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ABSTRACT

Pore volume compressibility is used in many engineering calculations such as
estimating the volume of oil initially in a reservoir, predicting the amount of oil recovery,
and calculating subsidence and compaction. This research focused on the pore
compressibility for consolidated and unconsolidated sand using uniaxial test data (varying
the pore pressure and/or axial stress) and triaxial test data (varying the vertical and lateral

stress independently).

The objective of this research was to determine if a correlation exists between
pore volume compressibility and other rock parameters so that pore compressibility can
be predicted with minimum laboratory measurements. In addition, methods to smooth
inconsistency in compressibility data were investigated. Investigated parameters include

permeability, porosity, pore pressure, overburden pressure and amount of consolidation.

Four empirical methods were studied in the analysis of pore compressibility and
compared with Jones’ (1988) method for fifteen consolidated samples and thirteen
unconsolidated samples. Two methods are used to predict pore compressibility, one of
which requires an initial value of pore compressibility and three porosity values with
stress. The other method requires a good correlation between porosity and stress with as
few as two porosity values. Two methods are used to smooth inconsistency in
compressibility measurements. One method correlates porosity and stress with the
cumulative compressibility, and one correlates porosity-permeability and stress with the

cumulative compressibility.
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Compressibility predictions of unconsolidated samples are more sensitive at high
values of stress and failed to work for some of the methods. The predictions for the
highly consolidated samples had a better agreement with the actual measured data.
Smoothing compressibility data for all samples was good; however, some methods
showed better agreement than others. When porosity and stress were used to predict pore

compressibility, the results were in good agreement for all samples.

It is recommended to carry on the investigation of another method that involves
the prediction of compressibility from porosity, permeability, stress, and flow rate. Due
to the lack of data, this method was not included as a part of this thesis. Data available

from only three consolidated samples proved such a correlation might exist.

In addition, a correlation between Poisson’s ratio and stress was developed for
fifteen unconsolidated samples. This correlation can be used to convert lab data to
reservoir conditions properly. It is recommended to further investigate if such correlation

exists for consolidated sand.
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CHAPTER 1.
INTRODUCTION

“Pore volume compressibility is the measure of the change in pore space which
occurs when the rock is stressed and is related to both the physical properties and spatial
arrangements of the constituent minerals” (Anderson, 1985). The production of

hydrocarbons from a reservoir results in a reduction of pore pressure causing the rock to

compact.

Compressibility can be measured in the laboratory under hydrostatic, uniaxial or
triaxial test conditions, depending on the data requirements. A hydrostatic test, where
three principal stresses are all equal, is rapid, but the results could be twice as much as
under reservoir stress conditions. In uniaxial and triaxial loading, the vertical and lateral
stresses are different. The uniaxial test measures the axial deformation while preventing
the lateral deformation of the sample. The triaxial test measures the axial and lateral
deformations of the sample. Both tests, uniaxial and triaxial, are more representative of

reservoir conditions than the hydrostatic tests but they are costly and time consuming.

Porosity, permeability, compressibility, and many other rock properties can be
obtained from laboratory core analysis. Both conventional and special core analyses
furnish valuable information to the subsurface geologist and engineer. Prior to any
request for core analysis, it is necessary to determine the objectives of the study. Once

the intervals of interest are determined, core properties must be measured and interpreted.



Correlations between core data and log data will maximize the evaluation and

interpretation of the study.

Laboratory measurements of rock properties are not always smooth and
consistent. Measuring pore compressibility can take several hours or days. In addition,
experiments are costly. Predicting pore compressibility data from minimum laborétory
measurements, finding ways to avoid laboratory measurements, and smoothing laboratory

data systematically are the goals of this thesis.

This thesis is a study of fifteen consolidated samples tested under uniaxial test
conditions and thirteen unconsolidated samples tested under triaxial conditions. Five
consolidated samples with high clay content were taken from 8,000-12,000 feet. In the
laboratory, axial (ram) stress was presented by 5,800 psi. Ten consolidated samples with
lower clay content and friable samples were taken from two reservoirs at 2,000-8,000
feet. In the laboratory, axial (ram) stress was presented by 10,000 psi. Two types of
triaxial tests were used for the unconsolidated sand samples. Pore pressure and confining
stress were varied while axial (ram) stress was kept constant, or pore pressure was kept
constant while increasing axial stress. Samples were taken from 14,000-17,300 foot

intervals and tested with reservoir pressure of 11,400 psi.

Four methods were used for the analysis of the study and compared with Jones’
method. Two methods are used to predict pore compressibility: Method 1 requires initial
compressibility data with a good correlation between stress and porosity, and Method 2
requires good correlation between porosity and stress. Since some samples experienced
inconsistency in laboratory measurements, there was a need to smooth compressibility
data systematically. Two methods were developed to smooth pore volume

compressibility with correlations between porosity, permeability, stress, and three data



points of compressibility. Method 3 relates pore void ratio to the cumulative pore
compressibility with a straight line equation. With as few as three porosity and
compressibility points at different stresses a straight line equation can be generated to
smooth and predict compressibility data at higher stress. Method 4 related porosity and
permeability to pore compressibility with a power law equation. The power law equation
can smooth compressibility and predict values at higher stress. Jones (1985) has
developed an equation to predict pore compressibility from two-pore volume data at
different stress. Jones’ method was used for all samples, consolidated and
unconsolidated, to compare its results with the newly developed methods. Illustrations
for all methods used to predict and smooth compressibility data are explained in Chapter
3. Discussion of results for the five methods, along with Jones’ method, are included to
show the validity of each method. Sample calculations for all methods are also included

in Appendix D.

In addition, a correlation was found between Poisson’s ratio and applied net
radial and axial stress for fifteen unconsolidated sand samples. This correlation is useful
when converting laboratory data to reservoir conditions. The correlation, however, was
not included as a part of this thesis due to the lack of data, but a detailed explanation and

examples are included in Chapter 7.

A section on core analysis is presented because improper preparation and handling
of core samples may have an effect on laboratory measurements. Understanding the
effects of stress on rock properties is included as another section to show how different
stress conditions can alter the results of pore volume compressibility calculations. In the
literature, there are thoughts, interpretations and analyses of measuring pore

compressibility, and how these analyses are used in the laboratories.



Tables and figures included within the text usually illustrate one sample. Tables

and figures for all samples are then included in the appendices.



CHAPTER 2.
LITERATURE REVIEW

2.0 Introduction

“Pore volume compressibility is the measure of the change in pore space which
occurs when the rock is stressed and is related to both the physical properties and spatial
arrangements of the constituent minerals” (Anderson, 1985). Pore volume
compressibility is thus used by many engineers to estimate the volume of oil initially in a

reservoir and to predict the amount of oil recovery.

The following sections are a review of core analysis and preparation, laboratory
techniques of measuring pore compressibility, review of pore volume compressibility, the
effect of stress on rock properties and finally, the importance of pore compressibility in

reservoir calculations.

2.1 Core Analysis and Preparation

Core analysis is a laboratory study to measure and interpret the petrophysical
properties of the reservoir rock. Basic data from conventional core analysis yields

residual fluid saturation, formation lithology, porosity, and permeability.



A good understanding of rock properties is critical in planning and implementing
a successful waterflood, casing design, exploration program, well completion, workover
operation and reservoir evaluation. Since it is unusual to core every well in a field and

since full core recovery is often not achieved in a given well, there is a need to estimate

some parameters in uncored intervals.

Special core analysis is an extension of conventional core analysis and yields
more detailed rock property data. It furnishes the knowledge of the initial distribution
and quantity of hydrocarbons, permeability to gas, relative permeability, rock wettability,
and fluid properties. In addition, electrical and acoustical properties of the rock can be
determined to yield data that enhances the down-hole log interpretation. Capillary
pressure, mechanical properties (including compressibility), and rock resistivity can be

measured.

Core analysis has evolved into different types depending on the size of the
selected core for analysis, that is, conventional (plug) analysis, whole core (full-diameter)
analysis, and sidewall core analysis. In this thesis, the terms “core” and “plug” are used

interchangeably. Usually plug samples are 1 to 1.5 inches in diameter and 1.5 to 3 inches

in length.

In order to achieve representative results, core samples must undergo a series of
preparation procedures. This of course is a very critical and time-consuming job. It
could takes up to five weeks to allocate orientation and depth, slab, plug, clean, dry, and
preserve the core. In addition, core samples required for testing should be representative

of the interval of interest ( Keelan, 1987).



Measurement of permeability, porosity and fluid saturation requires all residual
fluids to be removed and cores to be cleaned and dried. Solvents, including toluene,
benzene, and some others, are used to remove oil and water from core samples; methanol
is used to remove salt, and silver nitrate is used to detect the presence of salt particles.
Solvents, however, must not react with the rock. Flushing with solvent at low
temperature and pressure may be the best way to treat the sample to prevent further
damages. Care must be taken when drying cores and removing cleaning solvents to

prevent mineral reaction or microbial formation.

2.2  Laboratory Techniques to Measure Compressibility

Pore compressibility can be measured statically in the laboratory. Static tests
measure the volumetric deformation caused by applied stress. There are three basic
laboratory techniques to statically measure pore compressibility. All three tests require
saturated samples with a single phase fluid, commonly brine. Assume the change in pore
volume is equal to the change of expelled fluid from the rock sample. Sampath (1982),
however, developed a new, improved, inexpensive and less time-consuming method to
accurately measure pore volume compressibility for dry samples in low permeability
sandstone samples. The three static laboratory techniques are hydrostatic, unaxial and

triaxial.

2.2.1 Hydrostatic Test

The hydrostatic test has been widely used to measure pore volume compressibility

of consolidated rock samples. In a hydrostatic test, the stresses are equal in all directions.



The sample is enclosed by a thin jacket (elastomer or metal foil) that fits the core sample
tightly, so that no shape problems exists. The measurement is simple and rapid but not

representative of reservoir conditions.

2.2.2 Uniaxial Test

In the uniaxial test, the sample is loaded in the vertical direction while a rigid cylinder
wall prevents the lateral deformation of the plug sample. This method is more
representative to reservoir conditions than the hydrostatic test because it considers the
axial deformation to be more dominant. The corresponding change in length represents
the total volumetric change. The accuracy of the test is influenced by two factors: (a) the
upper and lower surface must be flat and perpendicular to the cylindrical surface, and (b)
the sample must fit precisely into the uniaxial cell, otherwise the requirement of zero
lateral deformation will not be met. For clay and friable sand, this method produces valid
data, but for consolidated rock it is very hard to meet the test criteria, and thus,

interpretation of the results in terms of formation compaction becomes uncertain.

2.2.3 Triaxial Test

The triaxial test is used to determine the strength of porous media under various
conditions of stress (Bishop, 1962). The vertical and lateral stresses are independently
varied. This test is closer to reservoir conditions than hydrostatic and uniaxial tests. The
basic assumption is that the two principal horizontal stresses are equal. The sample is
enclosed by a flexible sleeve to allow lateral deformation. The accuracy of the test

depends on the shape of the sample like the conditions for the unaxial test.



