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ABSTRACT

Reservoir characterization has been considered as a critical component ot reservoir 

development because its main goal is to provide better description and distinguish the 

essential t'eatures of geological/petrophysical parameters affecting rluid tlow in the 

producing formations.

This study is devoted mainly to the reservoir characterization of clean and shaly 

heterogeneous reservoir rocks under stress effect. This study is divided into five different 

categories; ( 1) characterization of clean heterogeneous formations (without stress effect) 

using core data. (2i characterization of shaly heterogeneous formations ( without stress 

effect). (3) characterization of clean heterogeneous formations under stress effect using 

well-logging derived data and investigation of the effect of stress on petrophysical 

properties of flow unit in this t\pe o f formation, (4) characterization of shaly

heterogeneous formations under stress effect using well-logging derived data and

investigation of the effect o f stress on petrophysical properties o f flow units in shaly 

heterogeneous reservoirs, and (5 ) investigation of the effect of stress on the J-function and 

development o f new J-function models in clean and shaly reservoirs using well-logging 

data.

With respect to the first and the second categories, several practical and theoretical 

flow unit models were developed for identification and characterization of hydraulic (flow) 

units in clean and shaly heterogeneous reservoirs. Characterization of clean and shaly

heterogeneous formations under stress effect was achieved by developing two new

Reservoir Quality Index of formation under stress including Reservoir Quality Index of

.XV L 1 1



clean formation under stress (RQIs) and Shaly Reservoir Quality Index under stress 

(SRQIs). These newly-developed RQIs and SRQIs were used to study the effect o f stress 

on petrophysical properties o f flow units and to derive several new models for 

characterization and identification of flow units constituting clean and shaly formations 

under stress effect. Finally, this study has developed new J-function that considers stress 

effect and presented a new approach by which the utility of well-logging data can be used 

to estimate the J-function in clean and shaly heterogeneous reservoirs. Validation o f these 

newly-developed J-function models has been proven using actual field data.

The results show that increasing effective stress reduces the value of reservoir 

quality index under stress (RQIs) for clean formations. In addition increasing effective 

stress significantly reduces the value of reservoir quality index for shaly formations under 

stress (SRQIs). Also increasing the change in effective stress leads to change in the fluid 

flow path patterns and the position of flow units. Therefore, identification of flow units 

should be updated. The results also show that increasing stress effect leads to a shift o f the 

J-function versus water saturation (Sw) curve in both clean and shaly reservoirs. Therefore, 

there is a need to correct laboratory acquired J-function values for stress effect
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CHAPTER I 

INTRODUCTION, RESEARCH OBJECTIVES AND STRATEGY

I. 1. Introduction

The ultimate goal o f  petroleum engineering science is to maximize oil recovery at 

a minimum cost. This goal can be achieved by understanding the heterogeneous nature of 

the reservoir rock. Resen-^oir characterization is considered the key to optimum oil 

exploration and exploitation. Nearly, two-third o f initial oil-in-place may remain trapped 

in the reservoir unless advanced producing techniques are applied and/or better 

description of the reservoir rock is obtained.

Extensive research has been conducted for homogeneous reservoirs for decades. 

Heterogeneous reservoirs have long been viewed as a problem. The current thinking is 

that they should be viewed as an opportunity for recovering more oU. Geological 

reservoir heterogeneity has been considered as the main reason for poor efficiency o f oil 

recovery. This reservoir heterogeneity causes highly non-uniform patterns o f fluid flow 

and incomplete drainage o f  oü. A better description o f  the reservoir rock involves a 

better understanding of flow and no-flow units constituting this reservoir rock. A 

hydraulic (flow) unit has been defined as a mappable portion of the reservoir within 

which geological and petrophysical properties that influence fluid flow are consistent and 

predictably different from the properties o f other reservoir rock volume. In addition, 

flow unit may also be continuous over a specific reservoir volume which uniquely 

characterize its dynamic and static states.



Reservoir evaluation and characterization o f shaly formations have long been a 

difficult task, which makes seeking enhanced reservoir description of shaly sand 

reservoirs more difficult. When reservoir pressure declines due to oil production, 

reservoir rock will be compacted and the stress on the formation grains increases. In 

addition, reduction of the reservoir pore-volume causes the overburden to shift which 

leads to variation in fluid flow paths through the porous rock under the effect o f stress.

This study is mainly devoted to characterization of clean/shaly heterogeneous 

formations and identification o f hydraulic (flow) units comprising reservoir rock under 

stress conditions.

In chapter 2. a brief review o f characterization of flow units in clean formations is 

discussed including definition, importance and required tools for reservoir 

characterization. In this chapter, five new flow unit models are developed to characterize 

and identify flow units using core data at initial conditions (without stress effect). The 

flow unit models are developed using several permeability equations such as: Morris- 

Biggs, Nuclear Magnetic Resonance (NMR), Wyllie and Rose, Timur, and Jorgensen.

Chapter 3 reviews shale distribution, shale content evaluation, shale models, and 

determination o f well logging parameters for shaly formations. In this chapter, a step-by- 

step derivation o f four new flow unit models for laminated, dispersed, total, and cation 

exchange capacity (CEC) o f shale is developed. Then, a generalized technique is 

introduced showing how these new models can be used to identify and characterize both 

the shale type and the flow units comprising the pay zone.



Chapter 4 reviews effects of stress on pore compressibility, porosity, rock 

density, permeability, and formation resistivity factor. .A. clean formation under -stress 

requires the development o f  new re.servoir quality index. This is achieved in this study by 

developing new reservoii' quality index for formation under stress (RQIs) and comparing 

it to conventional reservoir quality index (RQIo). Furthermore, four flow unit models are 

introduced for characterizing clean reservoirs under stress conditions.

Chapter 5 includes a very brief review of the effect o f  stress on porosity and 

water saturation exponents. Stress effect is also extended to porosity and permeability of 

shaly formations. In addition, a new reservoir quality index for shaly formation under 

stress eftect (SRQIs' is developed and compared with shaly reservoir quality index 

(SRQIol. Four new flow unit models are developed to characterize flow units 

considering shale distribution (including: kuninated. dispersed, total and cation-exchange 

capacity (C E O ) in combination with the stress effect on each shale type.

Chapter 6 covers the concept of the J-function and its use for obtaining pore 

distribution of the reservoir rock. This chapter investigates the effect o f stress on the J- 

function and presents a new approach by which well-logging data can be used to 

estimate the J-function in clean/shaly reservoirs. Two models are developed to obtain the 

J-function under stress. Validation of the newly-developed J-fimction models is proved 

using actual field data for clean and shaly reserv oirs.

Chapter 7 covers summary and conclusions o f this study. In addition, the chapter 

introduces several recommendations as future studies for better reservoir 

characterization.



1. 2. Research Objectives and Strategy

The main objectives of this study are to identify and characterize hydraulic (flow) 

units in clean and shaly heterogeneous reservoirs with and without considering stress 

effect of the formation. These objectives have been achieved by using core data (without 

stress effect) and/or well-logging data (with stress effect).

Discrimination of rock types has been generally based on geological observation 

and on empirical correlations between log permeability versus porosity. This classic 

technique has several limitations such as: (1) permeability may vary by several orders of 

magnitude, which shows the presence of several flow units, (2) there is no universal 

permeability equation for shaly formations, (3) correction of porosity for shale wül add a 

new unknown that should be considered during permeability calculation, and (4) 

available permeability and reservoir quality index (RQI) equations do not consider stress 

effect which has been shown to be an important factor affecting both the petrophysical 

properties of reservoir rocks and the distribution of flow units constituting that reservoir 

rock.

It has been proven that enhanced reservoir description will reduce the amount of 

oil left in hydrocarbon reservoirs. The central elements of this enhanced reservoir 

description are determination o f pore-body/pore-throat attributes and fluid distribution. 

Although this has been established for clean formations using conventional reservoir 

quality index (RQI), ignoring stress effect will lead to serious errors in reservoir 

description and will hamper reservoir development



The approach used in this study is based on the development of new 

characterization relationships for clean and shaly heterogeneous formations under stress 

conditions. Attainment of these goals creates a real need for new permeability equations 

for clean and shaly formations under stress effect and also new reservoir quality index 

(RQI) correlations for shaly formations, clean formations under stress, and shaly 

formations under stress effect. Several equations are developed in this study to give a 

new meaning to reservoir quality index (RQI). Equations for shaly reservoir quality 

index (SRQIo), reservoir quality index of clean formations under stress effect (RQIs), 

and shaly reservoir quality index under stress effect (SRQIs) are developed.

These newly developed reservoir quality indices have been used effectively to 

develop several new models capable of characterizing and identifying flow units residing 

within clean and shaly reservoir rocks under stress effect. In addition, generalized 

systematic techniques are introduced showing how to use these models for practical and 

accurate definition of flow units constituting reservoir rock. The use of these newly- 

developed flow unit and J-function models represents an effective and economic tools to 

enhance reservoir description and will lead to a more efficient reservoir development.



CHAPTER 2 

CHARACTERIZATION OF FLOW UNITS 

IN CLEAN FORMATIONS

2. 1. Introduction

The relationship between different petrophysical properties and fluid saturations 

is well-established for clean sand reservoirs. Several empirical models have been 

developed to calculate water saturation, and all the required parameters for evaluation of 

clean reservoirs. There is still a real need however for improving the reservoir 

description in more detail especially in heterogeneous formations. This can be achieved 

by subdividing the reser/oir into unique flow units.

Characterization of flow units provides a practical mean for reservoir zonation 

that makes use of both geological and petrophysical data, representing heterogeneity 

observed at several scales. It also provides an economical technique for reservoir 

development in the future. The key to improving reservoir description and exploitation is 

to describe complex variation in pore-geom etry with different mappable geological units 

(facies). This requires establishment o f causal relationships among core-derived, 

microscopic pore-throat parameters and log-derived macroscopic attributes.

2. 2. Reservoir Characterization Methodology

Nearly two-third o f initial oil in place (lOIP) may remain trapped in existing 

reservoirs unless advanced operating practices are used and/or better description of the



reservoir rock could be obtained. The principle reason for poor recovery efficiency is the 

presence of geological heterogeneity, which causes highly non-uniform fluid flow 

patterns and poor drainage of o il Better description of the reservoir also requires a better 

understanding of the distribution and nature of the remaining oil.

Reservoir characterization is a critical component of reservoir development 

because its main goals are to describe and to distinguish the essential features of 

geological/petrophysical parameters affecting fluid flow in the producing formations. 

Successful reservoir characterization program should be a multi-disciplinary endeavor 

integrating several contributions from petroleum engineering, geology, geophysics, and 

computer science.

The purpose o f reservoir characterization is to outline and specifically integrate 

several aspects of oil/gas reservoir. These aspects include: reservoir geology, 

petrophysical properties and diagenesis of reservoir rock, rock-fluid interaction 

properties, and production features which dictate fluid flow paths and trapping of fluid in 

reservoirs. The work done by several researchers are now summarized.

The main objective of reservoir characterization is to construct a combined model 

using geological and engineering data. This data has been classified by Honarpour et al 

(1990) into two main categories including hard and soft data. Hard data could be 

dependent upon model construction and interpretation, whereas soft data is based on 

model construction and interpretation.



2. 2 .1 . Reservoir Characterization Definition and Importance

Honarpour et al (1990) indicated that the objective o f reservoir characterization is 

to integrate geological, petrophysical, diagenetic properties of the reservoir rock, in 

combination with rock-fluid and production features which describe fluid flow paths in 

the reservoir. Integration can be defined as a coordinated study for constructing a unified 

picture of the reservoir which is compatible with all sources of information. Improved 

reservoir characterization is only possible through multi-disciplinary integration and 

analysis of data concerning depositional process o f the formation under investigation.

There are several definitions available for reservoir characterization. Forgotson 

(1993) defined reservoir characterization as the quantitative description of the physical 

and chemical properties of a porous medium and its contained fluids. The purpose of 

such a description is to develop a geological model o f a reservoir combined with 

reservoir fluid p ro p erty . In addition, production and pressure data can be used to 

increase the recovery of oil firom the reservoir while maintaining favorable economics. 

This description should cover a broad range o f dimensions firom pore throat through 

reservoir size. Forgotson also added that reservoir characterization must accurately 

identify flow units within the reservoir including the prediction of the size, shape, internal 

variation and continuity of these flow units.

The main importance of the reservoir characterization is that it provides a better 

understanding of the geological depositional environment which can be transformed into 

a numerical model describing the reservoir. The model then provides a very effective tool 

for reservoir development during secondary and tertiary oil recovery processes.



Reservoir management usually use several simulation studies based on accurate model 

derived mainly from reservoir characterization studies. Accurate reservoir 

characterization models represent a useful tool for extending the life of the reservoir and 

getting additional oil.

Forgotson also gave the following reasons for the present emphasis on 

interdisciplinary studies integrating geological, geophysical, and engineering data:

1. The need to recover additional oil from old fields approaching their economic limits,

2. The desire for better economics in the development of management of new fields in 

areas with high drilling and operating costs, and

3. The development of the computer hardware and software that are cost effective for 

numerical simulation of reservoir models based on detailed data obtained from 

comprehensive reservoir characterization.

2. 2. 2. Required Tools For Reservoir Characterization

Measurement of several reservoir rock properties that has to be performed to 

provide an accurate reservoir characterization studies creates a difficult task. The main 

reason for this difficult task is the existence of various types of reservoir heterogeneities 

over a wide range of scale. Honarpour et al primarily grouped geological heterogeneities 

into four categories:

1. Sediroentological heterogeneity which results from depositional processes and 

indicates the original framework/architecture of a reservoir.



2. Diagenetic heterogeneity which results from geochemical alterations of reservoir rocks 

or fluids and improve/deteriorate the quality o f the reservoir rock by generating clays, 

cementing materials, and leaching processes,

3. Structural heterogeneity which mainly results from geologic structures in the reservoir 

such as faults and fractures. This type of structure is superimposed on the primary 

framework and may interact with diagenetic processes by acting as channels/barriers 

for fluid migration, and

4. Formation fluid characteristics including formation water and hydrodynamically 

induced water and hydrocarbons. These fluids are in an equilibrium state after 

interacting with the reservoir rock over millions o f  years. In addition to the new fluids 

induced to the reservoir during secondary and tertiary recovery processes.

All of these heterogene ties have variable effects on the reservoir performance depending 

upon the production stage o f the reservoir. Honarpour et al (1990) summarized the major 

heterogeneity based on their geological origins. Table 2. 1. In addition, they also, 

summarized the critical heterogneities for various stages of production as follows:

1. Primary

A. net formation thickness,

B. compartmentalization,

C. type of drive mechanism,

D. volumetric fluid distribution, and

E. fluid properties, relative permeabilities.

2. Secondary
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Tabic 2.1. Outline of major heterogeneity types based on their 
geological origins, [Honarpour, 1990]

H ET ER O G EN EITY  TY PE 
m anifestations

FU N D A M EN TA L CA U SES (PR O C ESSES)
SED IM EN TO LO G IC G E O C H E M aA IV D IA G E N E T IC TECTO N IC

VARIATIONS IN CONTAINER 
(External Geometry)

Pay Tliickness 
Dimensions 
Continuity 
Attitude (Dip)

Deposition, Erosion Leaching, Cementing Faults, folds, flexure, 
monocline

BARRIERS/
COMPARTMENTALIZATION

Erosion (Reservoir cut out) 
Shale Layers

Compacted Zones 
Tightly Cemented Zones

Sealed Faults 
Sealed Fractures

BAFFLES 
e.g. batches of shale

Shale/Siltstone Layers 
Variations in grain size and 
sorting 
Diottirbation

Compacted Zones 
Partially Cemented Zones

Partially Opened Fa u l t s  
and Fractures

CHANNELS 
(thief zones)

Coarse Grained, Layers, W ell 
Soiled Layers

Leaches Zones
High saturation of gas and water

Open Faults 
Open Fractures

SPATIAL VARIATIONS OF 
RESERVOIR ROCK PROPERTIES 

Vertical 
Lateral

Environment of Deposition 
Variations in G rain Size 
Sorting, M ineralogy, Biogenic 
Activity

Compaction
Cementation/Leaclung

SPATIAL VARIATIONS OF 
RESERVOIR ROCK-FLUDD 
PROPERTIES

Fluid Origin Thermal M aturation, Geochemical 
Environment, Rock Fluid 
Interaction



A. compartmentalization/continuity,

B. permeability contrast (channeling),

C. anisotropy, rock fluid interaction (wettability, relative permeability), and

D. clay type (swelling/migration), dip.

3. Tertiary

A. volumetric/fluid distribution,

B. compartmentalization/ continuity,

C. permeability contrast (channeling),

D. anisotropy, rock fluid interaction (wettability, relative permeabüity), and

E. temperature dip.

It is very important to consider these types o f heterogeneity during the process of 

developing the required reservoir characterization model because the reliability of 

geological/engineering models wül depend mainly upon the quality o f the data and the 

basic assumptions.

All o f the previously described types o f heterogeneity can be indicated by the 

following fluid flow characteristics and distributions:

1. formation thickness (pay/non-pay), spatial distribution o f pay and non-pay intervals, 

and reservoir dip (attitude),

2. compartmentalization/ continuity,

3. permeability contrast (chaimeling),

4. fluid-fluid and rock-fluid interactions.
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5. drive mechanisms/gas cap/aquifer size, shape (irregular/tilted connection to other 

reservoirs with gas cap drive) and its characteristics, and

6. volumetric, fluid distributions.

Consideration of reservoir geology is one of the most important factors for a 

successfully integrated reservoir characterization. The key attributes o f a reservoir that 

are related to its depositional system include:

1. primary rock type and facies,

2. external geometry and configuration of the reservoir body,

3. internal architecture which controls vertical and lateral variations in both pay and non­

pay zones,

4. reservoir facies relationships which may control the sealing and trapping of 

hydrocarbons,

5. effectiveness of natural water-drive reservoirs, and

6. control o f modification of subsequent diagenetic history and the type and abundance of 

porosity and permeability.

Delineation of facies components provides the basis for establishing the field-wide 

internal reservoir architecture style. Reservoir heterogeneity may be classified into two 

scales as follows:

1. Megascopic scale, in which untrapped oil facies occur as either a small number 

discrete, elongate semi-continuous bodies that are easily missed by the majority o f well 

drilled on a grid or as tabular bodies occurring at deeper, less explored horizons; and

13



2. Macroscopic scale, in which small scale heterogeneity (in comparison to well spacing) 

cause local compartmentalization and bypassing of oil during Geld development 

(primary and secondary oil recovery).

Another more detailed classification of reservoir heterogeneity was introduced by 

Forgotson (1993) who classified them into four levels as follows:

1. Microscopic heterogeneity: it results from the variation at the pore-throat scale. This

type of scale controls the nature of oil and gas saturation in the reservoir,

2. Mesoscopic heterogeneity: it results from the variation at the lamination to bed scale

within distinctive lithofacies deposited during a relatively short period of 

accumulation. This type of scale can be reflected as flow barriers, laterally and 

vertically discontinuities in carbonate reservoirs

3. Macroscopic heterogeneity: it results from lateral changes in the lithofacies and 

lithologie across depositional sequence boundaries. This scale considers the interwell 

spacing flow properties and can be obtained using well tests and/or well logging data, 

and

4. Megascopic heterogeneity: it results from lithologie variation across depositional 

systems and geometry of structural features. It is used to describe the external 

architecture of reservoirs using the domain o f conventional subsurface mapping and 

the structural and the stratigraphie interpretation of seismic data.

It is important to emphasize that reservoir characterization requires accurate data 

from all types of these previously described scales with sophisticated averaging and 

scaling-up methods for estimation o f different properties of a flow unit.
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Doyle et al (1992) explained that integrated reservoir characterization should 

gather geological, geophysical, and well test data together. The objective of this study is 

to verify the descriptive and predictive tools with an equally detailed set of flow 

measurements. It is very important to develop detailed spatial distribution o f reservoir 

properties (porosity, permeability, and litho logy) and to characterize depositional flow 

units within distinct distributions.

The required sources of data for reservoir characterization are different for each 

heterogeneity scale and for each scientific discipline. The data can be classified into four 

main types as follows:

1. Geological and petrophysical data which can be obtained from laboratory measurements 

using rock cores.

2. Geophysical data which are primarily obtained from acoustic wave methods including

surface and cross-well seismic surveys, and

3. Engineering data which can be obtained from cased-hole logs, drill stem tests, 

bottom-hole pressure tests, tracer studies, injection tests, production history, and 

reservoir fluid properties.

Data derived from cores can be divided into three categories including:

1. Geological data parameters, including geological core descriptions and pétrographie 

analysis,

2. Data for well completion, and

3. Data for engineering calculations.
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Cores can be used specifically for identification of depositional environments, 

facies, subfacies, erosional events, dip angels and azimuths. In addition, cores can also 

provide pétrographie, petrophysical, mechanical, and geochemical data o f reservoir rock 

and interstitial fluids. Furthermore, cores can also be used to determine rock-fluid 

interaction parameters which might be used as a reference for log interpretation. More 

specifically, the following data can be obtained from the cores:

(1) porosity and formation resistivity factor,

(2) relative and absolute permeabilities, compressibility, and rock mechanics properties,

(3) wettability and residual saturations,

(4) dispersivity, diffusivity, adsorption properties, and fractions of dead end pores,

(5) mineralogy, clay type and content, cation exchange capacity,

(6) capillary pressure-saturation relationships, drainage and imbibition properties,

(7) tortuosity, specific surface area, pore-size distribution, grain-size distribution,

(8) water flood and enhanced oil recovery (EOR) type displacement tests, and

(9) sensitivity of rocks and fluids to pressure and temperature conditions.

Well test analysis provides valuable information about major depositional, 

erosional, diagenetic, tectonic, and rock-fluid interaction, and fluid contacts within the 

reservoir. Forgotson (1993) summarized the role of different well tests in reservoir 

characterization as follows: production tests can be used for the determination of thief 

zones, firactures, coning and limits o f producing zones. Interwell tracer tests are used to 

determine the direction and rate of fluid movement. Single-well tracer tests are used to 

determine residual oil saturation and dispersion coefficients. Finally, pressure transient
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tests are used to measure horizontal and vertical permeabilities, porosity, productivity 

index, reservoir volume, distance to fault or reservoir boundary, vertical zonation, 

fracture length, length of shale barriers, and average reservoir pressure. For this reason, 

well-to-well transient and pressure tests data can be used to complete each other.

Well logging provides a wealth of data that could be effectively used in reservoir 

characterization. With respect to open-hole logs, they are sometimes the only source for 

gross and net pay thickness, porosity, lithology, position of flow barriers, fluid saturation, 

and permeability. Open-hole logs are very useful tools for the determination external 

reservoir geometry, major flow barriers, porosity and fluid saturation.

Seismic surveys provide a map for detecting faults providing traps or segments of 

the reservoir. Two types of seismic analysis can be performed on 3-D data and some 2-D 

surveys: (1) mapping of geometric framework to represent detailed attitude o f reservoir 

beds, and (2) interwell interpolations of reservoir properties. Vertical seismic profiling 

(VSP) provides high resolution for structural and stratigraphie information within a few 

hundred feet of the welL Tables 2. 2, 2. 3, and 2. 4 list geological significance, benefits of 

3-D, and borehole seismic methods, respectively.

Finally, since the primary objective of a reservoir engineer is to obtain the highest 

possible economic hydrocarbon recovery from oil reservoirs, the following information is 

necessary:

1. Working description of reservoir including:

A. model describing fluid flow within the reservoir,

B. geological control of rock and flow properties including:
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- structural,

- stratigraphie, and

- geometric.

C. translate into numerical framework including:

- hard numbers and bounds, and

- preferred flow directions.

D. defined and quantified at simulation grid-block scale.

2. Hydrocarbon distribution including:

A. originally oü in place,

B. where produced and bypassed, and

C. remaining oil in place as a target for further developm ent

3. Pore-space distribution including:

A. reservoir thickness, and

B. porosity, permeability, and oil saturation.

4. Horizontal and vertical heterogeneity including:

A. horizontal compartmentalization and vertical zonation,

B. simple versus complex geometry's,

C. continuous versus discontinuous layers, and

D. gradual versus sharp changes.

5. Distribution of sweep-controlling reservoir elements including:

A. non reservoir rocks and barriers to fluid flow  

- continuous shales and sealing faults, and
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Table 2. 2-Geologic significance of seismic reflection parameters used in 
seismic stratigraphy, [Hoeksema, 1990]

Seismic Facies Parameters

Reflection configuration

Reflection continuity 

Reflection amplitude

Reflection frequency 

Interval velocity

External form and areal 
association of seismic 
facies units

Geologic Interpretation

Bedding patterns 
Depositional processes 
Erosion and paleotopography 
Fluid contacts

Bedding continuity 
Depositional processes

Velocity-density contrast 
Bedding spacing 
Fluid content

Bed thickness 
Fluid content

Estimation of lithology 
Estimation of porosity 
Fluid content

Gross depositional environment 
Sediment source 
Geologic setting
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Table 2. 3-Benefits of the 3-D seismic m ethods for reservoir engineering,
[Hoeksema, 1990]

A ttributes

3-D migration 

3-D density

Data volume

Spatial
continuity

Geologic Benefits 

Accurate geometry 

Reservoir delineation

Interpretability

Heterogeneity

Engineering Benefits

Fewer dry holes

More production 
per well

Fewer development 
wells

Earlier production 
Enhanced value of 
Reserves

Table 2. 4-Benefits of cross-bore holes seismic methods for reservoir

A ttributes

Source and 
sensors at 
target depth

Reduced time 
to depth 
conversion

Velocity/
attenuation
tomography

Impedance
logging

Increased
resolution

engineering, [Hoeksema, 1990] 

Geologic Benefits 

Accurate Geometry

Interpretability

Reservoir property 
variations

Reservoir
characterization

Heterogeneity

Engineering Benefits 

Fewer infill wells

Reservoir simulation

Monitor hydrocarbon 
recovery project

Efficient sweep

More production 
per well
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- non pay versus pay zones

B. high-permeability zones that result in low sweep efficiency and leave by-passed 

oil including;

- high-permeability layers, and

- fractures and channels.

2. 3. The Concept of Flow Unit

In early studies of reservoir engineering, the reservoirs are assumed to be 

homogeneous and isotropic, but also non-uniform. In recent studies, however, the 

porosity -permeability relationship has been used for a better description of the reservoirs 

having some complex geological continuum. Several authors have recently dealt with the 

reservoir as heterogeneous and non uniform which may comprise multiple homogeneous 

and non-uniform, sub-layers that can be referred to as hydraulic (flow) units.

Bear (1972) defined hydraulic (pore geometrical) unit as the representative 

elementary volume of the total reservoir rock within which the geological and 

petrophysical properties that affect fluid flow are internally consistent and predictably 

different from properties of other rock volumes.

The hydraulic unit concept is very useful because it combines several aspects of 

the reservoir rock and its contained fluids. These aspects include geological (texture and 

mineralogy) and petrophysical (porosity, permeability and capillary pressure) controls of 

the reservoir quality for the identification o f reservoir rocks o f similar fluid flow 

characteristics.

2 ’



Ebanks (1983) defined hydraulic (flow) units as a mappable portion o f the 

reservoir within which geological and petrophysical properties that affect the flow of 

fluids are consistent and predictably different from the properties of other reservoir rock 

volume. Ebanks also showed that the flow units have the following characteristics:

1. A flow unit is a specific volume of a reservoir, which is composed of one o r more 

reservoir quality lithologies and any non-reservoir quality rock types within that same 

volume, as well as the fluids they contain,

2. A flow unit is correlative and mappable at the interwell scale,

3. A flow unit zonation is recognizable on wireline logs, and

4. A flow unit may be in communication with other flow units.

Delineation of the flow units requires fundamentally that the reservoir volumes 

within which properties that affect fluid flow differ are consistently distinguished and 

should be definable.

Several other definitions are also available for the concept of flow unit. A  flow 

unit is also defined as a continuous body (over a specific reservoir volume) that 

practically possesses consistent petrophysical and fluid properties. These properties 

uniquely characterize its static and dynamic state, thus distinguishing it from other rock 

volumes. Here, a  no-flow unit may be defined as reservoir body that does not possess 

sufficient porosity and permeability to support fluid flow. Flow units are then zones of 

similar geological facies and of similar pore geometrical attributes.

The description of the reservoir (in terms o f flow and no-flow unit) provides a 

practical tool for enhanced reservoir description, using both geological and engineering
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information, which will ultimately have a significant effect for economic feasibility of 

reservoir development and enhanced oil recovery applications. It is well-recognized that 

improving the reservoir description will increase the oil recovery of that reservoir. Ebanks 

introduced the concept of flow unit from a geological point of view.

Later, Amaefule et al (1993) showed that it is not possible to get good reservoir 

description without considering a relationship between pore-throat parameters and 

log-derived macroscopic attributes. Amaefule et al also introduced the concept of 

reservoir quality index (RQI) considering the pore-throat, pore and grain distributions and 

other macroscopic parameters to come up with an equation of the reservoir quality index 

(RQI) as follows: Geological attributes indicate the existence o f distinct rock units with 

similar pore-throat attributes.

Using the concept o f mean hydraulic unit radius (r^h ) of Bird et al (1960), for a 

circular cylindrical tube, the mean hydraulic radius is defined by:

where

r = radius of a circular cylindrical tube.

Using the mean-hydraulic radius concept, the Carmen-Kozeny equation (1937) provides 

this permeability equation:

K = (2-2)
8t “  2 t “

where

T = tortuosity of the flow path.
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The mean hydraulic radius (rn*) can be related to the surface area per unit grain volume 

(Sgv) and effective porosity as follows:

/
(2-3)

Substituting equation (2-3) into the Carmen-Kozeny equation, equation (2-2), results in 

the following relationship:

K =
(1

(2-4)

where

K = permeability, ( fx m)“

<Pg = effective porosity, (fraction)

The constant 2.0 represents the shape factor in the Carmen-Kozeny equation.

Taking the square root of equation (2-4) and replacing the constant 2.0 by the shape 

factor (Fs) results in:

r 9 , 1 1 (2-5)

If the permeability is expressed in milli-darcy (md) in equation (2-5) instead of m)‘ 

then the Reservoir Quality Index (RQI) can be expressed by the following equation:

= 0.0314 (2-6 )

where

RQI = reservoir quality index, ( / i  m)
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K = rock permeability, (rad)

<Pg = effective porosity o f the rock, (fraction).

Amaefule et al (1993) introduced the Flow Zone Indicator (FZl) concept:

RQIFZJ = (2-7)

where

Pore — Volume
(p ̂  —  '

Grain — Volume
<Pe ^ (2-8)

l-< p .

