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Abstract
Shale and tight formations have long been a challenge for petrophysical interpretation
due to their complexity. Equally complex is the estimation of the Stimulated Reservoir
Volume (SRV) in vertical and horizontal wells that have been hydraulically fractured.
The methodologies available to address these problems require complete data sets,
including advance well logs, that most of the time are not available particularly in the
case of horizontal wells.

In order to facilitate these evaluations when the available data are scarce, the research
presented in this thesis concentrates on developing:
1) A new method for evaluation of shale reservoirs, which is extendable to the case
of tight formations.
2) A new 3D analytical model for calculating the SRV.
3) A new software system that integrates the petrophysical methods developed in
this thesis as well as previous methods developed by members of the GFREE
Research Team at the University of Calgary.

Item 1 includes the development of a quick yet accurate method for petrophysical
interpretation of shale reservoirs with commonly available well logs. The method extends
Pickett plots from the estimation on only water saturation to the inclusion of Total
Organic Carbon (TOC) and Level of Organic Metamorphism (LOM), and to the
identification of dominant flow types concentrating particularly on distinguishing
between viscous (continuous) vs. diffusion-like flow at any pressure of interest. Two
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examples are presented to illustrate the method application in different shale reservoirs.
The same approach is used for tight gas formations without the inclusion of TOC and
LOM.

Item 2 includes the development of a new 3D analytical model capable of simulating
stimulated reservoir volume (SRV) in an anisotropic reservoir based on information from
microseismic data. The model is extended next to the case where detailed information is
not available. Porosity and permeability from petrophysical models discussed in this
thesis can be used as input data for the 3D analytical model. The application of this
model for both horizontal and vertical wells is demonstrated with the use of two case
studies, one from the Barnett shale and one from the Marcellus shale in the United States.

Item 3 incorporates the petrophysical evaluation methods into a software system.
Practical workflows for performing the calculations are organized and integrated. System
development life cycle (SDLC) and object-oriented programming techniques are utilized
for the development of this software. Two case studies using data from both tight and
shale reservoirs are presented to illustrate the software development and the application
of the software. In addition to the TOC, LOM and dominant flow regimes (continuous vs.
diffusion-like) mentioned above, the software also incorporates other critical
petrophysical parameters such as matrix, fracture, non-connected and effective porosities,
water saturation, Young’s modulus, Poisson’s ratio, and minimum principal horizontal
stress.
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Chapter One: Introduction

1.1 Tight and shale reservoir
1.1.1 What is a tight reservoir?
A tight reservoir is generally defined based on rock properties in terms of how difficult it
is for fluids to flow through the reservoir. It has been defined in different ways by
different organizations. A preferred definition is that tight reservoirs are petroleum
reservoirs in “low-permeability sandstone and carbonate reservoirs where stimulation or
specialized drilling technology is required to establish economic flow rate or recovery” of
oil and gas (Aguilera et al., 2008).

A thin section of the tight Cadomin formation in the Elmworth deep basin of Alberta is
shown in Figure 1.1. Intergranular pores, slots, and microfractures can be clearly
observed.

Figure 1.1 Thin section image of tight sandstone reservoir from the Cadomin
formation in the Elmworth deep basin (Moslow, 2012).
1

1.1.2 What is a shale reservoir?
A shale reservoir is a fine-grained organic rich formation defined by the Alberta Energy
Resources Conservation Board (ERCB) as “a lithostratigraphic unit having less than 50%
by weight organic matter, with less than 10% of the sedimentary clasts having a grain
size greater than 62.5 micrometers and more than 10% of the sedimentary clasts having a
grain less than 4 micrometers” (Oil and Gas Conservation Regulations, Part 1, 1.020(1)
(27.1)).

A set of thin section images from 9 different shale reservoirs is shown in Figure 1.2.
Kerogen and micropores can be easily seen in these samples. Sometimes slots and
microfractures can also be found, for example, in the Barnett and Woodford samples.

Figure 1.2 Thin section images from 9 different shale reservoirs. The bedding planes
are perpendicular to the images. Darker material is kerogen and very bright
material is pyrite. Note the darker holes in kerogen as the micropores and the
darker curly holes as slots and microfractures (Curtis et al., 2010).
2

1.1.3 Unconventional resource
Unconventional resources include oil and natural gas. Unconventional oil is petroleum
produced or extracted using techniques other than the conventional methods (Wikipedia,
2012). It includes tight oil, shale oil, heavy oil, and oil sands, as shown in the oil resource
pyramid in Figure 1.3. Unconventional natural gas is the gas contained in formations
from which it is difficult to produce without some extraordinary completion, stimulation,
and development practices. (Holditch, 2006; Aguilera et al., 2008). It includes tight gas,
shale gas, coal bed methane (CBM), and gas hydrates, as shown in the gas resource
pyramid in Figure 1.4. Clearly tight reservoirs and shale reservoirs are important
components in both unconventional oil and gas resources. It is also noticed that, as
exploration and production moves from conventional oil and gas to unconventional oil
and gas, the oil mobility, gas delivery speed, and formation pore throat aperture decrease,
which correspondingly require more research and time, higher activation index, and
higher cost and price for exploration and production. Activation index (Economides and
Oligney, 2000) is a measure of the total investment required to establish access to new oil
or gas expressed in dollars per unit volume per day (for example, $/barrel/day or
$/Mcf/day) of stabilized production.

3

Figure 1.3 World oil resource pyramid (Aguilera, 2012).

Figure 1.4 World gas resource pyramid (Aguilera, 2010).
4

1.2 Petrophysics for tight and shale reservoirs
Unconventional resources, oil and gas in tight and shale reservoirs drew people’s
attention in the past few decades. Because these types of reservoirs were relatively
unfamiliar to geologists and engineers, many theories and practices traditionally
developed for conventional reservoirs were applied with little or no modification to these
unconventional reservoirs. As the focus of exploration and production started shifting
gradually towards unconventional reservoirs, professionals in the oil and gas industry
started to realize the significant difference between unconventional and conventional
reservoirs. Therefore, more and more theories and techniques were established
specifically for unconventional reservoirs. For example, dual and triple porosity models
are used more often than before for tight reservoirs, and techniques designed solely for
analyzing shale reservoirs are replacing methods originally used for shaly sand
formations.

1.3 Challenges
Tight and shale reservoirs have long posed challenges to petrophysicists because of the
complexity of their constituent materials, their structure and their complicated impact on
well log responses. In tight reservoirs, the presence of connected and non-connected
dissolution pores, microfractures and slot porosity makes the well log interpretations
difficult. In the case of shales, the presence of clays and organic matter, complex
mineralogy and pore structure complicates the log responses. Many times, to solve this
problem, advanced logging tools have been used. But it is well known that these tools are
not economic for large scale applications and their accuracy vary with different
5

interpretation models. For example, Ramirez et al. (2011) have shown the difficulty in
evaluating shale reservoirs by comparing significantly different interpretations from
different petrophysical models given the same reservoir data.

1.4 Objectives
The primary objective of this study is to develop and integrate new petrophysical
techniques and procedures into practical workflows and then digitize them in a software
system. These workflows are integrated to quantify such critical petrophysical parameters
as matrix, fracture, non-connected and effective porosities, water saturation, total organic
carbon, level of organic metamorphism, flow regimes (continuous vs. diffusion-like) at
initial reservoir pressure, Young’s modulus, Poisson’s ratio, and minimum horizontal
stress. With these parameters, the hydraulic diffusivity coefficients can be further
determined, which are used for modeling reservoir stimulated volumes.

1.5 Approaches
A multi-disciplinary approach is utilized in this research. Knowledge of petrophysics is
applied to develop and integrate different well log interpretation workflows. Software
engineering technology is used for digitizing these workflows into a comprehensive
software package. Reservoir engineering (analytical and numerical simulation) helps with
the application of petrophysical parameters in modeling the stimulated reservoir volume
(SRV) induced by hydraulic fracturing. Knowledge and skills in the disciplines of
geology, geophysics, drilling and completion also assist with the research. These all
benefit from the multi-disciplinary research program GFREE (Aguilera and Harding,
6

2011). GFREE stands for the synergetic integration of geosciences (G), formation
evaluation (F), reservoir drilling, completion and stimulation (R), reservoir engineering
(RE), and economics and externalities (EE).

1.6 Study data
Data from the Cadomin tight gas formation in the Western Canada Sedimentary Basin
(WCSB) and the Haynesville shale formation in Texas are studied for developing the
workflows. They are also used to illustrate the software development and the application
of the software. Conventional well log data, such as gamma ray, density, neutron,
acoustic, resistivity, and cores and drill cuttings are utilized in the examples, which are
further validated with other sources of information. The microseismic data for developing
3D models of reservoir stimulated volume are from Barnett shale and Marcellus shale.

1.7 Publications
Parts of the research results described in this thesis have been presented or accepted for
presentations as technical papers in international conferences of the Society of Petroleum
Engineers (SPE) as listed below:
-

Yu, G. and Aguilera, R., 2011. Use of Pickett Plots for Evaluation of Shale Gas
Formations, prepared for SPE Annual Technical Conference and Exhibition in
Denver, Colorado, USA, 30 October – 2 November, SPE146948.

-

Yu, G. and Aguilera, R., 2012. 3D Analytical Modeling of Hydraulic Fracturing
Stimulated Reservoir Volume, SPE Latin America & Caribbean Petroleum
Engineering Conference in Mexico City, Mexico, 16-18 April, SPE153486.
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-

Yu, G. and Aguilera, R., 2012. Software Development for Petrophysical Analysis
of Shale and Tight Formations, prepared for SPE Canadian Unconventional
Resources Conference in Calgary, Alberta, Canada, 30 October – 1 November,
SPE162746.

-

Olusola, B. K., Yu, G., Aguilera, R., 2012. The Use of Electromagnetic Mixing
Rules for Petrophysical Evaluation of Dual and Triple Porosity Reservoirs,
prepared for SPE Canadian Unconventional Resources Conference in Calgary,
Alberta, Canada, 30 October – 1 November, SPE162772.
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Chapter Two: Literature Review

The goals of this thesis are to develop methods for petrophysical evaluation of tight and
shale reservoirs and to implement their application on 3D modeling of stimulated
reservoir volume (SRV). Furthermore, the workflows used for petrophysical
interpretation are digitized into a software system. As a preamble, a literature review of
basic theories on petrophysics of tight and shale reservoirs and their applications as well
as microseismic monitoring and methods for estimating the SRV have been conducted.
These methodologies, including software development technologies used in the present
work, are summarized in this chapter.

2.1 Archie’s equation and Pickett plot
2.1.1 Archie’s equation
Archie’s equation was originally developed to quantitatively estimate water saturation
from porosity and true resistivity based on the analysis of laboratory data of sandstone
samples (Archie, 1942). Further work indicated that it was also applicable to other
conventional formations such as limestone and dolomite.

Archie’s methodology for formation evaluation from well logs is represented by Eqs. 2.1
to 2.3 as follows:
Eq. 2.1
where Sw : water saturation
I : resistivity index
9

n : water saturation exponent

Eq. 2.2
where Rt : true formation resistivity in Ωm
Ro : formation resistivity at 100% water saturation in Ωm
Rw : formation water resistivity at the reservoir temperature in Ωm
F : formation factor

Eq. 2.3
where a : constant (generally associated with tortuosity)
m : porosity exponent or cementation factor

 : total porosity

Eqs. 2.1, 2.2, and 2.3 can be combined to obtain:
Eq. 2.4

2.1.2 Pickett plot
Taking logarithm of both sides of Eq. 2.4 will convert it to the linear relation:
Eq. 2.5

With this linear relation, Pickett (1966, 1973) graphed Archie’s equation in a log-log
cross plot of porosity vs. true resistivity and established a pattern recognition technique,
10

which proved to be a very convenient way of analyzing log data and distinguishing
hydrocarbon from water bearing intervals. A schematic of Pickett plot is shown in Figure
2.1. It is noticed that the 100% water saturation line is fitted to the data points of the
water zones.

φ vs Rt

1.0

Log data
Power (Sw=100%)

φ

Power (Sw=50%)

0.1

Power (Sw=25%)

0.0
0.1

1.0

10.0

100.0

Rt (Ω.m)
Figure 2.1 Schematic of Pickett plot.

A sonic porosity relationship for conventional reservoirs made out of lithologies such as
sandstone, limestone, and dolomite is given by (Wyllie et al., 1958):
Eq. 2.6
where Δt : compressional sonic transit time in μs/ft
Δtf : fluid compressional transit time in μs/ft
Δtm : matrix compressional transit time in μs/ft
11

Eq. 2.4 and 2.6 can be combined to obtain:
Eq. 2.7

Taking logarithm of Eq. 2.7 results in:

Eq. 2.8

Assuming that a=1 and Sw=1, Eq. 2.8 is reduced to:
Eq. 2.9

A sonic transit time-porosity relationship developed specifically for shales has been
proposed by Magara (1978):
Eq. 2.10

Assuming Δtm=68μs/ft, Eq. 2.10 can be written as Eq. 2.11, where B is a constant equal to
214.6.
Eq. 2.11

However, this correlation was developed by comparing sonic transit time with total shale
porosity calculated from density logs rather than from more reliable core data. Detailed
core analysis in laboratory has shown that porosity calculated from density logs
overestimates porosity, measured from crushed core samples as shown in Figure 2.2
12

(Zhao, 2007). This overestimation can be corrected by introducing a correction factor Bc
as shown in Eq. 2.12. This assumes that the actual porosity follows a linear correlation
with porosity calculated from the density log. In this case, Bc for the shale formation
shown in Figure 2.2 is equal to 2.33.
Eq. 2.12
where B : constant equal to 214.6 μs/ft
Bc : correction constant

φD vs φ
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φD = 2.33φ

φD (%)
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Figure 2.2 D calculated from density log vs  measured in crushed core samples of a
shale formation (Data are taken from Zhao et al., 2007).