2.2.4 Review of Pore Volume Compressibility Measurements

Since the establishment of the Adams and Williamson (1923) equation of
compressibility, several engineers have tried to measure compressibility of different rock
samples: sandstone, limestone, consolidated, unconsolidated, and friable; yet very few
correlations have been found. In fact, no solid evidence has been found to correlate

porosity or permeability to pore volume compressibility.

Van Der Knaap (1958) showed that the three dimensional representation of the
volume of a nonlinear porous system is a cylindrical ruled surface, the generating lines of
which have a slope according to the solid rock compressibility. It follows that the bulk
and pore volume compressibilities depend on the difference between pore fluid and
external pressure. He concluded that the average pore volume compressibility falls in the
range to the compressibility of the water and that of undersaturated crude oil. “In general,

pore compressibility is found to be higher the lower the porosity.”

In a reservoir, stress is usually applied from above by the overburden and lateral
deformation being prevented by surrounding rocks; thus, only vertical compaction occurs.
This is a lesser change than the hydrostatic stress compaction. Compressibility measured
in a laboratory under hydrostatic stress can be aimost double that occurring under the
uniaxial strain conditions believed to exist in the reservoir. Teeuw (1970) presented a
simple and inexpensive laboratory testing procedure for simulating realistic reservoir
compaction behavior for both cemented and friable rocks. Based on previous work by
Geerstma (1957) and others, he developed a new triaxial cell-type compaction
measurement for friable rock. Van Der Knaap (1958) has shown that the deformation in
reservoir rock is mainly vertical and that the uniaxial compaction is related to the

hydrostatic bulk deformation by the formula:
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_ l(l-&-v)

m= 30w

1-Pe, @-1)

where:v = Poisson’s ratio
Cm = uniaxial compaction coefficient

B =Cmal/c, , the ratio of the rock matrix to rock bulk compressibility

Anderson (1985) also developed a practical procedure to convert the hydrostatic-
stress, pore volume reduction test data into the uniaxial strain compressibility data to
resemble reservoir conditions. Static Poisson’s ratio is determined by shortening the
sample in response to an applied axial load and allowing it to bulge or deflect laterally
into the constant pressure-confining media. The ratio is calculated by dividing the
fractional change in transverse diameter of the sample by its fractional longitudinal

shortening.

2.2.5 Two-Point Pore Volume vs. Net Confining Stress (Jones’ Method)

Jones (1985) established a study to predict pore volume compressibility from two
points using only a straight line transformation. The purpose of his study was to modify
the available techniques to better estimate the decline of permeability and pore volume

from basic routine core analysis.

Normalized permeability vs. net stress generates an exponential decline
correlation that best fits the coefficients (ax ko, C, and o *). Equation 2-2 may be

rewritten in an equivalent form of Equation 2-3.
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(k) =ki exp(ax[exp(- o/ & *)-1]/(1+C &)) (2-2)
In[k(1+C )] = In(ki) - ax[1-exp(- /o *)] (2-3)

where ki = initial permeability
ay = point of best fit
O = net stress
o * = empirical value = 3000 psi
C = decay constant arbitrarily set to 3E-6

A semilogarithmic plot of Equation 2-3 results in a straight line with an intercept
of k, and a slope of (-ax). Pore volume can be estimated with the above technique using

the following formula:

(Vp) = Vpi exp(ay[exp(-o /o *)-1]/(1+C o)) (2-4)
In[Vp(1+C o)] = In(Vpi)- a,[1-exp(- o/ o *)] (2-5)

Permeability and pore volume data from a number of core plugs were best fit by
the use of Equation 2-4. For a majority of the cases, the decay constant ( o *) had values
fairly closely clustered about 3,000 psi and the coefficient C varied from 0 to 3*10° psi”.
If these coefficients could be fixed prior to the calculations, then the linear form of the
equations suggests that the entire permeability stress and pore volume stress curve could
be estimated from measurements at only two stressed points. Pore volume

compressibility can be describe as follows:

cr= (a*exp(-c/oc*)/oc* + (2-6)

1+Co
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Jones pointed out that “when the derivative of experimental data is required,
these data generally need to be about one order of magnitude better quality than when the

derivative is not required.”

Nelson (1980) suggested that when a fluid-confining pressure is applied to the
outside of a jacketed rock sample in a manner similar to the hydrostatic pressure test, the
confining stress remains constant throughout the test while the piston load is gradually
increased until either the strength of the material or the piston travel or the load
capabilities of the apparatus are exceeded. . Triaxial test is most often used to simulate

both rock behavior during deformation and rock properties at depth.

2.3  Effect of Stress on Rock Properties

Normally, reservoir rocks are subjected to two types of stresses, internal stress
exerted by fluids contained in the pores and external stress exerted by the overlying rocks.
When pore pressure depletes from a reservoir during production, the effective external
stress increases. The increase of the external stress and the reduction of internal stress
causes a structural change in the reservoir volume. For reservoirs that are producing
above the bubble point (no free gas existing), the drive mechanism is the expansion of
water and oil and the reduction of pore space resulting from pressure decline. Neglecting

formation compressibility results in the overestimated values of initial oil-in-place.

Adams and Williamson (1923) measured the decrease in volumes of several sand
samples at elevated pressure up to 12,000 psi. From the measured volumes,
compressibility data was calculated directly, and then approximate values of the rigidity

of the rocks were computed. Adams and Williamson defined compressibility as the
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fractional change in pore volume per unit change in pressure. Many engineers and
researchers have recorded the change in compressibility of reservoir rocks as a function of

fluid pressure decline.

C=—— @2-7)

where V, = initial volume

dp = pressure change

C = compressibility

Van Tuyl (1926) described several experiments in which various types of
unconsolidated sedimentary materials were arranged in a steel cylinder and pressured up
to 3,375 psi. He concluded that the pressure imposed by the overburden or diastrophism

may be an important factor in causing the migration of oil into reservoir rocks.

A study carried out by Hundall (1934) conjectured that as oil and gas are
withdrawn from a reservoir, the potential production or capacity of the wells is reduced
because the accompanying reduction in hydrostatic or reservoir pressure causes
compaction of the reservoir rock, which in turn reduces the porosity and permeability of
the rock. In other words, Hundall considered that the voids in the rocks become smaller
when the internal or hydrostatic pressure resisting the downward pressure exerted by the

weight of the overburden is decreased.

Botset and Reed (1935) measured the compressibility of unconsolidated sand at
pressure up to 3,000 psi. The result of their experiments indicated a decrease of 0.70 in

the percentage of porosity of the unconsolidated sand. They concluded that “since the
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sand used in the experiment was unconsolidated, the compressibility of even a slightly
consolidated sand should be much less, and it is apparent that compressibility of sand is,

in general, a minor factor in oil production.”

Since 1918, some evidence of subsidence of the ground surface over a few
production oil fields has been observed (Carpenter and Spencer, 1940). This observation
led the engineers and geologist to believe that the weight of the earth crust overlying an
oil-bearing reservoir causes a compression and compaction of the reservoir sands and
rocks as oil and gas are withdrawn from them. Subsidence of the Goose Creek oil field,
Harris County, Texas, was observed to be about three feet and the effected area was about
2 ¥ miles long and 1 %2 miles wide. This incident led scientists and engineers to seriously

study the compaction of the reservoir formation and to study how and when compaction

occurs.

Several engineers tried to find if a correlation exists between porosity and stress.
Hall (1953) pointed out the importance of including pore volume compressibility of the
reservoir rock in certain reservoir engineering calculations. He showed that in calculating
the hydrocarbon volume of an undersaturated reservoir from the production per unit
change in reservoir pressure, the neglect of pore compressibility could, in the extreme
case of low porosity rock, lead to results in error by a factor of two. He stated that, “as
reservoir pressure declines, pore compressibility of any reservoir rock is a result of two
separate factors: expansion of the individual rock grains and the additional formation

compaction.” Both of these factors tend to decrease porosity values.

Most limestone and sandstone formations have pore volume compressibilities in
the order of 10 to 25*10™ psi”'. Hawkins (1955) and Hobson ( 1956) showed that both
rock and interstitial water compressibilities must be included to achieve satisfactory

calculations.
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Other engineers tried to develop correlations between pore volume and stress
conditions and directions. Geertsma (1957) was the first engineer to develop a set of
practical pressure-volume relationships explaining pore and rock bulk volume variation in
petroleum reservoirs. He derived the following expression:

dv, . 1
7 =Cr de+—¢-

P

(¢, —c,)d(oc — Pp) (2-8)

where: Pp = pore pressure
¢, = pore compressibility
¢, = bulk compressibility

V,, = pore volume
o = net stress (Axial Stress - Confining stress) - (Axial Stress - Pore Pressure)

¢ = porosity

Geertsma- explained that the decline of fluid pressure in connection with the
withdrawal of fluid from an underground reservoir gives rise to a change in volume of
reservoir rock and fluids. The variation of reservoir rock is the result of a decrease of
both the pore volume and the total volume of the fluid-filled formation. Geertsma
concluded that in a porous structure three kinds of compressibility must be distinguished:

(1) Rock Matrix Compressibility: the fractional changes in grain volume of the

solid rock material (without pores) per unit change in uniform pressure.

(2) Rock Bulk Compressibility: the fractional change in total or bulk volume of

the porous rock per unit change in uniform pressure.

(3) Pore Volume Compressibility: the fractional changes in pore volume per unit

changes in uniform pressure.
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In addition, he also derived another expression showing that in petroleum
reservoirs, only the vertical component of hydrostatic stress is constant and that the stress
component in the horizontal plan is characterized by the boundary condition. For this

boundary condition, he developed the following approximation for sandstones:

2 4V,
=7

vV, dPp

(2-9)

This means compressibility of sandstones obtained by using triaxial apparatus is
about twice as high as those obtained in a uniaxial test. Fatt (1958) reported results of
experimental tests on a limited number of consolidated rock samples and sand-packs.
Plots of pore volume compressibilities of poorly sorted unconsolidated sand as a function
of net overburden pressure are shown in Figure 2-1a. These compressibilities are higher
than well-sorted sandstones grains (Figure 2-1b). Fatt’s results show the absence of

correlation between compressibility and porosity data.

Dobrynin (1962) carried out experiments to investigate the effect of overburden
stress on permeability, porosity, and pore compressibility of sandstone. He concluded
that pore compressibility was the major factor that affects the change in these parameters.

Chierici (1967) and Dobrynin concluded the following results from experimental tests:

(1) When dealing with undersaturated reservoirs, it is necessary to include the
effect of shale on pore volume compressibility.
(2) Formation resistivity factor and permeability of clean sandstone are affected

by stress. The lower the porosity, the higher the sensitivitiy to stress.



Pore Volume Compressibility, 1/psi*E6
>

Net Stress, psi

Figure 2-1a: Influence of overburden pressure on pore volume compressibility
for poorly sorted unconsolidated sand.
Porosity values of curve A(f= 0.36), B(f =0.13), C(f=0.15) and D(f=0.12),

(Fatt, 1958).
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Net Stress, psi

Figure 2-1b: Influence of overburden pressure on pore volume compressibility
for well sorted consolidated sandstone grains.