In addition, Amaefule et al (1993) used equation (2-6) to build up a methodology for 

identification and characterization o f hydraulic (flow) units within mappable geological 

facies by applying logarithm on both sides of equation (2-6) to get the following 

equation:

l-og{RQI) = I-og(p, + LogFZI (2-9)

On a log-log plot of equation (2-9), all similar FZI values wül lie on a straight line with 

unit slope. Each straight line will represent samples of similar pore-throat attributes and, 

thereby, constitute a single flow uniL

Recently, another technique was introduced by Ohcn et al (1995) to obtain the 

reservoir quality index using NMR data. This equation is as follows:

R Q I{m ) = - ^  (2- 10)

where

p  = surface relaxtivity (killing sirength)from NMR,( fi m /sec)

T 1 = NMR Decay Time (mSec)
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F, = surface area to volume ratio of the pore space (Sp/Vp)

T -  tortuosity of the flow path

Ohen et al used equation (2-10) to obtain more accurate determination for the 

reservoir quality index (using NMR measurements). Then RQI was plotted versus 

porosity to obtain a better description of the reservoir rock.

2. 4. Development o f New Flow Unit Models for Clean Formations

The purpose o f the section is to develop several new models capable of providing 

a better description o f the reservoir, through using the concept of reservoir quality index 

(RQI), in combination with permeability models appearing in the literature. Five models 

have been developed for enhancing reservoir description. These models have been 

validated using both simulated and actual data. Use of these newly-developed models for 

reservoir descriptions thus represents an economically-feasible tool, because application 

of these models requires only conventional well-logging derived data, which are available 

for all old and new oil wells.

2. 4.1.  New Flow Units Model Using Morris-Biggs Permeability Equation

Morris and Biggs (1967) developed the following equation for calculating the 

permeability of the reservoir rock;

K{md) = 250*
V wirr y

(2- 11)

where
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(p =  porosity  using porosity logs, (fraction)

Swirr = irreducible water saturation, (fraction)

Nuclear M agnetic Resonance (NMR) provides an accurate measurements o f 

several parameters o f  the reservoir rock. Here, Borgia (1994) introduced the following 

relation for calculating irreducible water saturation using NMR parameters as follows:

=  9 5 9  *  7 j ^  70  * ^ - 0 . 3 5  ( 2 - 1 2 )

where

T | 2  = geometric mean longitudinal relaxation time from NMR, (see)

(p =  porosity using porosity logs, (fraction)

Substituting equation (2-12) into equation (2-11) results in a new permeability model to 

calculate the permeability in clean formation as follows:

K{nid) = 2.12 *7^1'' (2-13)

Then, this produces a new model for obtaining the permeability in clean formation using 

porosity and NMR data. Using equation (2-13) in RQI equation, equation (2-6). results 

in the following equation:

RQ[{uni} =  5 . \ 8  ‘̂ l O -  * ( p - ' '  (2-14)

where

T|. = geometric mean longitudinal relaxation time from NMR. ( sec)

Ohen et al (1995) then proposed a definition for reservoir quality index based on using 

NMR data as follows:

R Q l { M f n )  =  - ^  (2-15)
y
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where

p = surface relaxtivity (killing strength)from NMR,( u  m /sec)

T 1 = NMR Decay Time (mSec)

Fs  = surface area to volume ratio o f the pore space (Sp/\'p)

T = tortuosity o f  the flow  path.

Equating equations (2-14) and (2-15) and applying logarithm on both sides of the 

resulting equation leads to:

L o g [ T i )  =  2 . ^ 5  *  t o +  L o g \  ----------------- =--------- I (2-16)
V P

This is a new flow unit model. It requires only NMR decay time and porosity 

data. Porosity can also be obtained using NMR. Borgia (1994) showed that porosity 

from NMR and other sources are almost the same. Fig. 2. 1. Table 2. 5. shows porosity

and NMR decay time measurements, obtained by Ohen et al ( 1995 ). These measurements

are used to validate the newly-developed flow unit model as shown in Fig. 2. 2. .A. 

log-log plot of (Ti) versus porosity produces a straight line, with a unique slope equal to 

2.85 for each flow unit, with a specirlc intercept equal to the last term in the developed 

model. The result indicates that three (low units can be identified by drawing 3 straight 

lines (each one through a set of data points) of slope equal 2.85 and different intercepts.

The application of this model, equation (2-16). requires porosity and NMR data. 

However, only NMR data ( including NMR porosity and NMR decay time) can be used.
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Fig. 2.1- Conventional porosity versus NMR porosity, [Borgia, 1994].
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Table 2 .5 - Porosity and NMR decay time values, (Ohen, 1995).

Porosity T,
(fraction) (see)

0.26 0-12
0.18 0.30
0.23 0.13
0.27 0.11
0.16 0.09
0.25 0.10
0.16 0.07
0.23 0.12
0.25 0.10
0.20 0.06
0.14 0.07
0.22 0.09
0.15 0.06
0.10 0.03
0.05 0.03
0.11 0.03
0.13 0.07
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— (Actual datà^

0.1

*FU#2

0.01
0.1

Porosity, (fraction)
0.01

Fig. 2.2-New Flow Unit Model for characterizing clean 
formations using Morris-Biggs permeability equation 

(Actual Data, Ohen, 1995)
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because calculation of the intercept is not required for the definition of several flow unit 

(comprising the pay zone of interest) within the reservoir under investigation.

This new model, equation (2-16) and Fig. 2. 2, show a crucial relationship

between NMR relaxation time (Ti) and porosity for the purpose of defining flow units.

Using Ohen's data (1995), Table 2. 5, of porosity and NMR decay time (T|), the 

application of this newly-developed flow unit model defines 3 flow units. Knowing the 

slope of the straight line defining each flow unit results in an accurate definition for the 

flow units comprising the reservoir rock even though the number of data points is not 

sufficient.

Application of this new flow unit model requires only measurements of porosity 

and relaxation NMR time values for the obtained cores. Then, plot porosity versus 

relaxation time, with the knowledge that slope o f each line equals 2.85, provides a good 

and effective means for identification flow units residing in the producing zone. This tlow 

unit model has two unique parameters including the slope of straight line de tin in g tlow 

unit (slope = 2.85) and the intercept of that straight line at porosity = 1.0. Each tlow unit 

has its intercept value. For the previously used data in Fig. 2. 2. the intercepts o f the 3 

tlow units have been detennined as:

Intercept o f  How unit # 1 (I, i = 0.49

Intercept o f  tlow unit # 2 (1; i = 0.34

Intercept o f  tlow unit #3(1-,) = 0.20

The intercept involves several parameters such as tortousity ( r ) , NMR relaxation time 

(Ti), specific surface area (F j and surface relaxativity ( p ) . Therefore, if only one o f these



parameters is unknown, then it can be calculated using the corresponding value of that 

intercepL

2. 4. 2. New Flow Unit Model Using NMR Model

Sen et al (1990) introduced the following equation for the purpose of getting the 

permeability with the aid of NMR measurements:

K{md) =  0.794 * (2-17)

where

Ti = NMR Decay Time (sec).

Using the above equation of permeability in the equation of RQI, equation (2-6) results in 

the following equation:

RQI = 0.028 * * ç{2.i5m-iu2 (2-18)

Taking the logarithm of equation (2-18) then yields:

Log{RQI) = (1.075m -0.5)Lo^<p -t- Log{0.02S * (2-19)

Equation (2-19) reveals that, for any hydraulic (flow) unit, a log-log plot of a 

"Reservoir Quality Index” (RQI) which is denned by equation (2-18) versus porosity (<p) , 

should yield a straight line with a slope equal to {(1.075m) - 0.5} and a unique intercept 

at porosity (<p) =1.0, equal to the flow zone indicator (FZI)=0.028* 7}̂  , Fig. 2. 3.

Application of this new flow unit model requires only the porosity data and the 

NMR relaxation time. The NMR data in Table 2. 6 is used to calculate the Reservoir
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Quality Index (RQI) as follows: porosity reading # 1 = 26 % and NMR time reading # 1 = 

0.12. Calculation of RQI using equation (2-18) results in RQI # 1 = 0.07.

The calculation is repeated for the rest o f the data points to obtain other values o f 

RQI. A plot of the calculated RQI values versus porosity yields Fig. 2. 3 in which two 

flow units can be drawn. Each flow unit is represented by a single line and reveals 

consistent values of porosity and RQI.

For the reservoir having several flow units, a group o f parallel lines (having the 

same slope) can then be obtained, where each o f these parallel lines represents a single 

flow unit having similar pore-throat attributes. Each straight line passes through each set 

o f data points having similar values of porosity, permeability, and pore body/pore-throat 

distribution. Other surface properties of the rock ( N M R  relaxation time "Ti") defines a 

single flow unit.

2. 4. 3. New Flow Units M odel Using Wyllie and Rose Perm eability Equation:

.A.rchie's equation for calculating water saturation is given as

, 2 - 2 0 )

where

n = water saturation exponent (usually n = 2)

= water saturation, ( fraction I 

F = Formation Resistivity Factor 

R,, = Formation W ater Resistivity, (ohm-m)

R; = True Formation Resistivity, (ohm-m)



Table 2. 6- Porosity and NMR Decay Time Values used to calculate 
Reservoir Quality Index (RQI) for Validating the Flow Unit 

Model Using NMR Equation.

Porosity T RQI
( % ) (see) (um)

26 0.12 0.07
18 0.30 0.12
23 0.13 0.06
27 0.11 0.06
16 0.09 0 03
25 0.10 0.05
16 0.07 0.02
23 0.12 0.06
25 0.10 0.05
20 0.09 0.04
14 0.07 0.02
22 0.05 0.02
15 0.06 0.02
10 0.03 0.01
5 0.03 0.00
11 0.03 0.01
13 0.07 0.02
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Wyllie and Rose (1950) permeability equation is given as follows:

K{md) = 62500 *
r (p2m \

V"V W irr y
( 2 - 2 1 )

where

n = water saturation exponent (usually n = 2)

Sw = water saturation in clean formation, (fraction)

Applying irreducible water saturation condition on equation (2-20) and substituting it into 

equation (2-21) results in the following equation:

K = 62500 * * (p-"* (2-22)
.......

Using Archie equation for formation resistivity factor into equation (2-22) yields:

K = 62500 ♦ ' 3 l
yCiR^ j

+ (2-23)

where

a = coefficient of Archie’s equation 

m = porosity exponent (or cementation exponent)

Rw = formation water resistivity, (ohm-m)

K = permeability of the rock, (md)

Ru = true formation resistivity at irreducible water conditions, (ohm-m)

Equation (2-23) represents a new model for getting permeability using the 

resistivity and porosity data from well logs. The most clear advantage of this derived 

model is that it correlates the electrical and flow properties of porous medium. In
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addition, this model is not restricted to calculating irreducible water saturation (as other 

models do) because it requires only reading the true formation resistivity in oil zone (R„). 

Another advantage of this new permeability equation is that it does not require 

calculation o f irreducible water saturation.

Substituting equation (2-23) into RQI equation, equation (2-6), produces an equation for 

reservoir quality index ( RQI i in terms of well-logging data as follows:

( r R ~ ]
R Q n u m )  =  7 . S 5 - ^ ( p  - ^  I (2-24)

/

■Applying logarithm on both sides of equation (2-24) provides:

R Q I )  =  i^~—-— ^ j L o i i ( p + L o ^  7.85*! J  I !
" K  i j

Equation (2-25) reveals that in a clean sandstone reservoirs, a log-log plot of 

Reservoir Quality Index (RQI) versus porosity provides a straight line for each flow unit

with a unique slope equal to —- j and a unique intercept equal to (7.85* ^ R , ,  /  ciR^, )

at porosity equals unity, when Wyllie and Rose equation is used for calculating the 

permeability in that specific reservoir.

This newly-developed flow unit model. Equation (2-25). will provide a group of 

straight lines, with a unique slope, that defines several flow units in clean formation. 

Each sub-zone of the rock having similar values o f rock coefficient (a), formation water 

resistivity (R,). true formation resistivity at irreducible water saturation (R„), porosity 

{ ( p ) ,  and permeability (K) is expected to produce similar values of Reservoir Quality
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Index (RQI). Theretbre. it is easy to define a tlow unit by drawing a single straight line 

through each group of sim ilar data points.

Using the simulated data o f Table 2. 7. three flow unit are defined as shown in 

Fig. 2. 4. Data o f Table 2. 7 o f porosity (for reading #1 = 0.12) and permeability (for 

reading # 1 = 7 0  md) is used to calculate the RQI using the following equation:

R O K i i i n )  = 0 . 0 3 1 4 *  /  (p^ = 0.03 14  ̂v  70 / 0.12 = 0.76.

The calculation is repeated for the rest o f the data points resulting in several values o f

Reservoir Quality Index (RQI). .A. log-log plot o f  the Reservoir Quality Index (RQI)

versus porosity. Fig. 2. 4. shows that three straight lines can be drawn, each one 

through a group of data points. Each straight line detines a single tlow unit and it has a 

unique slope equals to 1.5 and a specific intercept having the following values for each 

tlow unit.

Intercept o f flow unit # 1 (T) = 53 

Intercept o f flow unit #  2 (T) = 21 

Intercept o f flow unit #  3 (T,) = 14.8

These intercept values represent average values for a group o f several parameters 

including Archie's coefficient (a), formation water resistivity (Rw), true formation 

resistivity (R,). and resistivity o f 100 %  brine-saturated rock (R,,)- Each flow unit has its 

unique average values o f all for these parameters.
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Table 2 . 7 -  Simulated data for validating flow unit model
based on Wyllie and Rose equation

R eading Porosity K RQI
# (tract.) (md) (um)

1 0.12 70 0 .758382
2 0.15 130 0.924391
3 0.16 192 1.0877279
4 0.13 48 0 .6033629
5 0.18 340 1.3646864
6 0.23 71 0.5516897
7 0.19 476 1.5716518
8 0.25 121 0.6908
9 0.31 482 1.2381473
10 0.34 780 1.5039642
11 0.3 296 0 .9863133
12 0.27 310 1.0639681
13 0.26 232 0 .9379657
14 0.28 219 0.8781581
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2. 4. 4. New Flow Unit Model Using Timur Permeability Equation

Timur (1968) used 155 sandstone samples from three different oil fields in North 

•America to establish such a correlation among permeability, porosity and irreducible 

water saturation. Timur (1968) then proposed the following empirical equation for 

permeability calculation:

^  '■ (2-26)K { m d )  =  ( 9 3 ) '
V ^ »- trr

where

n = water saturation exponent o f A rchie 's equation 

SwiiT= irreducible water samration, (fraction) 

cp -  rock porosity, (fraction)

Using Archie's equation for water saturation:

(2-27)

Using irreducible water samration exponent = n instead o f two in equation (2-26) 

provides more generality for equation (2-26) application. Applying irreducible w ater 

saturation (Swrn) condition on equation (2-27), and then using it in equation (2-26) 

provides the following equation for permeability calculation:

I ' D  \

K ( m d )  = (93) R,n
\^R\v J

(2-28)

Equation (2-28) is another permeability model for clean formation. Next, using equation 

(2-28) into the RQI equation, equation (2-6), that was introduced by Amaefule et al 

(1993) provides the following:
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RQl{^m) = 292 * " (2-29)
V

Applying the logarithm on both sides of equation (2-29) provides 

Log{RQl) = r i . 7 . ^ 1
/

Logcp+Log
V 2 J \

292* J - ^ (2-30)

This equation, (2-30), reveals a new flow-unit model, which has the following two 

unique features: (1) each flow unit will be represented by a straight line of slope equals

[1.7-i-(m/2)], and (2) a unique intercept equals ^2.92 * ̂ R^ /  oR^ ̂  at porosity equals 1.0.

The values of rock coefficient (a), formation water resistivity (Rw), true formation 

resistivity at irreducible water saturation (Ru), porosity {cp), and permeability (K) 

represent good indication of the similarity of rock pore-throat/pore-body distribution. 

Therefore, the use of all these parameters can define similar flow units within the rock. 

This is achieved by drawing straight line though each group of similar data points. Using 

simulated data of Table 2. 8, each flow unit has a specific intercept which is obtained from 

Fig. 2. 5 with the following values:

Intercept of flow unit #  1 = 8.5 

Intercept of flow unit # 2 = 6.1
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Table 2. 8- Simulated data for validating flow unit model using
Timur's permeability equation

Interval (Phi)o (Ko) (RQIo)
# (fracL) (md) (um)

1.00 0.40 603.31 1.22
2.00 0.38 481.42 1.12
3.00 0.37 1200.40 1.79
4.00 0.36 379.50 1.02
5.00 0.34 670.50 1.39
6.00 0.32 226.02 0.83
7.00 0.29 459.40 1.25
8.00 0.28 125.60 0.67
9.00 0.22 190.00 0.92
10.00 0.24 63.74 0.51
11.00 0.21 200.20 0.97
12.00 0.20 28.58 0.38
13.00 0.18 53.00 0.54
14.00 0.16 10.71 0.26
15.00 0.14 23.00 0.40
16.00 0.12 3.02 0.16
17.00 0.10 7.00 0.26
18.00 0.08 0.51 0.08
19.00 0.06 48.00 0.89
20.00 0.04 0.02 0.02
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2. 4. 5. New Flow Unit Model Using Jorgensen Perm eability Equation

Jorgensen ( 1986) introduced the followmg equation to calculate the permeability. 

The Jorgensen equation is independent ot the irreducible water saturation, and also it 

represents a direct relationship between porosity (fraction) and permeability (md) as 

follows:

K ( i n d )  =  84105 (P

By definition of the formation resistivity factor is given by

v '"  K

Solving equation (2-32) for porosity results in: 

ciK.

(2-31)

(2-32)

(£) = (2-33)

Substituting equation (2-33) into equation (2-31) then results in:

a: = 84105* f ^ 1
I V

(2-34)

Substituting the resultant equation of permeability, equation (2-34) into the equation o f 

RQI. that is. equation (2-6), results in:

R Q l [ u m )  = 9.11 * \ciR.
&

(2-35)

Applying the logarithm on both sides o f equation (2-35) thus provides

= Log 4 - L o g 9.11
R.

(2-36)
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This model, equation (2-36). reveals that for a single flow unit a log-log plot of 

RQI versus {^^(p / (I — ç>)) provides a straight line (having a slope equal to unity) and a

unique intercept equals ( 9.11 / /?, ). This param eter {^^fç /  ( 1 -  ç))j. represents the

ratio o f square root of pore volume to grain volume o f the reservoir rock. Use of this 

parameter /(1 — cp)) is better than the conventional ratio o f pore to grain volume.

because this ratio is more controlled by pore volume than grain volume. In addition, 

several parameters such as rock coefficient (a), formation water resistivity ( R w ) .  and 

formation resistivity at 100 T  water saturation ( R.j in the model intercept are helpful to 

secure similarity o f rock properties and to define tlow units comprising the reservoir rock 

of interest. Furthermore. Reservoir Quality Index (RQI) includes porosity ( c p )  and 

permeability (,K) which are proved to be a good reflection for pore-throat/pore-size 

distribution.

This newly-developed model includes almost all the required measurements for 

better representation of a single flow unit. Simulated data indicated in Table 2. 9 of 

porosity and permeability is used to illustrate the application o f this new model. A log-

log plot of Reservoir Quality Index (RQI) versus the param eter / ( I - cp)^ shows that

two flow units can be identified. In this model it is really difficult to use the intercept at

porosity equal to unity because the ratio of / ( l - < p ) j  will be infinity.
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Table 2. 9- Simulated Data for Validating Flow Unit Model Based on
Jorgensen Permeability Equation.

Porosity Perm . (K) RQ I SQ RT [Phi/(1-Phi)]

(% ) (md) (um)

5.00 24.85 0.70 0.24
5.00 342.81 2.60 0.24
7.00 869.71 3.50 0.28
5.00 12.68 0.50 0.24
10.00 101.42 1.00 0.35
15.00 342.31 1.50 0.46
10.00 57.05 0.75 0.35
13.00 1392.68 3.25 0.41
3.00 87.93 1.70 0.18
10.00 171.41 1.30 0.35
15.00 342.31 1.50 0.46
15.00 219.08 1.20 0.46
10.00 1622.78 4.00 0.35
15.00 219.08 1.20 0.46
17.00 3890.24 4.75 0.50
20.00 3245.57 4.00 0.56
25.00 9128.16 6.00 0.67
30.00 1341.84 2.10 0.78
19.00 770.82 2.00 0.54
24.00 1521.36 2.50 0.64
20.00 657.23 1.80 0.56
25.00 649.11 1.60 0.67
33.00 2140.70 2.53 0.86
30.00 4523.60 3.86 0.78
35.00 3726.48 3.24 0.91
40.00 5858.25 3.80 1.05
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2. 4. 6. Generalized Model for Reservoir Characterization and Flow Unit
Identification in Clean Formations

Several equations are developed to calculate permeability. Ahmed (1991) and 

Nelson (1994) showed that more than sixty equations are available for obtaining 

permeability using core, well testing, and well logging data. This big number of 

permeability models creates a real need for a generalized model capable o f identifying 

flow units and characterizing clean reservoirs. The purpose of this section is to develop 

a general flow unit model based on any permeability equation which is a function of 

porosity ( (p ) and irreducible water saturation (S ^ j. A general form of permeability

equation (function of q> and S ^ )  can be written as follows:

Ko = ■ (2-37)

where

= permeability of clean formation at zero stress condition 

C, = coefficient of permeability equation 

C, = coefficient of porosity exponent in permeability equation 

(pa = porosity at zero stress condition, (fraction)

= irreducible water saturation, (fraction) 

n = water saturation exponent in Archie’s equation 

m = porosity exponent 

Archie’s equation for water saturation, equation (2-27), at irreducible condition can be 

written as follows:
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= (2-38)

where

a = coet'ficient o f A rchie's equation 

= formation w ater resistivity, (ohm-m)

R, = true formation resistivity at irreducible water condition. ( ohm-m) 

Substituting equation (2-38) into equation (2-37) yields

(2-39)

Substituting equation (2-39) into Reservoir Quality Index equation, equation (2-6). 

results in

; ( C >  -r-1 ) n i - l  I

( R .. (2-40)

Rearranging equation (2-40) and applying logarithm on both sides of the resulting 

equation yields

r ( C  4- l ) w -  i ‘Loi>{RQI„ ) = L o g ( p „  + L o ÿ i  (0.0314 V ^ )
I

> (2-41)

Equation (2-41) is a general model which can be used to identify flow units and 

characterize clean stress-insensitive formations. This model reveals that a single flow 

unit can be represented by a straight line having a slope equal to {[(C, 4- l)m -l]/2}and

an intercept equal to ( 0 .0 3 1 4 * ^ ) R,. This flow unit model is valid for any
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clean stress-insensitive form ation obeying permeability equation (function of porosity 

( (p ) and irreducible water saturation

A comparison of this general flow unit model with the flow unit model using 

Wyllie and Rose equation, equation i2-25i. and the flow unit model using Timur 

equation, equation (2-30). shows that a pattern o f specific slope and intercept can be 

recognized. The values o f permeability coefficients in Wyllie and Rose, and Timur can be 

listed as follows:

Coefficient W yllie and Rose Tim ur

C, 62500 (93)-

Cz 3 2.2

Substituting these coefficients in the general flow unit model, equation (2-41), leads 

directly to the corresponding flow unit models based on Wyllie and Rose, and Timur 

permeability equations respectively. For example, using C, = 62500 and C? = 3 in 

equation (2-41) provides the flow unit model based on Wyllie and Rose, equation (2-25). 

Therefore, if the permeability equation o f the reservoir under investigation has not been 

used by this study. Then, a new flow unit can be obtained by substituting the coefficients 

o f  the permeability equation (Ci and C?) o f permeability equation o f that reservoir into 

equation (2-41).
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2. 5. Generalized Systematic Technique F or Identifying Flow Units In Clean 
Form ations

The following generalized systematic technique is recommended for using the 

newly-developed flow unit models or any other appropriate tlow unit model for the 

reservoir of interest.

1, Determine the porosity of the formation at intervals of interest using porosity 

well-logging data such as the density, sonic, and/or neutron log. Use the porosity with 

the corresponding resistivity values (R, and Rw) to calculate irreducible water 

saturation,

2, Choose a permeability model that was developed for a formation that is very similar to 

the formation (reservoir) of interest and substitute the previously calculated 

irreducible water saturation in the chosen permeability equation,

3, Read true formation resistivity (R,) and the porosity at the same intervals of the well. 

Then, plot (R,) versus porosity on a " Pickett Plot". Estimate the slope of the straight 

line by grouping the data and get the cementation exponent (m). Read the intercept of 

the same straight line on "Pickett Plot" which equal to (aRw), then get the value of the 

coefficient "a", where formation water resistivity (Rw)can be obtained from SP log.

4, Using the previously calculated values o f  porosity, cementation exponent (m), 

resistivity o f 100 % water saturated formation (Ro), true formation resistivity at 

irreducible water saturation!R„), determine the permeability values at chosen intervals 

of the well, and



5. Calculate values o f the Reservoir Quality Index "RQI" using the tlow unit model 

equation that corresponds to the permeability/porosity model. Plot RQI values versus 

porosity on a log-log graph, and draw straight lines defining several flow units in the 

formation o f interest. Each zone o f similar rock and fluid properties (true formation 

resistivity, water saturation, pore-body/pore-throat distribution) will constitute a 

single flow unit which can be easily recognized by drawing a straight line through 

these similar readings of that flow unit.

Table 2. 10 summaries all the flow unit models developed in this chapter to 

characterize clean heterogeneous formations with their corresponding permeability 

equation. Table 2.11 shows the assumption(s) and limitation(s) of all o f  the newly 

developed flow unit models developed in this chapter for clean formations.

This chapter reviews the concept o f Reservoir Quality Index (RQI). Five models 

are developed for flow unit identification in clean stress-insensitive formations. In 

addition, a general flow unit model is developed and can be used for reservoir 

characterization o f any formation that obeys a permeability equation (function of 

porosity and irreducible water saturation).
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Table 2. 10- Summary of Newly-Developed Flow Unit Models 
Characterizing Clean Stress-Insensitive Formations

Newly-Developed Flow Unit Model

4.

L u g { T i )  = 2.85 * L o ^ q )  + L o g \

Used Permeability Equation

Morris-Biggs Equation
\ P j

L o q { R Q I ) = ( 1.075m — 0 . 5 ) L o g ( p  +  L o g ( p . 0 2 S  *  7"' NMR (Sen et al ) Equation

4m - ( f  I R

J J 
\

( I  f  I------
L o q ( R Q l )  = L o q \  | + L o q \  9.1 1 —

y

6. L o g  { R Q I  ) =
(C :+ I ) m -

U}gç^  +  ( L o g  j  (0.03 14 *

Wyllie and Rose Equation 

Timur Equation 

Jorgensen Equation

Generalized

Table 2. I I -  List of assumptions and lim itations of the newly developed flow unit 
models for clean formations

Flow Unit Model 
Based on

Morris-Biggs Perm. Equation,
Model given by equation (2-16) 
NMR Equation,
.Model given by equation (2-19) 
Wyllie and Rose Perm Equation.
.Model given by equation (2-25)

Timur Perm Equation,
Model given by equation (2-30)

Jorgensen’s Equation
Model given by equation (2-36)

Generalized Perm. Equation
Model given by equation (2-41)

Assum ption(s) and  Limitation(s)

C, = (250)' for medium gravity oil - clean formations 
Permeability derived from well-log data 
Permeability and porosity from NMR measurements 
Clean formations 
Clean consolidated sandstones 
Assumes P. is inversely proportional to SQRT(K) 

Permeability derived from well-log data 
applicable for (a) Gulf Coast field (depth 9,000-12,000 ft)
(b) Colorado field (depth 6,000-7,000 ft), and (c) California 
field (depth 9,000 ft - 10,000 ft).

Requires lab. measurements of porosity and permeability. 
Consolidated sandstones 
Clean sandstone reservoirs
Assumes that perm, is only a function of porosity and (m) 

Requires lab. measurements of porosity and perm.
Perm equation is function of porosity and .
Clean formations
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CHAPTER 3 

CHARACTERIZATION OF FLOW UNITS 

IN SHALY FORMATIONS

The c\pical clastic reservoir rock consists o f a complex and multi-component rock 

matrix-pore space system. Only very few oil and/or gas bearing sandstone reservoirs are 

essentially free of shale which contains clay minerals. Reservoir evaluation and 

characterization of shaly formations has long been a difficult task, which makes seeking 

enhanced reservoir description of shaly sand reservoirs much more difficult.

Fertl and Chilingarian. ( 1990) showed that the typical shaly clastic reservoir rocks 

frequently contain varying amounts o f different clay minerals. Most common clay minerals 

exhibit significant difference in their basic properties including: chemical composition, 

matrix density, photoelectric cross-sections, hydrogen index (HI), cation exchange 

capacity (CEC), potassium (%), thorium (%), and uranium (%).

The relationship between different petrophysicaJ properties and fluid saturation is 

well-known for clean sand reservoirs. The existence o f shale in the reservoir rock is 

however, an extremely-disturbing factor because o f the following reasons:

(a) it complicates the determination o f oil-in-place,

(b) it considerably reduces the permeability o f the reservoir rock for oil production, and

(c) it significantly affects the reservoir characterization of shaly sand producing 

formations.

In addition, Dewan ( 1983), showed that the existence o f shale in the formation may 

produce the following effects;
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(ai reduce the effective porosity, often significantly,

(b) lower the permeability, sometimes drastically, and

(c) alter the resistivity from that predicted by Archie's equation.

The existence of clay minerals affects all well-loggmg measurements to different 

degrees. Hence, shale effect should be considered during the evaluation of reservoir 

parameters such as porosity and water saturation. Fig. 3. 1 shows the effect of shale on 

several well logging tools and Fig. 3. 2 shows the fractions and properties of a typical 

shaly formation constituents.

Well-logging tools have been shown to be influenced by the existence of shale in 

producing formations. The distribution o f shale in the formation affects the response of 

well logging tools. Well-logging readings in a shaly formation depend mainly on both the 

shale volume and physical properties o f that shale. As a result, the interpretation o f shaly 

formations is expected to be much more difficult and complicated than clean (free-shale) 

formations.

Shale is mainly composed of clay. The clay itself consists of extremely-fine 

particles that have ver\' high surface area, and are therefore, capable of capturing a 

substantial amount of pore volume water to its surfaces. This water is usually called bound 

water, and contributes to the electrical conductivity o f sands. For this reason, a higher 

amount o f shale may kill the permeability and therefore the rate o f oil production. Shaly 

oil-sands show different resistivity behavior than clean oil-sands. This makes interpretation 

of shaly sands much more complicated than clean formations.
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Fig. 3. 1- Idealized response of different tools, [Bassiouni, 1994]
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Fig. 3. 2 - Schematic of the  fractions and properties of shaly 
formation constituents, [Bassiouni, 1994].
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3. 1. Shale D istribution in Shaly Sands

The existence ot shale in shaiy-sand reservoirs may be one or more o f three t\pes: 

laminated, structural and dispersed shale. Fig. 3. 3 shows different types of shale. Based on 

core inspection. Schlumberger ( 1972) classified the shale distribution within the formation 

into three main forms;

1. Laminated shale: This shale may exist in the form of laminae between layers of sand. 

The laminar shale does not affect the porosity and the permeability of the sand streaks 

themselves. However, with increasing amounts o f this type of shale in the porous 

medium, the porous where decreases leading to decrease in porosity and permeability of 

the system.