Combining Eq. 2.4 and 2.12 results in:
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Eq. 2.13

Taking logarithm of Eq. 2.13 leads to:
Eq. 2.14

Assuming that there is only water in the pore space of shale (Sw=1) and that a=1 reduces
Eq. 2.14 to:
Eq. 2.15

This theoretical relationship between resistivity and sonic transit time at 100% water
saturation for a shale formation can be presented in a log-log plot, as shown in Figure 2.3,
which has the same form as the Pickett (1966, 1973) plot originally established for
conventional formations. Figure 2.3 has been developed assuming Sw=1 for sandstone,
limestone, dolomite and shale reservoirs using data taken from Passey et al. (1990). For
each lithology type, Passey et al. assumed in one of their data sets that m = 2, n= 2,
Rw=0.1Ωm, and Δtf=189μs/ft. For sandstone, limestone, and dolomite, Δtm was assumed
to be 55.5μs/ft, 47.6μs/ft, and 43.5μs/ft, respectively. For shale, it was assumed that
Δtm=68 μs/ft, B=214.6 μs/ft and Bc=2.33.
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(Δt-Δtm) vs Rt
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Figure 2.3 Crossplot of (Δt - Δtm) vs. true resistivity in a Pickett plot for shale,
sandstone, limestone, and dolomite lithologies at 100% water saturation. Data are
taken from Passey et al. (1990).

2.2 Dual porosity and Triple porosity models
2.2.1 Dual porosity model
Aguilera and Aguilera (2003) developed dual porosity models for reservoirs with matrix
and fractures and reservoirs with matrix and non-connected vugs, using the
resistance/conductance network theory. These models proved to provide good estimates
of porosity exponent m. The m values are consistent with what Towle (1962) found from
his theoretical models for fractured reservoirs (m range between 1.07 and 1.25) and
vuggy reservoirs (m range between 2.67 and 7.3+).

15

The dual porosity model for reservoirs with matrix and fractures is shown in the
following equation:
Eq. 2.16
where ϕ : total porosity
ϕb : matrix porosity related to the bulk volume of matrix
ϕ2 : porosity of natural fractures
m : porosity exponent or cementation factor
mb : porosity exponent or cementation factor related to the bulk volume of matrix

The different porosity values in this model are correlated as shown below:
Eq. 2.17

The dual porosity model for reservoirs with matrix and non-connected pores is shown in
the following equation:
Eq. 2.18
where ϕnc : porosity of non-connected pores

The different porosity values in this model are correlated as shown below:
Eq. 2.19

Based on these two dual porosity models, a chart was made as shown in Figure 2.4,
assuming mb=2.0 and mf=1.0, where mf is the porosity exponent for reservoirs with only
16

fractures. The left side of this chart applies to dual porosity systems consisting of matrix
and fractures. The corresponding m value is smaller than mb value for a matrix only
system. For any fixed total porosity, the more fractures are present (larger ϕ2), the smaller
the m value is. The right side of the chart applies to dual porosity systems consisting of
matrix and non-connected pores. The m value of this system is larger than mb value. For
any fixed total porosity, the more non-connected pores (larger ϕnc) are in the reservoir,
the larger the m value is.

Figure 2.4 Chart for estimating porosity exponent (cementation factor) with dual
porosity models (mb=2.0) (Aguilera and Aguilera, 2003).
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2.2.2 Triple porosity model
Aguilera and Aguilera (2004) developed a triple porosity model for reservoirs with
matrix, fractures and non-connected vugs. This type of model proved to be very efficient
in analyzing tight reservoirs, where both natural fractures and non-connected pores are
commonly found. This triple porosity is also consistent with the corresponding dual
porosity models if fractures or non-connected pores are not present in the composite
system.

The triple porosity model for reservoirs with matrix, fractures and non-connected pores is
shown in the following equation;

Eq. 2.20
where ϕ : total porosity
ϕb : matrix porosity related to the bulk volume of the matrix
ϕ2 : porosity of natural fractures
ϕnc : porosity of non-connected pores
m : porosity exponent or cementation factor
mb : porosity exponent or cementation factor related to the bulk volume of the
matrix

The different porosity values in this model are correlated as shown below
Eq. 2.21
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Based on the triple porosity model, a chart was made as shown in Figure 2.5, assuming
mb=2.0 and mf=1.0. In this chart, 3 example triple porosity systems are included. The
curve with squares corresponds to a triple porosity system with ϕ2 = 0.01 and ϕnc=0.01. It
is very close to the dashed curve with ϕ2 = 0.01 and ϕnc=0, which indicates the fractures
dominate the triple porosity system. The curve with triangles correspond to a triple
porosity system with ϕ2 = 0.01 and ϕnc=0.05. It is clearly observed that, as ϕnc increases
with fixed ϕ2, the curve of triple porosity model approaches to the solid curve with ϕ2 = 0
and ϕnc=0.05. For ϕ<0.13, m value is smaller than mb, which means fractures still
dominate this triple porosity system, but for ϕ>0.13, m value is greater than mb, showing
non-connected pores start to dominate the system. The curve with diamonds shows a
similar trend to the 2 curved discussed above except it approaches to the right side of the
chart further (larger m values).
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Figure 2.5 Chart for estimating porosity exponent (cementation factor) with the
triple porosity model (mb=2.0) (Aguilera and Aguilera, 2004).

2.3 Total Organic Carbon
Passey et al. (1990) presented an empirical method, the Δ log R technique, to correlate
the total organic carbon (TOC) with Δ log R and the level of organic metamorphism
(LOM, Hood et al., 1975), where Δ log R is defined as the separation of resistivity and
sonic logs under a fixed scale.
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Despite being an empirical method, the Δ log R technique has its theoretical basis on
Archie’s equation. The theoretical relationship between resistivity and sonic transit time
for different lithologies, as presented in Figure 2.3, was presented by Passey et al. (1990)
in a semi-logarithmic plot, as shown in Figure 2.6. The nonlinear curves in the zone
bounded by the two heavy solid lines were approximated as linear by Passey et al. This
forms the theoretical basis of their Δ log R technique.
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Figure 2.6 Resistivity vs. sonic transit time at 100% water saturation for shale,
sandstone, limestone, and dolomite (Passey et al., 1990).

The Δ log R technique has been found to work adequately in both carbonate and clastic
rocks over a wide range of organic maturities. The separation in organic-rich intervals
results from two effects: the porosity curve responds to the presence of low-density, low21

velocity kerogen, and the resistivity curve responds to the formation fluid. In an
immature organic-rich rock, where no hydrocarbons have been generated, the observed
curve separation is due solely to the porosity curve response. In mature organic-rich
rocks, in addition to the porosity curve response, the resistivity increases because of the
presence of generated hydrocarbon.

Passey et al.’s technique was developed to correlate TOC with Δ log R and LOM. In their
technique, the transit time and resistivity logs are scaled in such a way that their relative
scaling is -50μs/ft (or -146μs/m) per logarithmic resistivity cycle. These two logs need to
be overlain and base-lined in a fine-grained, non-source rock. A baseline condition exists
when the two curves track or overlay each other over a significant depth range. Δ log R is
defined based on the separation of the sonic transit time and resistivity curves, and can be
calculated from these two logs with the following algebraic expression (Passey et al.,
1990):
Eq. 2.22
where Rt,baseline : Rt value corresponding to Δtbaseline when the two curves are base-lined at
a fine-grained non-source rock

TOC is linearly proportional to Δ log R, and it is also a function of organic maturity,
represented by LOM, as shown by the equation (Passey et al., 1990):
Eq. 2.23
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This equation is plotted as a diagram of TOC vs. Δ log R in Figure 2.7. At any given
LOM value, or organic matter maturity, TOC is linearly related to Δ log R value. This
means that, for the same organic matter maturity in a formation, the larger the separation
between the sonic log curve and the resistivity log curve, the more organic matter is
present. In addition, at low LOM (immature formations), the slope is large, while at high
LOM (mature formations), the slope is small. This means that for the same separation
between the sonic log curve and the resistivity log curve, the larger the organic matter
maturity, the less amount of organic matter is present, since the separation is mainly the
result of the resistivity response to the hydrocarbon generated from the organic matter.
Example data with LOM values between 8 and 9 is plotted in Figure 2.8.

Figure 2.7 Diagram relating Δ log R to TOC via LOM. The heavy solid diagonal line
near the LOM = 6 line should be used for maturity of LOM < 6 (Passey et al., 1990).
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TOC vs ΔlogR (Well E, LOM 8-9)
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Figure 2.8 Diagram of TOC vs. Δ log R with data from well E and laboratory LOM
values ranging between 8 and 9 (Passey et al., 1990).

2.4 Pore throat size
Aguilera (2002) integrated pore throat radii into Pickett plots as explained next.

An empirical equation for estimating permeability has the form (Morris et Biggs, 1967):
Eq. 2.24
where k : formation permeability in mD
Swi : irreducible water saturation

Constant 79 is used for dry gas at shallow depth. The constants in the above equation,
including an exponent different than 1 for Swi, can be defined better by having a close fit
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to a particular reservoir if core data are available. In such a case multiple regression
analysis can be used for determining the coefficient and exponents as discussed by Deng
et al (2011).

An empirical correlation capable of handling capillary pressure is shown in the following
equation (Kwon et Pickett, 1975; Aguilera, 2002):
Eq. 2.25
where Pc: mercury-air capillary pressure in psi.

The preferable range of Sw in this equation is between 30% and 90%.

A correlation relating mercury capillary pressure with pore throat radius is given by
(Washburn, 1921):
Eq. 2.26
where σ : surface tension in dyne/cm
θ : contact angle of mercury in air
r : pore throat radius in μm

Combining Eq. 2.4, 2.24, 2.25 and 2.26 leads to (Aguilera, 2002):
Eq. 2.27
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This equation indicates the existence of a relationship between resistivity, porosity and
pore throat radius, assuming other coefficients remain constant.

2.5 Knudsen number
Javadpour et al. (2007) has discussed the identification of shale gas flow regimes based
on pore size. He used the Knudsen number to distinguish diffusion-like flow from
viscous (or continuous) flow:
Eq. 2.28
where Kn : Knudsen number
λ : gas mean-free-path in m
d : pore diameter in m
kB : Boltzmann constant, equal to 1.3805*10-23J/K
T : temperature in K
P : pressure in Pa
δ : collision diameter of the gas molecule in m.

Assuming a gas mixture of 87.4% CH4, 0.12% C2H6, and 12.48% CO2 in a shale
reservoir as Javadpour et al. did, the average δ=0.41nm.

Knudsen number as a function of pressure at a constant temperature of 350K for different
pore sizes ranging from 10nm to 50μm is presented in Figure 2.9. Knudsen number
increases as pressure decreases or pore size decreases. At a low Knudsen number (Kn <
0.001), the flow of this gas mixture is in the continuous regime, which means the
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condition of no-slip boundary is valid. At a high Knudsen number (0.001 < Kn < 0.1),
diffusion-like flow dominates, which means that rarefaction effects become more
pronounced and the continuous flow breaks down.

Figure 2.9 Knudsen number for the assumed gas mixture as a function of pressure
at a temperature 350K for different pore sizes (Javadpour et al., 2007).

2.6 Geomechanics
Anderson et al. (1973) and Newberry et al. (1985) have shown how to estimate important
geomechanical characteristics of reservoir rocks from well logs, which include Young’s
modulus, Poisson’s ratio, and in-situ minimum horizontal stress.
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Young’s modulus is calculated from density, compressional and shear sonic log data, as
shown in the following equation:
Eq. 2.29
where E : Young’s modulus in psi
ρb : formation bulk density in kg/m3
Δt : compressional transit time in μs/ft
Δts : shear transit time in μs/ft

Poisson’s ratio ν is calculated from compressional and shear sonic log data, as shown in
the equation below:
Eq. 2.30

The minimum horizontal stress can be calculated from log data with the following
equation:
Eq. 2.31
where σh,min : minimum horizontal stress in psi
ν : Poisson’s ratio
σv : overburden stress in psi
αv : Biot’s constant in vertical direction
αh : Biot’s constant in the direction of minimum horizontal stress
P : pore pressure in psi
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σh,tec : stress component caused by the tectonic stress in the direction of minimum
horizontal stress in psi

In tectonic relaxed formations, the horizontal tectonic stress can be assumed to be
negligible. Qiao (2009) has shown clearly with laboratory tests that αv and αh values are
very different. If no triaxial laboratory test is done, in cases of reservoirs with stress
isotropy, αh is assumed equal to αv, and in cases of reservoirs with strong stress
anisotropy (e.g. reservoirs with large amount of microfractures), αh is assumed equal to
1.0.

The overburden stress σv can be calculated from the density log, as shown in the equation
below:
Eq. 2.32
where h : vertical depth measured from the ground in m
g : constant of gravity equal to 9.81 m/s2

2.7 Microseismic and stimulated reservoir volume
2.7.1 Microseismic monitoring
Williams (2002) reviewed the application of microseismic mapping technology (or
passive seismic imaging) for monitoring hydraulic fracturing. Microseismic events are
the acoustic signals (or micro earthquakes) induced by hydraulic fracturing treatment in
the subsurface. These acoustic signals, on the Richter scale, would be negative numbers.
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Microseismic events can be located and mapped in 3 dimensions by detecting their
arrivals at known locations, such as observation wells.

Microseismic technology has been used for monitoring reservoir activities for decades.
For example, Hardy et al. (1981) discussed in detail how to monitor a gas storage
reservoir with microseismic technology. In this approach five microseismic transducers
(or geophones) are set up as shown in Figure 2.10. Each geophone is able to detect and
record acoustic signals from underground sources. A typical acoustic signal recorded by a
downhole geophone with both compressive and shear waves from the same source is
shown in Figure 2.11.

Figure 2.10 Setup of microseismic transducers (geophones) for microseismic
monitoring of a gas storage reservoir (Hardy et al., 1981).
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Figure 2.11 Typical microseismic signal monitored with different arrival time of
compressive and shear waves generated from the same acoustic source (Hardy et al.,
1981).

Considering source location determination in general terms, Figure 2.12 illustrates the
location of a set of geophones surrounding the microseismic source, which is assumed at
point p0. The source location can be calculated from the equation below:
Eq. 3.33
where x0, y0, z0 : coordinates of the source in m
xi, yi, zi : coordinates of a geophone in m
vi : velocity from the source to a geophone in m/s
t0 : origin time in second
ti : arrival time at a geophone in second
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Figure 2.12 Geometry of a typical set of microseismic geophones (Hardy et al.,
1981). Note symbols in this graph are uppercase.

As there are 4 unknowns, which are x0, y0, z0, and t0, at least 4 equations (or 4 geophone
locations) are necessary to solve the equations exactly. The 5th geophone is set in case of
inherent monitoring errors.