(Fatt, 1958).
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(3) Permeability anisotropy is slightly affected by overburden pressure.
(4) Capillary pressure curves are greatly affected by stress tensor at the lower
values of pressure, whereas the irreducible water saturation is only slightly

influenced by the overburden stress.

Andersen (1985) concluded that pore volume compressibility can account for
almost one-fourth of a system compressibility. Difference in direction and magnitude of
the applied confined stress is a concern when comparing laboratory measured data to
reservoir values. Vertical compaction occurs typically in the reservoir, with stress applied

from above by the overburden and lateral deformation prevented by surrounded rock.

The studies of Geertsma and Fatt were carried on, summarized, and elaborated
upon by Zimmerman (1986), under the assumption that the solid rock-forming material is
microscopically homogeneous and isotropic. Zimmerman’s analysis along with Hooke’s
equation states that “for any bulk volumetric strain that occurs in an externally
pressurized porous rock, over and above that which would occur in a similarly shaped
non-porous rock composed of the same minerals, must exactly equal the total change in
pore volume.” This result can also be applied to tests in which a rock that contains a
single fracture is loaded by normal stress. In this case, the excess volume change of the
rock, due to the existence of the fracture, is exactly equal to the reduction in void volume
within the fracture. This result should be useful in developing models for fracture
compressibility and fracture permeability.

Experimental data generated by Ruddy (1988), Jones (1988), and Dobrynin on a
large number of sandstone samples showed that with the increase of the net overburden
pressure, porosity and permeability reduce at different rates. A normalized porosity was

defined as the ratio of the initial porosity to the stressed porosity, and normalized
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permeability was defined as the initial permeability to the stressed permeability. When

the normalized ratio was taken the following results were observed:

(1) Highly cemented samples with a lower porosity range had a small reduction in
the normalized porosity and permeability values.

(2) Normalized porosity usually reduced sharply for friable core samples.

(3) Unconsolidated samples with high porosity values showed a larger decline in
normalized porosity, and a very sharp decline in normalized permeability.

(4) High permeability values had a lesser rate of decline than the lower
permeability values, whereas high porosity values had a larger rate of decline.

(5) Overall, permeability was more sensitive to stress than porosity.

Hence, several engineers have tried to correlate compressibility and stress based on the

quantity and types of the cementing materials.

2.4  Predicting Pore Volume Compressibility from Porosity for Consolidated,

Friable, and Unconsolidated Sand.

Several correlations in reservoir engineering have been developed by Hall (1953)
and Van Der Knaap (1958) for sandstone and limestone samples from single wells, and
their correlations seem very promising for all type of reservoirs. Newman (1973) applied
several samples from different reservoirs and formations and the results were
disappointing. These data showed no correlation between porosity and pore

compressibility exists.
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Consolidated Sand consists of hard rock which is well cemented, cannot be
broken off by hand, and can resist high stress. Most samples tends to be in the elastic
region, yet compressibility data tend to define trends for sandstone and limestone sample

from similar lithology (Figure 2-2).

Friable Sand consists of somewhat hard rock that can be cut into core plug
samples but cannot resist high stress and it can be broken by hand. Friable samples tend
to be in the elastic region. There is no correlation between compressibility and initial

porosity values (Figure 2-3).

Unconsolidated Sand consists of sand that falls apart under its own weight and
cannot be plugged (unless they are frozen). Rearrangement of grains tends to provide a
looser packing, which results in higher pore volume compressibility value during the
laboratory test. The unconsolidated samples also have the tendency to be in the inelastic
region, meaning permanent volume reduction with pressurization, resulting from internal

grain failure (Figure 2-4).

In conclusion, there is no correlation between porosity and pore compressibility for any

of the sand samples.

2.5  The Effect of Pore Compressibility On Reservoir Calculations

Estimating initial oil-in-place is one of the first and most important calculations to
a reservoir engineer. Hall stated that the most common method used to determine oil-in-
place from the pressure decline data in an undersaturated reservoir above the bubble point

is:
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N= o (2-10)

where: N = initial oil in place, bbl.
N, = oil production during the pressure decline, bbl.
C, = effective compressibility of the reservoir psi’t.
AP = change in reservoir pressure draw-dawn.
where C, expressed as follows:
C, =¢c/So (2-11)
Ct = CoSo + CgSg + CuwSw +Cr
where :C,, Cg Cw are oil, gas and water compressibilities, and S, Sy Sw, are the saturation

of oil, gas, and water.

Ignoring pore volume compressibility may result in 100% overestimation of

reservoir fluids. Fluid compressibility, on the other hand, is done by PVT analysis.
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CHAPTER 3.
METHODS OF PREDICTING AND SMOOTHING
PORE VOLUME COMPRESSIBILITY

3.0 Introduction

As stated in the literature review, many methods of predicting pore volume
compressibility have been developed. In this thesis, new methods were developed to
minimumize the amount of time and lab data required to predict and smooth
compressibility. When porosity or pore volume is measured at different stresses, such

correlations can be valuable in predicting pore volume compressibility.

Laboratory measurement is the best way to determine pore volume
compressibility of rocks. Depending on the requirements (hydrostatic, uniaxial, triaxial),
every apparatus has its own way of loading and unloading core samples, maintaining and
changing stress, controlling the sample's deformation limits, and stressing the sample to
reservoir conditions. Theoretically, pore volume compressibility decreases with the
increase of net stress and a smooth decline curve is obtained. Experimentally, this is not
always the case. As you will see later in the discussion of results, rock deformation can
be altered due to either human errors during sample preparation, loading, or pressure
control, or to mechanical instability in the rock itself; thus, ir_lconsistency in pore
compressibility exists with some samples. Therefore, there is a need to smooth

compressibility data by careful study of permeability, porosity, and stress relationship.
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3.1 Method No. 1

This method is used to predict compressibility at different stresses from an initial
value of compressibility and a good correlation between porosity and stress. It is
empirically found that when porosity is plotted against net stress, a power law equation
can be established (Figure 3-1a). Net stress for all methods is defined as:

Net Stress = (Net Radial Stress) - ( Net Axial Stress)

Net stress = (Axial stress - Radial Stress) - (Axial Stress - Pore Pressure)

Figure 3-1a illustrates a power law equation that describes the relationship between the

porosity and net stress as follows:

y=a)’
¢ = a (Net Stress)b (-1

where y = porosity
X = net stress

a and b are best fit of equation

It is empirically found that pore compressibility is also a function of the normalized
porosity and the exponent (b) from the power law equation (Figure 3-1b). Normalized
porosity is defined as:

On = ¢/0 (3-2)

cr= cfi (¢n )™ (3-3)
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Figure. 3-1a: Illustration of Method 1-Porosity vs.Net Stress(power law fit)
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Figure 3-1b: Illustration of Method 1 - Pore Compressibility vs. Net Stress
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where ¢ = stressed porosity
¢n = normalized porosity

initial conditions

i

C¢ = pore volume compressibility

The advantage of this method is that by knowing one compressibility point,
preferably the initial data, and 3 to 4 porosity points, good predictions and smoothing of
pore compressibility can be obtained. A limitation of this theory exists when a poor
correlation between stress and porosity exists. If there is a poor correlation between
stress and porosity, the power law equation could result in predicting compressibility up

to one order of magnitude higher. See sample calculation (Appendix D-1).

3.2 Method No. 2

This method is used to predict compressibility from correlations between porosity
and stress. It requires the measurement of as few as two porosity points, preferably three,
in order to predict pore volume compressibility at higher stress. From the definition of

porosity, the following can be obtained:

Vp
¢= A (G-4)
= Vf’
= V,+V, (3-3)

where V,, Vy, and V, are the pore, bulk, and grain volume respectively.
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multiply Eq. (3-8) by (-¢i ) to simplify it to Eq. (3-9):

¢

*V

V= -
14 ¢_1 g

Pore compressibility is defined in literature as:

substituting Eq. (3-9) into Eq. (3-10)

-4
d vV
oo 9=, 810
77 g*v, dP
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(3-6)

(3-7)

(3-8)

(3-9)

(3-10)

(3-11)

Assuming the change in grain volume is much lower than the change in pore volume,

A Vg will be negligible. This means that V, will be a constant value outside the integral

and Eq. (3-11) can be rewritten as:
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4- =y =0
f"‘(¢*V)( )¥—— P from Eq. (3-11)
-9
d(—)
-1 -1
Cf='¢¢ * ﬁp (3-12)

Integration of porosity values can be achieved by a best fit equation, power law equation
or polynomial, in order to achieve successful predicted results (Figure 3-2a). Using this
relationship can predict compressibility data properly (Figure 3-2b).

3.3 Method No. 3

This method is used to smooth inconsistencies in compressibility data by
correlating the void ratio to the cumulative pore volume compressibility (CCg, which is
the total compressibility starting from the first test point. When void ratio is plotted
against the cumulative compressibility, a straight line equation is established (Figure 3-

3a). Void ratio is defined as:
Void Ratio = =2 (3-13)

If the fractional change in bulk volume is considerably smaller than the fractional
change in porosity, then from the straight line relationship in Figure 3-3a, the cumulative

compressibility can be described as:
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Figure 3-2a: Illustration of Method 2 - Porosity vs. Net Stress
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Figure 3-2b: Illustration of Method 2 - Pore Compressibility vs. Net Stress
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Method No. 3
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Figure 3-3a: Illustration of Method 3 - Pore Void Ratio vs. ccf
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Figure 3-3b: Illustration of Method 3 - Pore Compressibility vs. Net Stress
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o - ! A 1,40, -V,
v. dP V,  dp
cCe=m* ¢—;¢— +b (3-14)

where m is the slope of the line, b is the intercepts and i is initial conditions.

With three porosity and pore compressibility values measured, a smooth
correlation is established (Figure. 3-3b). Compressibility can be smoothed systematically,
and prediction can be extended to forecast values at higher stress with minimum

laboratory requirements.

34 Method No. 4

It is empirically found that when plotting Jm against a stress function defined by
Jones (1988) in a semi-log plot, a straight line relationship is established (Figure 3-4a).
Jm is the ratio between the normalized permeability over normalized porosity, where
normalized permeability. is the ratio between permeability at different stress to the

permeability value when the sample is not stressed.

ko = k/ki (3-15)
k, . :
Jm= ¢— in the y axis (3-16)

As mentioned in the literature review, Jones developed a function to use with net stress in
a semi-log when describing the change in pore volume, porosity, or permeability at

different stress.
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1-exp(-stress/3000) in the x axis  (Jones)

From the straight line equation of Jm and stress, with two values of Jm, values at
higher stress ranges can be obtained. Once Jm values are known, then Jm vs. C¢ can be
plotted to best fit the data (Figure 3-4b). With only three values of pore compressibility,
data can be smoothed, and prediction at higher stress can also be obtained. The
advantage of this theory is that it considers the effects of permeability, porosity, and stress

on pore compressibility.