2. Structural shale: This shale may exist as grains or nodules in the formations. The 

properties o f this type o f shale are expected to be similar to laminated shale as 

described above. The effect of this type o f shale on both porosity and permeability is 

expected to be negligible. In this type o f  shale, the clay grains may accumulate as clay 

particles (or mudstone clasts) and then take the place o f sand grains. The existence of 

structural shale is minimal.

3. Dispersed shale: This shale material may be dispersed throughout the sand, partially

filling the intergranular interstices. Dispersed shale may be in the form o f 

accumulations adhering to the sand grains or may partially flU the smaller pore 

channels. The dispersed shale in the pores markedly reduces the permeability o f the 

formation.
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Neasham ( 1977). studied the effect o f clay on permeability. He showed that the 

maximum amount of dispersed shale (which the sand reser\oir can produce) is in the range 

of 15 to 40 % of the sand pore volume. Dispersed shale contains an authigenic clay which 

has been characterized as a discrete-particle. pore-lining, and pore-bridging type, based on 

scanning electron microscopes (SEM). Fig. 3. 4 shows the different forms of authigenic 

clay. Neasham ( 1977). also showed that the porosity-permeabüity relationship varies 

corresponding to the constituents of dispersed shale. Figs. 3. 4 and 3. 5 show the three 

categories described as follows:

(ai Discrete Particle clays reflect the typical mode of kaolinite occurrence in sandstones.

(b| Pore lining clays are attached to the walls of the pores and form continuous and thin 

clay mineral coating, and

(c) Pore bridging clays due to extensive growth of clay crystal within the pore system, lead 

to micro-porosity and tortuous fluid flow pathways.

Without considering shale distribution in the formation rocks, water saturation and 

effective porosity of a shaly sand can be determined by correcting the parameters involved 

in Archie's equation for the shaliness of the formation. This requires calculation of the 

volume of shale (V^h).

3. 2. Shale Content Evaluation (Mixed Lithology)

It is important to determine the overall shale content o f shaly formations for 

accurate calculation of porosity, using wireline log data such as neutron, density and sonic
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logs. Neglecting the effect of shale on calculated porosity (from neutron and/or sonic 

logs) will lead to higher values of porosity, and also erroneous estimation of permeability 

and oil-in-place (OIP). Several tools have appeared in the literature that can be used for 

evaluating shaly formations. These tools may be listed as follows:

1. Gamma Ray Log,

2. Spectralog Total Counts

3. Spectralog Potassium,

4. Specuralog Thorium,

5. Spontaneous Potential (SP),

6. Resistivity Logs,

7. Neutron Log,

8. Density-Neutron Crossplot,

9. Neutron-Acoustic Crossplot,

10. Density-Acoustic Crossplot.

A comprehensive review of equations that are currently used for shale-volume 

determination was done by the Society of Petroleum Well Log Analysts (SPWLA, 1982). 

At the end of the study, other models were added as shown in Table 3. 1. Twenty six 

equations have been included with the definition of the parameters and some conditions for 

their applications in order to calculate shale volume in mixed lithology.

Calculation of the shale volume is one of the most important keys to correct the 

shaliness of the formation. Therefore, reliable data must be obtained so that correct shale
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T able 3.1 - Equations for shale volume determ ination

Logging tool

Gamma Rav

Equation for shale volume 
calculation

, 1,

(2) =

Remarks

Linear A pproxim ation

from equation  1 1 )

= C orrected 
G CU R=2. o lder rocks. 
G CL'R=3.7. T ertiarv  rocks.

Spectralog 

Total Counts

Spectralog

Potassium

(4) V.. =

_ Pfl.G/? -

(6) y ,, =

Psh

( P s * G R Ÿ ' * A

B SI
1 - 5 /

+ C

(7)W ^,= C 7 3 ,-C 7 5 ^
CTS^^  - c r 5 ^ .„ .

(8) = ,G C U R-l

~,(V ,^'C C U R)-l

^  CCU R-l

X = Local C orrection Factor 

V from equation  ( 1 )

A. B = G eological .Area Coefficients

P B 'Psk~ C orrection Factors for 

Form ation Density

SI = statistical Index for Slit-shaJe

A. B. C. .M = C oefficients 

Linear .Approximation

t'rom equation  (7)

= C orrected 
GCU R=2. o lder rocks, 
G C U R =3.7, T ertiary  rocks.

from  equation ( I )

= C orrected  
G C U R =2, o lder rocks. 
G C U R =3.7 . Tertituy rocks.
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Table 3.1 - Equations for shale volume determination (contd.)

Logging tool Equation for shale volume Remarks
calculation

Spontaneous 

Potential (SP)

Resistivity

(10) y,, =1.0 SP
SSP

( ( r T r ^ - v J .Log -

( 12) 1.0
SP

W . =  w ater conccnc/sbale vol.

(13) =

(14) y ,, =

r „
^sh 

\^Log J

Riog *{Rum - R f )

(15) —  = Y}Si!2Lx^+
R, (p Rsh O&R^

b= 1.0 -2.0

Rj^ = Maximum Resistivity in Clean 

Formation

= f (clean + shale)

Neutron (16) V. = <P
IPSsh J

Works for low porosity

(17) y,^ = - ^  ^AQnin,
^  N  max ^  N  nu

High in porous zone

Acoustic High in porous zone
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Table 3.1 - Equations for shale volume determination (contd.)

Logging tool Exjuation for shale volume calculation Remarks

D E N -N E U  ( 19) = A / B Can be too clean in gas formation

Crossplot A = Pa *{(p^ -1 .0 )-< p^  *(Pm^ ~ P f ) ~  P f  *^Sma +Pma

B  =  { P s h - p f ) * { ( P S m a - ^ - 0 ) - { ( P N s f . - ^ - 0 ) * { p m a - p , )

NEU-AC
Crossplot

(20) = A / B Dependent on assumed clean matrix

A  =  (p,v - A f y r ) - A f  - L O ) - A r ^  * A r ^

^  = {^nu2 -  A/y ) * (<p Ssh -  10) -  {cp Sma ~ 1 ) * sh ~  Af /  )

DEN-AC
Crossplot

(21) — A! B Sensitive to rugose borehole

A = P s * (A f^  -A /^ ) -A r* (ç > ^ ^  - P / ) - P /  * A /^  ^  P sma

^  = [^ma -  ^  f ) * { p  ,h -  P f ) -{(P N nui -  P f  ) *  sk ~  )

Models using 

GR Models

(22) A, =

(23) =0.083*(2^^^^" -l.O )

(24 ) K * = / , , / ( 3 - 2 * / , , )

(25 ) =  1-7 -  V 3 3 8 - ( / , a + 0 .7 0 ) '

(26 ) V,,, = 0 3 3  *(2^^^* -L O )

= Shale Index

For Tertiary Rocks 

Stieber Equation 

Clavier et ai Equation 

For Older Rocks
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models can be used tor the interpretation and calculation of fluid saturations and other 

parameters within the reser\ oir of interest.

3. 3. Electrical and Cation Exchange Capacity Properties of Shaly Sands

Since Shale is rich in clay minerals, the terms "Clayey" or " Shaly" has been used 

interchangeably in well logging and petroleum engineering. Clays are the sediments with 

grain diameter less than 0.004 mm. Also, clays are essentially composed o f hydrous 

aluminum silicates and alumina. On the other side, shale is a sediment composed of clays 

and other variety o f other tlne-gramed compounds. The distribution of shale m sand 

formation is shown in Fig. 3. 6  for laminated, dispersed and stmctural shales.

For clean or relatively clean sands, the relationship between resistivity or the 

formation resistivity factor and porosity is well known. However, the same relationship for 

shaly sands is much more complicated. Fig. 3. 7 shows the relationship between the rock 

conductivity and the formation water conductivity (Cw) which is not linear. At a certain 

value o f w ater conductivity (Cw), the rock conductivity is much higher in comparison to 

that of clean (non-shaly) formation as explained by Worthington ( 1985).

W insaur et al (1953) studied the ionic conductivity in double layers in reservoir 

rocks and introduced the model in Fig. 3. 8  for charge distribution in shaly sands. He 

explained that the increase of the apparent conductivity o f shale is due to the fact that 

clays contribute to the total conductivity of the rock while the rock matrix is non 

conductive. The principal building elements o f clays are:

(a) a sheet o f  silicon (Si) and oxygen (O) atoms in a tetrahedral arrangement, and
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(b) a sheet o f aluminum ( A l ). oxygen (Oi. and hydroxyl (OH) arrangement in an 

octahedral.

In the presence of water, the compensating cations, such as Ca. Mg. and Na. on 

the layer surface may be exchanged by other cations when available in solution; hence, 

they are called exchange cations. This property is called cation exchange capacity (CEC) 

and the number of these cations can be measured by Q cec expressed in meq/cc.

Swelling is one of the most important problems of shaly formations. WTien shale is 

contacted with water, shale is capable o f absorbing certain amount o f  water. The water 

molecules penetrate the umt between the unit layers and the interlayer cation become 

hydrated. Some clay particles have a negative charges, and are balanced by the nearest 

cations to these shale particles. The diffusion characteristics o f  the counter-ions has been 

recognized, as shown in Fig. 3. 9. The diffusion layer thickness depends mainly on the salt 

concentration. In general, it decreases with increase in the salt concentration.

3. 4. Shaly Sand In terp reta tion  Models

The interpretation of shaly sands is still not completely understood. Several models 

have been introduced for calculating water saturation with shaly formations. Recently. 

W orthington (1985) showed that the determination o f water saturation in shaly formations 

still lacks a satisfactory solution. The use of the available shaly models provides 

significantly-different values of w ater saturation. Therefore, no universally-accepted model 

exists for log analysts. A real need then arises for a sound, scientific theory to yield a 

water-saturation model capable of providing a consistent and predictive performance.
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Dewan (1983), reviewed the following methods used to interpret shaly sands:

1. The automatic compensation method, in which the sonic porosity and induction 

resistivity are directly used in the Archie equation along with compensating effects. 

This is a simple approach that provides good results in medium to high porosity sands 

containing dispersed shales,

2. The dispersed model used sonic and density porosities. The difference between sonic

and density readings is used as an indication o f the degree o f shaliness o f  the formation 

under investigation. This method provides good results for shaly sands having 

authigenic clay. However, this method also gives good results with laminated shaly 

sands,

3. The Simandoux model (1963) uses neutron and density logs for porosity and self­

potential (SP), gamma-ray (GR), or other shale indicators to get the shale volume. This 

method is applicable for laminated or dispersed shales,

4. The Waxman-Smith (W-S) Model (1968): This model uses the cation exchange 

capacity (CEC) of the shale rather than the usual shale fraction. The CEC of shale 

represents the most im poaant property o f shale for log interpretation, because it 

represents the source o f the excess conductivity. In this modeU the cation conduction 

and the conduction o f the normal sodium chloride electrolyte are assumed to act 

independently in the pore space, and

5. Dual-W ater (D-W) Model: The dual-water model assumes that the coimterion 

conduction is restricted to the bound w ater and the normal electrolyte conductions 

confined to the firee-water. Consequently, the D-W  model predicts that shales, which
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contain only bound water, should have water conductivities dependent only on 

temperature and essentially independent o f salinity in adjacent water sands.

The W axman-Smith iW-S) and Dual W ater (D-W i models are the most recent models 

available in oil industry. Other shaly formation models have been reviewed by Fertl ( 1987) 

and some of these models are listed in .Appendix A. Appendix A contains only the models 

used for determ ination of water saturation in shaly formations.

3. 5. D eterm ination of Weil Logging P aram eters in Shaly Sands

With respect to the clean formations, the .Archie's equation was used for the 

determination o f  water saturation and other well known relations discussed in the previous 

chapter. However, this is not the case with shaly formations. Evaluation of shaly 

formations requires determination of several parameters, including cementation factor ( m), 

the .Archie equation coefficient (a), porosity (ç»), resistivity o f shaly formation (R,h). 

resistivity of true formation (R,), and shale volume(V;h).

Pickett plot (1966, 1973), has been successfully used to calculate the required 

parameters (a and m) for the clean formation. For the case o f  clean formations, 

modification o f Archie’s equation yields the following equation

-LogR, = mLogç -  Log(aR^ ) + nLogS^ (3-1 )

A log-log plot o f true formation resistivity (RJ versus porosity ( (p ) shows that a 

clean water saturation line can be drawn for w ater bearing zone (Sw =  l.O). Therefore, the 

slope o f  that line provides the value of the cementation exponent (m). Also, at l.O, the 

intercept o f w ater line provides the value o f  (aR*), from which the value o f the coefficient
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(a) can be derived. These concepts were introduced by Pickett ( 1966. 1973) in the well- 

known. "Pickett plot", a ver>' use till tool in well logging for obtaining the above 

parameters tor clean formations.

Miyairi and Itoh (1978) used Poupon et al model (1971) for shaly sands to 

introduce a technique that can be used to obtain shaly sand parameters: a, n. and m. This 

technique may be explained through using several crossplots, including formation 

resistivity factor versus porosity (F vs (p ), true formation resistivity versus porosity (R, vs 

(p ) and true formation resistivity versus porosity o f shaly formation (R, vs cps t )-  Their 

equation was given in the following form:

- L o g R ;  =  n i L o g ( p  -t- t i L o g S ^ .  -r I L o g (3-2)

In water bearing zone, in equation (3-2), formation water resistivity (Rw) wül be 

replaced by resistivity of 100 %  saturated formation water (R<,), and the porosity (<p) by

shaly-sand porosity which is given b y  (cp^ =  V  ' ^ K h *  V x s h )  ■ Then, the same procedure as 

for clean formation is followed. Fig. 3. 10. Table 3. 2 shows schematic explanation o f 

resistivity-porosity crossplot introduced by Miyairi and Itoh (1978).

Later, a more sophisticated procedure was introduced by Aguilera (1990) for 

extending Pickett plot for the analysis o f  shaly formations from well logs. Aguilera (1990), 

developed new shale models by mathematical manipulated some o f the water saturation 

model equations listed in .Appendix A. He developed a generalized equation of the form:

&
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Table 3. 3 - Different definitions of ( A,h) group for equation (3-3), [Aguilera.19901

Used Shale Model

I  Laminated Shale Model A .  = A ,, =

Dispersed Shale Model A . = A,. = 1 +

Shale Resistivity (Ag.) Group

R.':h

aR.

where B d i s  = ' ^ d i s i R d i s  ~

^  ^'dis{Rdis ~ Rw) (-dis = - -^Rdis

i Total Shale Model ■\h = At/. = 1 • aR^

where
Rtsh

Dual W ater Model ■̂ sh =
Rt*?i
‘■'Rw

a^Vi’

where B s h  =

]j Rftp

: 1 -  </?vv’ / B^ )

Indonesian Model

Hossin Model

■̂ sh =

b = bound-water

?

A s h  =
Rsh  -  Rt '̂Zh 

Rsh
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More than thirty models have been proposed for calculating the overall water 

saturation in shaly-sandstone reservoirs. Some of these models are shown in Appendix A. 

These models can generally be classified as models describing the laminated, dispersed, 

total, and cation exchange capacity (CEC) of shale.

Poupan et al (1971), proposed a model describing laminated shale, while de Witte 

(1950), introduced his model for dispersed shale considering very shaly formations. This 

model can be simplified to describe low shaly formations containing low values of water 

resistivities. Based on laboratory investigations and field experience, Schlumberger (1967), 

a model was developed for total shaliness of the formation independent of shale 

distribution. This total shale model can be applied over a practical range of water saturation 

values encountered in real cases. In addition, Waxman and Smits (1968) then developed a 

model to relate the resistivity contribution of the shale to its cation exchange capacity 

(CEC).

The purpose of this study is to develop models both for characterizing and 

identifying flow units when considering different types of shaly sands. These models are 

primarily based on the previously-mentioned shale models (Appendix A) in combination 

with permeability correlation proposed by Timur (1968). Timur (1968), made careful 

laboratory measurements of 155 sandstone cores from the Gulf Coast, Colorado and 

California, and correlated porosity (<p), irreducible water saturation (Swùt) and absolute 

permeability of the rock (K) by equation (2-26).

Amaefule et al (1993) proposed the definition for Reservoir Quality Index (RQI) as 

given by equation (2-6).
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The etfective porosity is correlated to total porosity in shaly formation by the following 

equation:

<P,=(p{^-Kh) (3-6)

where

(P̂  = effective porosity of the rock, (fraction) 

cp = total porosity of the rock, ( fraction)

V;h = shale volume of the formation, (fraction)

This study modified the Reservoir Quality Index (RQI) to “Shaly Reservoir Quality 

Index"(SRQI) by substituting equation (3-6) into equation (2-6). This substitution results in 

the following equation:

= 0 . 0 3 . 4 ^ - ^  (3-7)

where,

SRQI = shaly reservoir quality index, (//m)

In this study, a complete derivation of four flow unit identification, covering laminated, 

dispersed, total, and CEC models of shales, are included. In addition, a systematic 

technique, and step-by-step example calculations, showing the application of these flow 

unit models for shaly formations are given.

3. 6. 1. Development of New Flow Unit Model for Laminated Shale

For laminated shale, thin-shale laminations from one to many inches, are 

interspersed in clean sand. These laminated shale laminae have almost zero values of
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permeability and effective porosity. Therefore, the overall permeability and porosity of the 

whole interval is reduced in proportion to the [factional volume of the shale. Using Poupan 

et ai model (1971) for laminated shale which is given by the following equation:

Lam (3-8)

where

a = coefficient of .Archie’s equation

R, = true formation resistivity in the direction of the bedding planes, (ohm-m)

Rw = formation water resistivity. (ohm-m)

Rsh = resistivity of laminated shale, (ohm-m)

Sw = water saturation in laminated shaly formation, (fraction)

V[,am = bulk volume fraction of the shale, distributed in laminae, each of 

uniform thickness, (fraction)

<p = total porosity of the formation, (fraction)

Solving equation (3-10) for water saturation (Sw) gives

— ;
I V'Lam

\  J
(3-9)

Substituting the cementation exponent (m) for the coefficient (2) for porosity to make the 

model more general and applying the condition of irreducible water saturation on equation 

(3-9), the following equation is obtained:

S' .
I

1 Lam (3-10)
sh

87



Bassiouni (1994) showed that effective porosity which represents pore space

containing only free-water and possible hydrocarbon, can be expressed as:

(Pg = Çti^ ~'^wb) (3-11)

where

SwB = saturation of the bound water, (fraction)

The saturation of the bound water (S wb) can be expressed as follows:

Swa-VsH (3-12)

Therefore, equation (3-11) can be expressed as shown before in equation (3-6) as follows: 

(P̂  = V,0--Vsh) (3-6)

The total porosity o f the formation can be obtained from neutron-density (N-D) crossplot 

or as (p, ={(Pdc ' ^ ^ dn)^^ '  where and are density and neutron porosities

respectively, corrected for shaliness of the formation where there is no gas.

Substituting equation (3-10) into the permeability, equation (2-26), yields the following 

equation:

(93)" *
— (3-13)

where

K* = permeability of laminated shaly formations, (md)

Equation (3-13) can be used for predicting permeability for laminated shale since 

there is no a v ailab le  permeability equation for this purpose currently. All of the available 

permeability equations are almost developed for clean (shale-fiee) formations.
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Substituting equation (3-13) into equation (3-7) results in an equation for shaly reservoir 

quality index for laminated shaly formation (SRQDum as follows:

SRQlum = ----------"  I " ,  —  (3-14)

R. RT/l / W irr

Detming a shale flow unit factor for laminated shale (SFUFlum as follows:

iSFVF)^„ = -------------- ---------------- r = T "  '3 -15 '

Then, equation (3-14) can be expressed in a simple form as follows:

( 5 « e / ) ^ ,  =  • ( S f [ / -F ) j ^ „  (3 -16)

Taking the logarithm of both sides of equation (3-16) provides a flow unit model for 

laminated shaly formations as follows:

[Mg{SRQl)^^=[Ll^{m/2)\Ujg(p + U?g{SFUF)^^ (3-17)

where

m = cementation factor of the rock, (from Pickett plot)

(SRQI)Laiti = shaly reservoir quality index for laminated shale 

(SFUF)Lam = shaly flow unit factor for laminated shale

This model, equation (3-17), provides an effective tool for identifying flow units 

residing in laminated-shaly formations. It reveals that each set of data points (representing a 

flow unit of laminated shale) can be represented by a straight line of a unique slope equals 

[1.7-1- (m/2)], and specific intercept, equals (SFUF)Lam, with a Y-axis at porosity q> = 1.0
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on a log-Iog plot of ( S R Q I ) , v e r s u s  porosity ( <p ). Therefore, different flow units of 

laminated shale can be represented by different straight lines having the same slope of [1.7 

+ (m/2)], and also different intercepts which represent different values o f the Archie’s 

equation coefficient (a), formation water resistivity (Rw), laminated shale resistivity i.Rsh), 

and shale volume (V,h) involved in (SFUF)Lom-

3. 6. 2. Development of New Flow Unit Model for Dispersed Shale

Dispersed shale may exist in the form of accumulations adhering to (or coating) the 

sand grains, or even partially filling the smaller-pore channels. This t>pe of shale is very 

damaging to porosity and permeability, because a relatively small amount of clay can choke 

the pores of the formations. Using the deWitte model ( 1950) for dispersed shale.

1
R. a

(3-18)

where,

= intermatrix porosity, which includes the entire space occupied by 

fluids and dispersed shale, (fraction)

S,m = fraction of the intermatrix porosity ( ) occupied by the formation

water, dispersed shale matrix mixture, (fraction) 

q = fraction o f intermatrix porosity ( cpj^ ) occupied by dispersed shale 

Rdisp = resistivity o f the dispersed shale, (ohm-m)

Based on the previous definitions, water saturation can be written as follows:
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=
l - q

(3-19)

Substituting equation (3-19) into equation (3-18) and solving for water saturation (Sw):

=

Q\^disp-K>)
2R.disp

(3-20)

where can be obtained from sonic log directly, and q can be obtained, for dispersed 

shale, from sonic and density logs as follows:

^  disp
Q = (3-21)

Case (1) Very Shaly Dispersed Shale Model

Expressing equation (3-20) at irreducible water saturation (Sw) and using it in 

equation (2-26) provides the permeability equation for very shaly formation which is 

substituted in SRQI equation, equation (3-7). The final model equation for the flow units of 

very dispersed shaly formations containing dispersed shale is as follows:

292*(p^'' * ( l - q )

o R w  I < i { R d i s p - R j f <l{Rdisp

w<PlnRt ^ R d iipV >
^R d isp\  J VWrr

(3-22)

Defining very shale flow unit factor for laminated shale (VSFUF)d«p as follows:

91



aR. , 1 1

 ̂ ~̂ disp ^
'  W irr

(3-23)

where

a = coefficient depending upon the rock type (a = 1.0 for sandstone, a =

0.8 for carbonate) 

q = the fraction of clean sand intergranular space occupied by clay 

R, = true formation resistivity , (ohm-m)

Rsh = resistivity of shale, (ohm-m)

Rw = formation water resistivity, (ohm-m)

Vsh = shale content of the formation, (fraction)

Roisp = resistivity of dispersed shale, (ohm-m)

Then, equation (3-22) can be expressed in a simple form as follows:

{SRQI),,,, = "  £//■)„„, (3-24)

Taking the logarithm of both sides of equation (3-24) provides a flow unit model for very 

shaly formation having dispersed shale as follows:

W (S R G /)d „ p  =  L7 ♦ +  L o g (V S F U F ),,^  (3-25)

where

(SRQI)chsp = shale reservoir quality index for very dispersed shale 

(V SFU F)D isp = very shaly flow unit factor for dispersed shale
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Case (2) Low Shaly Dispersed Shale Model

It the sands are not very shaly and formation w ater resisitivity ( is very small 

compared to resistivity of dispersed shale ( Roisp), then equation (3-20) can be simplified to:

— (3-26)

Following the same procedure as shown in case (1). the following flow unit model for low 

shaly formation of dispersed shale is obtained:

2.92 " * (!-< /)
Oisp (3-27)

llVr

Defining the low shaly flow unit factor for dispersed shale (LSFUF)d,sp as follows:

___________  ( I z i )  _______

2 ; K - J

(3-28)

Wir

Then, equation (3-27) can be expressed in a simple form as follows:

= C '" '  * ( i - S r o f  (3-29)

Taking the logarithm o f both sides o f  equation (3-29) provides a flow unit model for low 

shaly formation having dispersed shale as follows:

Log{SRQl)^^^ = 1.7 * Logcp + Log{LSFUF)Disp (3-30)

where

(SRQI)cHsp = shale reservoir quality index for low dispersed shale 

(LSFUF)disp = low shaly flow unit factor for dispersed shale

93



As shown by equations (3-25) and (3-30). a log-iog plot of (SRQI)diso versus 

porosity (, (p ) provides a straight line (of unique slope equal to 1.7) for dispersed shale for 

both cases o f low and very shaly formations. Through each set o f data points representing 

the characteristics of each flow unit in dispersed shaly formations, a straight line can then be 

drawn (with a unique slope equal to 1.7) and an intercept equal to (LSFUF)o,sp or 

(VSFUF)d,sp .

3. 6. 3. Development of New Flow Unit Model for Total Shale Model

Schlumberger ( 1972) introduced the total shale model which is given by the 

following equation;

(3-31)
R, R,, FR̂ . 

where

n = water saturation exponent (usually n = 2 )

F = formation resistivity factor

Vsh = shale volume of the formation (independent of shale type), (fraction) 

Rsh = resistivity of shale, (ohm-m)

The formation resistivity factor (F) proposed by Archie is given by the following equation:

F  =  ^  (3-32)

where

a = coefficient of Archie equation (a = 1.0 for sandstone, a =

0.81 for carbonate)
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m = cementation exponent (also called porosity exponent).

Substituting equation (3-32) into equation (3-31) and assuming that water saturation 

exponent (n) = 2 in equation (3-31), then solving the resultant equation for water saturation 

results in:

= (3-33)
<P

where

(p = bulk porosity of the formation.

Applying equation (3-33) at irreducible water saturation condition and using the resultant 

(Swiir) in equation (2-26) provides a new permeability equation independent of shale type 

and distribution in the shaly formation. This equation is given as:

1 VsH
V Jwirr

(3-34)
oR^

Substituting equation (3-34) into SRQI equation, equation (3-7), yields shaly reservoir 

quality index for total shale model as follows:

(SRQl)^ = . ” ------------   (3-35)
1

A . . .

The flow unit factor for total shale model (SFUF)« as follows:

( S F U F ) ^ = ~ , ------------------------ ^  ' -  (3-36)

Then, the flow unit model can be formulated in a simple form as follows:
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= Ç3‘‘ *( SFU F) , ^^ ^  (3-37)

Taking the logarithm ot both sides o f equation (3-37) provides a flow unit model based on 

total shale model as follows:

= [1.7-Km / 2)]* Log(5F[/F),„ l3-38)

where

(SRQI)to, = shale reservoir quality index based on total shale model 

(SFUF)tot = shaly flow unit factor for total shale model 

Independent of the t\p e  o f the shale in the formation, a flow unit can then be 

identified by drawing a straight line through each group of data points. This straight line 

should have a slope equal to [1.7 -t-(m/2)]. i. e. equation (3-38) on a log-iog plot of 

(SRQI)toi versus total porosity Çcp) .

3, 6. 4. Development of New Flow Unit Model for Cation Exchange Capacity (CEC) 
o f Shale

The Waxman and Smits (W -S) model (1968) is based on the cation exchange 

capacity (C E O  of a shale, which is considered as one of the most important property of 

shale. One major objection to the application of the W-S model by Dewan (1983) is that of 

water sands o f constant conductivity, but increasing shaliness, will have increasing effective 

water conductivities to the point that the shale should appear to contain quite saline water. 

Despite this fact, a good amount o f evidence exists. The CEC is proportional to the shale 

content o f  the formation, but also depends on the type of clay.
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Using Waxman and Smits model, their “Cation Exchange capacity (CEC)” model is 

given by the following equation;

 T (3-39)
RA 1 +

J

where

Sw = water saturation in shaly formation based on CEC model, (fraction)

Rw = formation water resistivity, (ohm-m)

B =  coefficient which may be made variable with formation water resistivity 

(Rw) in order to fit the experimental data for very high values o f R*.

F* = limiting formation resistivity factor introduced by Waxman and Smits 

(1968)

Qv = the cation-exchange concentration in milliequivalents of exchange sites 

for Na ions per cm^ of pore-volume as defined by Waxman and Smits 

(1968)

The limiting formation resistivity factor (F*) is approximately the same as for a clean 

formation with the same porosity. But the porosity o f shaly formation is, however, 

expected to be considerably different from that o f  clean formations. Therefore, this study 

suggests modifying (F* ) to be more representative to shaly formation as follows:

F ' = --------   (3-40)

The term  (BQv/F*) represents the excess conductivity contributed by shaliness. 

Solving equation (3-39) for water saturation (Sw), the positive term will be:
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=
f 'K , -B Q  '] -BQ

(3-41)

Substituting equation (3-40) into equation (3-41) and applying irreducible water saturation 

condition produces equation for (S*i,r). Using in equation (2-26) to obtain the 

permeability equation for shaly formation obeys CEC modeL This equation is then 

substituted in SRQI equation, equation (3-7), to obtain the following flow unit model based 

on the cation exchange capacity (CEC) of the formation as follows:

2.92 * (p(‘-^"'"'(l -(SRQI) CEC
( -B Q  ^

1
f-B Q  ) 4 VI  2 J I  F ' j I J

(3-42)

where

B = specific concentration conductivity, (mho/m per meq/cc)

F* = formation resistivity factor for shaly formation 

Qv = cation exchange capacity, (meq/cc)

Taking logarithm of both sides of equation (3-42) provides shaly flow unit model as 

follows:

Log{SRQl)^^^ = [L7 4-m]* Logq> + Log{SFUF)CEC (3-43)

where

(SFUF)cec = shaly flow unit factor based on W-S model, which is defined by:

(2 .9 2 ) * ( l -V . , /" '“ > ________
iS P V F ) c E c  =

BQ
r

—BQ
(3-44)

C R J t ,
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Based on the W-S model for CEC of shale, a new flow unit model is obtained, equation (3- 

43). This model shows that a straight line of slope [1.7 + m] can be drawn through each 

set of data points representing a single flow unit in shaly sand reservoirs.

In the derivation of the previously described flow unit models, the water saturation 

exponent (n) is considered equals 2 based on Archie’s equation.

Serra (1986) then showed that the cementation factor (m) varies as a function of 

grain size and distribution, or as a function of the complexity of the channels linking the 

pores. For this reason, this study suggests determining the value of (m) using the so called 

“Pickett plot” to better (and more accurately) representative of the reservoir, especially in 

the case of shaly formations. Using the previously-derived foim models to identify flow 

units in shaly formations, a log-iog plot of (SR Q I)cec versus porosity (<p) provides an 

effective method to both characterize and identify the flow units of interest.