Nowadays advanced technology allows geophones to be triaxial, which means the
direction of the microseismic event can be detected. Comparing shear and compressional
time also reveals the distance of the microseismic event from the geophone. With these
improvements, only one observation well with a small number of geophones is required
to run a microseismic survey, which significantly reduces the cost to monitoring
hydraulic fracturing.
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2.7.2 Stimulated reservoir volume (SRV)
The stimulated reservoir volume is used to describe the shape and size of a fracture
network created by hydraulic fracturing in ultralow-permeability reservoirs, which
Mayerhofer et al. (2010) have discussed in detail. It is well known that generally in
conventional reservoirs and tight gas sands, single-plane-fracture half length and
conductivity are the key parameters for predicting stimulation performance. However, in
ultra tight reservoirs, such as shale reservoirs, where complex fracture network structures
in multiple planes are created, the concepts of single-fracture half length and conductivity
are insufficient to describe stimulation performance. This is the reason for the concept of
using SRV as a correlation parameter for well performance.

It has been well documented that microseismic events are created mainly as a result of
shear slippage around hydraulic fractures. In conventional reservoirs with higher
reservoir permeability, the microseismic-event cloud can be fairly wide but may not be
related to the generation of complex fracture networks. In this case, most of the events
may be related to pore pressure increase as a result of rapidly moving pressure transients
in the high-permeability formation. In ultra tight shale reservoirs, diffusivity-related porepressure changes cannot move very far from the actual fracture planes, unless natural
fractures in other directions are opened and hydraulically enhanced as a network
structure, thus serving as conduits for fluid movement. This means that a 3D
microseismic event cloud must be approximately equivalent to the actual fracture
network size. Thus, the event cloud structure observed during microseismic monitoring
provides a means to estimate the SRV in these very tight reservoirs.
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SRV is considered as an important parameter for well performance in ultra lowpermeability reservoirs because their productivity depends primarily on fracture spacing
and conductivity within the SRV and the reservoir area contacted by the SRV.
Mayerhofer et al. (2010) have shown a clear positive relationship between SRVs and
short-term as well as long-term gas production from multiple horizontal wells in the
Barnett shale. Figure 2.13 shows the 6-month cumulative production from a group of
hydraulically fractured horizontal wells vs. their SRV measured from microseismic
fracture monitoring in a specific county of the Barnett shale. Despite the scatter of data
points, the graph clearly indicates that the larger SRVs will result in better well
performance. Figure 2.14 shows a similar trend in a plot of 3-year cumulative production
for the same group of wells vs. their SRVs. The scatter in these plots is considered the
result of variation in fracture spacing, effective fracture network size and conductivity
within the SRVs.
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Figure 2.13 6-month cumulative production from horizontal wells vs. SRV in one
Barnett shale county (Mayerhofer et al., 2010).

Figure 2.14 3-year cumulative production from horizontal wells vs. SRV in one
Barnett shale county (Mayerhofer et al., 2010).
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2.8 Hydraulic Diffusivity
Shapiro et al. (1997) developed an analytical method for estimation of in-situ
permeability using the microseismic emission induced by fluid injection into a formation.
For this purpose, the following diffusion equation of pore pressure in a homogeneous
isotropic poroelastic medium is used to describe the development of hydraulic fractures.
Eq. 2.34
where P : pore pressure perturbation caused by fluid injection in the formation in Pa
t : fluid injection time in second
η : hydraulic diffusivity in m2/s

Shapiro et al. (1997) assumed that initially the state of stress in a reservoir was in
equilibrium until a small increase of pore pressure caused by fluid injection changed the
effective normal stress, triggering the microseismic events. Once the minimum pressure
increase required to trigger microseismic events at the front of the pressure propagation
was defined, the corresponding front of the microseismic event cloud could be located.
The solution to that equation shows that the hydraulic diffusivity coefficient is related to
the distance from the injection point to the triggering pressure front and the injection
time, as shown below:
Eq. 2.35
where rs : distance of a microseismic event from the center of the perforation interval in
m
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Thus, η can be determined from the spatio-temporal distribution of the microseismicevent cloud. This method was used to estimate in-situ permeability by analyzing the
microseismic emission induced by fluid injection into a formation more than 9000 meters
deep. Figure 2.15 shows that the diffusivity coefficient was determined to be between 0.5
and 2 m2/s in a distance versus time plot. The corresponding hydraulic permeability was
estimated in a range of 0.25×10-16 to 1×10-16 m2 (or 0.025 to 0.1 mD). The method was
also used to estimate the hydraulic fracture permeability (Grechka et al., 2010; Shapiro et
al., 2009), but in practice it cannot be used to predict SRV because the assumption of
isotropy rarely applies in reality.

Figure 2.15 Distance of microseismic events from the center of injection interval vs.
their occurrence times since the injection starts (Shapiro et al., 1997). Note symbol D
is used for the hydraulic diffusivity in this graph.
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2.9 Software development technologies
2.9.1 Systems development life cycle
An engineering process that has been widely used for building information systems is
known as systems development life cycle (SDLC), as discussed by Hutchinson et al.
(2000). SDLC provides a powerful guideline to direct and administer the software
development process, to control the financial expenditures, and to prevent the failure of
the development project.

Generally a development cycle is divided into 6 phases, which include (1) preliminary
investigation, (2) systems analysis, (3) systems design, (4) systems development, (5)
systems implementation, and (6) systems maintenance. This cycle can be illustrated
graphically as shown in Figure 2.16. At end of each phase, the benefits and costs are
evaluated in order for the management to decide whether to proceed to the next phase or
redo the previous phases or completely abort the project. It is important to emphasize that
these phases often overlap and some activities in all phases are interrelated and
interdependent, such as data collection, project evaluation, and documentation.
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Figure 2.16 6 phases typically included in a systems development life cycle (SDLC)
(Hutchinson et al., 2000).

Phase 1, preliminary investigation, is also called feasibility study. Its objective is to
define the nature and scope of the problem. At the end, alternative solutions and their
corresponding costs and benefits are proposed for the problem, and the best is selected to
direct the next phase of SDLC.

Phase 2, systems analysis, is a process of collecting information and analyzing the
problem. The objective is to understand what the existing system is already doing and
what is required for the new system. If there is old information system for the problem,
phase 2 should be done by analyzing the system development documentation, user’s
manual, and users’ daily practices. If previous information system does not exist, it is
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important to analyze how the data are processed, for example, paper-based. Often data
flow diagrams (DFD) are used to graphically show how data flow through the system.
Eventually, the problems in the existing system need to be explained and the
requirements for the new system need to be described.

Phase 3, systems design, is meant to create drafts of the proposed software system to
meet the requirements described in the system analysis. It includes a preliminary design
and then a detail design. The preliminary design describes the general functional
capabilities of the proposed software system. It considers the major components of the
system. The detail design describes how the proposed information system will deliver
these general capabilities. It considers small parts of the system, including how to input
and output data, how to store data, and how to process data. During system design,
prototyping, meaning building working models (experimental versions) of system
components, is very useful, for example, for user interface programs, so that they can be
tested and evaluated quickly.

Phase 4, system development, answers questions of how to acquire the hardware and
software and then test the system. The required computers and other devices are
purchased. The software based on the design are made by programming or purchased,
whichever is more efficient and economical. Then, the new system has to be tested
through unit testing, which means tests are run on individual parts of the system, and
system testing, which means all the parts of the system are tested together. At the end, a
workable system should be in place.
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Phase 5, systems implementation, puts the new system into use. This may include
conversion of the old hardware and software to the new system, compiling the final
documentation, and training of the users.

Phase 6, systems maintenance, adjusts and improves the system by having system audits
and periodic evaluation and by making changes based on new conditions. Once the
system is old enough to present new problems, the SDLC is started all over again to
develop an upgrade or a replacement.

2.9.2 Object-oriented programming
Hutchinson et al. (2000) summarized that programming is a step in the systems
development phase of SDLC, as shown in Figure 2.17. Once it is decided all or parts of
the software have to be acquired by developing instead of purchasing, the programming
process is started. Generally the programming is a multistep process, including problem
clarification, program design, coding, testing, documentation, and maintenance.
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Figure 2.17 Programming process as a part of the systems development phase in the
systems development life cycle (SDLC) (Hutchinson et al., 2000).

There are two widely used approaches for programming, structured programming and
object-oriented programming (OOP). Structured programming takes a top-down
approach that breaks programs into modular forms. It proceeds by identifying the
function of the program and then breaking it down, in hierarchical fashion, to specify the
processing steps (modules) required to perform that function, down to the lowest level of
details. Different from structured programming, which is procedure oriented, objectoriented programming is event driven, that is, it responds to input from the user or other
programs. Object-oriented programming is a programming method that combines data
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and instructions for processing that data into a self-sufficient “object” (or module) which
can be used by other programs.

Object-oriented programming involves 3 important concepts, which are encapsulation,
inheritance, and polymorphism. Encapsulation means an object contains both data and
the instructions for processing it. Inheritance means that once an object is created, it can
be used as the foundation for similar objects that have the same data and instructions. All
these objects that are related form a family, called a class. Polymorphism means that a
message produces different results depending on the object that it is sent to. The
advantages of object-oriented programming is that it makes it very efficient to build
programs that are interactive with users or other programs and that the programs are able
to be reused easily.
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Chapter Three: Petrophysics of Shale Reservoirs

Petrophysical interpretation of shale reservoirs is very complex and usually relies on the
use of advanced well logs. In this chapter, a quick yet accurate method for petrophysical
interpretation of shale reservoirs with commonly available well logs is developed. Pickett
plots are used to estimate water saturation, TOC, LOM, and to identify dominant flow
types. Two examples are presented to illustrate the method application in different shale
reservoirs.

3.1 Water Saturation
Archie’s equation is used for the estimation of water saturation in this study. Zhao et al.
(2007) have indicated that based on experimental observations on core samples of the
Barnett formation, the shale is mostly water wet. A water-wet rock has the capability of
conducting electric current under an electric field. Thus, Zhao et al. assume that Archie’s
(1942) equation is applicable for estimating water saturation in shales. The same concept
is adopted in this research.

Practical experience indicates that the m value for shale reservoirs is usually less than 2.
For example, m can be in the order of 1.85 in a shale reservoir, as shown in Figure 3.1. It
is well known that m=2 is used many times in conventional reservoirs. However, in shale
formations, a large amount of interconnected clays combined with formation water create
more paths for electric currents than those in conventional reservoirs where only
formation water in a small amount of interconnected pores provides such paths. In
44

addition, a large number of slots and microfractures existing in some shale reservoirs
contribute to the paths. These extra paths increase the ease for electric current flow in
shale, which is reflected by a significant reduction in the formation factor F.
Correspondingly, m decreases to a value smaller than 2. The m values used in this paper
are in the range from 1.45 to 1.85, which agrees with m values found for shales in the
literature (Aguilera, 1978; Zhao et al., 2007; Ramirez et al., 2011).
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Figure 3.1 Pickett plot (ϕ vs Rt on log-log coordinates) for well in the Haynesville
shale. Water saturation data points are taken from Ramirez et al. (2011).

3.2 Total Organic Carbon (TOC)
Δt in Eq. 2.22 can be replaced by  using Eq. 2.12. By substituting Eq. 2.12 and 2.22 into
Eq. 2.23, a new correlation between Rt and  is derived as follows:

Eq. 3.1
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Equal TOC curves with different LOM values are plotted in a Pickett plot based on Eq.
3.1, as shown in Figure 3.2. Laboratory data published by Passey et al. (1990) for
different values of TOC in a shale formation are also included in the graph. Porosity is
calculated from the sonic transit time with the use of Eq. 2.12, assuming Bc=2.33. There
is no core porosity data available in this case for calibration purposes. From core analysis,
LOM=7 and TOC values for the available data points in Figure 3.2 range between 0 and
5wt% (blue diamond symbols), and between 5 and 10wt% (black squares). By overlaying
the sonic transit time and resistivity curves at a fine-grained non-source interval we
determine that Rt,baseline = 2Ωm and Δtbaseline=85μs/ft. Three sets of equal TOC curves with
larger and smaller LOM are drawn in Figure 3.2 for comparison. When the baseline is
determined, the curve of TOC=0wt% does not vary with LOM. However, the curves of
TOC >0wt% (for example, the curves of TOC=5wt% and TOC=10wt% in Figure 3.2) are
shifted with LOM. If LOM is increased, these curves are shifted to the right. If LOM is
decreased, they are shifted to the left.
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Figure 3.2 ϕ vs Rt Pickett plot showing curves with equal TOC (wt%). Example TOC
data represented by black squares and blue diamonds are taken from Passey et al.
(1990).

3.3 Flow Types
Pickett plots can not only be used to predict static reservoir properties, such as water
saturation and TOC, but also to predict, under favorable conditions, dynamic properties
such as flow regimes as shown in this study.

If it is assumed that pore structure is tubular, then the pore throat size is the same as pore
body size. Eq. 2.28 can be inserted into Eq. 2.27 to give:
Eq. 3.2

By taking logarithm on Eq. 3.2, a linear equation can be derived as follows:
Eq. 3.3
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Eq. 3.3 can be drawn in a Pickett plot, as shown in Figure 3.3, assuming constant values
of pressure, temperature and collision diameter of gas molecules. Different pressures can
be selected, but the first plot should include the initial reservoir pressure. In this way an
estimate of what part of the flow is viscous and what portion is diffusion-dominated can
be made at initial conditions. As the reservoir pressure decreases, Kn becomes larger. A
unified diffusion-viscous flow model can prove useful in these cases (Rahmanian et al.,
2011).
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Figure 3.3 ϕ vs Rt (Pickett plot format) showing equal Knudsen number lines at
constant pressure, temperature and collision diameter of gas molecules. Example
data represented by the black dots is extracted from Passey et al. (1990).

There is not a unique criterion among researchers on what constitutes the boundary
between continuous (viscous) and diffusion-like flow (Ziarani and Aguilera, 2011). If
Kn=0.001 is considered as the boundary between continuous flow and diffusion-like flow,
then data points falling in the zone of Kn>0.001 represent intervals where diffusion-like
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flow is dominant. On the other hand data points falling in the zone of Kn<0.001 infer that
the regime corresponds to continuous flow. Similarly, if Kn=0.01 is considered as the
boundary, then data points falling in the zone of Kn>0.01 correspond to the diffusion-like
flow, while the data points falling in the zone of Kn<0.01 correspond to the continuous
flow.