35 Jones’ Method

Jones (1988) developed a correlation to determine the change in permeability
and pore volume using only two data points. This method:is used in this thesis as a
comparison to the newly developed methods. When plotting the normalized pore volume

over net stress, the data will be best fitted by the equation:

V, = Vi EXP{av [exp(-o /0 *)-1]}/(1+C o) (2-4)
where av = (- slope) of the straight line transformation from Figure. 3-5a
O = net stress

o * =decay constant arbitrarily set to 3000 psi, for two point fit
C = constant in equation, which is arbitrarily set to (3E-6) for two point fit.

The linear transformation of Eq.(2-4) is a semi-log plot of pore volume and stress,

(Figure 3-5a) in the following form:
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Figure 3-5a: Illustration of Jones' method - Pore Volume vs. Stress
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Vp(1+C o) in the Y axis vs. [1-exp(- o/ o *)] in the X axis

The abscissa ranges from zero to one. The zero corresponds to a net stress of
zero, and one corresponds to infinite stress. The constants C = 3E-6 and o * = 3000 psi
are empirically found to be suitable numbers to best fit the equation. It was found that a
rock sample is usually less sensitive to stress of 3000 psi and higher. Jones modified the

classic equation of pore compressibility to the new idealized pore volume-stress

relationship:

a, *EXP(-c/c*) ¢

o* +1+C0'

Cr= (2-6)

Figure 3-5b shows Jones’ prediction of pore volume compressibility. The
accuracy of the predicted values also depends on the constants C and o *, even though
they are insensitive to higher stress. A complete pore volume compressibility curve can
be obtained from two-point pore volume-stress measurements, but more points are

recommended.



CHAPTER 4.
DISCUSSION OF RESULTS

4.0 Introduction

Laboratory data from twenty eight samples were analyzed. There were five
consolidated sand samples with large a mount of calcite cement, ten consolidated and
friable sand samples with less quantity of calcite, and thirteen unconsolidated samples.
All consolidated and friable samples were measured under uniaxial test measurements
while unconsolidated sand samples were tested under triaxial test cell. All samples were

placed in a vacuum to remove excess air which may have become entrapped in the cores
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and core holder, and cores were saturated with brine and stressed to reservoir conditions.

Samples were taken from different reservoirs at varied depths and reservoir pressures.

The analysis was based on different rock properties, high and low values of
porosity, permeability, and stress to make sure that the analysis was valid for all types of
reservoirs. The predictions using the developed results methods are usually up to +20%
different from the actual measured data. As stated by many engineers, including Jones, a
compressibility value with one order of a magnitude different from the actual measured
data is still acceptable within the laboratory experimental errors. Therefore, it was
decided that a +20% difference from the actual results was in the acceptable range of
prediction and smoothing. The discussion of the results was categorized by a field study
number and subcategorized by the method number. There are four studies and six

methods in the following discussion. Table 4-5 is a summary of the discussed methods.
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4.1 Study No. 1

Five consolidated samples with large amount of calcite cement were used for the
study. Samples were tested under uniaxial conditions. Pore pressure was decreased
while axial stress was increased. Since a uniaxial test cell was used, spacing between the
core sample and the core holder became critical, and thus, care was taken during core
preparation to eliminate spacing problems. No detailed SEM tests were performed for the
samples except for the determination of calcite presence; therefore, the detailed lithology

is unknown. Table 4-1 lists initial values of basic rock properties.

Samples were saturated with brine and put in a test cell, and axial stress was
increased to 5,800 psi. All samples were recovered from the compressibility test without
damages. Compressibility values for all samples ranged between 10.2E-6 to 25.3E-6.
Sample 4 will be used as an illustration for all methods (Figure 4-1a). See appendix B-1
for figures and appendix D-1 for data calculations for Study 1.

4.1.1 Method 1.

This method was used to predict compressibility from initial compressibility value
and correlation between porosity and stress. All five samples showed a good correlation
between net stress and porosity using a power law equation (Figure 4-1b). When the
exponent from the power law equation was used to estimate compressibility, two samples
were in good agreement with the actual measured data and three samples were one order
of a magnitude higher (see sample calculation appendix E-1). The samples that showed

higher values of prediction, Samples 3, 15, and16, were taken from approximately
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THE EFFECT OF STRESS ON POROSITY
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12,000 feet whereas samples 2 and 4 were taken from 8,000 feet. The higher predictions
of the three samples could be due to many factors:

- Samples 2 and 4 had porosity and permeability values lower than samples
3, 15, and 16. Since this method has an indirect relation with porosity and
stress, samples with higher porosity values were less sensitive to stress than
samples with lower porosity values, as stated in the literature review (Fatt,
1958).

- Hysteresis was another factor that could alter the predictions. Cement material
could be stronger in the lower intervals than samples from higher intervals due
to late crystallization of minerals and depositional environment (Djebaar and
Erle, 1996).

- Mechanical problems in the test procedure itself were a possibility. Since pore
pressure and axial stress were adjusted manually, maintaining a constant stress

was difficult.

4.1.2 Method 2.

This method was used to predict.compressibility from porosity-stress correlation.
Using the power law equation from Figure 4-1b to predict pore volume compressibility
resulted in good compressibility predictions for all samples (see sample calculation in
appendix E-2). The assumption of negligible change in grain volume is valid for the
consolidated samples (no grain crushing and the change in pore volume is equal to the

amount of fluid expelled from the core sample).
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4.1.3 Method 3.

This method was used to smooth compressibility data and to predict values at

< higher stress from three values of compressibility and porosity. All five samples showed
good correlations between void ratio and the cumulative compressibility with a straight
line equation (Figure 4-1c). Even though straight line correlations were established, and
the cumulative prediction agreed with the cumulative measured compressibility, when
back calculating compressibility values all samples failed to be smoothed. Using a slope
from two initial compressibility points did not seem suitable to smooth compressibility
data and predict values at higher stress. Figures and results were discarded (sample

calculation included in appendix E-3).

4.1.4 Method 4.

Figure 4-1d illustrates straight line correlations between Jm and the stress function
defined by Jones (1988), {1-EXP(-strs/3000)}. Using this correlation to predict Jm
values at higher stresses resulted in a power equation (Figure C-1). Two compressibility
points were used to smooth compressibility values at higher stress, and all five samples
smoothed very well when converted to the actual measured compressibilities (sample

calculation included in appendix E-4).

4.1.5 Jones’ Method

Figure 4-1e illustrates a straight line correlation between pore volume and the

stress function established by Jones. When transforming the straight line correlation to
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predict compressibility data, all samples showed agreements to the actual data which
were either close or up to 20% higher. Samples 3 and 15 were one order of magnitude
higher. As mentioned earlier in the literature review, permeability and pore volume are
more sensitive to stress than porosity, and thus the decrease in pore volume and
permeability is most evident. Therefore, prediction of compressibility from two pore
volume points is only valid when a straight line can be generated. If a sample tends to
have sharp change in pore volume and a curve is obtained instead of a straight line,

predictions will be wrong.

4.1.6 Conclusions and Recommendations

Method 2 best predicted compressibility data and agreed well with the actual
values. Method 1 predicted values close to the actual or in the acceptable range of
experimental error, +20% different from the actual values. When permeability and
porosity were used to smooth compressibility, Method 4 related porosity and permeability
to smooth and predict compressibility. In Method 3, the straight line correlation between
the cumulative compressibility and pore void ratio failed to smooth data for all samples.
Depending on the requirements and available daFa, if one compressibility point is known
and a good correlation between porosity and stress exists, then Method 1 will give good
predictions. If no compressibility data is available but porosity and stress profile is
available, then Method 2 will give good predictions. If samples show inconsistency in
laboratory measurements, then Method 4 will smooth the data properly. In conclusion,
instead of measuring several compressibility points at elevated stress, three values of
compressibility are enough to smooth and predict values at higher stress. In addition, if

porosity is measured at different stress, there is no need to perform compressibility
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experiments. The use of these methods will consume less time and money than the

methods currently used in the industry.

4.2 Study No. 2

Seven unconsolidated samples were tested with a triaxial test cell. Samples were
initially frozen with liquid nitrogen during core preparation and saturated and pressurized
to reservoir conditions of approximated 11,400 psi. Initial porosity values ranged
between 22% to 28%, permeability ranged between 130 to 3600 md, and compressibility
ranged between 1.19E-6 to 3.03E-6 (see Table 4-2a). During the test, pore pressure and
confining stress were varied while keeping a constant axial (ram) stress. This was not
exactly representative to reservoir conditions. Usually, the axial stress (overburden) is
more dominant than the lateral stress in a reservoir. The deformation in the axial
direction caused by the overlaying rocks in a reservoir is greater than the lateral

deformation.

SEM tests showed clay particles in some samples. Clay presence can alter
porosity and permeability when samples are saturated with fresh water (Djebaar and Erle,
1996). Cores were put in a humidity oven to stabilize clay. If clay particles dehydrate,
fine migration might occur and damage the sample. In unconsolidated sand, grains tend
to crush, causing the compressibility to increase with the increase of stress as opposed to
the consolidated sand. Even though pore volume (V) decreased with the increase of net
stress, the change of pore volume (dV,) increased at greater rate. Table 4-2b and Figure

4-2a illustrate how (dV ) can effect pore compressibility.
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SEM analyses of the samples were as follows: Samples 17305.3 and 17322.4
contained illite, fine particles that can break, block pores, and then reduces permeability.
Sample 17315.65 had mechanical test problems. Sample 14916.5 contained chlorite
which is rich in iron and sensitive to HCL in brine. The chlorite caused clay swelling and
a reduction in pore volume due to expansion of grains, and increased in compressibility.
Sample 14920.5 contained kaolinite where migration of particles was large; other samples
contained little clay. Figure 4-2a illustrates sample 14920.5 which is used as an example
for this study. Figures for all samples are included in Appendix B-2 while data
calculations appears in Appendix D-2.

4.2.1 Method 1.

All samples contairiing large amounts of clay had poor agreement with the power
law equation (Figure 4-2b). It appears, though, that a polynomial equation might fit the
data better (see Appendix A-1).

When using the power law equation to estimate compressibility, all samples
showed + 20% different from the actual data. Samples 17322.4, 17315.65, and 14920.5.
showed lower predictions while Samples 14916.5 and 17305.3 predicted values higher
than the actual results. Samples that agreed with the actual data were Samples 14915.5
and 14927. The predicted compressibility values were different from the actual due to
poor power law equation correlation. Data from only 2 or 3 porosity points can be used
to estimate porosity and compressibility values at different stress. It also appears that
samples containing illite predicted values lower than actual while samples containing
chlorite predicted values higher than actual. Samples that contained very little clay
agreed well with the actual data.
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4.2.2 Method 2.

Because accurate correlations between porosity and stress are essential for this
method, a polynomial equation would best fit the data (see Appendix A-1). When a pore
void ratio was used to predict compressibility, all samples predicted values +20%
different from the actual results. Grain crushing and/or rearrangements could be the
reason for the difference in the predicted values. The effect of grain crushing though was
not evident when porosity was used for the correlation. When pore volume was used in

Jones’ method, the error was more evident.