3. 6. 5. Development of Generalized Flow Unit Model for Shaly Formations

Using the total shale model for water saturation, equation (3-33), and the 

generalized form of permeability, equation (2-37), the following equation of permeability 

for shaly formation is obtained as follows;

*^(C2+l)m (3-45)

where

A# = shale group from total shale model, given as:
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Substituting equation (3-45) into the equat ion o f  SRQI. equation (3-7') yields

.Applying logarithm on both sides of equation (3-47) yields

Lciy ( S R Q I  ) = I ------------   \ L o ( i ( p  -f- Logj Ü.03 14^ ''
J  i Vv««..

Equation (3-48) is a generalized tlow unit model. This model works for any shaly 

formation that obeys permeability equation which is a function of porosity and irreducible 

water saturation. It reveals that a single flow unit can be rcoresented bv a straight line with

f 1/
slope equal to {[(C: + l)m-l)/2} and an intercept equal to <{0.0314

L

C,A,h ] This
aR,^. ;

model can be used to develop the required flow unit model for a new shaly reservoir by 

substituting the penneability equation coefficients (C| and C:) and the shale group (Ash).

The most important aspect o f this generalized model, equation (3-48) is that it 

works also for clean stress-insensitive formations. A  comparison o f Archie's equation for 

water saturation in clean formation and total shale model for shaly formation leads to a 

conclusion that the shale group (A.h) can be replaced by (R„). This replacement reduces 

equation (3-48) to the generalized flow unit model derived in chapter 2, equation (2-41).

It is found that these newly-developed models possess a common feature in that 

each flow unit in any shaly reservoir can be represented by a straight line on a log-iog plot 

of shaly reservoir quality index (SRQI) versus porosity ( 9  ). This straight line (representing
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the flow unit) >ields a unique slope o f : [1.7 + (m/2)] for laminated shaly formation, [1.7] 

for dispersed shaly formation, [1.7 + (m/2)] for shaly formations obey total shale model, 

[1.7 4- m] for shaly formations obey cation exchange capacity (CEC) model, and {[(Ci + 

l)m - l]/2 ] for flow unit model bsaed on general permeability equation. In addition, each 

flow unit should have a characteristic intercept, on the previously mentioned log-iog plot, 

at ç)= 1.0 equal to shaly flow unit factor (SFUF). These five flow unit models can be used 

effectively to identify shale type and define flow units constituting the reservoir under 

investigation. Table 3. 4 summaries four flow unit models developed in this chapter to 

identify shale type and flow imits residing in heterogeneous shaly reservoirs.

3. 7. G eneralized  Systematic Technique to Identify Flow Units in  Shaly Sand 
Reservoirs

This study recommends the following steps for identification o f flow units in shaly 

formations using the previously-derived flow unit models, which are accordingly based on 

laminated, dispersed, total, and W-S model. This technique may be described as follows:

1. Using conventional well log-derived data, calculate the shaliness of the formation. Table 

3. 5, at different depths of shaly-pay zone,

2. Calculate the porosity of the formation at the same chosen depths in step (1) through the 

pay zone, using such conventional porosity logs as neutron, and density logs. The 

porosity values obtained should then be corrected for shale and hydrocarbon effects,

3. Calculate the irreducible water saturation (Swur) from well logs at pay zone, use the 

value of Swbt with the values of porosity to get the permeability o f the formation.
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Table 3. 4 - List of the newly-developed flow unit models for 
characterization of shalv form ations

# Used Shale 
Model

Slope of Flow 
Unit Model

Shaly Flow Unit Factor (SFUF)

1. Lam inated [ 1.7 + (m/2i ] [ S F U F ) [ ^ „  =

2. Dispersed Model 

( A) Very Shaly 1.7

2.92

\  ŝ/t JWirr

[ V S F U F )
D i : p

Ĵtsp
Wirr

(B) Low Shalv 1.7
(>-?)

3. Total Shale [ 1 .7+ (m/2)]

4. Cation Exchange
Capacity (CEC) [ 1.7 + m ]

<pL^,
+

( f
q

1 1
\  -  ) \  -

2.92
W irr

V ^sh  J wtrr

C/f =

V 2 y

-BQ  ] I -BQ
— j l l —

1 0 2



equation (2-26), and use it in combination with the previously calculated values of 

porosity and shaliness (V*) to calculate (SRQI), equation (3-7),

4. Read true formation resistivity (R,) from electric logs (Induction log), calculate shale 

group (Ad.) and then plot (R./Ad.) versus corrected porosity on a log-iog plot “Pickett 

Plot”, Fig. 3. 12. Calculate the coefficient (a) and the cementation exponent (m) from 

“Pickett Plot” (assuming that Rw is known, from SP or another source of 

measurements),

5. Plot (SRQI) versus porosity on a log-iog plot and draw a straight line having a 

consistent characteristics of reservoir properties. Calculate the slope of the straight line. 

Figs. 3. 13 and 3. 14,

6. Compare the slope of the straight line obtained with slopes of the derived flow unit 

models. Table 3. 4. The closest value of the slope o f the straight using field data to the 

slope of the flow unit model, Table 3. 4, defines the shale type in the reservoir because 

it shows the shale model that field data o f interest obeys. For instance, if the slope of 

the straight line using field data is 1.7 i. e., close to the slope of 1.7 in Table 3. 4, the 

shale type in the formation is dispersed since the flow unit model for dispersed shale, 

equation (3-25) or (3-30),

7. Draw another straight line through another set of data points and repeat steps 1-6 to 

define other flow units within the formation,

8. It should be noted at this point that it is very possible for one pay zone in the reservoir 

to have different shale types and, of course, different flow units models.
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Table 3. 5 Simulated Data for Shalv Sand Flow Unit M odels.

Irreducible W ater saturation  (Swirr) = 23.58 %
Formation W ater Resistivity (Rw) = 0.0531 oh-m
Coefficients : a = 1.0 . n = 2 , and  m = 1.89 (Pickett Plot, Fig. 3. 12)
Maximum GR = 120, Minimum GR = 8

Interval
#

GR

(API)

lsh=V(sh

(%)

Neutron
Porosity

(%)

Density
Porosity

{%)

Average
Porosity

(%)

SRQI

(um )

1 65 50.8929 21 16.6 18.8 1.031252006
2 63.5 49.5536 16.5 12.5 14.5 0.654303415
3 71.5 56.6964 19.5 14.2 16.85 0.911647146
4 100 82.1429 23 20.5 21.75 2.191005933
5 97 79.4643 21.2 17 19.1 1.638213926
6 57 43.75 13.5 12 12.75 0.497937514
7 11 2.67857 24 21.5 22.75 1.013054803
8 8 0 28.5 22.2 25.35 1.201244284
9 12 3.57143 31 24.5 27.75 1.426635439
10 12 3.57143 28.5 23.6 26.05 1.281265306
11 66 51.7857 27.5 22.5 25 1.689580708
12 70 55.3571 24 20.5 22.25 1.440302887
13 49 36.6071 16.6 15.5 16.05 0.693675244
14 60 46.4286 24 18.5 21.25 1.21594063
15 73 58 .0357 27.5 23.5 25.5 1.873040573
16 78 62.5 29 25 27 2.183592335
17 79 63.3929 31 28.5 29.75 2.606235931
18 103 84.8214 26 21 23.5 2 .710620462
19 108 89 .2857 28.5 23 25.75 3.768846772
20 113 93.75 30.5 28.5 29.5 6 .217649184
21 9 0.89286 22.5 19 20.75 0.858513423
22 8 0 22.5 19.5 21 0.872251243
23 8 0 21 18 19.5 0 .769002294
24 8 0 17.5 15 16.25 0.564052485
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9. Difference in the slope of the straight Line de lining the tlow unit, on a log-log plot of 

SRQI versus porosity ( o  ». results mainly from the shaly model used to develop the 

(low unit model. Each shale model was derived to represent a specific shale type. 

Therefore, for dispersed shale type, a tlow unit model having a slope equal to 1.7 is 

obtained while a slope equal to [1.7 + m] is obtained for shaly formation obeys CEC 

model. These two tlow unit models, resulted from using dispersed and CEC shale 

models, have unique slopes that can be used effectively to identify shale type and tlow 

units in these shale t\pes. With respect to tlow unit using laminated shale and total shale 

models, the slopes of the derived tlow unit models are similar. The reason is that total 

shale model is derived independent o f shale type while laminated shale model provides 

its unique slope o f the straight line representing the tlow unit. Therefore, the slope of 

[1.7 + (m/2)] can be used mainly for describing laminated shale. However, this total 

tlow unit model can also be used to describe shaly formation obeys total shale model.

.A. simulated data is used to test these newly-developed flow unit models for shaly 

formations. Table 3. 5. .Also, the data is used to draw Figs. 3. 12. 3. 13. and 3. 14 for the 

identification o f both the shale type and the number of tlow units involved.

For the purpose o f validation of the previously-developed models for shaly-sand 

reservoirs, an assumed conventional well log data is used. Table 3. 5. For the interval of 

interest of shaly sand, the following readings are generated; Gamma Ray (GR), Neutron 

porosity. Density porosity, and true formation resistivity. Using these data. Table 3. 5, 

Pickett plot is obtained. Fig. 3. 12, and the shaly reservoir quality index (SRQI) is 

calculated and plotted versus porosity. Fig. 3 .1 3  and Fig. 3. 14. Fig. 3 .1 3  shows a slope of
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4.67 (when all o f  the data points is used a one group) which has no meaning while 

application of the derived shaly sand models de tines 3 tlow units. Fig. 3. 14. and the shale 

types are dispersed and laminated shale. .A. detailed description of the procedure followed is 

included in the following section showing a step by step example of calculation.

The newdy developed flow unit models introduce unique parameters include: Shaly 

Reservoir Quality Index (SRQI) and Shaly Flow Unit Factor (SFUF). When applied with 

the prescribed technique presented herein, these flow unit models represent an effective, 

economical tool (due to their inherent use o f conventional we 1 1-log derived data) to 

enhance reservoir description, which will p ro \e  of significant assistance in future in 

reservoir development.

EXAMPLE OF CALCULATIONS

The purpose of this section is to introduce a step-by-step example o f calculation for 

facilitating the application of the newly-developed flow unit models for shaly reservoirs.

This solved example will show in details how to apply these flow unit models to 

identify- flow units and shale type o f each tlow unit residing in the fonnation of interest, let 

us assume that the following values of the given reservoir are known:

Equation coefficient (a) = 1.0

Cem entation exponent (m) = 1.89

Irreducible water saturation (Sw.n-) = 23.58 %

The following steps are suggested for application the flow unit models
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1. Select zone of the interest for the reservoir under investigation and divide it into 

intervals depending upon the change in well logs readings through each intervaL For 

our example, the zone of interest has been divided into 24 intervals.

2. Read maximum and minimum reading of Gamma Ray iGR) through the whole given 

log. These values are assumed as:

Maximum GR (GRmox) = 120 API.

Minimum GR (GR^ml = 62 API

3. For each interval, read Gamma Ray (GR) and use it to calculate shale volume of the 

formation. Interval # 6 is selected for showing the calculation (GR o f interval # 6 = 87 

API) as follows:

GR of inten.'al # 6 = 87 API

1 2 0 - 6 2

4. Read Neutron and density porosity values for each interval. For interval # 6, the 

following values are assume as follows:

Neutron porosity = 13.5 %.

Density porosity = 1 2  %

5. Calculate the average porosity (assuming oil zone, no gas saturation)

12.75 %
2 2

6. Calculate the permeability o f the interval (interval # 6) using Tiumr’s permeability 

equation as follows:

no



( 9 3  - ^ ( p ' - - Ÿ  (93 *(0.1275)-■ )■
K { m d  ) = ------- ;------- = ------------------ :-------   IS.O md

(0.2358)-

Calculate Shaly Reser\'oir Quality Index (SRQI) as follows:

, ^  = 0 .0 3 ,4 - : ----------
\/O .I275»(I-0.431)

5'/?(2/(/iw) = 0.03 14 * I ------—— ——- — 0.03 14 * ^ _ —  — 0.49 u / / i

S. Repeat ail o f the previously describes steps for all the selected intervals o f the 

formation under investigation to get values o f porosity and Shaly Reservoir Quality 

Index (SRQ I).

9. Read true formation resistivity iR,) from Induction log (or other conventional electric 

log) and plot it versus porosity on a log-log plot ."Pickett Plot". Fig. 3. 12. to 

determine the cementation exponent (m = 1.89) and use it to get an accurate values of 

slopes in shaly sand model in Table 3. 4.

10. Plot Shaly Reservoir Quality Index (SRQI) versus porosity. Fig. 3. 14. to obtain 

different sets o f data points, each set o f them can be used to plot a straight line to 

de tine a separate flow unit. Two shale tv-pes can be identified as laminated and 

dispersed. In addition, three tlow units have been defined.

This chapter reviewed shale distribution in shaly sands, shale content evaluation 

( mixed lithology). and the electrical and cation exchange capacity properties o f shale. In 

addition, shale sand interpretation models for calculating water saturation in shaly 

formations are covered. A step-by-step derivation o f five models are developed in this 

chapter to characterize and identify shale type and flow units constituting shaly 

heterogeneous reservoirs. The flow unit models are validated and showed that shale type
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I laminated and dispersed) and a number o f How units (three) can be recognized, based on 

the used simulated data. Table 3. 6 lists the assumptions and limitations of the newly- 

developed flow unit models. This chapter also involved a generalized technique showing 

the application of these new models. This technique was followed by example calculations 

for the sake of showing how to apply and to use these models to identify shale type and 

flow units in shaly formations. The important aspects of these newly-developed flow unit 

models is that it provides an effective tool to determine which shale model can be selected 

to determine water saturation in shaly formation. This can be achieved by identification 

shale t\p e  using flow unit models and use it to choose the suitable shale model for the 

reserv'oir under investigation.

T able 3. 6 List of assumptions and  lim itations of the newly-developed flow unit 
models for shaly form ations

Flow Unit Model 
Based on

•\ssum ption(s) and Limitation(s)

Laminated Shale Model 
Model given by equation (3-16)

Dispersed Shale Models 
Model given by equations (3-25) 
and (3-30)

Total Shale Model
Model given by equation (3-38)

Cation Exchange Capacity (CEC) 
Model, Model given by eq. (3-43)

Generalized Perm. Equation 
Model given by equation (3-48)

C, = 8649 and C, = 2.2

C, = 8649 and C, = 2.2

C, = 8649 and C, = 2.2

Laminated Shaly 
formations

Dispersed Shaly

Formations obey 
total shale model

Formations obey 
CEC model

C, = 8649 and C, = 2.2 

Perm Equation is function of porosity and Swirr.

1 1 2



CHAPTER 4 

INFLUENCE OF STRESS ON THE CHARACTERIZATION OF 

FLOW UNITS IN CLEAN FORMATIONS

When the hydrocarbon reservoir pressure declines due to oil production, reservoir 

rock will be compacted because the load on the formation grains increases causing 

changes in the characteristics o f flow units. When the reservoir pore-volume decreases, 

the overburden shifts as well, causing variation in fluid flow paths through that porous 

rock.

Hydrocarbon and mineral production may cause collapse or subsidence of the local 

geo-structures in certain geological environments. Significant subsidence causes casing 

failure, either in the overburden or in the producing zone. In severe cases, subsidence may 

be transmitted to the surface through the overburden causing significant problems such as 

platform collapse or pipeline failure, especially in soft and fractured formations having 

high porosity and permeability properties.

Green (1991) introduced a technique using existing downhole wireline tools 

configured to provide high-resolution measurements to detect the onset o f a subsidence. 

These measurements could be used to detect small shifts in the formation or casing which 

indicate the onset of a subsidence problem. The tool uses a radioactive marker for 

subsidence detection is shown in Fig. 4. 1. Assuming constant rock properties during the 

extended life of the hydrocarbon reservoir can cause serious problems and errors in 

determining the reservoir rock transmissibility and storativity.
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Fig. 4. 1- Subsidence compaction monitoring tool, [Green, 1991]
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Klkanl and Pedrosa (1991) showed that reduction in the pore pressure in tight 

formations leads to increase in effective rock stresses. This increase is counterbalanced by 

the reduction on pore diameter which causes increase in the resistance to fluid flow and 

then reduced fluid storage. Klkanl and Pedrosa (1991), also, investigated the effect of 

welibore storage on the pressure behavior. This study showed that assuming constant rock 

properties in pressure transient analysis provides good results in several situations, but on 

the other side, for fractured and tight formations, this assumption should be re-evaluated. 

The reason is that reduction in the pore pressure leads to the increase in effective rock 

stress. Therefore, subsidence (stress) sensitivity in a variety of reservoir situations could be 

important and needs to be taken into account.

Morita et al (1984) studied rock property change during reservoir compaction. 

They proved that the occurrence of change in rock properties such as deformation, 

absolute permeability, electrical resistivity, pore volume, and seismic wave velocity. This 

study introduced some semi-analytical equations simulating these rock properties under 

various loading conditions up to rock failure. Considering complex rock properties, Berea 

sandstone, under various loading paths, five different phases have been observed 

experimentally. These paths include: initial, non-linear portion, a linear volume change in 

rock matrix due to pore fluid pressure, and a linear volume change in rock matrix due to 

temperature change.

Arising problems in well drilling and production have created the need for more 

research about the effect of stress (subsidence) on the petrophysical properties of the 

reservoir rocks.
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Three types of equations have appeared in the literature to express rock properties 

variation under stress effect. These equations are: purely analytical expressions, semi- 

analytical equations, and curve fitting equations to experimental data equations. The 

analytical method uses a simplified model for constructing the equation. Therefore, it is 

not preferred to be used because it is not accurate enough for practical use. On the other 

side, curve fitting methods give accurate values if sufficient data points exist around the 

point to be evaluated and also, if this equation can be proven theoretically. For these 

reasons, this current study will use equations produced by curve fitting and validated by a 

theoretical proof.

The results of several investigations showed that rock properties at subsurface 

stress conditions can have significant difference from those measured at normal laboratory 

conditions. Stress effect on rock body has been described using the stress tensor ( c  ) 

whose components represent the total force applied on the face of a unit cube of porous 

rock and by the pore pressure. Average stress is obtained as

G = —  j    (4-1)

where

cT„,cr^.^, and a _  are the components of the stress in x, y, and z directions 

respectively.

The principle stress direction in oil fields ((T„), due to the weight of the overburden, is 

given by
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O':, =  J  s[p..<P + Pr{^-^)\dh (4-2)

where

g = gravity acceleration.

h = thickness of the formation above the rock.

= matrix rock density.

Pn- = formation water density.

(p = porosity, ifraction)

The importance of the effect of sub-surface stress conditions on reservoir rock to 

the reservoir engineer is based mainly on the following two reasons;

1. evaluating the reservoir pore volume from porosity data obtained under laboratory 

atmospheric conditions, and

2. evaluating the variation of the reservoir pore volume with the decline of reservoir 

fluid pressure resulting from reservoir depletion.

Rock. bulk, fluid, and pore compressibility have been expressed mathematically as follows:
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w here

C r. Ch , C, and Cp = rock. bulk, fluid, and pore compressibilities, respectively.

V = volume 

P = pressure.

4. 1. Effect of Stress on Petrophysical Properties of Reservoir Rocks

Characterization of reservoir rocks during subsidence requires quantitative and

qualitative interpretation o f changes in porosity, permeability, density, and velocity of

elastic waves with stress. Dobrynin (1962) and other researchers studied the effect of 

overburden pressure on several physical properties of sandstone and other geologic 

formations. These rock properties include: pore compressibility, porosity, formation 

resistivity factor, and permeability. Almost all of these researchers come up with a 

common conclusion of the importance of considering the overburden pressure in oü 

reservoir on the petrophysical properties of the rocks.

4. 1 .1 . Effect of Stress on Rock Pore Compressibility

Dobrynin (1962) used the following sandstone rock samples: (1) Torpedo 

sandstone from Kansas, and (2) Medina sandstone from Ohio, each of these sandstone 

sample contains almost 5 % clay mineral.

A standard definition of rock pore-compressibility is given above by equation (4 -

6). According to Dobrynin (1962), Fig. 4. 2 shows the increase of net overburden
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pressure leads to the decrease in the pore compressibility. Also, Fig. 4. 2 shows that within 

a certain interval between Pmm (between 150 and 3(X) psi) and Pm« (between 30,000 and 

35.CKX) psi), the relation between rock compressibility and logarithm of pressure can be 

approximated by a straight line. Using these data of this straight line portion, the following 

mathematical equation can be written as follows:

Cp ( PQ  = --------- ^ ------- Log\ (4-7)
V P 

where

C = rock compressibility, (1/psi)

Pnax = certain maximum pressure for straight line portion of Cp vs P,

Pmin = certain minimum pressure for straight line portion of Cp vs P,

P = pore pressure.

Bulk compressibility (Cb) can be expressed as

Q  = < p C ,+ (l-< p )* Q  (4-8)

where

Cb, Cp , and Cr = bulk, pore, and rock compressibility, respectively.

<p = porosity, (fraction)

Combining equations (4-7) and (4-8) yields the relationship between bulk compressibility 

and pressure as follows:
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4. 1. 2- Effect of Stress on Porositv

Mathematically, the relative change in porosity can be expressed as

where

(V, /V)
(4-10)

V. Vp = bulk and pore volume, respectively,

A V, A Vp = change in bulk and pore volume, respectively. 

Neglecting the effect of the rock matrix compressibility yields

V

AV.
= (P- (4-11)

and equation (4-10) becomes

Cp (1-<P^(A V /V ))
(4-12)

As proven experimentally by Dobrynin (1962), through the range of 0 < P < Pnux- It is 

possible to assume that pore compressibility is independent of pressure. Therefore, relative 

change in pore volume can be expressed as follows;

where F(P) is expressed by the following equation

F ( a  = i4 .m  + Log 4232- ^ . 0 .434
p

Using equation (4-13) into equation (4-12) yields

(4-13)

Log
\

K ^min
-  0.434

/

(4- 14)
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A f  = ,4-151
(p { — (p *Cp * Fi. P)

Fig. 4. 3 demonstrates the relative change in porosity under the effect of pressure for 

different values of minimum pore compressibility, calculated using equation (.4-15). In 

addition. Fig. 4. 4 was constructed for determination changes in porosity and density as a 

function of net overburden pressure.

Recently, McKee et al (1988) laid the foundation for the theoretical relationship 

between stress-dependent permeability and porosity for coals and other geologic 

formations. This relationship eliminates the need for variable compressibility in the range 

of interest, and therefore, is simpler to use and not limited by maximum stress. The 

resultant formulas are shown fitting both laboratory and field data. Considering the 

volume of solid grains is given by

= A* Az{\. —(p) (4-16)

where

Vs = volume of solid grains,

A = cross-sectional area of the rock,

A z = difference in the height of the rock.

(p = porosity o f  the rock.

Assuming that the compressibility o f individual grains in solid is negligible in comparison to 

the change in porosity is a valid assumption. Also, assuming constant pore compressibility 

is a good assumption. The reason is pore compressibility is independent on pressure in the 

range of 0.0 to 20,000 psi.
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Hantush (1964) derived the following relationship holds for the change in porosity, 

with respect to the change in effective ( compressive) stress:

d(p = — (4-17)

where

Cm = bulk matrix compressibility,

d(p = change in porosity.

dcr =  change in effective stress ■=■ a  - o  ̂

Equation (4-17) assumes that all stress relief is the result of pore space comprising the 

effective interconnected porosity. Since bulk matrix compressibility is related to pore 

compressibility by porosity as follows:

C^ = (p*Cp (4-18)

Combining equations (4-17) and (4-18) results in: 

dcp = -ip{l - ç ) *  Cpda

Integrating of equation (4-19) yields:

£  =
<Po exp J c ,J c r

(4-19)

(4-20)

where

£ = void to grain ratio of the rock.

Cp = average pore compressibility,

(p = effective interconnected porosity under stress condition,

(pa = effective interconnected porosity under initial conditions.
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By definition, average pore compressibility will be:

I ?
C, = --------- j C / a  (4-21)rr — rr J ^

At this point, equation (4-20) can be written as:

E = — ^ — =  (4-22)
( l - (p )  (l-<Po)

Assuming that pore compressibility is constant, then equation (4-22) can be formulated as 

follows:

g-'-.
(P,=(p.,*r-------- :---------------— (4-23)

where

= porosity under stress condition, (fraction)

= porosity under zero (or initial ) stress condition, (fraction)

Act = change in effective stress, (psi)

Cp = average rock compressibility, ( 1/psi)

This equation, (4-23), represents a real new foundation for accounting for the effect 

o f effective stress on porosity. It is important to emphasize that equation (4-23) is not only 

supported by strong assumptions and theoretical base, but its results also fit both 

laboratory and field data for different geologic formations. Eight laboratory core tests 

using two sandstone, one granite, four coal, and one clay have been used for testing this 

equation, (4-23), and the correlation coefficient ranged firom 0.82 to 0.92. In addition, 

porosity data using well logs yielded excellent curve fitting. For all of the previously
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mentioned reasons, equation (4-23) has been chosen by this study to consider the stress 

effect on porosity during characterization and identification of flow units in clean 

reservoirs.

4. 1. 3. Effect of Stress on Rock Density

Change of rock density with increasing stress is dependent upon the change in pore 

volume, and the changes in the density of mineral grains and the contained fluids. For oil 

fields where rocks above producing formations is completely saturated with brine and 

subjected to overburden pressure (almost less than 20.000 psi in several cases), the change 

in rock density is mainly expected to be from a change in pore volume.

Dobrynin (1962) showed that the effect of overburden pressure on the change in 

density of porous rocks. Density of porous rock can be expressed as follows:

P = P r - [ p r - P f Y ( p  (4-24)

where

p,p^,Pf  = density of porous rock, rock matrix, and fluid, respectively.

Considering the change in porosity, as discussed in the previous section. Then, the relative 

change in porous rock density can be written as follows

P { Pr / ( P) - [ pr - Pf ) ^-<PCpF{P)
(4-25)

Using rock density = 2.65 gm/cc and fluid density = 1.0 gm/cc, equation (4-25) is used to 

plot Fig. 4. 4. This figure shows change in porosity and density as a function of net 

overburden pressure.
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Recently, McKee et al (1988) studied the effect o f effective stress on the density of 

the porous rock and developed an equation for correlating the ratio of the pore-volume to 

grain volume with the effective stress as follows: writing the specific density of a rock in 

terms of specific density of its matrix can be made by the following equation:

p = Pg*{l-(p)  (4-26)

where

p  = specific density of the rock, (gm/cc)

= specific density of the matrix of the rock, (gm/cc)

<p = total porosity of the rock, (fraction)

Porosity can be substituted from equation (4-23) into equation (4-26) to get

P =
l-cpA l - e

\
- C p  Ac

(4-27)

Solving equation (4-26) for porosity as a function of specific density of the rock yields

(4-28)
Pg

Therefore,

 (4-29)
\-<p p .

Equation (4-29) indicates that a semi-log plot of  ̂ _ p ) / p ̂  J versus effective stress will 

provide a straight line for constant pore compressibility.
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4. 1- 4. Effect o f Stress on Formation Resistivity Factor

Formation resistivity factor is well-defined by the following equation for clean 

formations and without considering the effect of stress (subsidence):

F  = —  (4-30)
9"'

where

m = cementation factor depending upon the amount and distribution of 

cementing materials between sand grains.

Equation (4-30) assumes (a=I.O). Considering the effect of overburden pressure on the 

rock will reduce the porosity by a factor of ( A<p ). Fatt (1957) shows that the cementation 

factor (m) is increased by a factor (A m ; with increasing the overburden pressure. 

Therefore, equation (4-30) can be written as

~  (cp-A cpr*^

Dividing equation (4-30) by equation (4-31) provides the relative change in formation 

resistivity factor as

I

1 _ A 9
9

N Am (4-32)
*(p^

For simplicity, it is possible to assume that ( 1- (A<p /  (p))^ = 1.0 is a good approximation 

and for "m" greater than or equal to 2.0, (Aç / (p))~ = 0.0, then equation (4-32) becomes

^  ( 1 - A9)m*^Am
9

(4- 33)
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DobrvTiin ( 1962) proved that the value of ( A m) can be expressed as a function of 

pressure and lithology. and the maximum change in ( A m) depends upon the number of 

small conductivity channels in the rock. .Assuming that shale content expressed as a 

percentage of total pore space (<p/((p + c )) , where "c" is the pore volume occupied by

shale. Fig. 4. 5 shows ratio o f shale content to total bulk volume as a function of change of 

( A m) with pressure. Finally, the ratio o f the formation resistivity factor under overburden 

pressure to formation resistivity factor can be expressed by:

F. 1
(4-34)

(1-Cp)  J

A comparison between the calculated and experimentally measured formation resistivity 

factor has been plotted in Fig. 4. 6.

Dobrynin ( 1962) compared the experimental data with calculated data of relative 

change of formation resistivity factor. Fig. 4. 6, which shows a very good matching and 

agreement between the two.

4. I. 5. Effect o f S tress on Perm eability

Change o f permeability under pressure may be assumed depending mainly upon the 

reduction of the pore channels. Using Marshall’s equation of permeability to study the 

effect o f overburden pressure on permeability. The study, conducted by Dobrynin (1962), 

showed that increasing overburden pressure leads to a reduction in rock permeability. Fig.

4. 7.
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Fig. 4. 7 shows the relative change in rock permeability as a function o f  net overburden 

pressure for different pore compressibilities. Next. Gary and Fatt ( 1963) studied the effect 

of stress on permeability o f sandstone and proved that not only the rock permeability but 

also the permeability anisotropy o f several sandstones is a function o f overburden pressure.

In addition, G ary and Fatt showed that the permeability reduction due to stress 

effect is also a function o f the ratio o f radial to axial stress. Fig. 4. 8  shows the effect of 

applied stress on actual horizontal permeability and absolute permeability of Berea 

sandstones. Fig. 4. 9 shows the effect o f  the applied stress on the actual horizontal and 

vertical permeability o f  Roise sandstone. Fatt 11952) has shown also that the permeability 

of reservoir sandstones are decreased by application o f overburden pressure. Fatt (1953) 

proved the reduction in relative permeability by application the overburden pressure on 

sanstones. The same result have been confirm ed by Peril et al ( 1962).

The overburden pressure o f the rock is approximately 0.56 psi/ft o f  depth for shaly 

sandstone having density 2.3 gm/cc and liquid density = 1 .0  gm/cc.

Recently. Jones (1988) defined net stress as the difference between isostatic 

(hydrostatic) confining stress and the average pore pressure. Jones (1988) introduced 

several empirical equations describing change in permeability, pore volume and porosity 

with net confining stress. This equation for permeability is given by:

Ks = Ko* EXP (4-35)

where

aic, av , and c = curve fitting constants
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(7 = net isostatic stress, t psi)

cr = decay constant.

This equation, and other equations for porosity and pore compressibility suffer from;

1. requirement the determination of four adjustable parameters which have to be 

determined experimentally, and

2. these equations have been determined using only two confining stresses (1,500 and

5.000 psi) which is not enough for getting accurate curve fitting. Fig.4. 10 shows data 

used for getting equation (4-351.