3.4 Integrated Pickett plot
Integration of different correlations into a Pickett plot can help to obtain quick look
comprehensive interpretations from different perspectives. Eqs. 2.14, 3.1 and 3.3 can be
integrated into a Pickett plot to estimate water saturation, TOC, LOM and flow regimes as
shown in Figure 3.4.
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Figure 3.4 Pickett plot ( vs Rt on log-log coordinates) showing straight parallel lines
for equal water saturations and Knudsen numbers, and parallel curves for equal
TOC values. TOC data represented by black dots are taken from Passey et al. (1990).
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The three sets of parallel curves and straight lines in Figure 3.4 represent constant values
of water saturation, TOC and Knudsen numbers, developed as explained previously.
Because these three sets of curves or straight lines are related to each other, they can not
only be used independently, but they can also be plotted together. The proposed method
assumes that the 100% water saturation line should be tangent to the 0wt% TOC curve.
Theoretically, this is reasonable because the Δ log R technique was developed by
approximating the trend of 0wt% TOC line with the 100% water saturation line as
discussed in Chapter Two.

Essentially the Passey et al. method and the proposed Pickett plot are pointing to the
same control shale interval: the wet interval with 100% water saturation and 0wt% TOC.
It is noticed that, in practice, the 100% water saturation line and the 0wt% TOC curve
may slightly crossover instead of being perfectly tangent to each other, because the finegrained non-source shale interval may actually have approximately 0.8wt% TOC based
on observations by Passey et al. (1990). In the construction of Pickett plots, the equal
Knudsen number lines go across the water saturation lines and the TOC curves, instead of
being parallel to them. This means the flow regimes are not very dependent on water
saturation or TOC. Depending on the value of m from the Picket plot an estimate of
average fracture porosity might be obtained as explained by Aguilera (1978) using data
from the Utica shales in Quebec where m was determined to be 1.54 and the average
fracture porosity 1.4%.
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3.5 Case Studies
Two examples are presented to demonstrate the construction of Pickett plot including
water saturation, TOC, LOM and flow regimes. The basic data are listed in Table 3.1.

Table 3.1 Summary of input parameters for Pickett plot examples.
Parameters
Haynesville Comments
Well E,
Passey
a

1

1

Assumed.

m

1.48

1.85

From straight line tangent to TOC = 0wt%

n

2

2

Assumed

h(m)

3390

3220

From well logs

Ts(˚C)

20

20

Assumed surface temperature.

T(˚C)

101.36

140.62

Calculated with geothermal gradient.

P (Pa)

3.99E+7

3.79E+7

Pressure gradient is assumed as 11770Pa/m.

Rw (Ω.m)

0.017

0.013

Calculated with Arp’s equation.

Rt,baseline (Ωm)

2

10

From Rt and Δt overlay

Δtbaseline (μs/ft)

85

40

From Rt and Δt overlay

LOM

8-9

12

Organic maturity estimated from core.

Δtf(μs/ft)

189

189

Assumed sonic transit time in fluids.

Δtm(μs/ft)

68

55

Assumed sonic transit time in matrix.

B (μs/ft)

214.6

214.6

From Magara (1978)

Bc

2.33

1.725

From calibration with cores (if available)

σ (dyne/cm)

480

480

Surface tension of mercury.

θ (°)

140

140

Contact angle of mercury in air.

δ (m)

4.10E-10

4.10E-10

average of 87.4%CH4, 0.12%C2H6, 12.48%
CO2 in mole
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3.5.1 Case 1: shale gas well E (data from Passey et al., 1990)
The first example is based on data of shale gas well E published by Passey et al. (1990).
TOC data measured from cores are available for this well; also sonic and resistivity logs
at the corresponding depths are shown in Figure 3.5. According to the Δ log R technique,
the baseline should be selected at a fine-grained non-source interval, where core data
indicate TOC values of about 0 (actually TOC<0.8wt% according to Passey et al.). For
this well, the interval is picked at the depth of 3445m to 3456m, where Rt,baseline = 2Ωm
and Δtbaseline=85μs/ft. Without porosity data from cores for calibration purposes, porosity
is calculated directly from the sonic log.

When the baseline values from sonic and resistivity logs are determined, the curve for
TOC=0wt% is fixed in the Pickett plot. By adjusting the LOM values in Eq. 3.1, the
curves of TOC >0wt% can be plotted as shown in Figure 3.6. If LOM is increased, the
TOC curves are shifted to the right. If LOM is decreased, they are shifted to the left. By
fitting the curves with actual data points representing different TOC values, the best
matches are obtained with LOM values of about 8.5, which agrees with the range of 8 to
9 obtained from core data.
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Figure 3.5 Sonic and resistivity logs for a shale formation with baseline selected
(Passey et al., 1990).

Water saturation is not available for this shale formation, but it can be estimated. First,
the average depth of this formation is 3390m, so the formation average temperature is
estimated and then Rw is calculated using Arps (1853) equation based on an Rw of 0.05 at
surface temperature (NaCl concentration of 160000 ppm is assumed, then Rw is
estimated with the graph from Rider, 2002). Next, assuming Sw is approximately 100%
when TOC=0wt%, a straight line of 100% water saturation can be drawn, tangent to the
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curve of TOC=0wt%, as shown in Figure 3.7. From the slope of this line, an m = 1.48 is
calculated.
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Figure 3.6 Pickett plot for shale gas well E. TOC data is taken from Passey et al.
(1990).
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Figure 3.7 Pickett plot for shale gas well E showing water saturation, TOC and
Knudsen number lines. TOC data are taken from Passey et al. (1990).

The flow regimes can be classified once the coefficients in Archie’s equation have been
determined. Since no capillary pressure data and no permeability data are available, we
cannot calibrate empirical Eqs. 2.24 and 2.25. Thus, the default coefficients are used. In
addition, as no information is available about the pore structure, it is assumed that the
pores in the shale are of tubular shape, and thus r=0.5d. The derived Eq. 3.3 is used to
draw the straight lines corresponding to different Kn values as shown in Figure 3.7. If
Kn=0.001 is chosen as the lower limit of diffusion-like flow, the graph shows that almost
all the data are falling in this flow regime. If Kn=0.01 is chosen as the lower limit of
diffusion-like flow, these the data are falling in the continuous flow regime.
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3.5.2 Case 2: shale gas well from the Haynesville reservoir
The second example uses data from the Haynesville shale gas reservoir (Ramirez et al.,
2011). Detailed laboratory analysis for the cores taken from interval 3222m to 3236m is
available for this well, including porosity, water saturation, and kerogen volume. The
correlation between sonic log and porosity from crushed core samples, shown on Figure
3.8, leads to values of Δtm=55μs/ft, and the product BBc=370.1 (B=214.6 from Magara,
1978; Bc=1.725). The average depth of this formation is about 3220m, so Rw is calculated
(Arps, 1953; Rider, 2002) using an Rw of 0.048 ohm-m at surface temperature. The
vitrinite reflectance (Rov) value of 1.6% from core data is equivalent to a LOM value of
about 11 to 12 calculated from the equation (Aguilera, 2006):

Eq. 3.4
where Rov : vitrinite reflectance

The above equation was developed empirically on the basis of laboratory data published
by Hood et al. (1975). An extension has been made by considering that the exponent m is
approximated by the porosity exponent in Archie’s equation. A graphical solution of Eq.
3.4 is presented in Figure 3.9.
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Figure 3.8 Correlation between sonic transit time and actual porosity of the
Haynesville shale formation. The black square at the bottom of the graph is
excluded from the best fit because the gamma ray shows a much cleaner sand (not a
shale). Data points are extracted from Ramirez et al. (2011).
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Figure 3.9 Determination of the level of organic metamorphism (LOM) based on
knowledge of vitrinite reflectance (Rov) and the cementation exponent, m. The
laboratory data is taken from Hood et al. (1975).

A difference from the first example is that in this case there is not a fine-grained nonsource interval or a water zone. All the available core data show that Sw<50% and
TOC>0.8wt% for the lower half of the shale formation. The upper half has very similar
log responses to the lower half of the formation as shown in Figure 3.10. This would
make it impossible to directly locate the curve of 0wt% TOC or to construct the straight
line of 100% water saturation in a Pickett plot. However, from the published water
saturations (Ramirez et al., 2011), the straight line of 100% water saturation can be
estimated, as well as an m of 1.85 by drawing a tangent to the curve representing a TOC
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of 0wt% (Figure 3.11). Mathematically, iterations can be conducted with Eq. 3.4 to
determine the precise values of LOM and m. As the LOM value is known based on Rov
discussed previously, the equal TOC curves built on the Pickett plot are only dependent
on the choice of the baseline values of sonic transit time and resistivity. For an Rt,baseline =
10Ωm and Δtbaseline=40μs/ft, a 0wt% TOC is constructed. The straight line of 100% water
saturation is drawn tangent to the TOC=0wt% curve.

Figure 3.10 Sonic and resistivity logs of well in the Haynesville shale formation. The
two curves are separated based on the optimized baseline. Log data taken from
Ramirez et al. (2011).
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Figure 3.11 Pickett plot for the Haynesville shale formation. Core data are extracted
from Ramirez et al. (2011).

Comparison of the TOC curves with the TOC core data points is good as shown in Figure
3.11, where porosity is calculated from the sonic log based on calibration with core data.
Figure 3.12 shows that in the Pickett plot water saturations 15%<Sw<50% are consistent
with core data and the NMR log published by Ramirez et al. (2011), and that
1.5wt%<TOC<3.5wt% also agrees with core data.

The flow regime is also predicted for this shale formation. Most of the data points from
the cored interval fall in the zone of 0.001<Kn<0.01, which means the flow is probably
dominated by a diffusion-like mechanism if Kn =0.001 is considered as the lower limit of
diffusion-like flow regime or by a continuous flow mechanism if Kn =0.01 as the lower
limit of diffusion-like flow regime, as shown in Figure 3.11. All the core and log data
integrated in Figure 3.12 provide consistent results. This makes the Pickett plot a
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powerful tool for quick, yet reasonably accurate, evaluation of shale gas reservoirs.
However, the proposed approach is not meant to replace detailed petrophysical and
thermal maturity studies of shale gas formations. It is a robust complement as the detailed
studies, including cores, are performed typically in a small percentage of the wells.
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Figure 3.12 Pickett plot for the Haynesville shale formation. Water saturation data
are extracted from Ramirez et al. (2011).

The two examples discussed above show that the straight line of 100% water saturation
on the Pickett plot is tangent to the curve of 0wt% TOC or that they slightly overlay on
each other. Equal Knudsen number lines cross the equal water saturation lines and the
equal TOC curves. The cementation exponent m is less than 2, ranging from 1.45 to 1.85.
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Chapter Four: 3D Analytical Modeling of Stimulated Reservoir Volume

In this chapter, the development of a new 3D analytical model capable of simulating
stimulated reservoir volume (SRV) in an anisotropic reservoir based on information from
microseismic data is presented. The model is extended next to the case where detailed
information is not available. Porosity and permeability from petrophysical models
discussed in previous chapters can be used as input data for the 3D analytical model. The
application of this model for both horizontal and vertical wells is demonstrated with the
use of two case studies.

4.1 Diffusivity coefficient
Hydraulic diffusivity coefficient is defined as follows:
Eq. 4.1
where k : hydraulic permeability in m2
ϕe : effective porosity
μ : viscosity of the injected fluid in Pa.s
ct : total compressibility of the porous medium in Pa-1, including both formation
and fluid.

Effective porosity is estimated from log interpretation (preferably from triple porosity
model) or laboratory analysis. Viscosity and compressibility of the injected fluid can be
obtained from PVT tests. Rock compressibility can be acquired from laboratory
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mechanical tests on formation samples. In-situ hydraulic permeability during hydraulic
fracturing can be estimated from modeling microseismic data or reservoir simulation.

4.2 Simulation of stimulated reservoir volume (SRV)
The purpose of this study is to develop an easy to use analytical modeling to simulate the
(SRV) in a homogeneous anisotropic medium.

SRV can be approximated by the 3D volume of the microseismic event cloud. This is
usually done by introducing discrete bins in which the stimulated reservoir area and
height are estimated (Mayerhofer et al., 2010). However, this relies heavily on large
amounts of microseismic data, which usually are not available in most of the hydraulic
fracturing jobs due to the limited number of observation wells, the limited detection
distance of receivers, and the limited budget allocated to microseismic monitoring.
Shapiro et al. (1997) developed an analytical method for modeling the microseismic
emission induced by fluid injection, but it is only applicable to isotropic porous media. In
this study, a 3D analytical model is developed capable of simulating SRVs in a reservoir
when the detailed information is not available and the formation is anisotropic.

4.2.1 Model derivation
The study is carried out in a homogeneous anisotropic poroelastic medium, in which the
permeability components in 3D are perpendicular to each other. Since the medium is
homogeneous, its permeability at any location has the same value. A 3D Cartesian
coordinate system is set up in such a way that one axis is parallel to the orientation of the
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maximum permeability component, a second axis is parallel to that of the minimum
permeability component, and the third axis is parallel to the orientation of the last
permeability component. It is assumed that initially the state of stress in the medium is
under equilibrium before any injection. In the pore space, a single phase system is
assumed since the reservoir stimulation is primarily impacted by the injected liquid as
compared to the gas phase in formation. In order to easily simulate the SRV
development, it is assumed that the pressure loss at perforation locations is negligible,
and the injected fluid changes neither the reservoir volume nor the pore volume
significantly.

Based on the mass balance in a 3 dimensional space, a partial differential equation is set
up to describe the flow behaviors as follows:
Eq. 4.2
where P : pressure in the porous medium in Pa
x, y, z : coordinates in the orthogonal system in m
kx, ky, kz : permeability components in the orthogonal system in m2
ϕe : effective porosity
ρf : fluid density in kg/m3
μ : viscosity of the injected fluid in Pa.s

This equation can be further transformed as:
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Eq. 4.3
where c : fluid compressibility in Pa-1
cf : formation compressibility in Pa-1

In order to solve the partial differential equation, the non-linear terms,
and

are assumed as insignificant compared to the linear terms

,
,

,
and

.

By assuming the non-linear terms equal to 0, the previous equation is simplified to:
Eq. 4.4
where ct : total compressibility of the porous medium in 1/Pa, including both formation
and fluid.