4.2.3 Method 3.

Some samples showed good straight-line equations with the actual cumulative
compressibility data. Samples 17315.65, 17305.3 and 17322.4 showed poorer fits (Figure
4-2c). The result of Sample 17315.65 was poor due to mechanical problems, and the
poor predictions of Samples 17305.3 and 17322.4 were due to the presence of illite.

Even though a straight-line correlation was established between void ratio and the
cumulative compressibility, all samples failed to predict compressibility close to the
actual results. All predicted compressibility values decreased with the increase of net
stress, which is not the case for unconsolidated sand. As mentioned earlier, even though
porosity and pore volume decreased with the increase of net stress, it was (dV,) that
increased, causing compressibility to increase. Hence, even though this method accounts
for the reduction in porosity, a straight line is not valid. This was proved differently in

Study 4 when pore pressure was kept constant while axial stress was increased.
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4.2.4 Method 4.

Most data showed a straight-line correlation between Jm and stress (Figure 4-2d).
Using this relationship to predict data at higher values of stress, a good relationship
between Jm and ¢¢ was obtained (Figure C-2). Using the power law equation to smooth

compressibility data, all samples correlated well with the actual results.

4.2.5 Jones’ Method

Most samples showed poor correlations using Jones’ method at the high stress
value (Figure 4-2¢e). Pore volumes tended to decrease sharply at higher stresses, and
thus, a straight-line correlation predicted higher values. If a slope is used for the lower
stress ranges, it will give poor estimates at the higher stress ranges and vice versa.

Due to the poor fits, predicted values of compressibility were 30% lower than the actual
data when a slope, a,, was used at the lower stress values. Like Method 3, predicted
compressibility values decreased with the increase of net stress while the actual
compressibility values were increased. It seems that Jones’ method does not work

properly for the unconsolidated sand because it assumes dV,is equal to A V.

4.2.6 Conclusions and Recommendations

Compressibility of unconsolidated sand tend to increases with the increase of net
stress due to either grain expansion, clay swelling, or grain crushing. A good

understanding of clay and its effect on compressibility and other rock properties can be
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useful in reservoir description. From this study, it appears that illite can reduces porosity
and permeability and thus predict values lower than the actual. Chlorite is sensitive to
HCL in brine, causing swelling of grains and reducing pore volume. This affects the
prediction of compressibility values which are higher than the actual. Kaolinite can

migrate in pores, but for this study, it did not have much effect on data predictions.

Method 1 predicted values that were 15% lower than the actual. Jones’ method
and Method 3 predicted compressibilities that decreased with an increase of net stress,
which is not the case for unconsolidated sand. Methods 2 and 4 agreed very well with
actual data. Method 4 would best smooth compressibility data with minimum
compressibility data, while Method 2 would best predict compressibility from a porosity-

stress correlation.

4.3 Study No. 3

Ten consolidated and friable samples with calcite cement lower than Study 1 were
taken from two different reservoirs and tested under uniaxial conditions. Initial values of
porosity ranged from 2% to 20%; compressibility ranged from 2.70E-6 to 303E-6 (see

Table 4-3). Permeability was not measured, and thus, Method 4 could not be used.

SEM studies were performed for all samples indicating some calcite content for
the consolidated sand and a negligible amount for the friable samples. Friable samples
were taken from approximately 2,000 feet, and the consolidated samples were taken from
8,000 feet. The consolidated samples CL-5 and CL-10 contained approximately 40%
calcite. The Samples CL-1, CL-8, and CL-9 contained 32% calcite. Samples CL-3, CL-
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6 , and CL- 7 were classified as friable sand and contained 5% calcite or less. Sample

CL- 4 was classified as beach-sand and sample CL-2 was shaley-sand.

Pore compressibility for friable samples tended to decrease dramatically with the
increase of net stress. This is due to grain rearrangements, loose grains, or hysteresis of
the cementing material. Calcite cement from shallow formations might be less effective
as a cementing material than calcite cement from deep formations. Cementing material
from deep formations tends to be more effective due to late depositions and
crystallization of fluids and minerals. Samples containing small amounts of cement
tended to behave like unconsolidated samples where pore volume decreases sharply at
higher stresses. Sample CL-5 will be used for the analysis of this study (Figure 4-3a).
Appendix B-3 includes figures for all samples. Data calculations are included in
Appendix D-3.

4.3.1 Method 1.

Figure 4-3b shows a good correlation between net stress and porosity for all ten
samples. When the power law equation was used to predict compressibility, consolidated
sand, beach-sand, and shaley-sand agreed within+16% of the actual data. Friable
samples, however, were 10% higher at lower stress values and up to 300% percent higher

at the higher stress range.

The poor predictions for the friable sand were due to the fact that compressibility
changes dramatically at higher stress where grains are loose. Using the uniaxial test cell

is not be the best technique for the friable sands because meeting the test criteria (by not
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having large spaces between the core sample and the inside wall of the core holder) is

most likely to happen.

4.3.2 Method 2.

From Figure 4-3b, a good power law correlation for all ten samples was
established. When the power law equation was used to predict compressibility, results
were 30% higher than the actual results. The higher predictions of samples CL-2 and CL-
4 could be due to the presence of shale or loose grains. Since this method integrates
porosity from a power law equation, the predicted compressibility values for

consolidated sand seemed to be valid and very close to the actual results.

4.3.3 Method 3.

All ten samples showed a straight-line correlation between void ratio and
measured compressibilities (Figure 4-3c). Using the straight line relationships to smooth
compressibility and predict values at higher stress resulted in an adequately smooth
prediction with the actual results. Predictions were + 10% from the actual compressibility

data.

4.3.4 Jones’ Method

All ten samples showed an adequate straight-line correlation between pore volume

and the stress function defined by Jones (Figure 4-3d). When transforming the straight-
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line relationship to predict compressibility, only Samples CL-5 and CL-10 agreed with
the actual data; all other samples were up to 50% higher. The poor estimates could be a
result of grain crushing, or perhaps the test criteria for the uniaxial test was not met. The
assumption that (dV)) is equal to A V,, from the straight line transformation failed to

work.

4.3.5 Conclusions and Recommendations

Unlike the unconsolidated sand, compressibility of consolidated and friable sand
decreases with increasing net stress. Calcite acts like cement and hold the grains together
until it becomes loose and grains becomes more plastic. Compressibility of friable sands

tends to reduce sharply with increasing net stress; then it remains almost constant.

Methods 1 and Jones’ method failed to work for most samples because test
criteria for the uniaxial test was not met and the assumption that (dVp) is equalto AV,
failed. Method 1 predicted values that are up to 300% higher while Jones predicted
values that are up to 50% higher than the actual. Method 3 will best smooth and predict
compressibility data at higher stress while Method 2 will predict data from porosity-stress

correlations.

4.4  Study No. 4

All six unconsolidated samples were tested under a triaxial test cell. Pore

pressure was kept constant while axial stress was increased. Samples were taken from

ARTHUR LAKES LIBRARY
COLORAGO SCHOOL OF MINES
GOLDEN, CO 80401 -
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14,000 feet. Initial values of porosity ranged from 22% to 28%, permeability ranged from -
1052 to 3625 md, while pore compressibility ranged from 12.6E-6 to 3.03E-6 (see Table
4-4).

SEM studies showed very little clay present for most samples, but Samples 3-
KISR and 4-KISR contained some illite. Sample 5-KISR, however, had some mechanical
problems during the test procedure. The rubber sleeve was ruptured and the test was
interrupted and then redone. Data from the first test was discarded, and new

compressibilities were measured.

Sample KISR-1 will be used for demonstrations (Figure. 4-4a). Figures for other

samples are included in Appendix B-4, and data calculations are included in Appendix D-

4,

4.4.1 Method 1.

All samples showed a poor power law correlation between porosity and stress as
in Study 2 (Figure 4-4b). When this correlation was used to predicted compressibility,
the predicted values were -10% than actual results. Samples 3-KISR and 4-KISR,
however, showed values up to -30% than the actual. As stated in Study 2, it appears that
samples with large amount of illite have prediction values that are lower than the actual.
Using more than four porosity points to predict compressibility for Sample 5-KISR

provided a good prediction.
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STUDY NO. 4

THE EFFECT OF STRESS ON POROSITY

31% -

Porosity

17% T T T T T r
0 2000 4000 6000 8000 10000 12000 14000
Net Stress psi
|® 1KISR B 2-KISR & 3KISR x 4-KISR x 5-KISR @ 6-KISR |

Figure. 4-4b: Porosity - Stres relationship for samples - Study No. 4
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4.4.2 Method 2.

The polynomial correlation between porosity and stress from three data points
showed a good correlation for all samples (Figure. A-2). Using the polynomial
correlation to predict compressibility resulted in a good comparison with the actual data.
With only two porosity points used to predict compressibility for sample 5-KISR, the
prediction was +20% higher than the actual compressibility.

4.4.3 Method 3.

A straight-line correlation was established between pore void ratio and the
cumulative pore compressibility for all samples (Figure 4-4c). Using the straight-line
correlation to smooth compressibility data gave good predictions that were only +15%
from the actual. The higher estimate for sample 5-KISR was due to the mechanical

conditions of the test mentioned earlier.

4.4.4 Method 4.

All samples showed good correlations between Jm and stress (Figure 4-4d). This
correlation was used to predict Jm values at higher stresses using a power law correlation
fit (Figure C-3). When these correlations were used with only three compressibility
points at different stresses to smooth compressibility data, all samples agreed with actual

results. It was preferable to use compressibility data from low and high stresses.



STUDY NO. 4
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Figure 4-4¢: Pore void ratio vs. cumulative compressibility for samples - Study No. 4
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4.4.5 Jones’ Method

All samples have a good correlation between pore volume and net stress using
Jones’ method, but the straight-line correlation tended to diverge at higher stress (Figure
4-4¢). When using the straight-line correlation to predict compressibility at higher stress,
all samples failed to agree with the actual measured data. Samples were up to three
orders of magnitude higher than the actual. The same problem is presented in Study 2 for
the unconsolidated sand, when compressibility tended to increase with the increase of
stress. J onés’ theory proved to be invalid for unconsolidated sand when pore

compressibility increases with increase of stress.

4.4.6 Conclusions and Recommendations

As in Study 2, unconsolidated sand compressibility tended to increase with the
increase of net stress. Illite again proved to lower the estimated prediction when
fragments blocked the pores causing a reduction in porosity and permeability. Jones

method failed to predict compressibility for the unconsolidated sand in this study.

Methods 2 and 4 agreed well with actual data. Method 4 would best smooth data
for unconsolidated sand while Method 2 would predict values that would be very close to
the actual compressibility from porosity and stress correlations. Method 3 predicted
values within 10% of the actual, while Method 1 and Jones’ failed the prediction (the

predicted values decreased with stress while the actual values increased).