-McKee et al (1988) used the equation of porosity, equation (4-23). and assumed 

that Carmen-Kozeny equation is valid to get the following equation correlating porosity 

and permeabilirv'^ as follows:

cp'
K a -  . (4-36)

('-«>}■

Combining equations (4-23) and (4-30) yields:

-3*C, ACT
K, = . -------------   :-  (4-37)

Equation (4-37) shows the effect of effective stress on permeability assuming constant 

pore compressibility. This equation, in combination with equation (4-23), will be used to 

consider the effect of stress while characterizing and identification the hydraulic (flow) 

units in the clean formations.
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4 .1 .6 . Effect o f Fluid Pressure on Permeability

Hantush (1964) noted that a change in effective stress, if the water pressure is 

assumed to act effectively throughout the elemental volume under investigation. The 

relation between the pressure and the effective stress was fonmulated as follows: 

dP — —d<J (4-38)

Walsh (1981) introduced a general relationship between the effective and the total 

stresses as follows

(j = <7, - a P  (4-39)

where

<r = effective stress, (psi) 

cr, = total stress, (psi)

a  = constant, correlating change in pore pressure to change in 

effective stress 

Integrating equation (4-38) over the stress range yields

Act = a-<y^=  cc(P„ -  P) = oAP (4-40)

where

CT„ = initial stress, (psi)

Po = initial reservoir pore-pressure, (psi)

A P = pressure drop, (psi)

Act = increase in effective stress, (psi)

Using equation (4-40) in equation (4-37) yields an equation for permeability 

considering pore pressure as follows:
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,-3-aC,
K .  =  K

L
- a  C ,  A P

)

(4-4 1 )

Equation (4-41) is a very important tool for predicting the effect o f pressure drop on 

reservoir permeability.

4. 2. Effect of Stress on Reservoir Quality Index (RQI)

Characterization of clean formations under subsidence (stress) creates a need for 

developing new expression for reservoir quality index (RQI). McKee et al (1988) derived 

relationship between porosity at original condition (without stress effect) and porosity 

under stress, equation (4-23). which is given by

Cp
= (p,

C » \T
(4-23)

Rearranging equation (4-23) results in the following form

Cp Act

(Po
(4-43)

.Again. McKee et al (1988) introduced another equation for permeability, equation (4-37) 

as follows:

(4-37)
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Rearranging equation (4-37) in a similar form  as for porosity equation, equation (4-23),

vields

l - c p j P

J

Equating equations (4-43) and (4-44) results in

—  = (4-45)
(P»

where

K., = permeability at initial condition (without stress effect), (md)

(p„ = porosity at initial condition (without stress effect), (fraction)

Ks = permeability under stress, (md) 

cp̂  = porosity under stress, (fraction)

A ct = change in effective stress, (psi)

Cp = average pore compressibility, (1/psi)

.Amaefule et al ( 1993) introduced RQI definition as

R Q I^ i l lm )  = 0 .0 3 1 4 *  (4-46)
V

Let us define the RQI of formation under stress (RQIs) by the following 

equation:

R Q I s  i l im)  = 0.03 14 * (4-47)
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where

RQIs = R eservoir Quality Index, for form ation under stress. ( u in  )

Ks = Permeability of the rock under stress conditions, (md)

(p, = Porosity of the rock under stress conditions, (fraction)

Based on the definition of RQI. the values o f porosity and permeability at the original 

conditions (even, if it is under certain stress) should be used. For that reason, substituting 

equations (4-46) and (4-47) into equation (4-45) yields

K
R Q I , {  a m )  =  0.03 14 * e "  " (4-48)

\  (P.>

.Applying natural log on both sides of equation (4-48) provides

L / i { R Q I s )  =  - C p * A ( 7 ^  U i { R Q f o )  (4-49)

Equation (4-48) represents a valuable tool for correlating Reservoir Quality Index at 

zero stress condition (RQIo) measured under laboratory conditions and Reservoir Quality 

Index under stress condition (RQIs) (using well-logging data). Fig. 4. IIA  using data in 

Table 4. 1. .A shows the effect of change in effective stress on the Reservoir Quality Index 

under stress (RQIs) for different values o f Reservoir Quality Index under zero stress 

condition ( RQIo ), using equation (4-48). This Figure. 4. 11 A. proves the importance o f 

considering stress effect while characterizing and identifying flow units in clean formations. 

It shows that the increase of stress from 0.0 to 1,800 psi causes a severe reduction in 

Reservoir Quality Index (RQI) value. Equation (4-49) represents a linear relationship 

between Ln (RQIs) and the product o f pore compressibility and change o f
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Table 4 . 1.A - Simulated data for studying the effect of stress
on the newly-developed Reservoir Quality Index
(RQIs).

S a n d s to n e  form ations
A verage  Cp = 0 .000144 (1/psi) (from Bolivar Oil Field. V enezuela)

del s tre s s RQIs=0.1 RQ Is=0.5 RQIs=1 RQIs= 5

0 0.1 0.5 1 5
500 0.093054 0.4652689 0 .9305378 4.65268921

1000 0.08659 0.4329503 0.8659007 4.32950338
1500 0.080575 0.4028767 0 .8057533 4.02876674
2000 0.074978 0.374892 0.749784 3.74891991
2500 0.06977 0.3488512 0 .6977024 3.48851184
3000 0.064924 0.3246192 0.6492385 3.24619228
3500 0.060414 0.3020705 0.604141 3.02070476
4000 0.056218 0.281088 0 .562176 2.81088009
4500 0.052313 0.261563 0.5231261 2.6156303
5000 0.048679 0.2433943 0.4867886 2.43394297
5500 0.045298 0.2264876 0 .4529752 2.26487604
6000 0.042151 0.2107553 0 .4215106 2.10755287
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effective stress. Data in Table 4. IB is used to study the effect of stress on the RQI. The 

results shows that increasing the change ineffective stress reduces the values of RQIs. Also, 

the increase in the change in effective stress causes a more reduction in RQIs at smaller 

values of RQIo than in larger values.

Fig. 4.1 IB shows a graphical representation of equation (4-49). It shows the change 

in reservoir quality index under stress (RQIs) under different values of effective stress, and 

for different values o f reservoir quality index under zero stress conditions (RQIs). This figure,

4.1 IB. shows that an increase in change in effective stress leads to a decrease in RQIs. 

assuming a constant rock compressibility.

From equation (4-49). the ratio of reservoir quality index with and without stress 

effect (RQIs/RQIo) can be written as follows:

= (4-50)
RQIo

Applying natural log on both sides of equation (4-50) yields

L n (  R  Q  /   ̂ / R  Q  I () )  =  -  C  p * A  <7 (4-5 1 )

Equation (4-50) is very useful for showing and studying the effect of stress on RQI. Also, it 

can be used effectively for characterizing and identifying flow units in clean formation under 

stress effect.

A  plot o f  the ratio o f RQIs and RQIo versus change in effective stress is given in 

Fig. 4.12A, using simulated data in Table 4.2 assuming constant average pore 

compressibility (average Cp = 0.000144 I/psi). Figure 4. 12A shows that (RQIs/RQIo)
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Table 4 . 1 .  B - Sim ulated data for studying the effect of s tr ess  
on Reservoir Quality Index under S tress  (RQIs).

Sandstone lonnatlons
Average Cp = O.Ü00144 (1/psi) (Irom Bolivar Oil Field, Venezuela)

4̂
0)

del stress C p 'del(sltoss) ROIsz^l RQIs=2 RQIs= 3 RQIs=4 RQIs=5 RQls=10

0 0 1 2 3 4 5 10
500 0.2 0.930538 1.861076 2.791614 3.722151 4.652689 9.305378
1000 0.4 0.865901 1.731801 2.597702 3.463603 4.329503 8.659007
1500 0.6 0.805753 1.611507 2.41726 3.223013 4.028767 8.057533
2000 0.8 0.749784 1.499568 2.249352 2.999136 3.74892 7.49784
2500 1 0.697702 1.395405 2.093107 2.790809 3.488512 6.977024
3000 1.2 0.649238 1.298477 1.947715 2.596954 3.246192 6.492385
3500 1.4 0.604141 1.208282 1.812423 2.416564 3.020705 6.04141
4000 1.6 0.562176 1.124352 1.686528 2.248704 2.81088 5.62176
4500 1.8 0.523126 1.046252 1.569378 2.092504 2.61563 5.231261
5000 2 0.486789 0.973577 1.460366 1.947154 2.433943 4.867886
5500 2.2 0.452975 0.90595 1.358926 1.811901 2.264876 4.529752
6000 2.4 0.421511 0.843021 1.264532 1.686042 2.107553 4.215106
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decreases with increase in ( C^*Acr ). This confirms the importance of considering the

effect o f stress. Ignoring this effect may lead to serious mistakes due to a markable 

reduction in RQIs with increase in change in effective stress.

A graphical presentation of equation (4-51) is shown in Fig. 4. 12. B. This figure 

shows a linear relationship between RQIs/RQIo and the change in effective stress. It 

shows that increasing the change in effective stress decreases the ratio of RQIs to RQIo. It 

also shows that the reduction in (RQIs/RQIo) is larger at higher values of change in 

effective stress than at smaller ones because the slope of curve increases with increasing 

the values of change in effective stress.

The most important aspect of equations (4-50) and (4-51) is their elimination of the 

need for measuring rock porosity aqd permeability under stress conditions. Laboratory 

measurements (at zero stress condition) of porosity and permeability can be used to 

calculate conventional Reservoir Quality Index (RQIo) and use it only with the expected 

stress values in the field. Again, equation (4-50) can be used with well-logging derived 

data because the porosity and permeability values are generally estimated under stress. 

Then, the use of equation (4-50) does not require laboratory measurements of porosity 

and permeability in order to get the conventional RQI (RQIo) values.
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Table 4. 2 - Simulated data for studying the effect of 
s tress on (RQIs/RQIo)

S a n d s to n e  formations
A verage  Cp = 0.000144 (1/psi) (from Bolivar Oil Field, V enezuela)

del(stress) porosity Perm . RQIo
ch an g e  in 
effective RQIs RQIs/RQIo

0

(%)

0

(md)

0

(um)
stress
(psi)

0

(um)

1
-0.2 13 0.17 0 .035907 500 0.033413 0.930538
-0.4 26 6.17 0 .152963 1000 0.132451 0.865901
-0.6 13 4.29 0.180379 1500 0.145341 0.805753
-0.8 14 9.74 0 .261906 2000 0.196373 0.749784
-1 17 23.74 0.371061 2500 0.25889 0.697702

-1.2 18 39.76 0 .466677 3000 0.302985 0.649238
-1.4 22 82.96 0.609751 3500 0.368376 0.604141
-1.6 25 142.63 0 .750007 4000 0.421636 0.562176
-1.8 23 155.06 0 .815297 4500 0.426503 0.523126
-2 21 161.45 0.870641 5000 0.423818 0.486789

-2.2 19 161.48 0 .915403 5500 0.414655 0.452975
-2.4 17 155.03 0 .948229 6000 0.399688 0.421511

149



o
o
=jn
O
OC

( A v erag e  Cp = 0.000144 (1 /psi)J  

I  (S a n d s to n e  R eservo ir^

0.1
-2.5 2 -1.5 0-0.51 0 I

-Cp X Delta (s tre ss ), (d im ension iess)

Fig. 4.12. A- Semi-Log plot of (RQIs/RQIo) versus [ -Cp * del
(stress)].

ISO



o
aoc
acc

1

(RQIs = RQIo X Exp (- Cp x Del stres s ^  

(Average Cp = 0.000144 (1 /psi^  

S a n d s to n e  R eserv o IrJ
0.1

1000 2000 3000 4000

Change in Effective Stress, (psi)

5000 6000

Fig. 4. 12. B- (RQIs/RQIo) versus change in effective stress

151



4. 3. Effect of Stress on Several Newly-Developed Flow Unit Models for Clean
Formations

4. 3. 1. New Flow Unit Model with Effect of Stress on the Characterization of Clean 
Formations Using VVyllie and Rose Equation

Wyllie and Rose (1950) introduced an equation for permeability using porosity and 

irreducible water saturation as follows:

K  ̂ = 6 2 5 0 0 ^  (2-21)

where

Ko = permeability of the reservoir rock at zero stress, (md)

Swff = irreducible water saturation, (fraction)

(p̂  = porosity at initial condition (zero stress), (fraction)

Calculation of irreducible water saturation (Swir) is difficult, if not impossible especially in 

old reservoirs or developed reservoir where irreducible condition does not exist anymore. 

This difficulty of determining irreducible water saturation (Sw) limits the use of Wyllie and 

Rose equation and other permeability equations having similar feature.

Archie’s equation for water saturation under irreducible water condition can be 

written as follows:

Substituting equation (4-52) into equation (2-21) results in

=62500 * (4-53)
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Equation (4-53) eliminates the irreducible water saturation condition. It can be used as a 

new model of estimating permeability independent of irreducible water saturation which 

may vary from top to the bottom of the pay zone.

Using equation (4-53) into the equation of the ratio of conventional Reservoir 

Quality Index (RQIo) to Reservoir Quality Index under stress (RQIs), equation (4-48) can 

be written as follows:

(m/2+2.5) ^

aR
(4-54)

W  J

Substituting porosity at zero stress condition [(p̂ ) from equation (4-23) into equation

(4-54) yields:

RQf^ = 7.85 * <p('"'2+2.5) * ^(m/2+l.5)*Cp-A<r 1-<P„
/' \  

V

(m/2+2.5)

(4-55)

Arranging equation (4-55) and applying logarithm on both sides yields

Lo^RQfs) =1 ^-^15jLog(ps + Log- 7.85
Wm/2+25)

—laK,

(4-56)

Equation (4-56) represents a new flow unit model that could be used for the 

characterization and identification o f flow units in formations under stress conditions. It 

reveals that a log-log plot of reservoir quality index under stress (RQIs) versus porosity 

tmder stress (<p,) yields a straight line (assuming constant average pore compressibility) 

for each flow unit under the same condition of stress. This straight line representing the
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flow unit, also has two unique features: (1) the slope equal to [m/2 +2.5 ] and (2) the 

intercept that is called Flow Unit Factor (FUF)s_wr and written as:

(FUF)s-wr =
r r M (m/2+2.5) , .1

1-«P<, ■1  J .
(4-57)

where

FUFs-wr = flow unit factor of clean stress-sensitive formation using Wyllie 

and Rose permeability equation, (dimensioniess)

This model can also be used to predict flow units at different time intervals (during the life 

of the reservoir). This new model can be transformed to involve pressure drop instead of 

change of effective stress, using equation (4-39), as follows

A ct =  a A P  (4-39)

where

a  = constant relating change in pore pressure to change in effective stress, 

and depiends on rock and fluid typ>e.

Substituting equation (4-39) into equation (4-56) results in

\-|(m/2+ZS)
Lo^RQJfs) = I — + 2.5 Y^g(ps + Log-

(4-58)

Pore compressibility can be assumed constant and (or ) is constant, then equation 

(4-58) reveals that a log-log plot of reservoir quality index under stress condition versus 

porosity under stress yields a straight line having a unique slope equals [ m/2+ 2.5] and a
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unique intercept. This flow unit can be represented by drawing a straight line passing 

through each set of data points and having a slope = 3.5 (assuming m = 2).

The new flow unit model is validated using simulated data of porosity values under 

zero stress conditions. Table 4. 3. The simulated values of porosity are used to estimate 

permeability (under zero stress conditions) using Wyllie and Rose equation, equation (2- 

21). Then porosity and permeability are used to obtain RQIo. The values o f permeability 

and porosity are subjected to two different effective stresses (2,500 and 5,000 psi) and 

used to estimate the corresponding values of Reservoir Quality Index under these values of 

(RQIs). Fig. 4. 13 shows a comparison between these two values of Reservoir Quality 

Index under these effective stresses (RQIs) versus porosity under stress. The result shows 

that a change in effective stress from 2,500 psi to 5,000 psi causes a change in the position 

of the predicted flow unit in the direction of reducing both the porosity (<p̂ ) and the RQIs. 

This reduction may lead to serious errors in description and characterization of the flow 

units in stress-sensitive reservoirs.

According to Fig. 4. 13, the position of the flow unit is a function of change in 

effective stress (or pressure drop) of the reservoir. Therefore, the flow units constituting 

the producing zone should be evaluated regularly.
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Table 4. 3 - Simulated data for characterization of stress-sensitive clean
formations using the newly-developed flow unit model based
on Wyllie and Rose permeability equation

Rock Coefficient (Alpha) 
P ore  Compressibility (cp) 
irreducible W atre Saturation  
C em entation  Coefficient (m)

= 0.50
= 0.000144 (1/psi) (sa n d s to n e  formation) 
= 2 0 %

= 2.0 (assum ed)

(phi)o Ko RQIo (phi)s (phi)s RQIs RQIs
2,500 psi 5 ,000 psi 2,500 psi 5,000 psi

(fract.) (md (um) (fract.) (fract.) (um) (um)

0.4 6400 3.971821 0.317469 0 .2360558 2.77114874 1.933437
0.36 3401.222 3 .05208 0.2818453 0 .2080334 2.12944344 1.4857177
0.32 1677.722 2.273603 0.2471753 0 .1811525 1.5862981 1.1067639
0.28 752.9536 1.628301 0.2134214 0 .1553446 1.13606959 0.7926384
0.24 298.5984 1.107561 0.1805476 0 .1305468 0.77274813 0.5391482
0.2 100 0.702125 0.1485199 0.106701 0.48987452 0.3417866

0.16 26.2144 0 .40192 0.1173062 0 .0837532 0.28042054 0.1956501
0.12 4.6656 0.195791 0.0868758 0 .0616539 0.13660386 0.0953088
0.08 0.4096 0.07105 0.0571995 0 .0403566 0.04957182 0.0345864
0.04 0.0064 0.01256 0.0282497 0 .0198186 0.00876314 0.0061141
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Fig. 4.13- New flow unit model for stress-sensitive clean 
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4. 3, 2. New Flow Unit Model with Effect of Stress on the Characterization of Clean
Formations Using Jorgensen Equation

Jorgensen (1986) developed the following empirical equation for calculating the 

permeability:

(pK.. =84105- (2-35)

wnere

Ko = permeability' at original (laboratory) conditions, (md)

(Pfj = porosity at original (laboratory) conditions, (fraction), 

m = cementation factor depending on the rock type.

Substituting equation (2-35) into equation (4-48) results in the following equation:

RQIs{/jm) = 9 .n*e (4-59)

Substituting porosity at zero stress condition from equation (4-23) into

equation (4-59) yields

RQIs{flm) =  9.11 * * .

/  \ ~

I

if*“)

(4-60)

Arranging equation (4-60) and applying logarithm on both sides yields
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9.11 * g'(m /2 -05 )* C „  S<T

l - c p j
{ ? ■

Oj;

( 1 - p J

(4-61)

Equation (4-61) reveals that a log-log plot of reservoir quality index under stress 

iRQIs) versus porosity under the effect of stress (<p^) yields a straight line having a slope

equal to [(m/2) + 0.5] and a unique intercept that can be determined graphically. This

interceot is siven as;

9 11 *  2 - 0 . 5 ) 'C p  ACT *  ^ 1 L

- - ^ O J  1 2 ;

( l - P J
(4-62)

where

FUFs-j = flow unit factor of clean stress-sensitive formation using Jorgensen 

permeability equation, (dimensionless).

Fig. 4. 14 shows a graphical representation of this newly-developed model and 

how it can effectively be used to define and characterize flow units in the reservoir under 

investigation, and to study the effect o f stress on the predicted flow units. This can be 

achieved by drawing a straight line having a slope = [(m/2) + 0.5 ] through each set of 

data points on a log-log plot of RQIs versus q>̂ .
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Simulated values of porosity under laboratory condition (zero stress) are used. 

Table 4. 4, and subjected to different changes in effective stress such as 2,500 and 5,000 

psL Then, the simulated porosity values at zero stress condition are used to estimate 

permeability (Ko) using Jorgensen equation. Finally, RQIo values are calculated. In 

addition, the values of reservoir quality index under zero stress (RQIo) are used to obtain 

reservoir quality index under stress (RQIs) under 2,500 and 5,000 psL Then RQIs is 

plotted versus porosity under stress ( ç», ) for effective stress values of 2,500 and 5,000

psi. Fig. 4. 14.

For the purpose of validating this flow unit model (Equation (4-61)) and of 

studying the effect of stress on flow units, simulated data of Reservoir Quality Index 

(RQI) and porosity under different stress conditions are used. Table 4. 4. The result shows 

that a single flow unit is identified since a straight line can be drawn through the resulting 

set of data points. However, change of stress condition leads to shifting the position of 

this flow unit on a log-log plot of RQIs versus porosity under stress. Fig. 4. 14. Again, this 

new flow unit model provides an effective tool for using well logging data (porosity and 

permeability under stress) to characterize clean stress-sensitive formations. In addition, 

this figure shows the importance of evaluating stress-sensitive formations regularly since 

the position of these flow units have been proven to be a function of effective stress (or oil 

production).
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Table 4. 4-Simulated data for characterization of stress-sensitive clean
formations using the newly-developed flow unit model based
on Jorgensen permeability equation

Rock Coefficient (Alpha) 
Rock Compressibility (cp) 
Irreducible Watre Saturation 
Cementation Coefficient (m)

= 0.50
= 0.000144 (1/psi) 
=  20 %
= 2.0 (assumed)

(phi)o Ko RQIo (phi)s (phi)s RQIs RQIs
2,500 psi 5,000 psi 2,500 psi 5,000 psi

(fract.) (md (um) (fract.) (fract.) (um) (um)

0.4 2563.2 2.51357 0.31747 0.24501 1.753723 122358
0.36 1622.98 2.10831 0.28185 0.21496 1.470974 1.0263
0.32 982.514 1.7399 0.24718 0.18638 1.213932 0.84696
0.28 560.934 1.40542 0.21342 0.15917 0.980565 0.68414
0.24 296.095 1.10291 0.18055 0.13324 0.769502 0.53688
0.2 140.175 0.83128 0.14852 0.10849 0.579989 0.40466

0.16 56.5672 0.59041 0.11731 0.08485 0.411929 0.2874
0.12 17.6948 0.3813 0.08688 0.06225 0.266031 0.18561
0.08 3.46713 0.20671 0.0572 0.04061 0.144225 0.10063
0.04 0.21565 0.07291 0.02825 0.01988 0.050868 0.03549
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Fi g. 4.14-New flow unit model for stress-sensitive clean 
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4. 3. 3. New Flow Unit Model with Effect of Stress on the Characterization of Clean
Formations Using Timur Equation

Timur (1968) made careful laboratory measurements o f absolute permeability, 

porosity and irreducible water saturation on 155 sandstone cores from Gulf coast. 

Colorado and California. These measurements were used to obtain the following 

correlation:

K„ = (93)- v V  1 (2-30)

Timur s permeability equation has been developed using laboratory measurements 

which means the effect of subsidence (stress) has not been taken into account. Therefore, 

this equation should be corrected for the stress effect before using it to develop a model to 

characterize reservoir flow units.

Using Archie’s equation

~ (4-63)

and applying irreducible water condition on equation (4-63). Then substitution into equation (2- 

30) yields

(4-64)*
w y

where

Rti = true formation resistivity at irreducible water condition, (ohm-m) 

Substituting equation (4-64) into equation of the ratio of RQIs to RQIo, equation (4-48) 

results in the following equation:
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RQI, {um) =  292 * <p('^2)+i.7 * ^ -CpAo- * (4-65)

Substituting porosity at zero stress condition from the equation o f porosity

under stress, equation (4-23), results in 

RQI,{lim) =292* (pf'2hi.7 * ^  ^ Æ L i-(p.
x-|(m/2+1.7)

(4-66)

Taking logarithm on both sides of equation (4-66) yields

I-og{RQl,) = { ^ + \ . l \ L o g { ( p , )  + Log{FUF)^.j-TM
(4-67)

where

(F U F ) s - tm  = flow unit factor of clean stress-sensitive formation using Timur 

permeability equation, (dimensionless)

-j(m/2+1.7)
{FUF)^_j.j^ = j 2.92 * g('"/2+o.7)Cp A<T * &

/J
(4-68)

Equation (4-67) reveals that a log-log plot of reservoir quality index under stress 

(RQIs) versus porosity under stress effect {(ps) would yield a straight line having a slope

equal to [(m/2) + 1.7] and a specific intercept equal to (F U F )s - tm , for a single flow unit 

having the same pore-throat/pore-size distribution and under the same condition of stress.

This model is validated using simulated data in Table 4. 5. The values of porosity 

under zero stress condition {<Po) are simulated and used to calculate the permeability (Ko)

using Timur's equation. Then, values of porosity and permeability at zero stress conditions 

are used for estimating (RQIo) values. Finally, calculated values of RQIo
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Table 4. 5 - Simulated data for characterization of stress-sensitive ciean
formations using the newly-developed flow unit model based on
Timur permeability equation

Rock Com pressibility (cp) 
Irreducible W atre Saturation  
Cem entation C oefficient (m)

= 0 .0 0 0 1 4 4  (1/psi)
=  20  %
= 2.0 (assu m ed )

(phi)o Ko RQIo (phi)s (phi)s RQIs RQIs
2 5 0 0  psi 5 ,000  psi 2 5 0 0  psi 5 ,0 0 0  psi

(fract.) (md (um) (fract.) (fract.) (um) (um)

0.4 3 8 0 6 .6 5 3 .0 6 3 1 7 0 .31747 0.24501 2 .1 3 4 3 6 1 .48718
0 .36 2 3 9 4 .4 7 2 .5 6 0 8 4 5 0 .28185 0 .2 1 4 9 6 1 .7 8 4 3 5 1.2433
0.32 1426 .06 2 .0 9 6 1 5 8 0 .24718 0 .1 8 6 3 8 1 .4 6 0 5 6 1.01769
0 .28 79 2 .4 5 4 1 .6 7 0 4 6 6 0 .21342 0 .1 5 9 1 7 1 .1 6 3 9 5 0 .81102
0.24 4 0 2 .1 6 9 1 .2 8 5 3 7 0 .18055 0 .13324 0 .8 9 5 6 2 0 .6 2 4 0 5
0.2 1 8 0 .3 0 6 0 .942801 0 .14852 0 .10849 0 .6 5 6 9 3 0 .4 5 7 7 3

0 .16 67.5471 0 .6 4 5 1 6 8 0.11731 0 .0 8 4 8 5 0 .4 4 9 5 4 0 .3 1 3 2 3
0 .12 19 .0492 0 .3 9 5 6 1 9 0 .08688 0 .0 6 2 2 5 0 .2 7 5 6 6 0 .1 9 2 0 7
0 .08 3 .1 9 9 4 5 0 .1 9 8 5 7 4 0 .0572 0.04061 0 .1 3 8 3 6 0.09641
0 .04 0 .1 5 1 5 5 0 .0 6 1 1 1 8 0 .02825 0 .0 1 9 8 8 0 .0 4 2 5 9 0 .0 2 9 6 7
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formations using Timur's permeability equation
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are used to estimate the corresponding values o t RQIs. Then, simulated values ot porosity 

under zero stress [ c p o ]  are subjected to two different changes o f effective stress (2,500

and 5.000 psi). The RQIs is plotted versus porosity under stress for the same change in 

effecti\ e stress. Fig. 4. 15.

.A.ccording to the new flow unit model, equation (4-67). a plot o f RQIs versus 

porosity under stress can be used for flow unit identification. Fig. 4. 15. This figure shows 

that the How unit model de tines a single flow unit successtully and the position o f that flow 

unit depends mainly upon the applied stress values which cause a shift o f the predicted 

flow unit in the direction of decreasing porosity and RQIs.

4. 3. 4. Generalized Flow Unit Model w ith Effect of Stress on the C haracterization of
Clean Formations

Substituting irreducible water saturation equation, equation (2-20). into the 

general form o f permeability equation under zero stress, equation (2-37). results in a new 

permeability equation which is independent on irreducible water saturation, equation (2 - 

39). Substituting permeability under zero stress condition from equation (2-39) into 

equation o f  permeability under stress, equation (4-37), yields permeability equation for 

stress-sensitive formation which is given as follows:

c,R„ 1. 
“R ,. j

\ -iCpSa-
( p [^ - * ' * p------- ^ ----------------— (4-48)

(

V

Substituting porosity under zero stress from  equation (4-23) into equation (4-38) yields
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I * +*>« *
o K )

(  - \
^-<Po \ — e ^

L J

[{C2-^l )n—3)Cp  A(T (4-49)

Substituting equation (4-49) into Reservoir Quality Index under stress (RQIs) equation, 

equation (4-47) results in the following equation:

l-(Po

l)m-3

Applying logarithm on both sides of equation (4-50) yields

' ( a  + l)m - 1
LogRQIs = ^  +  W j  ( 0 - 0 3 1 4 ^ )

(4-50)

- [(Cl

V

(C 2 + l)m -3 )  \

& (4-51)

Equation (4-51) is a generalized flow unit model which can be used for flow unit 

identification and reservoir characterization of clean stress-sensitive formations. The 

model shows that a single flow unit in a clean stress-sensitive reservoir can be represented 

by a straight line having slope equal to {[ (Cz + l)m - 1 ] /  2 } and an intercept equal to 

the following flow unit factor which is given as follows:

FUFg_s = - (0 .0 3 1 4 ^ ) ^-<Po
r  ^ M

- 1 J.

&

(4-52)
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where

F U F g - s  = Flow Unit Factor ot clean stress-sensitive formation using general

perm eability equation, (.dimensionless)

At zero stress condition (Act = 0.0). the following equations can be written as follows: 

(p  ̂  ̂ ( p from equation (4-23)

RQIs  —> RQIo  from equation (4-48)

j  ( C ,  - 1 ) ^ - 3  .  -  1
C ., ACT

) f, - '  ̂= 1.0 from equation (4-23)

i  (  -  )  j
1 -  e ' I has to be equal unity from equation (4-23 ]

L V A

Substituting all o f these previous conditions into equation (4-51), the model 

reduces to the flow unit model for clean stress-insensitive formation which was derived 

before in Chapter 2. equation (2-41).

Table 4. 6  summarizes all o f the newly-developed flow unit models for clean 

stress-sensitive tbrmations. Also, a comparison o f these models is achieved using data in 

table 4. 7. The table compares the values of RQIs calculated using Wyllie and Rose. 

Jorgensen. and Timur permeability equations under 2.500 psi. The comparison shows 

that the use of T im ur'e equation provides the highest RQIs values while the use o f 

Jorgensen equation produces the lowest ones. Also, the limitations and assumptions of 

these models are shown in Table 4. 8 .
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Table 4. 6 - List of newly-developed models for characterization and identification 
of flow units in clean stress-sensitive form ations

Used Permeability 
Equation

Newly-Developed Flow Unit Model 
for Clean Stress-Sensitive Formations

Wyllie and Rose Equation

l&5^e
I !  I

Jorgensen Equation

L o ^ { R Q L )  = I ^  ^ 05 J  + L o i^ \9.11 e ”'"-  ̂<

■ 1

i !

j .

T im ur Equation

Lo. {̂RQI. + i w / p j  + Los\ 2.92 *
[

-II
I 1

Generalized Permeability Equation

(Ci + — 1
LogRQIs =  \ — —  -------- \Log(p, +  Log- ( 0 . 0 3 1 4 ^ )

[(Cl

V y

/ I

1 7 0



Table 4. 7 Comparison the results of dilTerent flow unit models for clean stress-
sensitive formations.