The initial condition and boundary conditions are:
,

,
,

,

,

,

,

,

,

,

,
,

where Pinj : injection pressure at wellbore in Pa
Pi : initial reservoir pressure in Pa

Here, the reservoir is assumed as not very thick, so the static hydraulic pressure or the
effect of gravity force can be ignored.
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Eq. 4.4 can then be further simplified by letting:
,

,

,

where ΔPres : pressure difference induced to a given location in the porous medium by
fluid injection
ΔPinj : pressure difference induced to the porous medium at wellbore by fluid
injection
PN : normalized pressure

The simplified equation is shown below:
Eq. 4.5
where the diffusivity coefficient

.

The initial condition and boundary conditions become accordingly:
,
,
,

,
,

,
,

,

,

,
,

,

By assuming

, the variables in Eq. 4.5 are

separated, as shown below:
Eq. 4.6
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This equation is equivalent to the following 3 differential equations:
;

;

Their initial condition and boundary conditions are respectively:
,
,
,

,
,

;
;

,

,

,

,
;

,

,

;
;

,

,

,

,
;

,

,

,

With the Laplace transform, these 3 differential equations can be solved as discussed in
APPENDIX A. Their solutions are:
,

,

The final solution to Eq. 4.4 is:
Eq. 4.7
where ΔPres : pressure difference induced at any location in the reservoir by fluid
injection
ΔPinj : pressure difference induced in the reservoir at wellbore by fluid injection

The diffusivity coefficients in 3 dimensions are
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,

,

.

It can be noticed that Eq. 4.7 is not the exact solution to Eq. 4.4 due to the assumption of
solution form at Eq. 4.6, but this approximate solution can be used to describe the
pressure front that triggers microseismic events during reservoir stimulation.

With a similar procedure, the equation in a 2 dimensional space can be set up as follows:
Eq. 4.8

The initial condition and boundary conditions are:
,

,
,

,

,
,

,
,
,

The approximate solution to Eq. 4.8 can be obtained as:
Eq. 4.9
where ΔPres : pressure difference induced at any location in the reservoir by fluid
injection in Pa
ΔPinj : pressure difference induced in the reservoir at wellbore by fluid injection in
Pa

The diffusivity coefficients in 2D are

, and

are consistent with the directions of the corresponding permeabilities.

68

and their directions

If Ptrg is defined as the minimum pressure required to trigger microseismic events at any
location in the reservoir and assumed as constant, then Eq. 4.7 can be written as:
Eq. 4.10
where ΔPtrg : minimum pressure difference required to trigger microseismic events in Pa

This equation describes the triggering front of the microseismic-event cloud or the
geometry of SRV. Eq. 4.4 and its solution developed for 3D models can be easily
transformed to an equation and a solution for 2D models by removing one spatial
variable.

4.2.2 Application of 3D model
The simulation of SRV involves two steps: (1) calibration of the model by determining its
hydraulic diffusivity coefficients and (2) predicting the geometry of SRV. If y=0m and
z=0m, Eq. 4.7 can be simplified to Eq. 4.11. Since ΔPtrg , ΔPinj and ηx are assumed to be
constant, it is clear that

. In the plot of x vs

(Figure 4.1), theoretically all the

microseismic events should occur within the distance at a time shown by this straight line
since it corresponds to the triggering front of the injection-induced microseismic events.
In practice, microseismic events have high probability to fall below the straight line but
very low probability to appear above it. Therefore, ηx can be determined from the slope of
the straight line after fitting it to the microseismic events. With similar procedures, ηy and
ηz can be determined as well.
Eq. 4.11
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Figure 4.1 Determination of x/t0.5. The straight line represents the triggering front of
the microseismic event cloud in x axis where y=0 and z=0.

After all the components of the diffusivity coefficient are determined, the 3D model can
be built for any injection pressure and injection time in the reservoir. An example model
is discussed and its data are listed in Table 4.1. The map view and two side views of the
3D model at different time are shown in Figures 4.2 (A), (B) and (C). Under a constant
injection pressure, the development of SRV with time is presented. The hydraulic fracture
network clearly grows with different speeds in different directions in the 3D space as the
pressure front propagates from the injection point into the reservoir. When the
stimulation job is finished at t=4hr, the contour graph of the side view of the SRV shows
a dome shape in Figure 4.3.
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(C)
Figure 4.2 SRV development with time using a 3D model. (A) map view (z=0m). (B)
side view (y=0m). (C) side view (x=0).
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Figure 4.3 Side view of the SRV at t = 4hr, the end of injection. The contour curves
are for different y values.
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It is very important to note that Eq. 4.7 can be applied to thick reservoirs in which large
static hydraulic pressure difference exists although the equation is derived with an
assumption that the static hydraulic pressure or the gravity effect is very small and
negligible. As the depth changes, Ptrg , Pinj and Pi change with the same amount of
hydraulic pressure, so ΔPtrg and ΔPinj mathematically remain the same. Thus, Eq. 4.7 can
be used to describe the SRV in thick reservoirs, such as the SRVs of vertical hydraulic
fractures.

4.2.3 Comparison with numerical model
The analytical model is compared with a numerical model to study its applicable
conditions since the analytical model is based on an approximate solution. The numerical
model is built based on the same assumptions used for the analytical model with some
corrections to match the volume of SRV.

First, it can be observed that the shape of the analytical model is close to but not exactly
an ellipsoid. The numerical model shows the geometry of an ellipsoid, which agrees with
the work of Kucuk et al. (1979), who proved with an analytical method that a pressure
change at a point causes elliptical flow in a 2D anisotropic reservoir. Because the shape
from the analytical model in this study is not exactly an ellipsoid, the SRV volume from
the numerical model is matched to that of the analytical model at the time when injection
ends.

73

Second, the propagation speed of the SRV predicted by the analytical model is somewhat
different from that predicted by numerical model. The volumes of the 2D analytical
model and 2D numerical model are matched at t=4hr (

=120

). In this 2D system, the

propagation front calculated from the analytical model is very close to that from the
numerical model (Figure 4.4(A)). The volumes of a 3D analytical model and a 3D
numerical model are matched at t=4hr (

=120

). In this 3D system, the propagation

front calculated from the analytical model is close to that from the numerical model when
its dimension varies within 30% (Figure 4.4(B)). In other words, this analytical model
works well if the SRV to be predicted is 30% larger or smaller in dimension than the
SRV from which the model is calibrated. The practical implications of the 30% SRV
variation on well performance have not been evaluated in this study.
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Figure 4.4 Comparison of propagation distance vs. time calculated with the
analytical model proposed in this study and a numerical model for (A) 2D and (B)
3D.

4.2.4 Sensitivity study
A sensitivity study was carried out in the two steps of the simulation, including (1)
calibration and (2) prediction models.

Calibration.- In the calibration stage, uncertainty on the diffusivity coefficients is
dependent on the uncertainty of ΔPtrg , ΔPinj , and spatio-temporal distribution of
microseismic events. For example, uncertainty of ηx is determined by the variation of
ΔPtrg , ΔPinj , and x/

in a 2D or 3D system (Figure 4.5(A)). ΔPtrg depends on the rock

properties and varies with location in different reservoirs. As such, it requires detailed
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geomechanical analysis. Ferreira et al. (1995) found that the seasonal microseismic
events in a reservoir are induced by the pressure fluctuation between 20 and 50kPa.
Shapiro et al. (1997) suggested only 3kPa for a deep formation he studied. The range of
ΔPtrg in the sensitivity test is based on these published cases. ΔPinj has an uncertainty due
to the lack of downhole injection pressure measurements. The estimation of downhole
pressure from surface measurements usually introduces some errors. The uncertainty of
x/

is caused by the difficulty in matching it to the spatio-temporal distribution of

microseismic events because of the scarcity and randomness of microseismic events at
their propagation front. This sensitivity study shows that the diffusivity coefficients are
more sensitive to the spatio-temporal distribution of microseismic events than to ΔPtrg or
ΔPinj.

Prediciton.- In the prediction mode, uncertainty of the SRV volume is dependent on
ΔPtrg, ΔPinj, and diffusivity coefficients. Two examples of the sensitivity of the SRV
volume due to variation of ΔPtrg , ΔPinj and the diffusivity coefficients for both 2D and
3D are shown in Figures 4.5(B) and (C). The variation of ΔPtrg for different rocks brings
uncertainty to this model when it is applied to hydraulic fracturing at a different location
even if it is within the same reservoir. As mentioned above, the estimation of ΔPinj can
introduce some uncertainty. The uncertainty on the diffusivity coefficients is mainly
caused during the calibration process and is also related to their applicability in reservoirs
with high stress heterogeneity. The sensitivity study shows that the SRV volume is more
sensitive to the diffusivity coefficients than to ΔPtrg or ΔPinj.
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Figure 4.5 (A) Sensitivity of the diffusivity coefficient ηx to different parameters. (B)
Sensitivity of SRV volume to different parameters in a 2D system. (C) Sensitivity of
SRV volume to different parameters in a 3D system.

4.2.5 Case studies
Two cases are studied to demonstrate how to use the proposed analytical model for
simulating the development of a hydraulic fracturing SRV in low-permeability reservoirs.
The basic data are listed in Table. 4.1.

Table 4.1 Summary of model parameters.
Parameter
Theoretical model (3D)

Case 1 (2D)

Case 2 (3D)

ηx (m2/s)

0.840

0.739

0.804

ηy (m2/s)

0.0524

0.0877

0.385

ηz (m2/s)

0.209

Pi (MPa)

25.0

26.0

30.7

Pinj (MPa)

40.0

40.0

45.0

ΔPtrg (MPa)

0.03

0.03

0.03

ΔPinj (MPa)

15

14

14.3

2.52
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4.2.5.1 Case 1: 2D model application to SRV at a vertical well (Barnett Shale)
The first case study is on hydraulic fractures created in a vertical gas well in the Barnett
shale. The microseismic monitoring data of the fracturing job was published by Shapiro
et al. (2009). The well is drilled in the Lower Barnett shale of the Fort Worth Basin.
Barnett shale is known as an organic-rich black shale formation with extremely low
permeability in the range of micro to nano-darcys. During hydraulic fracturing, the
injection pressure is maintained approximately constant (Figure 4.6). The microseismic
events are recorded with time (Figure 4.7). It is clear that the development of fracture
network is confined between the top and the bottom of the shale rock at a horizontal
interval ranging from -2345 to -2405m. Therefore, a 2D model can be used to simulate
the horizontal development of this SRV.
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Figure 4.6 Injection pressure at wellbore as a function of time (Data from Shapiro et
al., 2009).
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Figure 4.7 Side view of the microseismic cloud (Microseismic data from Shapiro et
al., 2009).

The x-component and y-component of the diffusivity coefficient are determined by
analyzing the microseismic data (Figures 4.8(A) and (B)). The reservoir is assumed to be
horizontal with a constant thickness of 60m. A Cartesian coordinate system is set up
horizontally with its x axis parallel to the direction in which the microseismic cloud
grows the fastest (approximately N37°E). In the plots of x vs.

, straight lines with high,

medium and low slopes are tried to fit the microseismic data, below which about 98%,
95%, and 90% of the total number of events are retained. The medium slope is selected as
the best. Then, the slope is substituted in Eq. 4.11 to calculate the x-component of the
diffusivity coefficient. The same approach is used for the y component. It is noticed that
the straight line does not fit the microseismic data well when t<1hr (or

<60

in

Figures 4.8(A) and (B)). One possible reason is that the approximate analytical solution
might cause the deviation. Another possibility is that the SRV develops with a high
degree of randomness at early times. The early time microseismic events, as shown in
Figure 4.7, tend to occur in the negative direction of x axis and in the shallow interval
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from -2345 to -2360m. It is only after about 1 hour that the microseismic events occur
symmetrically in different directions and within the entire reservoir interval.
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Figure 4.8 Determination of (A) x/t
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and (B) y/t0.5 (Data from Shapiro et al., 2009).
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With the obtained diffusivity coefficients, the 2D model is constructed for this SRV
(Figure 4.9). The triggering front simulated by the proposed model is in good agreement
with the majority of the microseismic events. A small number of microseismic events
observed at each time point fall beyond the triggering front, indicating some probable
fault zones, similar to what Shapiro et al. (1997) found in the German Continental Deep
Drilling Borehole (KTB) project.
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Figure 4.9 Map view of microseismic events (dots) and the SRV development with
time generated with the 2D model proposed in this study (curves) (A) t=20min, (B)
t=20min, 1hr, (C) t=20min, 1hr, 3hr, (D) t=20min, 1hr, 3hr, 5hr (Microseismic data
from Shapiro et al., 2009).

4.2.5.2 Case 2: 3D model application to SRV at a horizontal well (Marcellus Shale)
The second case is a vertical hydraulic fracture created in a horizontal gas well drilled in
the Marcellus shale. The microseismic monitoring data for hydraulic fracturing stage 5
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was published by Hulsey et al. (2010). However there were 6 hydraulic fracturing stages.
The well is located in the Pittsburgh Low Plateau of the Appalachian Basin with its
lateral section along the top of the Marcellus Shale formation. The hydraulic fluid is
injected from the perforation point at the horizontal well and the SRV grows into a 3D
space with no apparent confinement, so a 3D model is used for simulation. The vertical
growth of the hydraulic fracture, however, stops as discussed later.

The three components of the hydraulic diffusivity coefficient are determined from
microseismic data (Figures 4.10. (A), (B), (C)). Similar to the case 1, a Cartesian
coordinate system is set up first. Since this is a vertical fracture, z axis is made parallel to
the direction in which the microseismic cloud grows the fastest vertically. In this case, the
hydraulic fracturing has a strike of N45°W and a dip of 45° towards southeast. The x axis
is set parallel to the direction in which SRV grows the fastest horizontally. Because only
the microseismic event cloud at the end of stimulation is available, there are no multiple
time points for line fitting and the slope of the fitted line is solely dependent on the
microseismic data at the last time point. The straight lines with high, medium and low
slopes are located in such a way that 98%, 95%, and 90% of the total number of events
are below the straight lines. The medium slope is selected as the most representative. In
this case, the injection pressure is estimated at about 45MPa based on knowledge of the
surface injection pressure and the fluid injection rate. Finally, the 3D model is built as
shown in Figures 4.11 (A), (B) and (C). Note the vertical growth limits of the hydraulic
fracture.
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Figure 4.10 Determination of (A) x/t0.5, (B) y/t0.5 and (C) z/t0.5 (Data from Hulsey et
al., 2010).
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Figure 4.11 Microseismic events (dots) and SRV presented by the 3D model
(curves). (A) map view (z=0m). (B) side view (y=0m). (C) side view (x=0).
(Microseismic data from Hulsey et al., 2010).