76

‘(sojdures pues pajepijosuodun ) Joj Suiseardop sem Apiqissarduiod) poyidur SUO[ NI] PIARYIQ (SIUO[) YIm payseus

ale pojIey Jey) SPOYIO "BIEP [ENIOR YY) PUB SPOYIdW PIYI00uS/Pp1oIpald i) uaam1dq DUIIPIP SY) 216 JA0qE UMOYs sanjea dgejuasiad ay

pajepijosuodu)
poo3 poo3 poo3 1 4
pajepijosuo)
%S1 VIN pood poo3 poo3 €
pajepijosuodu)
pood %01 %ST z
pajepijosuo)
%0 pood poos %02 I
POy
Sduop ¥ - POYRIA €- POYRN T - POYPRIK 1 - POYPIW "oN ApmiS

Anpiqissardwos a1od yjoowss pue 1o1paid 0) pasn spoyowl JudISLIp dy) Jo Arewwng G- dqe ],




71

CHAPTER S.
TEST PROCEDURE

This thesis is a study of fifteen consolidated samples tested under uniaxial test
conditions and thirteen unconsolidated samples tested under triaxial conditions. Five
consolidated samples with high clay content were taken from 8,000-12,000 feet intervals
with a reservoir pressure of 5,800 psi. Initial values of porosity ranged from 16% to 33%,
while permeability ranged from 14.9 md to 5,950 md. Initial values of pore
compressibility were tested and ranged between 10.2E-6 to 25.3E-6.

Ten consolidated and friable sand samples with little clay content were taken
from two reservoirs at 2,000-8,000 feet. Laboratory stress was presented at 10,000 psi for
most samples tested with triaxial test conditions. Initial values of porosity ranged from
2% to 20% and pore compressibility ranged from 2.79E-6 to 303E-6. Permeability was
not measured. Two types of triaxial tests were used for the unconsolidated sand samples.
Pore pressure and confining stress were varied while axial (ram) stress was kept constant,

or pore pressure was kept constant while increasing axial stress.

Seven unconsolidated samples were taken from 14,000-17,300 feet and tested
with reservoir pressure of 11,400 psi. Pore pressure and confining stress were varied
during the test while ram stress was kept constant. Initial values of porosity ranged from
22% to 28%, permeability ranged from 130 md to 3,600 md, and pore compressibility
ranged between 1.19E-6 and 3.03E-6.
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Six unconsolidated samples where taken from 14,000 feet and tested with
laboratory pressure to approximately 11,000 psi. Initial values of porosity ranged from
22% to 28%, permeability ranged between 1,052 md and 3,625 md, and pore
compressibility ranged between 12.6E-6 and 30.3E-6.

All samples, consolidated and unconsolidated, were used to determine the effect
of stress changes on sample pore volume, permeability, and pore compressibility. All
consolidated and friable samples where cut into plug size samples and the upper and
lower surfaces were trimmed flat and perpendicular to the cylinder surface. All
unconsolidated samples were frozen with liquid nitrogen and placed in special sleeves.
After inserting the samples into the core holder, the plugs were vacuumed to remove
excess air which may have become entrapped in the cores and core holder. Core samples

were then saturated with brine and stressed to reservoir conditions.

In all fifteen consolidated samples, a uniaxial test cell was used to determine the
compaction of the samples. Core samples were put in core holder and placed under a
vacuum to insure that no air could occupy the sample’s pore space. Samples were then
saturated with brine, and 2,000 psi confining stress was applied. Samples were then
installed in a rigid cylinder to prevent lateral deformation while axial stress was applied
to approximately 14,000 psi. Pore pressure was initially increased to reservoir pressure

and then depleted while increasing the axial (ram) stress.

For the unconsolidated samples, a triaxial test cell was used to measure pore
compressibility. In the triaxial cell, axial stress was used to simulate vertical overburden
stress in the reservoir, and the confining stress (radial) was used to simulate horizontal
stresses. To obtain the initial stress conditions, cores were loaded into the triaxial core

holder with an applied stress of approximately 100 psi. The axial and radial stresses were
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then increased together while maintaining a differential of less than 500 psi. When the
pore pressure reached the initial reservoir pressure, the sleeve pressure was shut in and
the axial stress was increased to reservoir overburden pressure. During the pore pressure
depletion, the axial stress was maintained at a nominally constant value to simulate the
constant weight of the reservoir overburden. The pore volume of fluid withdrawn and the
corresponding decrease in pore pressure were used to calculate pore volume
compressibility. In this thesis, net stress is defined by:

Net Stress = (Net Radial Stress) - (Net Axial Stress)

Net Stress = (Axial Stress - Radial Stress) - (Axial Stress - Pore Pressure)

Unlike some of the consolidated samples, SEM examination of the
unconsolidated samples revealed moderately sorted, subangular sand grains which were
loosely compacted and had very little cement holding the grains together. Normal burial
and compaction of samples with clay have resulted not only in close packing of grains,
but also in cracking and deformation of detrital micas. Many of the fragments and
broken parts were so small that, if they were to break loose and migrate, they could
potentially block pore throats and further contribute to the permeability reduction already
associated with increased compaction. Because the change in pore volume increased with
the increase of stress, pore volume compressibility for the unconsolidated samples tended
to increase as rock became more plastic and began to fail. These are the four studies of
this thesis:

Study No.1  Consolidated sand at high pressure tested with uniaxial apparatus.

Study No.2  Unconsolidated sand at high pressure tested under triaxial test apparatus.
Pore and confining pressure were varied while ram stress was constant.

Study No.3  Consolidated sand at low pressure tested with uniaxial apparatus.

Study No.4  Unconsolidated sand at high pressure tested with triaxial apparatus. Pore

pressure was kept constant while ram stress was increased.
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CHAPTER 6.
CONCLUSIONS

Based on the analysis of predicting and smoothing compressibility data from the

six discussed methods, the following results were observed:

1. New methods have been developed to predict compressibility from minimum

laboratory requirements and to smooth inconsistency in laboratory results.

2. From a good correlation between porosity and stress (three points are recommended),

pore compressibility can be predicted successfully.

3. From three or four values of pore compressibility, correlations can be established to

smooth data and predict values at higher stress.

‘4. Minimizing the number of pore compressibility data measured in the laboratory will
save time and money. For example, instead of measuring pore compressibility at ten

stress values, three or four points are enough, with the developed methods.

5. A triaxial test cell seems to be more representative to reservoir conditions and is

suitable to use for unconsolidated sand.

6. A uniaxial test cell is suitable to use for consolidated sand if gap and irregular shape

do not exist in the plug.



7.

8.

10.

11.

12.

81

Friable sand seems to fail the uniaxial test criteria.

Method No. 1 predicts compressibility from initial compressibility when a good
correlation exists between porosity and stress. Generally speaking, the predicted
values for consolidated samples are within +20% of the actual measured data.

Predictions fail for the friable sand samples.

Method No. 2 of predicting compressibility from stress-porosity calculation gave very
good predictions for all samples. A power law equation should be used to best fit
porosity-stress correlations for the consolidated sand. A polynomial equation should

be used to best fit data for the unconsolidated sand.

Method No. 3 of smoothing compressibility data from the linear relationship between
pore void ratio and the cumulative pore compressibility failed to work for the
consolidated sand at low stress with uniaxial test measurement but agreed very well
with the consolidated sand measured at high stress using the uniaxial cell. Smoothing
compressibility data for unconsolidated sand with high clay content measured at the
triaxial cell gave poor correlations for all samples. Unconsolidated sand with no clay
content and measured with triaxial cell gave very good smoothing correlations to the

actual data.

Method No. 4 of smoothing compressibility data by the correlations Jm and pore
compressibility gave smooth predictions for all samples, consolidated and

unconsolidated sand.

Jones’ method of predicting compressibility from two pore volume points gave poor

estimates for all unconsolidated sand, and 20% of the actual for the consolidated
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sand. Part of the failure was that the predicted compressibility was assumed to
decrease with increasing net stress, yet the actual unconsolidated compressibilities

increased.

Compressibility for consolidated sand tended to decrease with the increase of net
stress until the sample reached its plastic region and started to fail. Then
compressibility increased with increasing net stress. Compressibility of
unconsolidated sand tended to increase with the increase of net stress as the loose

grains compacted more with higher stress.
Clay swelling can reduce porosity and permeability as stress increases and tends to
increase compressibility for the unconsolidated sand. Samples with a large amount of

illite gave compressibility estimates lower than the clean samples.

The thesis also recommends to carry on the investigations in Chapter 7.
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CHAPTER 7.
RECOMMENDATIONS FOR FUTURE WORK

Three methods of this thesis are not included due to minimum requirements to
establish such conclusions. These sections are (1) the use of porosity, permeability, flow-
rate, and stress to predict pore compressibility, (2) the correlation between Poisson’s ratio
and stress for consolidated and unconsolidated sand samples, and (3) the use of porosity

data from well logs to predict compressibility without laboratory measurements.

Three samples were used to test the prediction of compressibility from porosity,
permeability, flow rate and stress for consolidated sand samples. Fifteen unconsolidated
samples were used to correlate Poisson’s ratio to stress, and all samples agreed very well.
Five consolidated samples failed the correlation. Finally, equations of porosity from logs
are recommended for investigation to determine if they can be used to predict

compressibility.

7.1 Predicting Compressibility from Porosity-Permeability and Flow Rate

From the previous work of relating permeability-porosity relationship to pore
volume compressibility, Method 4 can be modified to develop a promising method
applicable to use without laboratory measurements. A method has been developed to
smooth compressibility by relating the effect of permeability and porosity on stress.

Rearranging Darcy’s equation to the form of Eq. (7-1):
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_ Qul )
k—__A(dP) (7-1)
__Q.ulL, .
ARVRETEY 2

Normalized permeability is defined as:

kn =k/ki (3-15)
substituting Eq. (7-1) and Eq. (7-2)in Eq. (3-15), then normalized permeability can be
redefined as:

k=Q'UL * A"dPi
1|

7-3
A4dP  Q,ul, )

where k = permeability, md
L =length of core
A =cross section area
Q =flowrate
dP = pressure differential
u = fluid viscosity
i =initial conditions

From the relationship between pore volume and porosity:

V., 4
¢=W (7-4)
- 2o 7-5
¢/—Vb (')

Eq. (3-2) can be rewritten as:

_ o, Vb
= 0 o (7-6)



85

dividing Eq. (7-6) by Eq. (7-3)

by, _QuL, 4% v pi 7

4, 4dP Q.uL, Vp Vbi

multiplying Eq. (7-7) by (L/L)*(Li/Li) to cancel the cross section area and bulk volume,

A =Vp*L
Ai=Vpi * Li

L *V, *dp*Q

v * L *dp*Q, (7-8)
P i i

Jm

Rearranging Eq. (7-8) to predict pore volume:

_¢n Q dPI

k, dP Q, Vi (7-9)

Vp

Substituting Eq. (7-8) in Eq (3-9) to calculate pore volume compressibility:

Cr= ——= (3-10)

ke g 270

6,70 “Ciap) 1o

for a constant flow rate, Eq. (7-10) will be written as:
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k0 )
Cf= ; d(kn*dp) (7-11)

for a constant dp (pressure drop), Eq. (7-11) can be written as:

cf= % ., ;2%.,.! (7-13)
s.r0 %, 77 ap

Data from three consolidated sand samples were available. Figures 7-1a, b, and ¢
illustrate the correlation between the actuai compressibility in the laboratory and the
predicted data using the above equations. Two correlations were used: one accounts for
the change in length, and the other assumes constant length. Both correlations predicted

values very close to the actual data.