Av. Rock Compressibility 
Irreducible Water Saturation 
Cementation Coet'ficient (m)

= 0.000144 (1/psi) 
=  20 %

= 2.0 (assumed)

RQIs at 2.500 psi using permeability equation o f
Wyllie and Rose Jorgensen Tim ur

( Phils ' RQIs RQIs RQIs
2.500 2.500 2.500 2.500
(fract.) (umi (umi (um)

0.3086 2.771 1.754 2.134
0.2738 2.129 1.471 1.784
0.2398 1.586 1.214 1.461
0.2067 1.136 0.981 1.164
0.1747 0.773 0.770 0.896
0.1435 0.490 0.580 0.657
0.1132 0.281 0.412 0.450
0.0838 0.137 0.266 0.276
0.0551 0.049 0.144 0.138
0.0272 0.009 0.050 0.043

Table 4. 8- List of assumptions and  limitations of the newly-developed flow unit 
models for clean form ations using in-situ m easurem ents.

Flow U nit Model 
Based on

Assumption(s) and Lim itation(s)

Wyllie and Rose Perm Equation 
Model given by equation (4-56)

Jorgensen’s Equation,
Model given by equation (4-61)

Timur Perm Equation 
Model given by equation (4-66)

Generalized Perm. Equation 
Model given by equation (4-51)

In-situ values of porosity and perm. - clean formations
assumes Pc is inversely proportional to SQRT(K)
Cl = 62500 and Ct = 3

In-situ values of porosity - clean formations
assumes that perm, if function of porosity only

In-situ values of porosity and perm. - clean formations
C, = 8649 and C, = 2.2
applicable for (a) Gulf Coast field (depth 9,000-12,000 ft) 
(b) Colorado field (depth 6,000-7,000 ft), and (c) California 
field (depth 9,000 ft - 10,000 ft),

In-situ values of porosity and perm. - clean formations
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Finally, it is important to emphasize that the selection o f a flow unit model for 

application is mainly based on the locality o f the oil reservoir. Therefore, a plot of 

permeability versus porosity should be constructed for the field under study. This plot is 

e.xpected to produce a permeability equation (having coefficients C, and Cj) representing 

this formation. If this permeability equation is close to one o f the permeability equations 

used in this study, then, the flow unit model developed in this study can be applied 

directly. If not. the same approach developed for the generalized flow unit model to 

identify flow units can be used.

EXAM PLE CALCULATIONS

The purpose of this example o f calculations is to show how the previously 

developed models can be used to identify flow units and study the effect of stress on these 

flow units. The flow unit model using Wyllie and Rose permeability equation is selected to 

show a step-by-step example to define flow unit and study the effect o f  stress on this flow 

unit. The following steps of calculations are suggested by this study:

1. Assuming that the field data obeys Wyllie and Rose permeability equation which is 

given as follows:

K„ = 6 2 5 0 0 ^  (4-681
VVÏ

2. Knowing the values of porosity from laboratory measurements (at zero stress 

conditions), these values of porosity are simulated in Table 4. 3. Then porosity values 

at different stress conditions can be obtained using equation (4-37) as follows:
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“ Cp

<Ps = V o *

1-<P, 1 . — Cp
(4-37)

3. The value o f porosity at zero stress condition is selected to be 0.24 as shown in Table

4. 3. This value of porosity at change in effective stress = 2,500 psi can be calculated, 

using equation (4-37), as follows:

Porosity (zero psi) = 0.24

(p, (2,500psi) = *
—  Cp

l - ( p j  l - e
[l -  (0.24)(l -  (2.718)-(0 0ooi-w)'(2.5oo)

porosity (2,500 psi) = 0.181

4. By the same procedure in step # 3, porosity values at different stress values can be 

calculated.

5. If the field data obeys Wyllie and Rose permeability equation, then rock permeability 

can be calculated as follows:

Assuming the values of cementation exponent (m) and irreducible water saturation 

(Svràr) are measured to be as follows: 

cementation exponent (m) = 2.0

irreducible water saturation (Swn) = 20 %

Then, permeability (at zero stress condition) can be calculated using equation (4-68) as follows

K,  =62500* (<pT ] = 62500* = 298.6 mdI (0.2)' J
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7. Repeat ail the steps for all of the given data points of porosity at zero stress conditions 

to get porosity at different stress conditions and calculate the Reservoir Quality Index 

under zero stress conditions (RQIo) using the previously assumed values of porosity and 

calculated values of permeability by using Amaefule’s equation, equation (4-6).

8. Calculate the corresponding reservoir quality index under stress (RQIs) using equation 

(4-48). Then, plot the obtained values of RQIs versus porosity values at 2,500 psi. This 

provides a clear single flow uniL The reason for the best fitting of the data points is that 

all of the data points assumed obey the permeability equation. This flow unit model at 

2,500 psi has two unique parameters

(1) slope (2,500 psi) = ((m/2) •+• 2.5] = [ 1.0 + 2.5 ] = 3.5, and

(2) intercept (2,500 psi) = 51, from Fig. 4. 13.

This chapter reviewed the effect of stress on petrophysical properties that include 

pore compressibility, porosity, rock density, and permeability. In addition, a new Reservoir 

Quality Index for clean stress-sensitive formations (RQIs) was developed. The RQIs was 

used to study the effect of stress on Reservoir Quality Index at zero stress condition 

(RQIo). In this chapter, four models were developed for characterization and identification 

of flow units in clean stress-sensitive reservoirs. These models were derived using 

permeability equations of Wyllie and Rose, Jorgensen, Timur, and a generalized modeL The 

flow unit models were found to have a common feature in that each flow unit can be 

represented by a straight line of a unique slope and intercept. The intercept o f the straight 

line defining the flow unit is a function of stress (or pressure drop).

174



CHAPTER 5

INFLUENCE OF STRESS ON THE CHARACTERISTICS 

OF FLOW UNITS IN SHALY FORMATIONS

Characterization of shaly formations has been a difficult task for several reasons. 

One key factor o f this difficulty is that conventional core tests on reservoir core samples 

simply does not work. Special equipment or procedures are required to determine the low 

permeabilities and porosities. Serious and more fundamental problem related to studying 

shaly formations is that of the very heterogeneous nature of shales. In addition to the 

previously summarized reasons for dealing with shaly formations, stress effect will make 

investigation and characterization of shaly formations much more difficult

This chapter is devoted to developing relationships for interpreting the combined 

effect of stress and shale on petropysical properties of reservoir rocks. These new 

relationships are used to characterize and identify flow units in stress-sensitive shaly 

formations, also to study the effect of stress on reservoir quality index for shaly formation 

(SRQIo). Four flow unit models have been developed for characterizing shaly formations 

under stress. These models are laminated, dispersed, total, and cation exchange capacity 

model.

The development of these models required modification o f Mckee et al (1988) 

porosity equation for clean formation to work for shaly formations. Permeability equations 

also have been modified to consider shaliness of the formation. Using these modified 

equations o f porosity and permeability in combination with conventional reservoir Quality
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Index (R Q Io) by Amafulae et al ( 1993), a  new  reservoir Quality Index for shaly formation

under stress (SR Q Is) is developed.

5. 1. EOect of Stress on Porosity and W ater Saturation Exponents

Electrical properties of reservoir rocks have long been used for calculating fluid 

saturations. Information from well logging have been used for interpreting the results of 

different well logs. It is important to establish the basic relationships between rock 

properties under different conditions before applying them. For instance, the relationship 

between water saturation and resistivity may not be applicable to formations under stress 

conditions.

Guyod (1948), Dunlap (1948), and Keller (1953) proved that the water saturation 

exponent "n” could be substantially different from 2.0. Dunlap ( 1948) found that the water 

saturation exponent "n" may range from 1.18 to 2.90 depending upon core rock type and 

different saturation techniques.

Keller (1953) conducted electrical resistivity experiments using treated sandstones. 

The study showed that the water saturation exponent "n" varied from 1.5 to 11.7, 

depending upon how the cores were treated.

With respect to the stress effect, Hilchie (1964) used six brine saturated porous 

samples under simulated conditions o f overburden and temperature. The simulated 

overburden pressure used was up to 10,000 psi and the simulated temperature conditions 

were up to 450 °F. The results showed that the increase of stress caused increase of the 

formation resistivity factor. Fig. 5. 1.
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Longeron (1986) investigated the effect of overburden pressure on the electrical 

properties of sandstones and carbonates. The results showed that formation resistivity 

factor increased by about 15 % for sandstones when stress range from 400 psi to 2,900 psi 

was applied. Fig. 5.2 and Fig. 5.3.

Lewis et al (1988) investigated the effects of stress and wettability on the water 

saturation exponent "n" and the cementation exponent "m". The results showed that 

changes in stress have a relatively minor effect upon the water saturation exponent "n" and 

the cementation exponent "m", but trends having an increase in these exponents with 

increasing stress levels have been observed. Lewis et al (1988) data also showed that a 

slight decrease in these exponents with decreasing stress. Figs. 5.4 and 5.5. But the efTect 

of stress on the water saturation exponent "n". Fig. 5.6, was less clear that of the 

cementation exponent "m". Therefore, changes in the cementation and water saturation 

exponents are probably small enough that can be neglected. The reason was that the 

maximum observed change in the cementation exponent "m" was 2.0 %, when the stress 

was altered from 300 psi to 5000 psi.

5.2. Effect of Stress on Porosity and Permeability in Shaly Formations

5. 2 .1 . Effect of Stress on Porosity in Shaly Formations

Characterization and identification of flow units in shaly formations creat a 

heavily need for extending the stress effect on petrophysical properties, especially porosity 

and permeability, in shaly formation.
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CEMENTATION EXPONENT vs STRESS
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SATURATION EXPONENT vs STRESS
RUNS 11 AND 13 - WATER WET CORES

2 .2

2 .0  -

o + STRESS (DR.)

- STRESS (DR.)

+ STRESS (IMB.)
o

3 0 0 0 4 0 0 0 5 0 0 02 0 0 00 1 0 0 0
S T R E S S  ( P S I )

Fig. 5 . 6 -  Influence of stress on the saturation exponent for water-wet cores during 
drainage and imbibition saturation, [Lewis et ai, 1988]
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Since petroleum engineers used to deal with pressure drop in the reservoir, change in 

effective stress ( A ct ) can be expressed in terms of pressure drop as follows

A(j = a * A P  (5-1)

where

A ct = change in effective stress, (psi)

A f = drop in pore pressure of the reservoir, (psi)

cc = constant relating pore pressure to change in effective stress.

depending upon rock type and its contained fluids, [alpha =0.572 for coal 

beds. McKee et al ( 1988), no values in the literature for sandstones and 

shales]

Bassiouni (1994) showed that effective and total porosity o f shaly formations are 

related by the following equation

(5-2)

where

(p„ = effective porosity, (fraction)

= total porosity, (fraction)

Vsh = shale content of the formation, (fraction).

Substituting equation (5-2) into equation (4-37) for porosity under stress, one obtains

Vs-sh =<P:o f (5-3)
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where

Vs-sh -  porosity of shaly formation under stress effect, (fraction) 

Sunstituting equation (5-1) into equation (5-3) results in

=(Pto*{^-Kh)
-aCp àp

/J

(5-4)

Equation (5-4) can be expressed as

(Ps-sh = (Pu, *^s- p o (5-5)

where

Ss-po = stress correction factor for porosity in shaly formation, (dimensionless). 

Hence, stress correction factor for porosity in shaly formation (S*.po) is given by

l - ( p l
(5-6)

Table 5.1 shows the effect of reservoir pressure drop (or stress) on effective 

porosity of shaly formations using equation (5-4). Simulated values of porosity at 

laboratory conditions (zero stress conditions) were used to investigate the assumption of 

using constant porosity values over the extended life of the reservoir.

Fig. 5.7 is a plot of effective porosity versus pressure drop of the reservoir for 

shaly formation. This figure shows that assuming a constant porosity in shaly stress- 

sensitive formation is not a good assumption and may lead to serious errors in predicting 

reservoir performance.
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Table 5 .1 -  Simulated data for studying the effect
of pore-pressure on porosity for shaly formations

Av. Pore Com pressibility (Op) = 0.000147
R o c k  Coefficient (alpha) = 0.47
Porosity (zero psi a n d  Vsn=0.0% ) = 24 %

(1/psi)

Effective porosity
Delta (P) Vsh=0.0 Vsh=0.10 Vsh=0.25 Vsh=0.40 Vsh=0.60
(psi) (tract.) (tract.) (tract.) (tract.) (tract.)

0 0.24 0.216 0.18 0.144 0.096
500 0.23376 0.2103807 0.1753173 0.1402538 0.0935025
1000 0.22763 0.2048638 0.1707198 0.1365759 0.0910506
1500 0.22161 0.1994498 0.1662081 0.1329665 0.0886443
2000 0.21571 0.1941388 0.1617823 0.1294259 0.0862839
2500 0.20992 0.1889311 0.1574426 0.1259541 0.0839694
3000 0.20425 0.1838268 0.153189 0.1225512 0.0817008
3500 0.1987 0.1788257 0.1490214 0.1192171 0.0794781
4000 0.19325 0.1739276 0.1449396 0.1159517 0.0773011

186



co
oCQ

(AOk.oo.
0)

u0)
5:LU

0.25

0.2 , Vsh = 10

Vsh = 25
0.15

V sh  =  4 0

0.1

0.05
Porosity at zero pressure drop (Vsh=0.0%) = 24 % j

jRock Coefficient (alpha) = 0A7)  

(Av Cp = 0.000147 (1/psi))

500  1000 1500 2000 2500 3000 3500 4000

P ore-pressure  Drop, (psi)

Fig. 5 . 7 -  Effect of pore-pressure drop on porosity of
shaly formations

187



Fig. 5. 7 shows that increasing the pressure drop decrearses the value of porosity 

o f shaly formations. In addition, for shaly formations, the higher the shale content o f the 

formation leads to more reduction in porosity under the effect of stress. Also, the 

reduction in porosity of shaly formation under stress decreases at higher values o f pressure 

drops, specially when pressure drop is higher than 3,000 psi.

5. 2. 2. EfTect of Stress on Permeability In Shaly Formations

Water saturation in shaly formation can be obtained using several models. Total 

shale m odel Schlumberger (1977), is selected for that purpose because it does not depend 

upon shale type and shale distribution. According to this model, the water saturation is 

given by the following equation

J :  =
(P"

i._ik
^ s h  J

(5-7)

Applying equation (5-7) for irreducible water saturation condition and substituting it into 

Tim ur’s permeability equation, (2-26), gives

K .im d ) = { 9 3 f *
oR^ 1

(5-8)

A sh W it t

Using equation (5-8) into permeability equation under stress (4-37) yields an equation for 

describing the permeability of shaly formation under stress effect as follows:

-3a C„ âsp

1

A W it t /J

(5-9)
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where

K,.sn = perm eability o f  shaly form ation under stress effect, (md).

The development of equation (5-9) depends mainly upon three equations: (I) 

Timur's permeability equation but other equations can also be used, (2) equation 

considering stress effect on the formation, and (3) total shale model.

5. 3. Effect of Stress on The Reservoir Quality Index for Shaly Formations

The literature does not show any definition for the reservoir quality index (RQI) 

for shaly formation under stress. This study develops new mathematical expression for 

shaly formation under stress in order to enhance its description and characterization. Also, 

this expression will be used to study the effect of stress on reservoir quality index in shaly 

formations. In the previous section, two equations were developed to extend stress effect 

(or pore-pressure drop) on porosity (equation 5-4) and on permeability (equation 5-9). 

Dividing equation (5-9) by equation (5-4) results in

• ; — f/l (93)-* p:
1 Ksh

R, /  W rrr

Taking square root of equation (5-10) results in

^  s —sh

93 * 7 * - a  C„

1 sh

Rsh  J W irr

(5-10)

(5-11)
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Multiplying equation (5- II) by (0.0314), the constant included in RQI definition, results in 

a definition for reservoir quality index of shaly formations under stress effect (SRQIs).This 

SRQIs s given by the following equation:

SRQI.iMm) =   f g   ----  (5- 12-A)
I Vsh

A shale group (Ash) can be wriiten as follows:

(5-I2-B)

This SRQIs is based on (1) Timur permeability equation and (2) total shale model 

for water saturation in shaly formation. Equation (5-12-A) provides a definition for the 

reservoir quality index of shaly formations under stress effect (SRQIs) when both Timur's 

equation for permeability and total shale model for water saturation calculations are valid 

and represent the reservoir under investigation.

Equation (5-12-A) and the simulated data in Table 5.2 are used to study the effects 

of reservoir pressure drop and formation shaliness on the reservoir quality index of shaly 

formations under stress. The results show that reservoir pressure drop has a remarkable 

effect o f causing a reduction of the values of reservoir quality index of shaly formations 

under stress effect (SRQIs), Fig. 5.8. For reservoirs with 3,500 psi pressure drop, a severe 

reduction in SRQIs values is indicated with constant formation shaliness. The effect of 

formation shalinees diminishes after almost 4,000 psi pressure drop of the reservoir. In 

addition, increasing formation shaliness from 10 % to 60 % leads to almost 60 % 

increment in SRQIs values at a constant reservoir pressure drop of 3,500 psi.
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Table 5.2-Slmulated data for studying the effects of reservoir pore-pressure 
drop (or stress) and formation shaliness on Shaly Reservoir 
Quality Index Under S tress (SRQI), (urn)

R ock Coefficient (a )
R ock Coefficient (alpha) 
C em en ta tion  Exponent (m)
S h a le  Form ation Resistivity (Rsh) 
Form ation W ater Resistivity (Rw) 
A verage Pore Compressibility (Cp)

= 0 .90  
= 0 .47  
=  2.0
= 35 ohm -m  
= 0 .053  ohm -m  
= 0 .000147  1/psi

Porosity ( a t zero  p ressu re  Drop and  V sh = 0 .0  %) = 20  %

Ash Group SRQI
delta  (P ) Rt V sh = 0 .1 0 V sh = 0 .4 0 V s h = 0 .6 0 V s h = 0 .1 0 V s h = 0 .4 0 V s h = 0 .6 0

(pst) (ohm-m) (fract) (fract) (fract) (urn) (urn) (urn)

0 1 8 .4 0 .0 4 6 3 4 0 .0 2 5 7 5 0 .0 1 4 8 8 0 .8 4 8 7 8 5 1 .3 9 4 5 3 2 .2 4 6 7

5 0 0 1 8 0 .0 4 7 4 3 0 .0 2 6 4 8 0 .0 1 5 3 7 0 .8 1 0 5 1 7 1 .3 2 8 6 2 2 .1 3 6 0 2

1 0 0 0 1 7 0 .0 5 0 3 7 0 .0 2 8 4 4 0 .0 1 6 6 7 0 .7 5 9 7 9 5 1 .2 3 8 4 7 1 .9 8 0 9 6

1 5 0 0 1 5 .6 0 .0 5 5 1 2 0 .0 3 1 6 0 .0 1 8 7 8 0 .7 0 1 6 5 2 1 .1 3 4 8 8 1 .8 0 2 9 3
2 0 0 0 1 4 .5 0 .0 5 9 5 0 .0 3 4 5 2 0 .0 2 0 7 3 0 .6 5 2 4 2 3 1 .0 4 9 1 .6 5 7 9 8
2 5 0 0 1 4 0 .0 6 1 7 1 0 .0 3 6 0 .0 2 1 7 1 0 .6 1 8 8 4 9 0 .9 9 2 3 7 1 .5 6 4 9 3
3 0 0 0 1 3 .5 0 .0 6 4 1 0 .0 3 7 5 9 0 .0 2 2 7 7 0 .5 8 6 6 2 9 0 .9 3 8 2 1 1 .4 7 6 2 6
3 5 0 0 1 3 0 .0 6 6 6 6 0 .0 3 9 3 0 .0 2 3 9 1 0 .5 5 5 7 0 6 0 .8 8 6 4 3 1 .3 9 1 7 4
4 0 0 0 1 2 0 .0 7 2 4 3 0 .0 4 3 1 4 0 .0 2 6 4 8 0 .5 1 5 0 1 4 0 .8 1 7 2 7 1 .2 7 7 7 3
4 5 0 0 11 0 .0 7 9 2 5 0 .0 4 7 6 9 0 .0 2 9 5 1 0 .4 7 5 6 4 4 0 .7 5 0 9 5 1 .1 6 9 2 5
5 0 0 0 1 0 0 .0 8 7 4 3 0 .0 5 3 1 4 0 .0 3 3 1 4 0 .4 3 7 4 6 7 0 .6 8 7 2 2 1 .0 6 5 7 8
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Fig. 5 . 8 -  Effect o f p o re -p re s s u re  d ro p  on sh a ly  re se rv o ir  quality  
index u n d er s tr e s s  (SRQIs) fo r d ifferen t fo rm ation  s h a lin e s s
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Seeking a more general formulation for reservoir quality index of shaly formations 

under stress effect (SRQIs), the following procedure is followed 

Dividing equation (5-9) by equation (5-4) results in

_  ^o-sh * (5-13)
Vs-ih Vo-ih

where

K».si, = permeability of shaly formation under stress, (md)

Kwh = permeability of shaly formation under zero stress condition, (md)

^s-sh = porosity of shaly formation under stress, (fraction)

<Po-sh -  porosity of shaly formation under zero stress, (fraction)

AP = drop in pore pressure of the reservoir, (psi)

a = constant relating pore pressure to change in effective stress,

depending upon rock type and its contained fluids, (a =0.572 for coal 

beds, McKee et al (1988))

Inserting the term (Ko /(p^) into the definition o f (RQIo), introduced by Amaefiile et al 

(1993), yields shaly reservoir quality index at zero stress condition (SRQIo) as follows

S R Q l,{ M m )  = 0 . 0 3 l 4 - j — ^ f ^ ^ * e - “ = ' ^  (5-14)

where

Ç u  = total porosity imder stress effect, (fraction)

Defining the following general definition for reservoir quality index of shaly formations 

under stress effect (SRQIs) as follows:
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SJ}Qf,(um)=0.03U* r  f ’- "  (5-15)
\<Pcs{ ^ -K a)

Then, equation (5-14) can be expressed as follows

SJiQ/^ = SRQ/, * e“ (5-16)

Ratio of (SRQIs) to (SRQIo) can be expressed as follows

RSRQ/ = SRQI, =  g ( 5 - 1 7 )

Equation (5-17) is similar to the equation o f the ratio of RQIs and RQIo, developed in 

chapter 4, except that permeability and porosity in equation (5-17) should be for shaly 

formations under stress.

Porosity decreases to a large extent because of shaliness of the formations. Fig. 

5.8. This reduction in porosity wUl be more severe if stress effect is considered plus shale 

effect. The final result will be a large reduction in porosity that leads to a similar reduction 

in the Reservoir Quality Index of shaly formation under stress (SRQIs). Figure 5.8 shows 

that the reduction in shaly reservoir quality index under stress (SRQIs) is smaller at the 

begining of oil production (small presure drop) than after reservoir developement (higher 

pressure drop).

Table 5.3 and Fig. 5.9 show the effect of pore pressure drop on shaly formations 

for different values of reservoir quality index of shaly formation under zero stress 

(SRQIo). This figure shows the importance o f the effect of stress on shaly formations 

while characterizing them.
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Table 5 . 3 -  Simulated data for studying the effect of reservoir pore 
pressure drop on Shaly Reservoir Quality Index under 
Stress (SRQIs) and on (SRQIs/SRQIo).

Rock Coefficient (alpha) = 0 .4 7
Average P ore  Com pressibility (Cp) = 0 .000147 1/psi

delta  P SRQio=0.6 SR Q Io=1.2 SR Q Io=1.8 SR Q lo=2.4 SRQIs/SRQIo
(psi) (urn) (urn) (urn) (urn)

0 0.6 1.2 1.8 2 .4 1
500 0.579628996 1.159257992 1.73888699 2.31851598 0.966048327
1000 0.559949622 1.119899244 1.67984887 2.23979849 0.93324937
1500 0.540938395 1.081876791 1.62281519 2.16375358 0.901563992
2000 0.522572632 1.045145263 1.5677179 2 .09029053 0.870954386
2500 0.504830417 1.009660833 1.51449125 2.01932167 0.841384028
3000 0.487690579 0.975381159 1.46307174 1.95076232 0.812817632
3500 0.471132668 0.942265336 1.413398 1.88453067 0.785221114
4000 0.455136926 0.910273852 1.36541078 1.8205477 0.758561543
4500 0.439684266 0.879368531 1.3190528 1.75873706 0.732807109
5000 0.424756249 0 .849512498 1.27426875 1.699025 0.707927082
5500 0.410335064 0 .820670128 1.23100519 1.64134026 0.683891773
6000 0.396403502 0 .792807004 1.18921051 1.58561401 0.660672503
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Fig. 5 . 9 -  Effect of p o re -p re ssu re  d ro p  on th e  newly- 
developed Shaly R eservoir Quality Index U nder S tress

(SRQIs)
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Fig. 5. 9 shows that (SRQIs) decreases with increase in reservoir pressure drop for 

different values of (SRQIo). For reservoirs with 3,500 psi pressure drop, a severe 

reduction in shaly reservoir quality index under stress (SRQIs) value is indicated with 

constant SRQIo. The reduction in (SRQIs) is smaller at higher values of pressure drop 

than at the early stage of the reservoir.

Furthermore, Fig. 5.10 shows a semi-log plot of (SRQIs/SRQIo) versus reservoir 

pore-pressure drop. This graph shows a general trend of reduction of (SRQIs/SRQIo) with 

increasing oil production (increasing pore-pressure drop). The slope of this graph 

decreases gradually with increasing pore-pressure drop.

5. 4. Effect o f Stress on the Newly-Developed Flow Unit Models for 
Characterizadng Shaly Formations

This study will modify some of the existing shaly models to consider stress effect 

before using them to characterize and identify flow units in shaly formations. Also the 

modified models will be used to study the effect of stress on petrophysical properties of 

flow units. Consideration of the effect of stress on these shaly models is expected to 

enhance their accuracy and provide more accurate values o f water saturation in shaly 

formations.

Several models have been introduced to calculate water saturation in shaly 

formations, Fertl (1987). The reason for the several models is that there is no universal 

model available for obtaining water saturation for different shale types and in different 

reservoir conditions. These shale models do not consider several important factors such as 

stress effect and local characteristics of each reservoir. Hence, the shale models often
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provide over or underestimated values o f water saturation in shaly formations. This leads 

to serious errors in calculating oil saturation and estimation of the initial oil-in-place.

In this study, four shale models for calculating water saturation in shaly formations 

have been selected to investigate the effect o f o f stress on the characterization and 

identification of flow units in stress-sensitive shalv formations.

5.4.1 Effect of Stress on The \ew ly-D eveIoped Flow Unit Model For 
C haracterizating Lam inated Shaly Form ations

Poupan and Leveau.x. (1971) developed a model to determine water saturation in

laminated shalv formations. This model is aiven bv

—  = ----- ------------ +  h u iL  15-18)

where

a = equation coefficient.

Vuri = laminated shale volume in the formation, (fraction) 

cp =  total porosity of the formation, (fraction)

R, = true resistivity of the formation, (ohm-m),

Rsh = resistivity of laminated shale, (ohm-m),

Sw = water saturation in shaly formations, (fraction).

This model represents a relationship (between true formation resistivity and water 

saturation) which expresses the conductivity of the formation which is made-up of three 

factors: two of these involve the conductivities o f shale and formation water network. The
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third term represents the additional conductivity resulting from the cross-linking of the 

two networks. Rearranging equation (5-18) and using (ra) exponent for porosity instead 

of (2) results in the following equation

\
(5-19)

sh

Subjecting equation (5-19) to irreducible water saturation condition and substituting into 

Wyllie and Rose equation of permeability, equation (2-21), one obtains

62500 (5-20)

R,Rsh y

where

lCc«h = permeability of shaly formation under zero stress conditions, (md) 

Substituting total porosity from equation (5-4) into equation (5-20) results in the 

following equation

^s-sh —
62500

m+5

\
m+6 Rsh-VLansRr]

Jw irr

* (̂m+i)aCp (5-21)

Rearranging equation (5-21) an taking the square root of the resultant equation yields 

2 5 0 2  . * 1-£0_I 1
ŝ-sh

^s-sh . ^
(5-22)

Kh -
Wirr

Substituting equation (5-22) into SRQIs equation (5-15), one obtains
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2.5
7.85 *

S R Q l X ^ i f n )  =
1-4^

, . i r - ) a C p ^
►3.0

(1 -  tla .,)  '  , K .

(5-23)

y  Wirr

Taking logarithm on both sides of the equation, (5-23) results in the following equation

Log{SRQl,  )  =  l - ^ +  2_5 ]Log{(p,_,^ ) +  Log

7 . 8 5 ' l - < p .

( m / 2 * 3 )  I rf I R jh  ^Lam R-t

f m
I  — +1.5 la: Cm Ap

. J

R,Rsh ) Wirr

(5-24)

Equation (5-24) is a new model that can be used for the characterization and 

identification of flow units for laminared shaly formation under stress effect. This model is 

also used to study the effect of stress on petrophysical properties of flow units.

This model has two main unique characteristics for each flow unit. The 

characteristics are: (1) the slope of the straight line defining the flow unit is equal to 

[(m/2) +2.5], and (2) the straight line defines each flow unit with an intercept (at (ps-sh = 

1.0) equal to stress factor for laminated shaly formation (<Jum) which is given by

7.85*

^Lam -
1 -4 ^

, i r - ]

►3.0

'Wirr

(4-25)

These two unique characteristics are very useful for identifying and characterizing 

laminated shaly formation using a log-log plot o f (SRQIs) versus porosity o f laminated
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shale under stress ( ). This is achieved by drawing a straight line through each set of

data points o f  log-log plot. Each straight line defines a single tlow unit in stress-sensitive 

shaly formation and the slope defines the shale type. This new flow unit model for 

laminated shaly formation wül be used to study the effect of stress (or reservoir pressure 

drop) on petrophysical properties of these flow unit.