It is noticed that the hydraulic diffusivity is very high and a large SRV is developed
within a short period of time (30 min). This is caused by natural fractures in the reservoir
developed by faulting, which allow the injected fluid to open the natural fractures rather
easily. The evenly and symmetrically distributed natural fractures within the anisotropic
media make it possible to use the proposed analytical model as it was developed based on
the assumption of homogeneity. The model can be used to predict the SRV in the same
fault zone (stage 6), which is reported to have the same orientation as observed in
hydraulic fracturing stage 5 discussed above (about perpendicular to the orientation of
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maximum local horizontal stress). However, this model can not be used to predict the
SRV of stages 1 to 4, which are orientated along the direction of maximum local
horizontal stress as they are not influenced by the faulting.

89

Chapter Five: Software Development for Petrophysics

The theory and practice of petrophysical evaluation for tight and shale reservoirs was
discussed in Chapters Two and Three. This chapter incorporates these evaluation
methods into a software system. Practical workflows for performing the calculations are
organized and integrated. System development life cycle and object-oriented
programming techniques are utilized for the development of this software. Two case
studies using data from both tight and shale reservoirs are presented to illustrate the
software development and the application of the software. The user’s manual is shown in
APPENDIX B.

5.1 Software development
5.1.1 Preliminary investigation
The preliminary investigation is conducted to define the nature and scope of the problem.
During the investigation, the purpose of developing the information system is decided as
to assist with petrophysical interpretations for unconventional reservoirs with the most
front-edge petrophysical technologies. With this in mind, the commercial software
systems are generally not sufficient, since it takes software companies significant time to
digest the relatively new technologies. During the past 5 years, the GFREE research team
at the University of Calgary has made significant improvements in the petrophysical
theories and practices as well as their applications in other petroleum engineering
disciplines (Aguilera

and Harding, 2011).

However, because of contractual

confidentiality issues they started being released only during the last 2 years. As a result
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most of these techniques have not been adopted in commercial software yet. Therefore, it
is necessary to have an in-house information system to equip petrophysicists and
engineers with these new techniques.

The technical scope of the information system is focussed on petrophysical interpretation
technologies developed by GFREE for tight and shale reservoirs. The reason is that these
two types of reservoirs are the most important in today’s oil and gas environment and
GFREE has accumulated vast experience in their evaluation.

In this preliminary investigation, 3 general solutions are proposed. Solution 1: do not
change the existing system; solution 2: upgrade the existing system; solution 3: build a
new system. It is very important to choose one of these solutions in order to move on to
the system analysis phase. There is an existing information system whose main menu is
shown in Figure 5.1. This software system is a self-sufficient system that contains file
management, log interpretation with the support of core data for calibration purposes
(with environmental corrections for logs, dual porosity models, shale/clay formation
models, fluid saturation determination, and permeability estimation), and printing and
plotting functions. However, the last time this system was upgraded is in 2007, the new
technologies were not available and had not been applied; thus, solution 1 was not an
option.
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Figure 5.1 The main menu example of an existing petrophysical interpretation
software used in the GFREE team.

Does it have to be upgraded or completely abandoned to develop a new system? With
further analysis of the existing system, it was found that no development specification
documents or user/operation manuals were prepared during the system development and
maintenance. This made upgrading the system very time consuming, because there is no
better way of understanding the overall system structure or the details of internal data
structures and algorithms than reading all the source codes. Some other problems further
increased the difficulty including that the output file format was not in LAS (Log ASCII
Standard) file format and some bugs were found in the user-computer interfaces. These
all made the required budget and, particularly, the required time for upgrading the
existing system unpredictable, which means solution 2 was not an option.
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Thus, solution 3, building a new system, became the best choice. The benefit of this
solution is that budget and time was saved on the system analysis phase without having to
review how the existing system worked. The down side is that it requires more budget,
effort, and time for the system design and development phases as very little previous
work is available for direct use.

The requirements for building the new information system are studied and documented.
The hardware required for the system is a micro-computer and the operating system is
preferably the latest version of Windows. These resources are already available for
research work, so they are not considered in the project budget. The consideration of the
project requirements are focused on time. The time required for the SDLC of this system
is estimated at approximately 4 months-person, and the tasks and time of each phase and
their sub-steps are listed in Table 5.1.
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Table 5.1 Time requirement estimate for the SDLC.
SDLC phases
Sub-step tasks

preliminary
investigation

Review available information for newly developed 5
petrophysics for unconventional reservoirs and
determine the purpose and scope of the information
system.
Select 1 out of the 3 development solutions by 4
comparing
their
corresponding
benefits
and
requirements.
Documentation.

systems
analysis

Time
(work day)

1

Collect petrophysical interpretation techniques and 5
procedures.
Analyze and organize the techniques and procedures 7
and present them in data flow diagrams.
Documentation.

3

Preliminary design: define the major functional 3
capabilities of the system.
systems design

Detail design: define detailed objects and describe data 9
input and output in a data dictionary.
Documentation.

3

Acquire hardware and make sure the computers and 2
other devices meet the development requirements.
systems
development

Acquire software: develop the software by selecting the 20
proper programming tools and language and coding the
programs.
Test the system with unit testing and system testing.

10

Documentation.

3

Convert to new system: organize object files and sample 1
data files.

systems
implementation Compile documentation, including source code, sample 4
data, technical document, and user manual.
systems
maintenance
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5.1.2 System analysis
The systems analysis phase is done by collecting data and analyzing the problem. The
objective is to understand the existing problem and to describe what is required for the
new system.

The information of petrophysics for tight and shale reservoirs is collected primarily from
the topic-related theses and papers published by the GFREE team and the papers they
referred to. The existing information system is also studied carefully. Even though the
adopted technologies are not the latest and their documents are not available, the designs
of functions and data processing procedures still provide valuable references to the new
system. A general data flow diagram for the information system is shown in Figure 5.2.
The input data for the petrophysics system are mainly from geological knowledge, well
logs, cores, drill-cuttings and petrographic analyses. After the system processes these
data, the interpreted petrophysical characteristics are output in the form of well logs or
technical plots.

Source
data

Geological information

Log data

Core and cutting test data

Data
processing

Interpreted
results

Data logs

Data plots

Figure 5.2 Data flow diagram for the information system.
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Petrographic data

It is known that, in tight reservoirs, the presence of connected and non-connected
dissolution pores, microfractures and slot porosity complicate the interpretations. Thus,
the critical petrophysical parameters, including matrix, fractures, non-connected and
effective porosities, and water saturation, can be calculated with the use of dual and triple
porosity models. In the case of shale reservoirs, the presence of clays and organic matter,
complex mineralogy and pore structure often make the log responses complicated; so the
parameters of interest are total porosity, total organic carbon, level of organic
metamorphism, and flow regimes (continuous vs. diffusion-like) at any pressure of
interest (for example the initial reservoir pressure).

The collected petrophysical interpretation techniques and procedures are organized into
effective work flows and presented in data flow diagrams. For simplification, data
processing symbols are removed with only input and output data relationships remaining
in the diagrams. The data flow diagram for tight reservoirs is shown in Figure 5.3. In the
present version, porosity can be estimated from density and sonic logs. From these, and
the inclusion of a neutron porosity log and a fracture porosity log, the total, matrix,
fracture, and non-connected porosity values can be calculated with dual or triple porosity
models. The fracture log can be estimated from image logs and/or petrographic analysis.
The porosity exponent can be calculated with dual or triple porosity models and water
saturation determined with the use of resistivity logs. The corresponding Knudsen
numbers can also be computed if detailed core tests are available. Future versions of the
program will allow other computations and permutations. For example, fracture porosity
will be calculated from the dual o triple porosity model based on data availability.
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Log
data

Resistivity log Rt

Neutron porosity ϕN

Density log ρb

Sonic transit time Δt

Density porosity ϕD

Fracture porosity ϕ2

Total porosity ϕ

Interpreted
results

Sonic porosity ϕs

Matrix porosity ϕb

Total porosity ϕnc

Matrix porosity ϕm

Cementation factor m

Water saturation Sw

Knudsen number Kn

Figure 5.3 Data flow diagram of petrophysical characteristics interpreted from log
data for tight reservoirs.

The data flow diagram for shale reservoirs is shown in Figure 5.4. Total porosity can be
determined from a sonic log particularly if core data are available for calibration
purposes. Water saturation can be estimated from porosity and resistivity logs if the
correct porosity exponent estimated from Pickett plots is available. Total organic carbon
can be estimated based on sonic and resistivity logs if LOM values are found from the
analysis of cores or drill cuttings. As in the case of tight reservoirs, Knudsen numbers can
be estimated particularly if detailed core tests are available. Knudsen numbers can also be
incorporated in Pickett plots. The advantage of using a Pickett plot in shale gas
formations is that it allows quick estimation of reservoir characteristics. However, the
proposed approach is not meant to replace detailed mineralogical, petrophysical and
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thermal maturity studies of shale gas formations. It is rather a robust formation evaluation
complement, as detailed studies, including cores, are performed typically in a small
percentage of the total number of wells drilled in shale reservoirs.

Log
data

Sonic transit time Δt

Resistivity log Rt

Total porosity ϕ

Total organic carbon TOC

Interpreted
results
Water saturation Sw

Knudsen number Kn

Figure 5.4 Data flow diagram of petrophysical characteristics interpreted from log
data for shale reservoirs.

The data flow diagram of geomechanical interpretations for tight and shale reservoirs are
shown in Figure 5.5. Young’s modulus can be estimated from density, compressional
sonic, and shear sonic logs. Poisson’s ratio can be quantified from compressional sonic
and shear sonic logs. Minimum horizontal stresses can be determined if reliable Biot’s
constants are known as well as overburden stresses estimated from density logs.

The system requirement specifications, including data flow diagrams, are documented.
Once the system requirements were clarified and organized, it was decided to proceed to
the next phase of SDLC, which is system design.
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Log
data

Density log ρb

Compressional transit time Δt

Overburden stress σv

Young’s modulus E

Shear transit time Δts

Poisson’s ratio ν

Interpreted
results
Minimum horizontal stress σh,min
σh,min
Figure 5.5 Data processing diagram of geomechanical characteristics interpreted
from log data for tight and shale reservoirs.

5.1.3 System design
The system design in SDLC is performed to create drafts of the proposed information
system to meet the requirements described in the system analysis. It is divided into 2 substeps, preliminary design and detail design.

In the preliminary design stage, the information system is first named as GFREE
Petrophysics software system. It is meant to provide 4 types of functions to users, namely
(1) data input and output between the system and LAS files, (2) data processing from
input data to petrophysical information, (3) data presentation on screen in the form of
well logs, and (4) data presentation on screen in the form of standard cross plots. It is
very important to read from and write into data files in LAS (Log ASCII Standard)
format, because the standard format developed by the Canadian Well Logging Society
(CWLS) has long been accepted as an industry standard as it allows easy communication
between different software systems. Version 2.0, the most popular version of the LAS file
format, is supported by the system developed in this thesis. Printing functions are not
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included due to the limited development time; however, the resulting output in the
standard LAS file format can be easily read and printed in any commercial log
interpretation software or in a spread sheet.

GFREE Petrophysics
software system

Data input and
output between
system and LAS
files

Data processing
from input data to
petrophysical
information

Data presentation
on screen as well
logs

Data presentation
on screen in
standard plots

Figure 5.6 Structure diagram of the information system including its major
components.

In the detail design stage, object-oriented design is utilized to design specific objects in
the software system. The structure diagram is built as shown in Figure 5.7, where each
box represents an object in the system. The system starts from the GFREE Petrophysics
object, which initiates the main menu. From the main menu, data can be input and output
with the log file input and output objects. To do so, these 2 objects need the assistance
from file reader and writer objects to transport information into the system from data files
and out of the system into data files, as shown in the lower part of Figure 5.7. The log file
input and output objects also need access to the LAS file section processors (for well,
curve, and ASCII data sections in LAS files) to convert information between the system
internal data structure and the LAS file format. Log file input and output objects function
as the only door for the system to communicate with the hard copies of the data in
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storage, while all the other objects work in the memory and/or communicate with the
screen and keyboard. From the main menu, 5 processor objects for calculation from log
data to different petrophysical parameters can be accessed and some data can be input by
users through the corresponding processor input objects. Within the 5 processor objects,
porosity, water saturation, Knudsen number, and stress processor objects work for both
tight and shale reservoirs; only the TOC processor object is designed solely for shale
reservoirs. Log data can be presented in the form of data vs. depth through log and depth
presenter objects, some of whose input data are collected from log and depth presenter
input objects.

A complete design is conducted for the system development. Other than the requirements
for data input, output, and processing, the requirements for storage, networking, backup
and security are also considered. As the system is designed to work primarily on
individual wells, no complex database is required. Instead, the only form of data storage
is the LAS file, which is the industry standard. No networking function is introduced into
the system, since its working environment is in individual microcomputers and operating
systems. Because the information system is developed for research purpose rather than
commercial use, security function, such as password, encryption, and backup, is not
considered at the level of the software system. They are included in the operation
procedures documented in a user manual.

The system design specifications, including data flow diagrams and system structure
diagrams, are documented. After the system design, especially the detail design is
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completed, it was decided to move to the next phase of SDLC, which is system
development.

GFREE
Petrophysics

Main menu

Log file
input

Log file
output

Log
presenter

Depth presenter
input

Depth
presenter

ϕ
processor
input

Sw
processor
input

TOC
processor
input

Kn
processor
input

Stress
processor
input

Pickett plot
processor
input

ϕ
processor

Sw
processor

TOC
processor

Kn
processor

Stress
processor

Pickett plot
processor
input

Log file
input

Text file reader

Log presenter
input

LAS file well
section processer

Log file
output

LAS file curve
section processer

LAS file ASCII data
section processer

Text file writer

Figure 5.7 Structure diagram of the information system built in the detailed design.
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5.1.4 System development
System development of the SDLC is completed to acquire the hardware and software and
to test the system. The final objective is to have a workable system ready for users.

The hardware required for the system development is a microcomputer (personal
computer). The microcomputer equipped with 2.3 GHz CPU, 4GB memory, 1TB hard
disk storage, and other necessary devices and Internet access is available, and this is
enough for the development presented in this thesis with no additional hardware required.
The equipped operating system is Windows 7 Enterprise, which is a 64-bit operation
system.