When this theory proves to be valid, not only theoretically but also
experimentally, it can be used for future calculations of pore volume compressibility.
The theory is indeed more practical, useful, easy and less costly, and less time-consuming

than current methods.

7.2 Predicting Poisson’s Ratio for Unconsolidated Sand from Stress Conditions

Compressibility measured using hydrostatic stress in laboratory tests can be
almost double that occurring under the uniaxial strain conditions believed to exist in the
reservoir. In the reservoir, with stress applied from above by the overburden and lateral
deformation being prevented by the surrounding rock, only vertical compaction occurs,

which is a lesser change than the hydrostatic test compaction.
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Jones and many engineers have developed correlations to convert laboratory data

to reservoir conditions by using Poisson’s ratio for translation factor,
y g

[e2 A% (1/m)
é:( — ) (7-14)

Where the exponent n for sandstones and carbonates varies for given rocks. Fifteen
unconsolidated samples from different reservoirs were used to predict Poisson’s ratio at

different stresses. It is empirically found that:
Poisson’s Ratio (v )= 0.5 * (Net later stress / Net Axial Stress)’> (7-15)

All fifteen samples were run under a triaxial cell and the net ram was almost
constant while pore pressure decreased (Figure 7-2a,b). If this correlation exists for most
unconsolidated sand then it will furnish valuable information without the need for

laboratory measurements.

This relationship failed to work for the consolidated samples tested by Hugues (a
graduate student from Colorado School of Mines). Even though a power law equation
existed (Figure 7-3), the exponent varied for each sample. More consolidated and
unconsolidated samples with more SEM information available are recommended for the

analyses and investigations.

The consolidated sand failed to have the same trend as the unconsolidated sand.

This could be due to several factors. The test procedure was used on the unconsolidated
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sand; pore pressure was increased initially until it reached reservoir conditions, then
decreased with the start of the compressibility test. In the consolidated sand test, pore
pressure was set to zero and only axial and confining stress were applied. Applying pore
pressure to the sample while changing confining stress kept the sample’s grains more
compacted. Having a zero pore pressure and applying confining stress up to 6000 psi
could cause more compaction. Another reason for the poor fit could be due to the test

procedure Hugues used for the measurements and analysis.

In Hugues’ study, lateral stress was constant while axial stress was increased and
decreased; then lateral stress was increased and kept constant while axial stress was
increased and decreased again. Samples could have reached the plastic conditions where
some of the deformed volume could not retain its original conditions. For unconsolidated
sand, pore pressure, confining stress, and ram stress were varied simultaneously.
Sometimes one pressure or stress was kept constant, but if samples reached the plastic
condition, the sample was not retested for compressibility. There could be other reasons
why no correlation was established for the consolidated sand that will only be known if

more sample data becomes available.

7.3 Using Porosity from Well Logs to Calculate Compressibility

Since Method 2 proved to give good compressibility predictions by using porosity
and stress, it was also desirable to test the validity of the method with porosity values
measured from well lbgs . Using porosity from well logs to predict compressibility will
eliminate laboratory measurements. It is recommended to measure porosity at two or

three stresses to generate a power law equation or polynomial as discussed earlier in

ARTHUR LAKES LIBRARY
COLORADO SCHOOL OF MINES
GOLDEN, CO 80401
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Chapter 4. Data from sonic, acoustic, and other logging tools are commonly used in oil
fields and can be valuable information in calculating porosity values.

Porosity measured from density logs is defined as:

p= "B
pm—pf

where pp = bulk density
Pm = matrix density

pr = fluid density

Another way to measure porosity is by using acoustic log as follows:

_ At — Atm *_1_

T Af-Atm Cp

_Ar, *c,
CP="100

where At = acoustic travel from the borehole acoustic log
Atm = acoustic travel time for the rock matrix
Atf = acoustic travel time for interstitial fluids

Csn = shale compaction coefficient
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In conclusion, if data from a reservoir (porosity, permeability, flow-rate, and
stress) can be used to predict compressibility, it will eliminate laboratory measurements.
If the correlation to predict Poisson’s ratio proved to be valid for both consolidated and
unconsolidated sand, the correlation will be useful to convert laboratory data to reservoir
conditions. Minimizing or eliminating the amount of laboratory data has a great potential

to save money and consume less time.



CHAPTER 8.
NOMENCLATURE

All attempts were made to maintain consistency in nomenclature

English Symbols:

A Cross section area

a,b  Point of best fit

ax Point of best fit

av (-slope) of the straight line transformation by Jones
C Decay constant arbitrarily set to 3E-6
Cm  Uniaxial compaction coefficient

cf Pore compressibility

Ch Bulk compressibility

Ce Effective compressibility of the reservoir
Co Oil compressibility

Ce Gas compressibility

Cw Water compressibility

Ct Total compressibility

Cb Bulk compressibility

ccy  Cumulative compressibility

97
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Csh  Shale compaction coefficient
dp Pressure change (from integral)
1 Initial conditions

Jm Function relates the normalized permeability to normalized porosity

k Permeability

ki Initial permeability

Ka Normalized permeability

L Length

m Slope of the straight line equation -
N Initial oil-in-place

N, Oil production during the pressure decline
P, Pore pressure

Q Flow rate

Qi Initial flow rate

STRS Net Stress = o

Vi Initial volume

Vo Pore volume

Vi Bulk volume

Ve Grain volume

Greek Symbols:

¢ (phi) Porosity
On Normalized porosity
Jij The ratio of the rock matrix to rock bulk compressibility

AP  Pressure difference



Viscosity of fluids

Net stress

Empirical value = 3000 psi (Jones)
Horizontal stress

Axial stress

Matrix density

Bulk density

Fluid density

Acoustic travel time for the borehdle

Acoustic travel time for the matnx
Acoustic travel time for the fluids
Acoustic travel time for shale

Poisson’s ratio
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APPENDIX A-1

Porosity - Stress relationship for unconsolidated sand - Study No. 2
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APPENDIX A-2

Porosity - Stress relationship for unconsolidated sand - Study No. 4
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APPENDIX B-1

Correlations to predict and smooth pore compressibility - Study No. 1



111

[270tmmu —o— vpoumiis —m— POt S0UST 48— | PATIL 8~ (0]

134 SETLS LA
o006 o008 005 oo0v o0es
%-300¢
%300
0:300 ¢
%308
0201 1 2
-
00306 3
0300 4
w030 1
50-208 1
w0t
210 aNVve
(9ot —o— ¥-pouects “a pocous $800r —¥— | POt~ (Fi g
154 SSTMIS 12N
0085 000§ 0%y 0007 0ogt
004300
ome
PED
00 m
0,00
w01
P
cazLanvE

[z —o— v-pouamu —a— popiaws S0[ 9 | POGAU - Nt emgue]

134 SETYLS LAN
0065 0008 005y o000y

[ o —o— vy —m— powew S0l - | PO @~ PURmgu]

84 EKIWLS 12N
0008 ooy ooy

g

T XTIAVE

BT O

1 'oN Aprys - Anjiqissasduwios aiod wpoouss pue 19ipaid 0) suoyejaLI0)

-4 XIANdddV

!

COLORADO SCHODL OF MiNE

ARTHUR LAKES LIBRARY
GOLDEN, £O 85401



112

APPENDIX B-2

Correlations to predict and smooth pore compressibility - Study No. 2
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APPENDIX B-3

Correlations to predict and smooth pore compressibility - Study No. 3
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APPENDIX B-4

Correlations to predict and smooth pore compressibility - Study No. 4



APPENDIX B-4

Correlations to predict and smooth pore compressibility - Study No. 4

Cf 1/psi

SAMPLE 1-KISR
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APPENDIX B-4
Correlations to predict and smooth pore compressibility - Study No. 4

cf 1psi

SAMPLE 3-KISR
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cf 1/psi
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APPENDIX B-4
Correlations to predict and smooth pore compressibility - Study No. 4
SAMPLE 5-KISR
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APPENDIX C-1

Pore Compressibility vs. Jm for consolidated sand - Study No. 1
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APPENDIX C-2

Pore Compressibility vs. Jm for unconsolidated sand - Study No. 2
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APPENDIX C-3

Pore Compressibility vs. Jm for unconsolidated sand - Study No. 4
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APPENDIX D-1

Basic Rock Properties and Pore Volume Compressibility Measurements for
Consolidated Sandstone - Study No. 1
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APPENDIX D-2

Basic Rock Properties and Pore Volume Compressibility Measurements for
Unconsolidated Sandstone - Study No. 2
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APPENDIX D-3

Basic Rock Properties and Pore Volume Compressibility Measurements for
Consolidated Sandstone - Study No. 3
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APPENDIX D-4

Basic Rock Properties and Pore Volume Compressibility Measurements for
Unconsolidated Sandstone - Study No. 4
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APPENDIX E-1

Sample Calculations - Method No. 1



145

APPENDIX. E-1

SAMPLE CALCULATIONS

METHOD NO. 1

STUDY NO. | SAMPLE 2 IS USED FOR SAMPLE CALCULATION.

NET-STRESS POROSITY | NORMALIZED Ct 1/PSI. Cf 1/PSI -

PSI % PORQS_!TY MEASURED PREDICTED DIFFERENCE
300 162 s s —

3652 152 1.00 2.53E-05 2.53E-05 %
4271 15.0 0.99 2.29E-05 1.94E-05 15%
4581 150 099 1.76E-05 191E-05 e
4590 149 098 1.96E-05 1.66E-05 15%
5200 148 097 1.44E-05 1.M4E-05 o
5819 147 0.97 1.17E-05 1.25E-05 -8%

Net Stress = Net Radial - Net Axial
= (Axial stress - confining pressure) - (Axial stress - pore pressure)

Calculation Procedure:
1) Plot normalized porosity vs. net stress.
2) Best fit the data with a power law equation
Y =aX"%
Y =22.25 (X) »-0.0472
where b is the power exponent, Y = porosity, and X = Net Stress.
b= 0.0472
1= 21.19

3) Calculate pore volume compressibility, @ 4890 psi
of 1/psi (predicted ) = cfi * (porosity )" (-1/b)

cf (4890) = 2.53E-6*(0.98)"21. 1.65E-06 lipsi

SAMPFLX 2

1650

1800 S~

E 1550 \‘_\‘
g
1500
y=22257°%"

1450

° 1000 2000 3000 000 5000 6000
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g uzmi
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T reeos |
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3500 000 4500 5000 5500 6000
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APPENDIX E-2

Sample Calculations - Method No. 2
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APPENDIX E-2

SAMPLE CALCULATIONS

METHOD NO. 2

STUDY NO. 2, SAMPLE 14915.5 IS USED FOR SAMPLE CALCULATION.