5.4.2 Effect of Stress on The Newly-Developed Flow Unit Model For 
C haracterizating Dispersed Shaly Form ations

Dewitte ( 1950) developed a model for estimating water saturation in dispersed 

>haly formations. This model is well-known as the clay slurr>' model. The model consists 

of a clean sand pore structure with the clay dispersed within the pore space. In other 

words, the clay minerals in the formations are assumed to exist in a slurry with the 

formation fluid. This model is given by the following equation

S.. =
(p-R,

-i-
disp <P

(5-26)
d tsp  J

Squaring equation (5-26) yields

5-, = 1 * d̂,sp {̂ d,sp -  K  ) f -- %» ) 1
p -a , 2^^d,sp ^  ̂ (P J 2(P̂ d:sp j

^dip (^dup -

V

Equation (5-26) can be expressed in the following simple form:

Ç.2 _  ^ d is p

(5-27)

(5-28)
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where

‘\ i i 5P = dispersed shale group, (dimensionless). which is given by the following

equation

aR̂ x̂p +
R,t y

2 * C Jisp
f

aR̂ .cp + )
R, J - c disp (5-29)

where

Bdisp = dispersed shale sub-group, (ohm-m). which is formulated by the following

equation

^Msp -
^dispi^disp -  -̂.v )

IR
(5-30)

disp

where

Cdisp = dispersed shale sub-group, (dimensionless), which is formulated by the 

following equation

d̂,sp(̂ di3p + K )
d̂tsp - 2R

(5-31)

where

^disp

9

Rt

Rdisp

disp

equation coefficient

dispersed shale volume in the formation, (fraction)

total porosity o f the formation, (fraction)

true resistivity o f the formation, (ohm-m)

resistivity of dispersed shale, (ohm-m)

water saturation in dispersed shaly formations, (fraction).
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Subjecting equation (5-28) to irreducible water condition, and substituting it into Wyllie 

and Rose permeability equation, equation (2-21), yields

= 6 2 5 0 0 * ^
disp

(5-32)

Substituting total porosity at initial conditions {(Pu>) Grorn equation (5-4) into equation 

(5-32) provides an equation for permeability of shaly formations under stress effect (K̂ d%) 

as follows

62500
,7.0

^ d isp {^  -  ^d isp )

(5-33)

Rearranging equation (5-33) and taking the square root of the resultant equation yields 

250 ♦ (p]i, * ^  * f 1 -  < p /l -  ^
E l

V <P,-,A

3.5

(5-34)
dijp

RQI for shaly formations under the effect of stress (SRQIs) has been driven before by this 

study, equation (5-15). Substituting equation (5-34) into equation (5-15) yields

SRQIj{j2m) =

3.5

(l -  ) Ĵ̂ disp
(5-35)

Taking logarithm of both sides of equation (5-35) results in
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i  I -

L o i i [ S R Q I .  ) =  3.5 Log<

(  i
(P„\ 1 - ' ’

V V

a  I ., SP

1
J)

' ( 5- 3 6 )

Equation i5-36) reveals that a log-log plot of shaly reservoir quality index under 

stress (SRQIs) versus porosity of dispersed shale under stress ( ) will have a unique

slope equal to [3.5] and a unique intercept which is given by as follows:

7 . 8 5 * 1 ' - I 1-0) I M

(D-3 / I

(1-- I j'sr) ylAir.p

where

cr_, = shaly flow unit factor for dispersed shale under stress, (dimensionless)

The most important feature o f this new flow unit model is that it can be used not 

only to identity’ shale t\q)e (when slope equals to 3.5) but also to identity several flow units 

within shaly formation. These goals are achieved by drawing straight lines through the set 

o f data points. If the slope of the straight line is close to 3.5. then the shale type is 

dispersed. Each straight line defines a single flow unit in shaly stress-sensitive formations. 

Knowing the shale type from the slope o f the straight line, the shale model can be selected, 

which can then be used to estimate the w ater saturation in shaly formation.
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5.4.3. Effect of Stress on The Newly-Developed Flow Unit Model For
Charucterizating Shaly Formation Using Total Shale Model

Using total shale model which is given by the following equation 

1 w c  -

—  = - ^  + —^  (5-38)
R , FR,^

where

R, = true resistivity of the formation, (ohm-m)

R.n = resistivity of shale, (ohm-m)

V\t, = shale volume in the reservoir rock, (fraction)

S.v = water saturation in shaly formations, (fraction).

R^ = formation water resistivity, (ohm-m)

F = formation resistivity factor

Writing equation (5-38) in terms of water saturation after substitution formation 

resisitivity factor into it. one obtains

I '3-39,

.Applying irreducible water condition on equation (5-39) and inserting it into Wyllie and 

Rose equation, equation (4-68). results in

V Ĵ irr

Substituting (K o-sh) from equation (5-40) into permeability equation under stress, equation 

(5-9), yields an equation for permeability of shaly formation under stress as follows:
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62500 * ç m+6 - 3 a  JV

/  Wit

1-Ç? I
/J

(5-41)

Using total porosity from equation (5-4) into equation (5-41) results in the following 

equation

+ 6  *  (<n-t-3)a C \ i p
m +5

m +6 K. -  VsJ.^
y  Wirr

(5-42)

Rearranging equation (5-42) in the following form yields

(> n /2 )+ 2 .S  *  (m /2 T l.5 )< z C ^  A f
2 5 0 * < p C r

s - s h  _

h2.5

4P,-sh [Rsh-^shK
RrKsh V/irr

(5-43)

Substituting equation (5-43) into SRQIs equation, equation (5-15), provides

SRQlXl^)  =

- a C , A P
h2.5

V V VwiT

(5-44)

Taking logarithm of both sides of equation (5-44) provides the following equation
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Log{SRQI,) =

7  g5  # ^(/n/2+l.5)a CpikP ^
r

^ - < P o
f  - ^ 

1 / /
1 < n  T/ D A

Wîrr

(5-45)

Equation (5-45) reveals that a log-Iog plot of shaly reservoir quality index under stress 

(SRQIs) versus porosity of shaly formation under stress effect ( ) provides a straight

line for each flow unit. This straight line has two unique characteristics: (1) its slope equal 

to (m/2 4- 2.5) and (2) its intercept, which is given by

7 85 * ^  *
f f \ \

Af * -̂<Po
\ V ) J

—+2.5

(1 -K a)
(m/2)+3 * f  R jh  -  ^ L a m ^

I RtKh Wirr

(5-46)

where

(T ,̂ = stess factor of shaly formation obeying total shale model, 

(dimensionless)

5. 4. 4. Effect of Stress on Flow Unit Model Using Cation Exchange Capacity 
(CEC) of Shaly Formations

Waxraan and Smits (1968) developed a model based on the cation exchange 

capacity (CEC) of shale. The cation exchange capacity (CEC) is considered as one of the 

most important properties o f shale. The cation exchange capacity (CEC) is expressed in 

milliequivalent unit pore volume of pore fluids, Qv (meq/cc).
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Dewan 1 1983) had one objection to the application of Waxinan-Smits model for 

water sands of constant conductivity. He observed that increasing shale content will have 

increasing effective water conductivities to the extent that shale could appear to contain 

saline water. The cation exchange capacity (CEC") is proportional to the formation 

shaliness but also depends on shale type.

Using Waxman-Smits Model, which is given by

I  J
where

Sw = water saturation (using CEC model) in shaly formation, (fraction)

R, = true formation resistivity, (ohm-m),

Rw = formation water resistivity, (ohm-m),

B = specific concentration conductivity, (mho/m per meq/cc),

Qv = cation exchange capacity of shaly formation, (meq/cc ),

F' = a limiting formation factor, which is approximately the same factor of clean 

formation (but the porosity of shaly formation is, however, expected to be 

considerably different from that of clean formations).

Rearranging equation (5-47) in the following form results in the following equation

= 0 (5-48)
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The term (BQv /  F*) in equation (5-48) represents the excess conductivity contributed by 

shaliness. Equation (5-48) is a quadratic equation which can be solved easily and the 

positive root of the solution will be given by

Sw = f - s a v  l(-BQA r  ̂ V2 [I F" j y i  F" J (5-49)

Squaring equation (5-49) and subjecting the resultant equation to irreducible water 

saturation, and substituting the final equation into Wyllie and Rose equation, equation (2- 

21), yields

62500

f F X l 2 1 f VI 2 J I  F ' j ^ [ F' J

(5-50)

W rr

Equation (5-50) is a permeability equation for shaly formation under zero stress condition. 

Subjecting equation (5-50) to stress condition requires substituting it into permeability 

equation which obeys cation-exchange capacity (CEC) model under stress, equation (5-9). 

This yields the following equation

^s-sh —
62500 -3a Cp Af

%
I  F

(5-51)

W in-

Substituting total porosity from porosity under stress equation, equation (5-4), into 

equation (5-51) results in
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3aCp
L

^ s - s h  —
62500

( 1 - ^ y
( fI 2 j - g g

m -
'  \

F'R^R,)

(5-52)

Win-

Rearranging equation (5-52) in the follwoing form

E Z
li *P i-iA

2 5 0 * v3;_',,
2.5

(5-53)
F a . - f i g -fig

Wirr
F R^R(

Using equation (5-53) into SRQIs equation developed by this study, (5-15), yields 

7.85
SRQIj(nm) =

l 2 . 3

(5-54)

f - f i g ^  I r - f ig ^ i
I 2 J) I  fi* J F ' J ^f ' r^ r , )

Taking logarithm on both sides of equation (5-54) provides

Wirr

L o g { S R Q l , )  =  2.5 •  Log
7.85 * e''^“ *

 ̂ 4  1

F'KR,,
(5-55)

Equation (5-55) represents a new model which has the capability to identify shale 

type and flow units in shaly formations. This newly-developed model has two unique 

characteristics including: (1) a unique slope equals [2.5] which is different from the slopes 

of other previously-developed models, and (2) a unique intercept which is given by
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^  CEC —

7.85 1.5a C. AP
2.3

F
y 2 y

-5 (2 v
F R^R,

Wirr

(5-56)

where

^cEc -  stress factor for shaly formation obeying CEC model, (ohm-m)

This intercept ( cTcec ) is very useful to distinguish one flow unit from another since each

flow unit has a certain value under a specific effective stress.

Table 5.4 summarizes the newly-developed flow unit models for shaly formations. 

The four models can be used for the following purposes:

1. Reservoir characaterization and flow unit identification of shaly stress-sensitive 

reservoirs,

2. Studying the effect of stress on Shaly Reservoir Quality Index of stress-sensitive 

formations (SRQIs),

3. Studying the effect of stress on petrophysical properties o f flow unit in shaly stress- 

sensitive formation, and

4. Selection of the shale model for calculation of water saturation in shaly formation. This 

can be achieved by defining shale type.

All the flow unit models for shaly stress sensitive formations were found to have a 

common feature. A single flow unit can be represented by a  straight line with a specific 

slope (depending on shale type) and a unique intercept (depending upon stress and shale 

volume).
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Table 5.4 - List of flow unit models for the characaterization and identiflcation 
o f flow units in stress-sensitive shaly formations.

Used Shale Model Newly-Developed Flow unit Model

1. Laminated Shale
L o g { S R Q I , )  = [^— +  2.5 j L o g { ( p  LogÇcr

7.85* ^-<Po
f  - > 

V J.

(t * - J

(1 -
W in

2 . Dispersed Shale

L o g ( S R Q I s )  =  ^-5Log{(p ,_ ,h) -^ ^og(cT

^  Disp —

1 . S 5 *  *
r f

l - 9 o  
V V

, s 3 . 3

^disp ) ^^disp

J  J
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Table 5.4 -List o f flow unit models for the characaterization and 
identification o f flow units in stress-sensitive shaly formations (contd.)

Used Shale Model Newly-Developed Flow unit Model

3. Total Shale Model

L o g { S R Q I , ) = i^ - ^  2.5^Log{(p,_,^)+ Log{a,^,)

”7 g5 * {̂ml2+i.5)aCp Af ^

\ j j
(m/2)+3 ^ s /i  ^ U a n ^  ^

j win-

4. Cation Exchange Capacity (CEC) Model

L o g { S R Q I , )  =  2.5 * Log{(p ,_sH)+ L o g { a c e c )

-,2.5

Wirr
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5.5. Development of Generalized Flow Unit Model for Shaly Stress-Sensitive
Formations

Using total shale model for water saturation, equation (5-39), and the generalized 

form of permeability equation, equation (2-39), the following permeability equation for 

shaly formation under zero stress is obtained and given as follows:

^o-sh — * *
\  ^ s h  y  wirr

(5-57)

Substituting equation (5-57) into the equation of permeability under stress, equation (4- 

37), yields an equation for shaly formation under stress effect as follows:

—3 Cn

^s-sh — *(Pu,
(C2-.-l)n (5-58)

Equation (5-58) can be written in the following simple form

*<p ( C l  + l ) m  
lo

- 3 C _  A ct

VA (5-59)

where

A = shale group, given as follows

RshRf y  ■wirr

(5-60)

S = stress correction factor for porosity and permeability, given as follows

S  =
/  _  ^  

« — Cp  A c t
1 - e  ^

\ yj
(5-61)
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Substituting total porosity under zero stress ) from the equation of porosity of shaly 

formation under stress, equation (5-4), into equation (5-58) results in

*  *'r i-th
sh

(> -  )
(5-62)

Using equation (5-62) into SRQIs equation, equation (5-15) yields

SRQIs = (0 .03147^
0 .5 [ ( C 2 + I ) / n - 3 1 C ^  A c t ^  ^ . 0 .5 { ( C 2 + l ) m - l j  *  r r —  

2 *2________

V ^(1 -
(5-63)

Applying logarithm on both sides of equation (5-63) yields

LogiSRQIs) =
(Ct + l)//i — I

^g<P,-sh + 1^8 (0.0314VÔ’)
^ 0 -5 [(C ,+ l)m -3 iC p A < T  *  ^ 0 .5 ((C ,+ I)m - I)  *

(5-64)

Equation (5-64) reveals that a flow unit in shaly stress-sensitive formation can be 

represented by a straight line having slope equal to {[(C2 + l)m  - l]/2}and intercept equal 

to flow unit factor which is given as follows;

FUFrG S^

where

(0.031470')
^0.^(C2+l)m-3iq,Aa- * ^ 0J((C2+l)m-l) * 7] ^

(5-65)

FUFc-s-sh = flow unit factor of shaly stress-sensitive formation based on 

generalized permeability equation, {l/^ohm  — m )

This generalized flow unit model, equation (5-64), can be used to identify flow units in 

several cases including
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(a) clean stiess-insensitive formations,

(b) shaly stress-insensitive formations,

(c) clean stress-sensitive formations, and

(d) shaly stress-insensitive formations.

Case (a) clean stress-insensitive formations

Several models are derived and validated in Chapter 2 for reservoir 

characterization and for flow unit identification of formation types. For the purpose of 

proving that the generalized flow unit model, equation (5-64), works for clean stress- 

insensitive formations, the following conditions are applied to the generalized model, 

equation (5-64), as follows:

1. For clean formation, = 0 so that Ad, can be replaced by R«i. This is obtained by 

comparing Archie equation for water saturation, equation (2-27), and total shale model, 

equation (3-33). In addition, porosity of shaly formation under stress can be replaced by 

porosity under stress as follows: ,

2. For clean insensitive formation, change in effective stress can be considered negligible 

( A<t =  0 ). Then, the following equality equation can be written Çs — Vo-

3. Combining steps 1 and 2 leads to ,

4. At Vd, = 0 and A<r = 0 ,SRQIs can be reduced to RQIo from equation (5-17),

5.
- j  ----------7---------  I «-0 A<7

e ^ = 1.0 at Act = 0 ,  and
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6. ^-<Po
V / _

has to be equal unity from equation (4-23).

Finally, the generalized flow unit model, equation (5-64) can be reduced to the same 

model for clean stress-insensitive formation, developed in chapter 2, equation (2-41).

Case (b) shaly stress-insensitive formations

For shaly stress-insensitive formations, the following conditions can be written as follows:

1. At A ct = 0 , SRQIs —> SRQIo

(P s -sk  , and =  1.0

3. has to be equal unity from equation (4-23)

Substituting the above three condition in equation (5-64) leads to the generalized flow unit 

model for shaly stress-insensitive formation developed in chapter 3, equation (3-48).

Case (c) clean stress-sensitive formations

For clean stress-sensitive formations, the following conditions are applied on the 

generalized flow unit mcxlel, equation (5-64), as follows:

1. at V* = 0, Çs-jh <Ps from equation (5-3).

SRQIs —> RQIs from equations (4-48) and (5-16).

2. for clean formation, V* = 0, A* can be replaced by Ru as shown in case (a).

This leads to the reduction of equation (5-64) to equation (4-51).
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5.6. Effect of Stress on the Flow Unit Models for Shaly Formations Under Stress

With respect to the illustration of the newly-developed flow unit models for shaly 

formations under the effect of stress, porosity and permeability data (under zero psi) are 

simulated. Table 5.5. Values o f Gamma-Ray (OR) are simulated and used to calculate 

shale volume. The simulated values of porosity and permeability (at zero change in 

effective stress) are then used to calculate the corresponding values of porosity (at 1,000 

psi and 5,000 psi) and permeability (at 1,000 and 5,000 psi) using equations (5-4) and 

(4-37) respectively. Shaly Reservoir Quality under zero stress effect (SRQIo) is used to 

calculated Shaly Reservoir Quality under stress effect (at 1,000 and 5, 000 psi) using 

equation (5-17).

A plot of shaly reservoir quality under stress effect (SRQIs) versus porosity under 

stress ( ), Fig. 5.11, shows that three flow units can be identified. These three flow

units are defined using three straight lines. Each straight line represents one flow unit 

having a consistent characteristics of reservoir properties. Calculating the slope of each 

straight line and comparing it to slopes of flow unit models in Table 5.4 shows that one 

flow unit obeys dispersed shale model (slope -  3.5) while the other two flow units obey 

cation-exchange-capacity (CEC) model dispersed shale model (slope -  2.5). The same 

simulated data as shown in Table 5.5 is used to illustrate the effect of stress on

- Flow unit models characterizing shaly formations,

- Shaly Reservoir Quality Index under Stress (SRQIs), and

- Porosity of shaly formations imder stress.
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Table 5.5 -Simulated Data For Validating the Newly Developed
Flow Unit Models and for Studying the Effect Of Stress 
on Characteristics of Flow Units

Irreducible w ater saturation (Swirr) = 2 6  %
Formation water resistivity (Rw) = 0 .0531 ohm -m
C oefficients a  = 0 .9 , n = 2 , and m =  2 .2
Maximum GR = 1 30  API, and Minimum GR = 5 8  API

GR Vsh (Phi)o (Ko-sh) (Phi)s (Phi)s (Ks-sh) (K s-sh) SRQIo SRQ Is SR Q Is
1000 psi 5.000 psi 1,000 psi 5.000 psi Zsro psi 1000 psi 5,000 psi

(AP{I) (%) (%) (md) (fract) (fract) (md) (md) (urn) (urn) (um)

92 4 7 .2 2 2 2 0 .1 6 6 47.3691 0 .1 4 6 6 3 6 0 .0 8 7 1 3 3 1 .1 8 5 9 5 .7 1 8 0 .73 0 .6 3 0 3 0 .3501
90 4 4 .4 4 4 4 0 .1 2 5 13 .5964 0 .1 0 9 7 8 9 0.06411 8 .9 0 0 2 9 1 .604 0 .439 0 .3 7 9 3 0 .2 1 0 7

110 7 2 .2 2 2 2 0 .142 2 3 .8 2 8 0 .1 2 5 0 1 6 0 .0 7 3 5 3 1 5 .6 3 5 2 .8 3 7 0 .772 0 .6 6 6 3 0.3701
120 86.1111 0 .205 1 1 9 .8 7 7 0 .1 8 2 0 8 0 .1 1 0 0 5 7 9 .3 5 5 3 14.8 2 .0 3 7 1.7589 0 .9 7 7
125 9 3 .0 5 5 6 0 .23 1 98 .894 0 .2 0 5 0 0 6 0 .1 2 5 2 9 1 3 2 .1 2 7 2 4 .9 2 3 .5 0 4 3 .0 2 5 1 .6 8 0 3
110 7 2 .2 2 2 2 0 .12 11.361 0 .1 0 5 3 2 5 0 .0 6 1 3 8 7 .4 3 1 8 3 1 .336 0 .58 0 .5 0 0 5 0 .2 7 8
63 6 .9 4 4 4 4 0 .215 1 47 .825 0.191231 0 .1 1 6 0 9 9 7 .9 9 3 9 1 8 .36 0 .8 5 4 0 .7 3 6 8 0 .4 0 9 3
62 5 .5 5 5 5 6 0 .222 1 70 .205 0 .1 9 7 6 5 2 0 .1 2 0 3 7 112.941 2 1 .2 2 0 .8 9 5 0 .7 7 2 4 0 .4 2 9
64 8 .3 3 3 3 3 0 .2 4 5 2 6 2 .6 3 3 0 .2 1 8 8 3 9 0 .1 3 4 6 6 174 .839 3 3 .1 9 1 .074 0 .9 2 7 0 .5 1 4 9
64 8 .3 3 3 3 3 0 .2 3 6 2 2 2 .7 5 7 0 .2 1 0 5 3 2 0 .1 2 9 0 2 14 8 .1 0 5 2 8 1.008 0 .8 6 9 9 0 .4 8 3 2
92 4 7 .2 2 2 2 0 .225 180 .56 0 .2 0 0 4 0 8 0.12221 11 9 .8 6 3 2 2 .5 5 1.224 1 .057 0 .5 8 7 2
94 50 0 .2 0 5 119 .877 0 .1 8 2 0 8 0 .1 1 0 0 5 7 9 .3 5 5 3 14.8 1 .074 0 .9 2 7 0 .5 1 4 9
83 3 4 .7 2 2 2 0 .155 35.0331 0 .1 3 6 7 0 9 0 .0 8 0 8 5 2 3 .0 2 9 4 .2 0 2 0 .5 8 4 0 .5 0 4 4 0 .2 8 0 2
89 4 3 .0 5 5 6 0 .185 7 6 .3 0 8 8 0 .1 6 3 8 5 5 0 .0 9 8 1 7 5 0 .3 7 2 6 9 .3 1 2 0 .8 4 5 0 .7 2 9 6 0 .4 0 5 3
96 5 2 .7 7 7 8 0 .2 3 5 2 1 8 .6 3 4 0.20961 0 .1 2 8 4 14 5 .3 4 3 2 7 .4 7 1 .394 1.2032 0 .6 6 8 4
98 5 5 .5 5 5 6 0 .2 5 2 8 7 .0 4 8 0 .2 2 3 4 6 3 0 .1 3 7 8 2 19 1 .2 2 8 3 6 .3 9 1 .596 1 .3 7 7 8 0 .7 6 5 3
99 5 6 .9 4 4 4 0 .2 8 5 510.901 0 .2 5 6 0 1 6 0 .1 6 0 4 7 3 4 2 .0 5 6 6 .1 5 2 .0 2 6 1.7491 0 .9 7 1 6

111 73.6111 0.21 133 .286 0 .1 8 6 6 5 2 0 .1 1 3 0 6 8 8 .2 9 3 6 16.5 1.54 1 .3 2 9 4 0 .7 3 8 5
121 8 7 .5 0 .23 198 .894 0 .2 0 5 0 0 6 0 .1 2 5 2 9 1 3 2 .1 2 7 2 4 .9 2 2 .6 1 2 2 .2 5 4 7 1 .2 5 2 4
125 9 3 .0 5 5 6 0 .2 8 5 510.901 0 .2 5 6 0 1 6 0 .1 6 0 4 7 3 4 2 .0 5 6 6 .1 5 5 .0 4 5 4 .3 5 5 3 2 .4 1 9 3
62 5 .5 5 5 5 6 0 .19 8 5 .8 0 9 4 0 .1 6 8 4 0 2 0.10111 5 6 .6 8 3 9 10 .5 0 .6 8 7 0 .5 9 2 8 0 .3 2 9 3
62 5 .5 5 5 5 6 0 .1 9 5 9 6 .1 9 9 2 0 .1 7 2 9 5 5 0 .1 0 4 0 7 6 3 .5 9 1 7 11.81 0 .7 1 8 0 .6 1 9 5 0.3441
62 5 .5 5 5 5 6 0 .1 8 6 7 .6 4 2 3 0 .1 5 9 3 1 5 0 .0 9 5 2 4 4 4 .6 2 0 4 8 .2 3 0 .6 2 6 0 .5 4 0 7 0 .3 0 0 4
58 0 0 .1 5 3 0 .3 2 6 4 0 .1 3 2 2 0 7 0 .0 7 8 0 2 19.9211 3 .6 2 7 0 .4 4 6 0 .3 8 5 4 0.2141

220



iSa
1
S
2 
s
hmo

13

K
-§

I*
a
3
O

i
3
cr
OS£(A

10
]^ e m e n ta tio n  Coefficient (m) = 2 . ^

— r- i i — r : T
(A verage  C p = 0 .000147  (1/psi][)

iÇFU # 1>

Slope = 3 .54  
Row Unit # 1 (1000  psi)

S lope  = 2 .43  
R ow  Unit # 2 ( 1 0 0 0  psi)

( F U # 3 )

f S lope = 2 .40
Unit #  3 (1000 psi)1

0.1
0.1 1

Porosity under Stress, (fraction)

Fig. 5.11-Validation of flow unit models for shaly
formations under s tress

221



The effect of stress on the characteristics of flow units is shown in Fig. 5.12. Data 

in Table 5.5 is used to plot shaly reservoir quality under stress effect (SRQIs) versus 

porosity of shaly formation under stress (<!£>,_,*) at 1,000 psi and 5,000 psi change in 

effective stress. This plot shows that increasing change in effective stress from 1,000 psi to 

5,000 psi leads to reduction in both porosity of shaly formation and Shaly Reservoir 

Quality Index under Stress (SRQIs). Also, increasing change in effective stress causes flow 

units to be shifted, on a log-log plot o f SRQIs versus porosity under stress, in the direction 

of reduced values of both SRQI and porosity. This shift may lead, in some cases, to errors 

in definition of flow units and characterizing stress-sensitive reservoirs. Change in effective 

stress causes shifting the flow units residing in shaly stress-sensitive formations.

EXAM PLE CALCULATIONS

The purpose of this section is to introduce a step-by-step example of calculation for 

facilitating the application of the newly-developed flow unit models for shaly reservoirs 

under the effect of stress. This example shows how to apply these flow unit models to 

identify flow units and shale type of each flow unit residing in the formation of interest. 

The following values are simulated for the reservoir under study 

Equation coefficient (a) = 0.90

Cementation exponent (m) = 2.20

Water saturation Exponent (n) = 2.0

Irreducible water saturation (Sinw ) = 26 %

Here, this study suggests the following steps for application the flow unit models
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1. Select zone of the interest for the reservoir under investigation and divide it into 

intervals depending upon the change in well log readings through each intervaL For our 

example, the zone of interest has been divided into 24 intervals.

2. Read maximum and minimum reading of Gamma Ray (GR) through the whole given log. 

These values are simulated as

GRm^ = 130  API 

GRmm = 58 API

3. For each interval, read Gamma Ray (GR) and use it to calculate shale volume. Interval 

# 1 is selected for showing the calculation (GR of interval # 1 = 92 API) as follows

GR of interval # 1 = 92 API

y  C/?,og -  GKiia

9 2  — S8
V;,(interva/#I) = ------- —  = 0.4722

130-58

4. Measure the porosity at laboratory condition (zero psi). For interval #  1, the porosity is 

simulated to be 16.60

5. Calculate the permeability of the interval #  I (at zero psi) using Timur’s equation as 

follows

(93*ç}^-^Ÿ [93*(0.I66)^-^f
= (0.26)'

6. Calculate shaly reservoir quality index under zero stress (SRQIo) as follows:
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7. Calculate porosity and permeability at efFectrive stress =1,000 psi (assuming that 

average rock compressibility (Cp) = 0.000147 1/psi) by using the following two 

equations respectively

<Ps =
(0.166)[(2.718)"^°-{0.000l47)jc(1.000)l

J
-̂(Po

_ I Ji
[l -  (0.166)(l

= 0.15

(47.37)[(2.718) -<o«»‘'‘7)x{i.ooo) j

^-<Po
[ l -(0 .166 )(l-(2.718)- (0.000147)x(1.000)

)1
= 31.19 rad

8. Calculate shaly reservoir quality index under stress (at 1000 psi) using the following 

equation

SRQls(um) = SRQI (um) * = (0.73) *(2.718)^°°^"*^^

SRQIs (1000 psi) = 0.63 fim

9. Repeat all the previously described steps for all the selected interval of the formation 

under investigation to calculate values of porosity and shaly reservoir quality index 

under stress (SRQIs) for different values of effective stress.

10. Plot SRQIs versus porosity under stress on a log-log plot such as shown in Fig. 5.11,

11. Draw straight lines passing through each group o f  data points. The straight lines 

define various flow units. Calculate the slope of each straight line and compare it to 

porosity exponents o f shaly sand models under stress effect from Table 5. 4. For 

instance, two straight lines (defining fiow units #  2 and 3) are recognized with a slope 

very close to 2.4 so that the shale obeys cation exchange capacity (CEC) model
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because slope of CEC shale model equals 2.5. Also, another straight line was drawn 

(det'ining flow unit # 1) with slope close to t l .7  + (m/2))= 3.54 to show that shale 

type of that flow unit is a dispersed shale.

12. Calculate porosity and SRQIs at another expected effective stress (depending upon 

the depth of pay zone, or after expected pressure drop in the reservoir). For example, 

for an effective stress o f 5.000 psi as shown in Table 5.5. construct a log-log plot o f 

SRQIs versus porosity under stress. Fig. 5.12. Change in effective stress from 1.000 

psi to 5.000 psi leads to change in the position o f  the previously defined flow units in 

Fig. 5.11. This shows the shifting of the flow units constituting the reservoir under 

study after a speciilc period of time and/or certain expected pressure drop due to oil 

production.

This chapter reviews the effect of stress on porosity, permeability, and water 

saturation exponent. In this chapter, porosity and permeability equations under stress 

effect are extended to shaly formations. This chapter also includes the development o f 

new reservoir quality index for shaly stress-sensitive formation (SRQIs). Shaly Reservoir 

Quality Index under stress (SRQIs) is used to study the effect of stress on SRQIo and on 

the petrophysical properties of flow units in shaly stress-sensitive reservoirs. In addition, 

this chapter includes a step by step development o f five models which are used to identify 

flow units and define shale type in shaly formations under stress. These flow unit models 

can also be used to select the shale model suitable to calculate the water saturation in this 

type of formation. Limitations and assumptions o f  these newly-developed flow unit 

models are listed before in Table 3.5 except that C, = 62500 and C: = 3 .
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CHAPTER 6

NEW APPROACH FOR OBTAINING J-FUNCTION IN 

CLEAN AND SHALY RESERVOIRS USING 

IN-SITU MEASUREMENTS

6 .1 . Introduction

Leverett's capillary pressure J-function has been widely used in the petroleum 

industry as an elective tool for correlating capillary pressure data. Capillary pressure data 

is very useful since it reflects the pore size distribution, the radius of the largest pore, the 

rock wettability, and the interfacial tension of fluids involved in the system. The possibility 

to normalize these data using J-function has also been proven.

Fundamental behavior of flowing mixtures in sands has resulted in the development 

of a theory explaining the capillary pressure behavior. However, the application of this 

theory to the behavior of oil wells or oil fields has proven too complicated. Leverett 

(1940) developed the basic theory for the behavior of mixtures o f fluids in reservoir rocks. 

He used well established thermodynamic and physical principles in the development of his 

theory. Leverett (1940) divided the problems into two groups:

1. Static problems, involving only the static balance between capillary forces and those due 

to the difference in densities of the fluids; gravitational forces, and

2. Dynamic problems, involving analysis of the motion of the mixtures of immiscible fluids 

in porous media under the effect o f gravity, capillary, external differential pressure 

forces.
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Using J-tiinction as a correlation tool is expected to be useful for correlating 

capillary pressure data and provides an effective tool for better description of reservoir rock 

and the behavior of the capillary retention of the wetting fluid.