For the software, a few options are considered. The software can be fully developed or
can be partially purchased and partially developed. The well log presentation, plotting
and printing are time consuming to develop, and these general functions are not part of
the technical data processing, which is considered as the core content of this work. So it
would be ideal to purchase these general parts if any log management software company
has these parts for sale. However, I found that such software products are not available.
Another manner of handling the general parts is to attach the new system to commercial
software systems and to use their log presentation, plotting and printing capabilities. This
means the new system would rely on commercial software by using their application
programming interfaces (API). However, this was not the preferred option. Finally, it was
decided to develop the system entirely without purchasing any parts.
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During software development, appropriate programming languages and tools were
selected for coding. Based on the system design, the system development required
programming languages to support large amounts of file data processing and user
interface development. The mathematical calculations are straight forward. In addition, it
would be preferable if they are easy to learn and use during development and
maintenance. Generally, high-level object-oriented programming languages are desirable,
because they provide both convenience in coding and flexibility in implementing system
designs. Various languages were compared and in the end Java was selected.

Java is a general-purpose object-oriented high level programming language that meets the
development requirements considered in this thesis. Java supports very well file input and
output processing and user interface programming as well as the basic mathematical
petrophysical development. Other important advantages of this language are that it is
free, that it allows developers to “write once, run anywhere” (compiled object files can be
used on any computers and operating systems), and that object files after compiling run
relatively fast. The related programming tools, Java development kit (JDK) and Java
integrated development environment (IDE), were also selected. Specifically, the JDK is
“Jdk SE 7u2 for windows x86”, which is compatible with both 32- and 64-bit operating
systems, and the IDE is “Netbeans IDE 7.1”, which is the latest version.

Object-oriented programming is applied in coding of the objects drafted in the system
design. Based on the detail design, both the data and methods processing the data are
encapsulated in an object so that the object can be easily reused by other objects. The
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programming takes advantages of the inheritance supported by Java language in order to
benefit from reusing the well designed methods stored in the Java class library. For
examples, some objects are developed as extensions of Java classes, as in the case of file
reading and writing objects, and interface container objects. Within the objects, structured
programming is applied to maintain clear and readable codes. These can be done easily
even for complex programs by following the data processing procedure constructed in the
system detail design.

System testing is done in 2 stages: unit testing and system testing. Syntax errors can
generally be corrected by the powerful syntax-check functions provided by Netbeans
IDE. The testing focus is on logic errors, which are more time consuming to diagnose and
fix. During the unit testing, simplified real data are commonly input as messages in order
to test each method in every object. During the system testing, several different real data
sets are input for multiple trials each, and the output data are compared with correct
results for error searching. Once any errors are suspected during these test runs, the stepby-step debugging tool in the Netbeans IDE is used to monitor the details in data
structures and data processing procedure as the program runs. This method efficiently
helps to locate and fix the logic errors and reduce errors in the system down to a
minimum. Some faulty and/or incomplete input data are also used to test the durability of
the system.
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5.1.5 System implementation
The system implementation is done to convert to the new system, compile final
documentation, and train users. The objective is to make sure that the system can be
initiated with no problems in such a way that it works in the designed work environment
smoothly.

As the new system is not based on the existing system, there is no need to transition the
existing system into the new one. However, in order for the system to work properly in
the designed work environment, the object files are organized in one folder and example
data files in another. Both folders are put into a package, while all the other irrelevant
files (e.g. source code files and test data files accumulated in development) have been
removed.

At this stage the final documentation for the development is complete. A technical
document is made by compiling all the development information, such as preliminary
investigation report, system requirement specification document, design specification
document, and other development records. All the source code files and test data files are
also organized and packed under one folder. A user manual is made, which includes
tutorials to instruct users to set up the software application and go through all the
applications with sample data. This works as the training material for new users.
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5.1.6 System maintenance
In preparation for future system maintenance, all the developments are documented in as
much detail as possible. This will assist the engineers who will upgrade the system in the
future to understand the information system with minimum amount of effort and time.

5.2 Case studies
Two case studies using data from the Cadomin formation in the Deep Basin of the
Western Canada Sedimentary Basin (WCSB) and the Haynesville shale formation in
Texas are presented to illustrate the software development and the application of the
software. Conventional well log data, such as gamma ray, density, neutron, acoustic, and
resistivity; and cores and drill cuttings are utilized in the examples, which are further
validated with other sources of information.

5.2.1 Case 1: Tight reservoir in Cadomin formation in WCSB
The data used in case 1 are from a well drilled through the Cadomin formation in the
Deep Basin of the Western Canada Sedimentary Basin (Hoch, 2012). Cadomin is a tight
sandstone reservoir at a depth of approximately 2500m. The source data and the
interpreted data are listed in Table 5.2.
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Table 5.2 Data input and output of GFREE Petrophysics software in case 1.
Data input
Data output
Depth
(m)

GR
(API)

ϕN

ρb
(kg/m3)

Δt
(μs/ft)

Δts
(μs/ft)

Rt
(Ωm)

ϕ2

ϕD

ϕs

2559.0

28.00

0.064

2542.8

60.84

96.14

402

0.002

0.065

0.061

2560.0

29.30

0.056

2554.3

59.13

93.40

304

0.002

0.058

0.049

2561.0

30.00

0.065

2542.8

60.63

95.81

803

0.002

0.065

0.060

2562.0

29.50

0.066

2542.8

60.29

95.26

302

0.002

0.065

0.057

2563.0

29.80

0.065

2542.8

60.91

96.25

403

0.002

0.065

0.062

2564.0

30.50

0.061

2547.7

60.36

95.38

348

0.002

0.062

0.058

2565.0

31.20

0.059

2554.3

60.01

94.82

249

0.002

0.058

0.055

2566.0

32.05

0.062

2551.0

60.36

95.37

210

0.002

0.060

0.058

2567.0

32.10

0.059

2551.0

60.10

94.96

199

0.002

0.060

0.056

2568.0

30.00

0.060

2547.7

60.36

95.37

198

0.002

0.062

0.058

2569.0

31.10

0.060

2551.0

60.12

95.00

652

0.002

0.060

0.056

2570.0

20.00

0.061

2551.0

60.22

95.16

703

0.002

0.060

0.057

2571.0

30.12

0.079

2518.0

62.89

99.43

210

0.002

0.080

0.076

2572.0

33.00

0.069

2534.5

61.48

97.17

155

0.002

0.070

0.066

2573.0

31.30

0.065

2544.4

60.29

95.26

198

0.002

0.064

0.057

2574.0

31.00

0.059

2554.3

59.19

93.51

202

0.002

0.058

0.049

2575.0

30.40

0.058

2551.0

60.04

94.86

203

0.002

0.060

0.055

2576.0

30.10

0.059

2551.0

59.60

94.17

149

0.002

0.060

0.052
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Data output
Depth
(m)

ϕ

ϕb

ϕnc

m

Sw

Kn

ν

σh,min
(psi)

2559.0

0.065

0.061

0.002

1.88

0.26

4.6E-03 8.6E+06

0.166

4962

2560.0

0.057

0.049

0.007

1.90

0.35

4.8E-03 9.1E+06

0.166

4961

2561.0

0.065

0.060

0.004

1.90

0.18

5.9E-03 8.7E+06

0.166

4966

2562.0

0.066

0.057

0.007

1.92

0.32

3.7E-03 8.8E+06

0.166

4967

2563.0

0.065

0.062

0.002

1.88

0.26

4.5E-03 8.6E+06

0.166

4970

2564.0

0.062

0.058

0.002

1.88

0.29

4.7E-03 8.8E+06

0.166

4971

2565.0

0.059

0.055

0.002

1.86

0.35

4.5E-03 8.9E+06

0.166

4972

2566.0

0.061

0.058

0.002

1.87

0.38

3.8E-03 8.8E+06

0.166

4975

2567.0

0.060

0.056

0.002

1.87

0.40

3.9E-03 8.8E+06

0.166

4976

2568.0

0.061

0.058

0.002

1.87

0.39

3.7E-03 8.8E+06

0.166

4979

2569.0

0.060

0.056

0.002

1.87

0.21

6.4E-03 8.8E+06

0.166

4980

2570.0

0.061

0.057

0.002

1.87

0.20

6.5E-03 8.8E+06

0.166

4982

2571.0

0.080

0.076

0.002

1.92

0.32

2.4E-03 8.0E+06

0.167

4989

2572.0

0.070

0.066

0.002

1.90

0.41

2.7E-03 8.4E+06

0.166

4988

2573.0

0.065

0.057

0.006

1.91

0.40

3.2E-03 8.8E+06

0.166

4988

2574.0

0.059

0.049

0.008

1.91

0.43

3.8E-03 9.1E+06

0.166

4988

2575.0

0.059

0.055

0.002

1.87

0.39

4.0E-03 8.9E+06

0.166

4992

2576.0

0.060

0.052

0.006

1.90

0.49

3.3E-03 9.0E+06

0.166

4993

E
(psi)

The GFREE Petrophysics software is used to analyze the log data of this tight reservoir
well. The well log data at Cadomin are presented with the software as shown in Figure
5.8. The very low gamma ray curve indicates sandstone lithology for this formation. The
low neutron porosity, high density, and high resistivity logs indicate the formation to be
very tight and hydrocarbon rich.
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Figure 5.8 Data presentation of logs at Cadomin with GFREE Petrophysics. Track
1: gamma ray; track 2: depth; track 3: density (black) and neutron porosity (red),
track 4: resistivity.

Porosity values are the first characteristic estimated with this software. Although core
data or image logs are not available for this well, experience has shown that both natural
fractures and non-connected pores exist in Cadomin formation. So, the triple porosity
model is considered as a proper method for calculation. The data input menu of the
software for porosity determination is shown in Figure 5.9. Density porosity ϕD is
estimated by assuming ρm=2650 kg/m3 and ρf=1000kg/m3, because the lithology is known
as sandstone. The corresponding log title is named as PHID. The total porosity ϕ is then
calculated from density porosity ϕD and neutron porosity ϕN. The sonic porosity ϕs,
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calculated from the compressional sonic log, is assumed equal to matrix porosity ϕb
related to the bulk volume of the matrix. In this example, fracture porosity ϕ2 is assumed
as constant 0.002, so that non-connected porosity ϕnc can be calculated from the model.
The software is developed with some flexibilities here. If ϕnc is known, for example, from
petrographics work, it can also be treated as input and ϕ2 calculated as output. If the data
input combo box of “ϕ2 or ϕnc” is left unselected or selected but the log data is 0, the data
will be treated with the dual porosity model and either ϕnc or ϕ2 will be output. It can be
easily noted that the interpreted petrophysical characteristics are variable along the well
depth.

Figure 5.9 Data input menu for porosity estimation in GFREE Petrophysics with the
triple porosity model.

The porosity exponent m and water saturation Sw are interpreted next. The previously
estimated ϕ2 and ϕnc are input data to the water saturation menu, as shown in Figure 5.10.
m is estimated utilizing the triple porosity model, the result log is named M. Similar to
the porosity estimation, if the data input combo box of ϕ2 is left unselected or selected but
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the log data is 0, the data will be treated as a dual porosity model with only matrix and
non-connected pores; on the other hand, if the data input combo box of ϕnc is left
unselected or selected but the log data is 0, the data will be treated as a dual porosity
model with only matrix and fractures. In this case, without laboratory analysis, the
porosity exponent related to matrix, mb is assumed as a constant 2.0, and the water
saturation exponent n is assumed as equal to m. Finally, Sw is calculated with Archie’s
equation, and the corresponding log title is named as SW.

Figure 5.10 Data input menu for water saturation estimation in GFREE
Petrophysics with the triple porosity model.

Determination of Knudsen number Kn for this well is conducted following the calculation
of ϕ and m, as they are required for this calculation process. This is shown in the Kn data
input menu in Figure 5.11. Both total porosity log ϕ and resistivity log Rt are selected. At
the same time, m is selected, and n is assumed equal to m. Formation pressure and
temperature are estimated based on the average depth of Cadomin formation. The
interpreted Kn is given a log title of KN.
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Figure 5.11 The data input menu for Knudsen number estimation in GFREE
Petrophysics.

The log data can be presented in a Pickett plot using this software with the input data
shown in Figure 5.12. m value is estimated to be 1.9 from the average value of all the
intervals of this formation and n value is assumed equal to m. The Pickett plot is shown in
Figure 5.13.

Figure 5.12 Data input menu for Pickett plots in the GFREE Petrophysics software.
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Figure 5.13 Pickett plot for case 1. Equal Sw (blue) lines of 100% (continuous solid
line), 50% and 25%; equal Kn (black) lines of 0.01 (continuous solid line), 0.001 and
0.0001; data (red) points from well logs are included in this graph.

The geomechanical interpretation is also carried out for this formation with the GFREE
Petrophysics software. Young’s modulus E, Poison’s ratio ν, and minimum horizontal
stress σh,min are determined using the data input menu shown in Figure 5.14. The shear
sonic transit time Δts is not available for this well, so it is determined from compressional
sonic transit time Δtc by using the general linear correlation of Δt vs. Δts for sandstone
established by Pickett (1963). E and ν are calculated from the bulk density log ρb, and
sonic logs Δt and Δts. The horizontal tectonic stress σh,tec is assumed equal to 0 in this
demonstration example. Overburden stress σv is estimated from local stress gradient and
pore pressure P from the pressure gradient. Horizontal Biot’s constant αh is unknown, so
it is assumed as 1.0. Because of stress anisotropy in the study area, vertical Biot’s
constant αv is from core test data. Finally, the 3 geomechanical characteristics are
estimated and named as E, PR, and SH in Figure 5.14.
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Figure 5.14 Data input menu for geomechanical interpretations in GFREE
Petrophysics software.

The interpretation output from the GFREE Petrophysics software is shown in Table 5.2.
The data processing supported by this software implements exactly the procedures
organized and planned in the system analysis and design.

