement pastes and mortars using image analysis
and effective medium theory™, H. S. Wong. R. W. Zimmerman, and N. R,
Buenfeld, Cem. Concr. Res., vol. 42, pp. 476-483, 2012.

87.  “Sliding crack model for nonlinearity and hysteresis in the uniaxial stress-strain
curve of rock”, E. C. David, N. Brantut. A. Schubnel, and R. W. Zimmerman, /nt.
J. Rock Mech., vol. 52, pp. 9-17, 2012.
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88.  “Estimating the hydraulic conductivity of two-dimensional fracture networks
using network geometric properties™, C. T. O. Leung and R. W. Zimmerman,
Transp. Porous Media, vol. 97, pp. 777-7197, 2012,

89. “Pore structure model for elastic wave velocities in fluid saturated sandstones”, E.
C. David and R. W. Zimmerman, J. Geophys. Res., vol. 117, paper B07210, 2012.

90.  “Comparison of discrete fracture network and equivalent continuum simulations
of fluid flow through two-dimensional fracture networks for the DECOVALEX-
2011 project™, C. T. O. Leung, A. R. Hoch, and R. W. Zimmerman.
Mineralogical Mag., vol. 76, pp. 3179-3190, 2012.

Proceedings, Book Chapters, Reviews, etc.

. “Compressibilities and effective stress coefficients for linear elastic porous
solids™, R. W. Zimmerman, in Proc. 23rd U.S. Rock Mech. Symp., Soc. Mining
Eng., New York, pp. 712-729, 1982.

2. “The effects of pore pressure and confining pressure on the pore and bulk
compressibilities of consolidated sandstones™, R. W. Zimmerman, J. L. Haraden,
and W. H. Somerton, in Measurement of Rock Properties at Elevated
Temperatures and Pressures, ASTM Spec. Tech. Pub. 869, Amer. Soc. Test.
Maters., Philadelphia, pp. 23-35, 1985.

3. “Propagation of acoustic waves through cracked rock™, R. W. Zimmerman and M. -
S. King, in Proc. 26th U.S. Rock Mech. Symp., A.A. Balkema, Rotterdam, pp.
739-745, 1985S.

4. “Compressibility of two-dimensional holes of various shapes™, R. W,
Zimmerman, in Proc. 19th Midwest. Mech. Conf., Ohio State University,
Columbus, Ohio, pp. 259-260, 1985.

e “Seismic velocities in unconsolidated permafrost”, R. W. Zimmerman, M. S,
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