NET STRESS POROSITY of l/psi of l/psi %
PSI % MEASURED PREDICTED DIFFERENCE
3158 26.8 2.60E-05 1.56E-05 40%
3658 26.5 2.50E-05 1.72E-05 31%
4158 26.3 2.26E-05 1.838E-05 17%
7357 249 2.58E-05 2.99E-05 -16%
7823 24.6 © 2.91E-05 3.16E-05 -9%
8270 24.4 3.26E-05 3.32E-05 -2%
8703 24.1 3.01E-05 3.49E-05 -16%
9130 238 3.36E-05 3.67E-05 -9%
9563 23.5 3.42E-05 3.83E-05 -12%
9963 23.2 3.48E-05 4.00E-05 -15%
10357 229 3.54E-05 4.16E-05 -18%
10723 22.6 6.14E-05 4.31E-05 30%
11030 22.0 7.03E-05 4.44E-05 37%

Calculation Procedure:

1) Plot porosity vs. net stress
2) For consolidated sand, a power law equation best fit the data, and for unconsoliadted
sand, a polynomial equation is more representitive.
Usually three or four porosity points are enough to establish the polynomial equation.
Y=aX"2+bX+c
Y=-4E-8X"2 + 2E-5X +27.022

where Y = porosity, and X = net stress.
3) Calculate pore compreasibility.
Predicted cf = «(f-1¥f * d(-f/(f-1)ydp

0.E-05
, 70 7805 |
| ‘0 A
! 20 \ 6.E05
%0] o 2
.\‘ T SEDS
%0 - i
L)
E L 3 2 4EDS
8 23.0 4 '~' é
e . O 3g05 Smoothed
20 L -
\\ [
210 2605
200 ¥ =0.0133x' - 0.5695x + 27.427 l 1.605
19.0
0 5 10 15 P P 0.E+00
NETS st 0 2000 4000 6000 6000 10000 12000
Net Stress psi
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APPENDIX E-3

Sample Calculations - Method No. 3



APPENDIX E-3

SAMPLE CALCULATIONS

METHOD NO. 3

STUDY NO. 4, SAMPLE 2-KISR IS USED FOR SAMPLE CALCULATION.

et smForzosm (Fi-FYFi I of lpsi ccf Upsi cef Upsi | cof lpsi % cf % ccf I
psi (F) % MEASUREL] MEASURED |PREDICTEDPREDICTEIDIFFERENCDIFFERENCE
2855 | 0.267 0.00 3.03E-05 3.03E-05 3.00E-05 | 3.00E-05 1% 1%
5180 | 0263 0.01 3.50E-0S 6.53E-05 6.15E-05 | 3.15E-05 10% 6%
5640 | 0.261 0.02 2.54E-05 9.07E-05 9.37E-05 | 3.22E-05 -21% -3%
6140 | 0258 0.03 2.74E-05 1.18E-04 1.27E-04 | 3.34E-0S -22% 8%
6640 | 0.255 0.04 3.31E-05 1.51E-04 1.62E-04 | 3.45E-05 -4% -T%
7100 0.252 0.06 3.72E-05 1.88E-04 1.97E-04 3.56E-05 4% -5%
7580 | 0.248 0.07 3.43E-05 2.23E-04 2.34E-04 | 3.71E-05 8% -5%
8080 | 0.236 0.12 3.11E-05 2.54E-04 2.76E-04 | 4.16E-05 -34% 9%
8560 | 0.243 0.09 3.34E-05 2.87E-04 - 3.15E-04 | 3.90E-05 -17% -10%
9030 | 0.239 0.10 3.60E-05 3.23E-04 3.55E-04 | 4.05E-05 -12% -10%
9530 | 0.236 0.12 3.86E-05 3.62E-04 3.9TE-04 | 4.16E-05 8% -10%
10000 | 0.232 0.13 3.94E-05 4.01E-04 4.40E-04 | 4.31E-05 -9% -10%
10480 | 0.229 0.14 3.82E-05 4.39E-04 4.84E-04 | 4.42E-05 -16% -10%
10980 | 0.225 0.16 4.30E-05 4.82E-04 5.30E-04 | 4.57E-05 6% -10%
11480 | 0.222 0.17 3.98E-05 5.22E-04 5.77E-04 | 4.69E-05 -18% -10%
11930 0.218 0.18 4.06E-05 5.63E-04 6.25E-04 |- 4 84E-05 -19% -11%
12430} 0.215 0.19 4.58E-05 6.09E-04 6.75E-04 | 4.95E-05 -8% -11%
12930} 0.209 022 6.29E-05 6.72E-04 7.27E-04 - | 5.1TE-05 18% 8%
13200 | 0.207 - 0.22 5.38E-05 7.25E-04 7.79E-04 | 5.25E-05 2% -7%
Calculation Procedure:

1) Caiculate the void ratio from porosity

voidratio= (fi-f)/fi
2) Plot void ratio vs three or more points of the cumulative compressibility
3) Fit the data with straight line equation Y =mX + b
Equation of fne Y = 0.0001X + 3E-5 where Y= ccf and X = void ratio

4) Calculate cumnulative pore volume compresaibility (ccf) for values at higher stress
porosity at higher stress can be obtamed from power law equation
as discussed earher.

cef = 0.0001(void rago) + 3E-5 @ 5640 psi
ccf =0.0001%0.02+3E-S ©  3.22E-05

5) Calculate cf from ccf.
ccf ( 2885) = 3.00E-05 1ipsi
ccf (5180) = 6.1SE-05 1pm
ccf (5640) = 9.3TE-0S lpa
cf (2885) = 3.00E-05 1/psi
cf(5180) =ccfi5180)-ccfi2885)= 3.1SE-05 l/pm
cfl5640) = ccR 5640) - ccf{5180) - ccfL2885) = 3.22E05 l/pm
2 KR 2 KTR
25E08 1005
::: ; 80E08
0508 $06.05
g ::ﬁ ‘ gL
¥ asos ; 30ED8
306-05 4 § 10
;:: . ¥y = 0.0001x + AEY ‘; s
oo 008 0 0 0x 02 00e-00
(-ovel 0 4500 6500 800 10800 12500
ot Swrees pol
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APPENDIX E-4

Sample Calculations - Method No. 4



METHOD NO.

STUDY NO. 2, SAMPLE 14916.5 IS USED FOR SAMPLE CALCULATION.

APPENDIX E-4

SAMPLE CALCULATIONS

4

151

Net Stress Jm cf 1/psi cf 1/psi %
psi MEASURED PREDICTED DIFFERENCE
3463 1.01 3.03E-05 2.97E-05 2%
3857 0.96 3.50E-05 3.11E-08 12%
4280 0.92 2.54E-05. 3.20E-05 -21%
4703 0.92 2.74E-05 3.21E-05 -15%
5080 0.87 3.31E-05 3.37E-05 -2%
5500 0.90 3.71E-05 3.28E-05 13%
5913 0.87 3.43E-05 3.36E-05 2%
6333 0.85 3.11E-08 3.43E-05 9%
6747 0.83 3.34E-05 3.50E-05 -5%
7170 0.82 3.60E-05 3.51E-05 2%
7603 0.81 3.86E-05 3.56E-05 8%
8053 0.73 3.94E-05 3.85E-05 2%
8477 0.71 3.83E-05 3.96E-05 -3%
8900 0.66 4.30E-05 4.19E-05 3%
9360 0.64 3.98E-05 4.30E-05 -7%
9775 0.58 4.06E-05 4.68E-05 -13%
10213 0.54 4.58E-05 4.97E-05 -8%
10650 0.49 6.29E-05 5.38E-05 17%
10907 0.46 5.38E-05 5.66E-05 -5%
Predict cf 1/psi from Jm vs. ¢f power law equation to smooth data
Calculation Procedure
1) Calculate Jm

2) Plot Jm vs. Stress to estimate values at higher stress.

Jm = (Km/em)"0.5

10.00
E 100 4 >————eo PN
> *oony
I
010
06 07 os 0.9 1

Net Stress

ARTHUR LAKES LIBRARY
COLCRADO SCHOOL OF MINES
GOLDEN, CO 80501
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3) Plot Jm vs. pore compressibility
Usually three or more compressibility points are recommended to
plot against Jm.

4) Fit the data with a power law equation

Y = aX"b
Y=3E-5*X"(-0.812)
where Y = pore compressibility, and X = Jm

7E-05
6.E-05
5.E-05 4
4.E05 4 L 4 ®
3.E-05
2.E-05
1.E-05

0.E+00 v T T
0.40 0.50 0.60 0.70 0.80 0.90 1.00 1.10

of 1/PS1

y = 3E-05x

5) From the power law equation. compressibility data can be smoothed,
and values at higher stress can be predicted. Only four compressibility
points were used to smooth data.

6.5E-05

6.0E-05 |
5.5€-05 |
5.06-05 - ¥ B0 g othed
45605 |

4 0E-05

3 5E-05 ¢

Pore Compressibliity t/psi

3.0E-05 4|

]

2.56-05 K
l

2.0E05 . -
2500 3500 4500 5500 €500 7500 8500 9500 10500 11500

Net Stress psi
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APPENDIX E-5

Sample Calculations - Jones’ Method



Jones' Method

APPENDIX E-5

SAMPLE CALCULATIONS

STUDY NO. 1, SAMPLE 2 IS USED FOR SAMPLE CALCULATIONS

VP cc 1-EXP(-STRS/3000]  Vp(I+C*STRS] Cf IPST CT UPSI %
MEASURED PREDICTED | DIFFERENCE
3.08 023 3.085 hiud
2.89 0.70 2.920 2.53E-05 2.56E-05 -1%
285 0.76 2888 2.29E-05 2.14E-05 ™
285 0.78 2.889 1.76E-05 1.96E-0S -10%
283 0.80 287 1.96E-05 1.79E-05 9%
2.81 0.82 2856 1.44E-05 1.65E-05 -12%
2.79 0.86 2.842 1.17E-05 1.39E-05 -16%
Calculation Procedure:
1) Plot Vp(1+C*strs) vs. 1-exp(-strs/3000) in a semi-log plot, where strs = net stress
2) Calculate the slope of the line a»
av = - (SLOPE = 0.2292) = 0.2292
3) Calculate pore compressibility from Jone' @ 4890 psi
cf = [av*EXP(-STRS/3000))/3000 + 3E-6/(1 + STRS*3E-6)
of (4890) =( 0.2292%cxp(-4890/3000))/3000 + 3E-6/(1+ 4890 * 3E-6)
of (4890) = 1.79E-05
Jones' Method
10.000 -
¥ -— —oee.
L
| SLOPE=-0.2282
1000 &
000 010 02 030 040 080 06 0T 08 0%
1AXPLETRE 009
SAMPLE #2
26808 —
24808
22808
T oo
E 19808
T 1ea;
14808 j |~ octual —a— Jones' method|
12608 |
10808 +
23800 o0 500 8000 600 000
NET STRESS PSI
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