5.2.2 Case 2: Haynesville shale formation in Texas
The data used in case 2 are from a well drilled at the Haynesville shale formation in
Texas published by Ramirez (2011). Haynesville formation is a shale reservoir at a depth
of approximately 3200m. The input log data, core data, and interpreted data are listed in
Table 5.3.
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Table 5.3 Data input and output of GFREE Petrophysics software in case 2.
Well logs
Core data
Calculated data
Depth
(m)

Δt
(μs/ft)

Rt
(Ωm)

ϕ

Sw

TOC
(wt%)

ϕ

Sw

TOC
(wt%)

Kn

3222.6

80

20

0.068

0.31

2.2

0.068

0.30

2.06

2.9E-03

3223.9

82

25

0.071

0.34

2.0

0.073

0.25

2.31

2.8E-03

3225.4

83

33

0.078

0.36

3.6

0.076

0.21

2.58

3.0E-03

3226.9

79

23

0.073

0.36

2.2

0.065

0.29

2.13

3.3E-03

3228.3

79

19

0.064

0.34

2.5

0.065

0.32

1.98

3.0E-03

3230.0

85

21

0.065

0.33

2.8

0.081

0.25

2.28

2.2E-03

3231.3

86

21

0.067

0.32

2.7

0.084

0.24

2.32

2.1E-03

3233.1

69

18

0.062

0.30

4.2

0.038

0.54

1.56

6.7E-03

3234.5

67

45

0.034

0.27

0.5

0.032

0.39

2.23

1.2E-02

The GFREE Petrophysics software has been used to analyze the log data in this reservoir.
The well log data at Haynesville are presented with GFREE Petrophysics as shown in
Figure 5.15. The very high gamma ray indicates shale lithology for this formation. Both
sonic and resistivity logs are laid out in track 3 for ease of interpretation with the Δ log R
technique developed by Passey et al. (1990).
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Figure 5.15 Log data for a well in the Haynesville shale reservoir. Track 1: gamma
ray; track 2: depth; track 3: sonic log (black) and resistivity log (red).

Porosity is estimated first. Based on the core analysis, constant B*Bc is found to be 270.1.
The total porosity is calculated by manipulating the porosity computation function of
GFREE Petrophysics software to force Δtf - Δtm to equal to B*Bc. Thus, the calculated
sonic porosity is the total porosity.

Water saturation Sw is estimated by determining first the porosity exponent m
preferentially from core analysis. Because Sw from core analysis is available, m is
determined by using the Pickett plot in the software. As shown in the data input menu for
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Pickett plots in Figure 5.16, the true resistivity Rt log and corresponding ϕ from core
analysis are the basic input. The water saturation exponent n is assumed as constant 2.0,
and the m value is also input here using a trial and error procedure. Next, Pickett plots
can be created easily by the software as shown in Figure 5.17. By changing the m value
for a few trials, the best fit of the equal Sw lines to the core data can be found. In this case,
m is 1.85, from which Sw for the shale formation can be easily calculated by the software
with a similar procedure as shown above in case 1.

TOC is estimated by searching the base line. However, no base line can be observed by
matching the sonic log and resistivity log in Figure 5.15. The base line is found in 2
different ways with the assistance of Pickett plots. First, since TOC data are available
from core analysis, the base line can be determined in a way similar to the estimation of
Sw. LOM=12.0, found from core analysis is input as shown in Figure 5.16. Assuming
Δtbaseline=40μs/ft, and changing the Rt,baseline value for a few trials, the best fit of TOC
curves that match the core data is found as shown in Figure 5.17. It is clearly observed
that the 100% Sw line is tangent to the 0wt% TOC curve. In this case, Rt,baseline is found to
be 10.0Ωm. The second way is forcing the 0wt% TOC curve to be a tangent to the 100%
Sw line. Assuming Δtbaseline=40μs/ft, and changing the Rt,baseline value for a few trials, the
best fit of the 0wt% TOC curve and the 100% Sw line can be found. Once the base line is
located, the values of Δtbaseline and Rt,baseline are input in the TOC menu shown in Figure
5.18. In this way the log named as TOC is created by the software.
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Figure 5.16 Data input menu for Pickett plots in the GFREE Petrophysics software.

Figure 5.17 Pickett plot for case 2. Equal Sw (blue) lines of 100% (continuous solid
line), 50% and 25%; equal TOC (green) curves of 0wt% (continuous solid curve),
2.5wt% and 5wt%; data (red) points from core analysis are included in the graph.
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Figure 5.18 Data input menu for TOC estimation in the GFREE Petrophysics
software.

After m and the base line are determined with Pickett plots, the log data can be easily
interpreted. They are processed into Sw, TOC and Kn logs, as discussed previously in case
1. They are also graphed in Pickett plots. The complete input is shown in the menu in
Figure 5.19. The created Pickett plot is shown in Figure 5.20.

Figure 5.19 Data input menu for Pickett plots in GFREE Petrophysics software.
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Figure 5.20 Pickett plot for case 2. Equal Sw (blue) lines of 100% (continuous solid
line), 50% and 25%; equal TOC (green) curves of 0wt%, 2.5wt% and 5wt%; equal
Kn (black) lines of 0.01 (continuous solid line), 0.001 and 0.0001; data (red) points
from well logs are included in this graph.
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Chapter Six: Conclusions and Recommendations

6.1 Petrophysics of shale reservoirs
A new method has been developed for quick, yet accurate, quantitative evaluation of
shale gas formations using sonic and resistivity logs. Archie’s equation, Passey’s Δ log R
technique and Knudsen number have been integrated into Pickett plots for estimating
water saturation, TOC, LOM, and to identify flow regimes. Passey’s method, based
particularly on sonic and resistivity logs, has been used successfully in thousands of shale
wells since 1990. The original Passey’s method is powerful but is mostly focused on the
qualitative location of kerogen intervals. This thesis shows that Passey’s method can be
incorporated mathematically into a Pickett plot making the evaluation suitable for
quantitative evaluation.

Pickett plots result in parallel straight lines for constant values of water saturation
provided that a, m, n and Rw are constant. Values of m in shale formations are generally
smaller than 2. For the cases considered in this study the values of m were found to range
between 1.45 and 1.85.

Pickett plots result in parallel curves for constant values of TOC when using Passey et
al.’s Δ log R technique. If either TOC or LOM is available, the other can be predicted by
curve fitting the actual core data points.
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It is important to have data available from fine-grained non-source formation intervals in
shales. If available, these data permit to locate the straight line of 100% water saturation
and to construct the curve of 0wt% TOC in Pickett plots. The straight line of the 100%
water saturation is tangent to the curve of 0wt% TOC. If not available, the curve of 0wt%
TOC and the straight line of 100% water saturation have to be estimated using core data.

The advantage of using a Pickett plot in shale gas formations is that it allows quick
estimation of reservoir characteristics. However, the proposed approach is not meant to
replace detailed petrophysical and thermal maturity studies of shale gas formations. It is a
robust complement as the detailed studies, including cores, are performed typically in a
small percentage of the wells.

6.2 3D modeling of stimulated reservoir volume
An easy to use analytical 3D model is developed to simulate stimulated reservoir volume
(SRV) with microseismic monitoring data in a homogeneous anisotropic poroelastic
medium.

The analytical model developed in this study is a useful tool for analyzing the orientation
and geometry of hydraulic fracturing SRVs. It can be used also for predicting other SRVs
in the same reservoir if calibrated carefully.

The 3D model can be used where fracturing fluid is injected into a reservoir from a point
source and/or when the SRV grows in 3 dimensions. Other SRVs can be predicted with
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this model if their sizes are not significantly different from the SRV used for calibration
purposes.

The 2D model can be used where fracturing fluid is injected into a reservoir from a line
source and/or the SRV grows in 2 dimensions. This model can predict other SRVs with
very little error, and it works better if the SRVs have similar sizes to the SRV from which
the model is calibrated.

It is very important to analyze the spatio-temporal distribution of the microseismic events
during the model calibration. This is because the analytical model is found to be sensitive
to the diffusivity coefficients, which are further sensitive to the spatio-temporal
distribution of the microseismic events. The diffusivity coefficients are more sensitive to
the spatio-temporal distribution of microseismic events than to ΔPtrg or ΔPinj.

The model can be used for hydraulic fractures in both horizontal and vertical wells, as
demonstrated by the case studies presented in this thesis.

6.3 Software development for petrophysics
A petrophysics software system has been developed successfully to digitize effective
workflows of the petrophysical characterization for tight and shale reservoirs. The most
front-edge theories and practices of petrophysics are applied.

124

In the case of tight reservoirs, matrix, fracture, non-connected and effective porosities,
porosity exponent, water saturation, flow regimes (continuous vs. diffusion-like),
Young’s modulus, Poison’s ratio, and in-situ minimum horizontal stress can be estimated
with this software system. In case of shale reservoirs, with supports of core data, total
porosities, porosity exponent, water saturation, total organic carbon, level of organic
metamorphism, flow regimes (continuous vs. diffusion-like), Young’s modulus, Poison’s
ratio, and in-situ minimum horizontal stress can be estimated.

The information system development follows the widely used engineering process, i.e.
systems development life cycle. It proves to be a very efficient process during this system
development in terms of reducing development risks, assuring system quality, and saving
development required time.

Object-oriented design and programming technique with Java language is utilized in this
system development. It proves to be very efficient in developing petrophysical
interpretation information system in terms of simplifying user interface development,
improving software reuse, reducing software upgrade and maintenance costs, and
decreasing development time.
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APPENDIX A: CALCULATION WITH LAPLACE TRANSFORM
Calculation with the Laplace transform is applied in the derivation of SRV models in
order to solve an equation in the following format:
Eq. A.1
where u: u(x1, t), a function of two independent variables, x1 and t
η: a constant in m2/s

Its initial condition and boundary conditions are respectively:
,
,
,

,
,
,

Both the second order partial differential equation in Eq. A.1 and its boundary conditions
are taken from a time domain to a Laplace domain. The function u(x1, t) is transformed to
U(x1, s) as shown below, where s is the independent variable used in the Laplace
transform:
Eq. A.2

Then, Eq. A.1 is transformed accordingly as shown in the following equation:
Eq. A.3

By substituting the initial condition into Eq. A.3, it can be simplified as follows:
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Eq. A.4

With the Laplace transform, the boundary conditions become:
,
,

The corresponding characteristic equation in Eq. A.4 shown below has two roots:
Eq. A.5
where rc : variable in the characteristic equation.

Based on the solutions of the characteristic equation, the general solution to Eq. A.4 is:
Eq. A.6
where C1, C2: constants in general solutions.

By substituting the boundary conditions in the Laplace domain, the solution to Eq. A.4 is:
Eq. A.7

Eq. A.7 can be transformed back to the time domain by using an inversion table of
Laplace transform as shown below:
Eq. A.8
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which is the final solution to Eq. A.1. The erfc() represents the complementary error
function, whose value is equal to 2 as the independent variable approaches negative
infinity and continuously decreases to 0 as the independent variable approaches positive
infinity.
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APPENDIX B: USER’S MANUAL OF GFREE PETROPHYSICS SOFTWARE
1. Installation Tutorial
- Go to website link http://www.oracle.com/technetwork/java/javase/downloads/jdk7u2-download-1377129.html .
- Click “Accept License Agreement” under “Java SE Development Kit 7u2”.

- Click “jdk-7u2-windows-i586.exe” to download the file and save it to a local drive.
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- Double click the file “jdk-7u2-windows-i586.exe” to install it in a local drive, for
example, save the “jdk1.7.0_02” folder in the folder of “C:\Program Files (x86)\Java”.

- Unzip file “GfreePetroPhys.zip” into a local drive, for example, in the D drive.
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- Click “Control Panel” in the computer “Start” menu.

- Click “System and Security”.
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- Click “System”.

- Click “Advanced system settings”.
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- Click “Advanced” tab and then “Environment Variables” button.

- Choose the “Path” item under “System variables” and click “Edit…”.
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- Add the directory of the installed JDK, for example “C:\Program Files
(x86)\Java\jdk1.7.0_02\bin”, to “Variable value” (separated from other items with “;”),
then click “OK”.

- In the “Environment Variables” dialog, choose “ClassPath” and click “Edit…’.
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- Add “D:\ GfreePetroPhys\build\classes” to “Variable value” (separated from other items
with “;”), then click “OK”. Click “OK” to “Environment Variables” and “System
Properties”.

- Restart the computer.
- Click “Command Prompt” under “Accessories” folder in the computer “Start” menu.
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- Go to the software folder. For example, type in “D:” then enter, and type in “cd
D:\GfreePetroPhys\build\classes” then enter.

- Type in “java gfreepetrophys.GfreePetroPhys” and then enter to start the software.
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2. Practice Tutorial
2.1 Well log presentation
- Click “Open File” button in the software main menu, then choose the folder “D:\
GfreePetroPhys\data” and open file “MIP_1001.LAS”.

- Click “Depth” button in the software main menu, then input depth data as shown and
click “OK”.
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- Click “Log1” button in the software main menu, then input data as shown and click
“OK”.

- Click “Graph Log” button in the software main menu, then use the scroll bar to examine
the log data as shown.
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- Maximum 9 logs can be shown in the main menu.

2.2 Well log calculation
- Click “Open File” button in the software main menu, then choose the folder
“D:\GfreePetroPhys\data” and open file “TestDataPhiSwStrs_Log.LAS”.
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- Click “ϕ” button in the software main menu, then input data as shown and click “OK”
to calculate different porosity data with a triple porosity model.

- Click “Sw” button in the software main menu, then input data as shown and click “OK”
to calculate porosity exponent and water saturation with a triple porosity model.
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- Click “Kn” button in the software main menu, then input data as shown to calculate
Knudsen number.

- Click “σ” button in the software main menu, then input data as shown to calculate
Young’s Modulus, Poisson’s ratio, and minimum horizontal stress.
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- Click “Save File” button in the software main menu, then choose the folder
“D:\GfreePetroPhys\data” and input file name as shown to save all the data into a new
LAS file.

-

Open

the

saved

file

“TestDataPhiSwStrs_Log_out.LAS”

“D:\GfreePetroPhys\data” and examine the calculated data.
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in

the

folder

- Click “Open File” button in the software main menu, then choose the folder
“D:\GfreePetroPhys\data” and open file “TestDataTOCKn_Core.LAS”.

- Click “TOC” button in the software main menu, then input data as shown to calculate
TOC with Δ log R technique.
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- Click “Save File” button in the software main menu, then choose the folder
“D:\GfreePetroPhys\data” and input file name as shown to save all the data into a new
LAS file.

-

Open

the

saved

file

“TestDataTOCKn_Core_out.LAS”

“D:\GfreePetroPhys\data” and examine the calculated data.
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folder

2.3 Pickett plot
-

Click “Open File” button in the software main menu, then choose the folder

“D:\GfreePetroPhys\data” and open file “TestDataTOCKn_Log.LAS”

- Click “Pickett plot” button in the software main menu, then input data as shown.
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- Click “Apply” to show data in a Pickett plot with equal water saturation lines, equal
TOC curves and equal Kn lines.
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