6. 2. The Concept of J-Function

Leverett ( 1940) established the theory for capillary behavior in porous solids. 

Leverett conducted several experiments using unconsolidated clean and clayey sands for 

development a dimensionless group called "Leverett J-function" to correlate capillary 

pressure (PcK interfacial tension ( a  ), in addition to permeability (K) and porosity ( ) of

the porous rock. Leverett ( 1940) found that the results o f his experiments in dimensionless

P I Kform of the dimensionless group ( — ) versus water saturation (Sw) provides a
(J }j (p

satisfactory near two curves, one for imbibition of water and the other for drainage.

Leverett's data (1940) showed that a plot o f this dimensionless group versus the 

wetting-phase saturation (S*) yielded a unique curve describing the capillary retention of 

the wetting liquid existing in the clean, unconsolidated sands, when capillary forces were at 

equilibrium. Fig. 6 . 1.

Later. Leverett (1941) proved theoretically, using dimensionless analysis 

technique, that capillary pressure is proportional to the interfacial tension, to the radical 

/(£>). and to the dimensionless function of the water saturation J(Sw).

The term / tp) according to the equalization of Poiseuille and Darcy 

equations, can be proven to be equal to the "average pore radius" of porous rock.
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The results of Leverett's studies showed that a plot of the capillary function. J(Sw). 

versus saturation of the wetting phase (Ŝ )̂ resulted in a unique curve describing the 

behavior of the capillary retention of the wetting phase. Normalization of the capillar)' 

pressure data to a universal curve was originally proposed using J-function as follows

P. He
=  — ~ * - i i —  ( 6 - l i

V V

where

J(Sw) = function of water saturation, (dimensionless)

P,- = capillary pressure, (dyne/cm)

S.j. = saturation of the wetting-phase (water), ( fraction)

K = rock permeability, (cm')

= interfacial tension between wetting (water) and non-wetting (oil) phases, 

(dyne/em)

(p = rock porosity, (fraction)

Rose and Bruce {1949) used improved apparatus, methods, and experimental 

techniques for better determination the capillary pressure-saturation of the wetting phase 

correlation. The results of their study showed that the basic theory concerning the Leverett 

J-function was extended and was given some practical applications. Rose and Bruce ( 1949) 

extended Leverett’s work by introducing the contact angle into Leverett capillary pressure 

function to yield the well-known J-function which is given by the following equation

(J„^Cosd^. V
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where

6^ = contact angel between the interface separating the two fluids (wetting 

and non-wetting) and the rock surface, (degree)

A plot of J(Sw) calculated using equation (6-2) versus wetting-phase (water) 

saturation showed a constant curve for clean unconsolidated sands, Hg. 6.1. However, it 

has been observed that the existence of significant differences in correlating the J-function 

and water saturation form formation to another. Fig. 6.2. This implies that the J-function is 

not universal but it could be used as a correlative tooL Also, this shows that the J-function 

may vary from one hydraulic (flow) unit to another within the same producing formation of 

the reservoir. Therefore, this study suggests that the J-function be used as a tool for 

reservoir characterization and flow unit identification in clean and shaly reservoirs.

The usefulness of the J-function for obtaining pore-size distribution has been 

proven by Brown (1951) who used core samples from the Edwards limestone in 

Jourdanton field, Texas, USA. Fig. 6.3 shows the behavior of the J-function in the 

Jourdanton Field, illustrated by Brown (1951). Fig. 6.3-a shows all of the data points 

accumulated to define one flow unit. Fig. 6.3-b through Fig. 6.3-e explain that the 

scattering degree of the data points suggests the presence of several zones having different 

textures, different rock types (dolomite and limestones), and different grain sizes. Each 

flow zone (unit) can be described by a group o f data points defining a single J-function 

curve.
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Rose and Bruce ( 1949). also, developed a monograph for correlating this 

J-function to the capillary pressure data since these data reflected the pore-size 

distribution, the radius of the largest pore, the rock wettability, and the interfacial tension 

of the fluid pair involved in the system.

One of the major goals of this study is to investigate the effect of stress on the 

calculated values of the J-function and to eliminate the need for several laboratory 

measurements involved in the J-function such as capillary pressure, porosity and 

permeability. .Another goal of the study is to show how log-derived values of resistivity 

gradient may be used to estimate the J-function in both clean and shaly reservoirs.

6. 3. The Effect of Stress on J-Function

Literature review shows that wherever the J-ftinction is used, laboratory 

measurements (at zero stress conditions) such as porosity, permeability, and capillary 

pressure are used for interpreting the J-function. This study suggests the development of a 

new correlation capable of transforming the laboratory measurements into field conditions 

under the effect of stress and vice versa. Achieving this goal requires corrected values of 

porosity, permeability, and other parameters involved in the J-function and are assumed to 

be independent of stress.

The behavior of the J-function is primarily governed by porosity, permeability, and 

capillary pressure and secondary by interfacial tension and contact angel. Therefore, 

porosity and permeability under the stress effect can be expressed by equations (4-23) and 

(4-37).
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Relative permeability and capillary pressure curves both depend on pore size 

distribution, Fatt (1953), Wilson (1956) and Cherici (1967) showed that capillary pressure 

curves are slightly modified by the applied stresses. Fatt (1953) conducted several 

experiments in oil-gas system in the imbibition direction at atmospheric pore fluid pressure 

and effective stresses equal to 3000 psL The results showed that within that range of stress 

values, relative permeability of the gas became constant. Wilson (1956) measured relative 

permeabilities o f oil and water in the imbibition direction on a sandstone samples with pore 

fluid pressure up to 5,000 psi and effective stresses in x, y, and z directions of up to 10,000 

psL The results indicated that relative permeability curves are only slightly modified by 

applied stress and the effective stress was found to be the only variable causing the small 

changes of the relative permeability curves. Cherici (1967), also conducted a set of 

experiments to study the effect of stress on capillary pressure curves. He concluded that 

capillary pressure curve is considerably affected by the stress tensor only at low capillary 

pressure values, while the irreducible water saturation is only slightly affected by the 

overburden pressure.

Based on the previously mentioned review, it is clear enough that porosity and 

permeability are the most important parameters affected by the stress effect and influencing 

the values o f the J-function. Furthermore, capillary pressure measurements will be 

eliminated by using the newly-developed J-functions in clean and shaly formations. In 

addition, interfacial tension and contact angle of the fluid pair involved in the system are 

suggested to be measured at reservoir conditions o f  pressure and temperature. Dividing 

equation (4-37) by equation (4-23) results in
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^  = ,6-31
(Pa (P,

Taking the square root of equation (6-3) and inserting the resultant equation into the J 

function, equation (6-2). one obtains

J J S J =   --------* (6-4)

where

Ĵ Sv )̂ = J-function under stress effect, (dimensionless)

K. = permeability under stress, ( md)

= porosity under stress, (fraction)

Cp = average rock compressibility. ( 1/psi)

A ct = change in effective stress, (psi)

Equation (6-4) shows clearly that assuming constant J-function for a reservoir rock 

is not a valid assumption, and may lead to erroneous results in reservoir characterization 

and flow unit identification. Using equation (6-4) with actual data from Rose and Bruce 

(1949), the effect of stress on the J-function was demonstrated. Fig. 6. 4, using data in 

Table 6. 1. show data for Hawkins Reservoirs (Woodbine Formation). This set of data has 

been subjected to different changes in effective stress (zero, 1,000, 3000, and 5,000 psi) 

using equation (6-4) for J-function under stress effect. The results show that increasing
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Table 6.1 - Data for studying the effect of s tre ss  
on J-function, [Rose and Bruce, 1949]

A verage (Cp) = 0 .000144 1/psi

Sw Js(Sw) Js(Sw) Js(Sw) Js(Sw)
(%) 0 psi 1,000 p s 3.000 psi 5.000 psi

15 1.4 1.21 0.9089 0.6815
20 0 .7 0.61 0.4545 0.3408
25 0.49 0.42 0.3181 0.2385
30 0.45 0.39 0.2922 0.2191
35 0.43 0.37 0.2792 0.2093
40 0.415 0.36 0.2694 0.202
45 0 .4 0.35 0.2597 0.1947
50 0.39 0.34 0.2532 0.1898
55 0.38 0.33 0.2467 0.185
60 0 .374 0.32 0.2428 0.1821
70 0 .372 0.32 0.2415 0.1811
80 0 .365 0.32 0.237 0.1777
90 0 .36 0.31 0.2337 0.1752
100 0 .354 0.31 0.2298 0.1723
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( A verage Cp = 0.000144 (p sï^

( Hawkins Reservoir, 1  

i Woodbine Formation iEffective S tre ss  
(Zero psi)

Effective S tre s s  ^  
(1,000 psi) J

0.8

ec::ve S tre s s  '

0.6 Effective S tre ss

0.4

0.2

100806040

Water Saturation (%)
20

Fig. 6.4-Effect of stress  on the J-function of Hawkin s  
reservoir rock [Actual data from Rose and Bruce, 1949]
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change in effective stress leads to a decrease in the value of J-function. In addition, the 

higher the change in effective stress, the smaller the reduction in J-fiinction under stress. 

These conclusions are important for development of oil reservoirs especially in cases such 

as selective plugging, water flooding, and enhanced oil recovery processes wherever 

reservoir description is important

6.4. New Approach for Obtaining J-Function In Clean And Shaly Reservoirs 
Using In-Situ Measurements

Two models have been developed in this section to calculate the J-function using 

well-logging data which represents a good source for in-situ measurements. The first 

model is obtained using Tixier's equation (1949) for permeability and Archie's equation for 

water saturatiort This new J-fiinction is validated using actual field data for clean 

reservoirs. The second model is derived using Tixier's equation for permeability (1949) in 

combination with Schlumberger shale model (1987) for water saturation calculation. 

Validation o f this new J-function for shaly formations is shown by application of this new 

J-function to field data.

The major advantages of these newly-developed J-functions for clean and shaly 

reservoirs are

1. Laboratory measurements of c^illary  pressure, porosity and permeability have been 

eliminated,

2. In-situ measurements of resistivity log (more representative to the reservoir rock) have 

been used, and
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3. They are economically feasible and more effective.

Using well-logging data has two major advantages:

1. It is more representative of the reservoir rock types and conditions, and

2. It is economically feasible since it is already available for almost all of the drilled 

wells.

6. 4 .1 . J-Funcdon In Clean Reservoirs

Capillary pressure J-function has been defined by equation (6-2) as follows

(6-2)

Capillary pressure is a function of the elevation above the oil-water contact (free-water 

level) and the density difference of the wetting (water) and non-wetting (oil) phases. 

Capillary pressure can be expressed as:

(6-5)

where

Pc = capillary pressure, (psi)

h = free-water level, (ft), and

Pw^Po = densities o f water and oil, (gm/cc)

Substituting equation (6-5) into the J-function, equation (6-2), results in the following 

eqtiation
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Tixier (1949) developed an empirical equation showing that the reservoir quality 

index (^K  / (p̂  is inversely proportional to the capillary pressure. He also developed an

equation to estimate rock permeability from the true formation resistivity gradient, 

{ARf /  A/i). Wyllie and Rose (1950) showed that the relationship used by Tixier would

follow Leverett's correlation if the porosity, the interfacial tension, and the contact angle 

were identical or have a mutually compensation in their effects in the formation under 

consideration.

Tixier's permeability equation is given as follows

2.0

K{md) = 105S* 1 Ca r A

_^o(Ph' ~  P o ) I  aa
(6-7)

where

K = rock permeability, (md)

Ro = resistivity of 100 % formation water saturated rock, (ohra-m)

{ARi / Ah) = true-resistivity gradient, (ohm-m/ft)

Pw^Po = densities of water and oil, (gm/cc)

Substituting equation (6-7) into equation (6-6) results in

4.47* A ARt
(6-8)

(j^CosdcRo^/v^ ^  J

Equation (6-8)) is a new model for the J-function using in-situ measurements. If  porosity 

logs are not available, equation (6-8) can be modified to replace porosity with resistivity 

log readings. Archie's equation for calculating water saturation in clean formation is given 

by the following equation;
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5 '' = ( 6 - 9 )

Morris and Biggs ( 1967) introduced a correlation between porosity and irreducible 

water saturation as follows:

Ç " = Ct)«5tanr = ( 6 - 10)

where

CsiB = Morris-Biggs constant (a constant for a particular rock type and/or grain 

size).

Aguilera ( 1985) showed that equation (6-10) can be used for water saturation also 

and not only at irreducible water saturation condition. Therefore equation (6-10) can be 

rewritten as follow:

(p * Ŝ . = Cons tan r = C us ( 6 - 11)

Solving equation (6-11 ) for water saturation (Sw) and raising the resultant equation to 

the power (n) yields

s:  = ( 6 - 12 )

Equating equations (6-9) and (6-12) and then solving for the porosity, one obtains

cp = (' aR
N (n-m)

(6-13)

Taking square root of equation (6-13) and inserting the resultant equation into equation 

(6-8) yields the following new equation for the J-function in clean reservoir as follows:

7(S, )=
a„^CosdJi^{aR^)( n-m) /2 V A/l y

(6-14)
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Equation (6-14) represents a new model for obtaining the J-function using in-situ 

measurements. Only the interfacial tension and the contact angle will be measured using 

laboratory measurements at reservoir conditions. All o f the other parameters involved in 

this new J-function, equation (6-14), can be easily obtained from well logging-derived data 

such as the coefhcient a, R*, R«, R«, the formation thickness (h), resistivity gradient 

{ARj /  Ah), Morris-Biggs constant (Cmb = (ç> * ‘Sw«>r)» water saturation (S.) and porosity 

exponents (n).

A detailed calculation showing the application of this new model is explained in the 

next section of this chapter. Table 6. 2 shows the actual field data that will be used for this 

application. The resultant J-function is graphically presented in Fig. 6. 6.

In such a case where porosity exponent (m) is equal to water saturation (n), then 

equation (6-14) can be simplified to the following form

At this point, it is clear that this new expression of the J-function for clean 

formations, equation (6-14), is a function of free-water level (h), formation resistivity (RJ, 

and water saturation ( S * )  which is implicitly included in Morris-Biggs constant ( C mb) . 

Porosity exponent has a minor effect on the estimated values of J(S*).

6. 4. 2. J'Fiuiction In Shaly Reservoirs

Schlumberger (1987) introduced a shale model to calculate water saturation in shaly 

formations. This shale model was based upon laboratory investigations and field
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experience. It was found that the model works well for many shaly formations independent 

of the shale distribution and also covers a practical range of water saturation values. This 

model is given by;

—  =  -  (6- 16)

where

a = Archie’s equation coefficient 

R* = shale resistivity, (ohm-m)

Rw = formation water resistivity, (ohm-m)

Rt = true formation resistivity, (ohm-m)

Vj, = shale volume, (fraction)

Sw = water saturation in shaly formation, (ohm-m)

<p = formation porosity, (fraction)

Rearranging equation (6-16) yields

<  +  ~ - **1 = 0 (6-17)
r  < f - v ^

Equation (6-17) is a quadratic equation which can be solved easily and its positive root 

will be given by

(6- 18)

Equation (6-18) can be formulated in the following simple form

(6-19)
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where

Gsh = il collective shale group given by the following equation

j  (6-20-A)

where

Ash and Bsh are shale sub-groups given as follows

2 I  (6-20-B)
<P-

g  = (6-20-Cl

Solving Morris-Biggs equation ( 1967). equation (6-1 1 ), for water saturation (Sw) yields

= —  ( 6 - 2 1 )
(p

Equating equations (6-19) and (61-21 ), and taking the square root of the resultant equation, 

one obtains

•fP = , F ^  (6-22)
V

Substituting capillary pressure equation, equation (6-5), and Tixier's permeability equation. 

(6-7), into J-function equation, equation (6-2), results in the following equation

7 ( 5 , . ) =  r - f ^ l  ( 6 - 2 3 )
( T o ^ C o s d c R o ^ j f P  V A/I j  

Then, substituting equation (6-22) into equation (6-23) introduces the formation shaliness 

into J(Sw) and yields a new model for obtaining J-function in shaly formations as follows:
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-  3,16 !♦ ft f ^ ] l a ^
Qwsc r ^ C o s â J i A ^

where

Jsh(Sw) = J-function in shaly formation, (dimensionless)

Sw = water saturation in shaly formation (using total shale model), (fraction)

Equation (6-24) is a new model for obtaining J-fimction in shaly formation using 

in-situ measurements (weU-logging data). One o f  the advantages of this new J-function is 

its independence on porosity, permeability, and capillary pressure laboratory 

measurements. Also, it is applicable under different conditions of stress, especially for 

stress-sensitive formations. In addition, this newly-developed J-function considers the 

heterogeneity of shale formation.

6. 5. Field A pplications

Actual well logs data for Layton formation in Oklahoma, (USA), Fig. 6. 5, and 

shaly Miocene sand in South Louisiana, Fig. 6. 8, are used to validate the newly-developed 

J-function models. Layton formation for clean formation and shaly Miocene sand for shaly 

reservoir.

6. 5 .1 . J-Function In Clean Reservoir

The newly-developed J-fimction, equation (6-14), has been validated using actual 

field data of Layton formation in Oklahoma, (USA). Fig. 6. 5 shows SP and electrical logs 

of Layton formation. This log is used for determining true formation resistivity (R,), firee-

246



water level (h), resistivity of 100 % saturated with brine (Ro). and resisitivity 

gradient (A/?, / Ah). Table 6. 2.

Water saturation is estimated using Archie's equation /  /?, for clean

formations and J-function is calculated using equation (6-14), Table 6.2. The resultant 

values of J-function, J(Sw), is presented versus water saturation in Fig. 6.6. A log-log plot 

of the newly-developd J-function, J(Sw), versus water saturation (Sw) is shown in Fig. 6.7.

The use of curve fitting technique shows that an exponential equation correlating 

J(Sw) and water saturation (Sw) can be obtained, and is given by

J{S .̂ ) =  17.969 * (6-25)

This equation, (6-24), can be used for obtaining the J-fiinction for that specific 

formation (Layton, Oklahoma) without need for laboratory measurements of several 

parameters included in the J-function.

6. 5. 2. J-Function In Shaly Reservoir

Application of the newly-developed J-function in shaly formation is slightly 

different from that for clean sands. Shaly reservoirs are heterogeneous because of gross 

changes in sand grain size, variation o f shale content, and severe variation of 

pore-throat/pore-body distribution. For these reasons, calculated values of the J-fimction is 

expected to have more scattering degree and to be less coherent than in clean reservoirs.

For the sake of validation of the J-fimction in shaly reservoirs, Induction-Electrical 

Survey of Shaly Miocene Sand in South Louisiana (USA) is used. Fig. 6. 8. Actual well-
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Table 6 .2  • Data used  for validating the newly-developed J-function 
in clean  reservoirs using electric log of Layton, OK, (USA) 
[actual data from Tixier, 1949]

Cos ( 0 ) [Contact Angel = 72°] (assum ed) = 0 .3 1
Equation Coefficient (a) (assumed) =  0.62
Porosity Exponent (m) (assumed) = 2 .1 5
W ater Saturation exponent (n) (assum ed) =  2.0
Oil-W ater Interracial Tension ( < 7 ^ ^  ) (assum ed) =  30 m N /m
Formation W ater Resistivity (Rw) (assum ed) = 0.054 ohm -m
-Morris-Biggs C onstan t ( C m b )  = 0.30* 0.3742 = 0.1123
True Formation Resistivity (R,)[at h = 2.785 ft] = 28 ohm -m
True Formation R esistivity (R,)[at h = 2.833 ft] = 3 . 0  ohm -m
Rock Resistivity (100 %  Saturated by Form ation W ater; (Rj) = 3 . 5  ohm -m
True Formation Resistivity Gradient [ARf /  Ah)  = /'(25-3.0)/48] = 0.52 ohm-m/ft

D epth (R.) (h) Sw J  (Sw)
(ft) onm-rr (ft) (%)

2.795 27.5 50 33 3.5827
2 .790 25 45 34.6 3 .2476
2,785 23 40 36.1 2.9048
2 .800 20 35 38.7 2.5685
2,805 17 30 42 2.2286
2,810 15 25 44.7 1.8747
2.815 12 20 50 1.525
2 ,820 10 15 54.8 1.1595
2,825 7 10 65.5 0 .794
2,830 5 5 77.5 0.4071
2.833 3.5 2 92-6 0 .1673
2,835 3 0 100 0
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logging data are used to obtain the required parameters included in the newly-developed J- 

tunction.

A high resistivity zone, zone A (depth from 12,576 ft to 12.602 ft) is selected to 

obtain formation resistivity (R,). free-water level (h), shale content (Vsh), Table 6.3. 

Resistivity gradient (AR,/A/z) is calculated to be [( 10-1.2)/(12.602-12,576)] = 0.338

ohm-m/ft]. Corresponding values of porosity is used from Table 2 o f Morris-Biggs study 

(1967). Then, shale groups A.h, B.h- and G,h are calculated using equations (6-20-B). 

(6-20-C). and (6-20-Ai respectively.

W ater saturation is calculated using total shale model. Schlumberger ( 1987). and 

the newly-developed J-function then estimated using equation (6-24). Values o f oil-water 

contact angle . coefficient (a), oil-water interfacial tension (cr^,,.) , and formation

water resistivity (Rw) are assumed as shown in Table 6 . 3.

.A. plot o f  the resultant J-function versus w ater salutation, both for shaly formation, 

is presented in Fig. 6.9. A log-log plot o f the newly-developd J-function for shaly 

formations. Jyh(Sw). versus water saturation (Sw) is shown in Fig. 6.10

The use of curve fitting technique yields an equation for obtaining the J-function. 

This equation is given as:

J-H ) = -0.000 l(5w ) ' -  0.0049 (Sw )+  1.8258 (6-26)

where

Jsh(Sw) = J-function in shaly formation, (dimensionless)

Sw = water saturation in shaly formation (using total shale model), (fraction)
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T a b le  6 . 3 - D ata u se d  for va lid a tin g  th e  n ew ly  d e v e lo p e d  J -fu n ctio n  
in sh a ly  re serv o irs  u s in g  In d u ction -E lectrica l su r v e y  o f  a 
sh a ly  sa n d , L ou isian a , (U SA ), [M orris-B iggs, 1967]

C o s (contact angel = 72 )
Equation Coefficient (a) (assum ed)
W ater Saturation Exponent (n) (assum ed)
O il-W ater Interfacial Tension (assum ed)
Form ation W ater Resistivity (Rw)
T rue Form ation Resistivity (Rt) [at dep th  = 2 ,785 ft] = 28 ohm-m 
T rue Form ation Resistivity (Rt) [at dep th  = 2 .833 ft] = 3.0 ohm-m 
T rue Form ation Resistivity G radient = [(10-1.2)/26 ] = 0.338 ohm-m/ft 
Rock Resistivity (100 % sa tu ra ted  with form ation W ater) (Ro) = 1.5 ohm -m

= 0.31 
= 0.81 
=  2.0 
= 30 mN/ft 

= 0 .054 ohm-m

P o ro s ity A v e ra g e Shale Ash Bsh G sh S w h J s h (S w
Depth (Rt) Density Neutron Porosity Content (%) (ft)

(ft) (Ohm-m) '%) (%) (%) (%)

12,576 10 18.1 25.1 21.6 27.3 0.68 0.3 0.61 30.4 26 1.5861
12,578 6.5 21.2 21.5 21.35 29.4 0.68 0.43 0.79 39.62 24 1.6715
12,580 6 .8 21.2 21.5 21.35 35.3 0.62 0.31 0.65 32.73 22 1.3927
12,582 6 18.1 17.9 18 35.3 0.87 0.49 0.78 39.13 20 1.3842
12,586 2 .2 23 28 25.5 47.6 0.35 0.4 0.97 48.33 16 1.2307
12,588 3 .4 18.1 17.9 18 41.2 0.79 0.68 1.04 51.83 14 1.1151
12,590 3 13.9 17.9 15.9 41.2 1.02 0.99 1.22 60.78 12 1.0351
12,594 1.8 20 28.7 24.35 35.3 0.48 0.9 1.48 74.03 8 0.7616
12,596 1.6 20 28.7 24.35 35.3 0.48 1.01 1.59 79.63 6 0 .5924
12,598 1.5 19.5 26.3 22.9 35.3 0.54 1.22 1.74 86.85 4 0 .4124
12,600 1.4 18.3 25.3 21.8 35.3 0.6 1.45 1.88 94.1 2 0 .2147
12,602 1.5 17.5 23.2 20.35 35.3 0.63 1.55 1.9 94.88 1 0.1078
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This curve fits the calculated data points with R-square value of 0.9683. This proves that 

the degree of data point scattering in shaly formation if higher that that in clean formation, 

although both of them shows good curve fitting to the calculated data points

This chapter reviews the concept of J-function. A new J-fimction that depends 

upon the stress effect is developed, J,(Sw). The J,(Sw) can be used to convert the laboratory 

measurements of porosity and permeability at zero stress conditions to that under 

reservoir conditions. In addition, this chapter aslo includes a step by step derviation of two 

new models capable of obtaining the J-function using the well-logging derived data. These 

new J-functions are dveloped for clean and shaly reservoirs and validated using real field 

data.
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C H A PTER  7 

SUM M ARY AND CONCLUSIONS  

7. 1. Sum m ary and Critical D iscussion

This study i> devoted to investigating the etïect ot stress on reservoir 

characterization and petrophysical properties ( rlow units) in clean and shaly heterogeneous 

reservoirs. For the purpose of achieving reservoir characterization and flow unit 

identiflcation in clean and shaly. stress-insensitive reservoirs, several porosity-permeability 

relationships are identitled and used for developing new tlow unit mode F .

Several new models are developed for reservoir characterization of stress-sensitive 

reservoirs in clean and shaly heterogeneous formations. New Reservoir Quality Index for 

clean formation under stress (RQIs) and Reservoir Quality Index for shaly heterogeneous 

formation under stress (SRQIs) are also developed. These RQIs and SRQIs are used to 

study the effect of stress on petrophysical properties of reservoirs. In addition, generalized 

flow unit models are derived to be used with any porosity-permeability relationship 

(function o f porosity and irreducible water saturation). The generalized flow unit model 

for shaly stress-sensitive formation can also be used to identify flow units in other types of 

tor mat ions including (a) clean stress-insensitive formations, (b) shaly stress-insensitive 

formations, and (c) clean stress sensitive formations.

The concept of the J-function is covered and the effect o f stress on the J-function 

is investigated. New J-function models are developed to consider stress-sensitive (clean 

and shaly heterogeneous) reservoirs and also to eliminate the need for laboratory 

measurements of several parameters involved in the J-function.
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Several permeability equations arc used, in this study, to develop flow unit 

models. These equations were derived em pirically by several authors (Ahmed et ai 1991. 

and Nelson. 1994). These tlow unit models are used effectively to characterize clean 

and shaly heterogeneous reservoirs using laboratory and/or in-situ measurements.

.Appendix B lists the permeability equations used, their assumption(s) and 

limitation(S). Common features of these perm eability equations is that they are empirical 

and have different coefficient (C . C. . or n). In addition, all of these equations are 

developed for clean formations using laboratory measurements.

However, in case of new reservoirs o r reservoirs that obey other permeability 

equations, generalized tlow unit models are developed.

7. 2 Conclusions

Major contributions of this study are summarized under the following conclusions;

1. Several new tlow unit models are developed to enhance reservoir characterization. 

These models include (a) five models for stress-insensitive clean formations, (b) five 

models for stress-insensitive shaly formations, (c) four models for stress-sensitive clean 

formations, (d) five models for stress-sensitive shaly formations, and (e) two J- 

function models for clean and shaly heterogeneous formations using well-logging data.

2. New permeabiiity-porosity models for clean formations are investigated and used to 

develop several flow unit models which can be used to identify and characterize 

reservoirs. With respect to the newly-developed flow unit models for clean formations, 

the slope o f  a log-log plot of reservoir quality index (RQI) versus total porosity (çj) is
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mainly a llinction of porosity exponent (m). The higher the porosity exponent, the 

higher the slope of the proposed straight line defining tlow unit on a log-log plot.

3. New Reservoir Quality Indices are developed for stress-insensitive shaly formations 

(SRQIo) and for stress-sensitive shaly formations (SRQIs). SRQIo is a function of 

porosity and formation shaliness while SRQIs is a function o f porosity, formation 

shaliness. and effective stress (or pressure drop of the reservoir).

4. The new flow unit models for stress-insensitive shaly formations introduce unique 

parameters to better describe such shaly reservoirs. These parameters include: (1) slope 

of a log-iog plot o f  Shaly Reservoir Quality Index "SRQI" versus porosity (ç)  which

also can be used to define shale type and (2) Shaly Flow Unit Factor (SFUF). The new 

flow unit models for stress-sensitive shaly formations introduce two unique parameters 

{1) slope of a log-log plot o f Shaly Reservoir Quality Index under stress (SRQIs) versus 

porosity of shaly formation under stress which also can be used to define shale

type and (2) shale stress factor (cr).

5. Several models are developed for characterization and identification of flow units 

residing in stress-sensitive clean and shaly reservoirs. The models for shaly reservoirs 

are derived using laminated, dispersed, total and cation-exchange capacity models of 

shale in combination with porosity and permeability equations under stress effect.

6. Flow unit models o f stress-sensitive clean and shaly formations show that assumption of

constant values o f porosity, permeability, and reserx'oir quality index over the extended 

life of the reserx oir can lead to errors in reservoir characterization.
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7. A generalized fiow unit model is developed. This model can be used for reservoir 

characterization and tlow unit identification in different types o f formations and with 

any permeability equation (function of porosity and irreducible water saiuration).

S. A new J-function is developed for stress-sensitive, clean/shaly heterogeneous reservoirs. 

Js (,Sw). The increase in effective stress (or oil production) leads to a severe reduction 

in the J-function under stress. Js (Sw). Also, a new approach is developed to use 

well-logging data for estimating the J-function in clean and shaly heterogeneous 

reservoirs. The newly-developed J-function models in clean and shaly reservoirs are 

validated using actual well-logging derived data.

7. 3. Recommendations

.Although several achievements have been gained in reser\'oir characterization, 

there is still no universal method that can be applied to different heterogeneous reservoirs. 

This study introduced several new flow unit models and some generalized models, which 

represent a significant step toward the optimization of reservoir characterization. The 

study deals with different scales of reservoir heterogeneity, shale types, and stress 

conditions. These issues and problems require some attention. The following 

recommendations are suggested to further optimize the process of reservoir 

characterization:

1. Core and well-logging data must be integrated. This integration is expected to provide 

accurate mathematical expressions describing flow properties (permeability and 

reservoir quality index) within the reservoir.
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2. A generalized model is required for describing fractured formations. This model is 

expected to consider other conditions such as stress-sensitivity o f formations, formation 

shaliness. and random patterns o f fracture distribution in the formation.

3. The tlow unit models developed in this study are recommended for use in current 

reservoir simulators such as STRATA-SIM*. This is expected to enhance reservoir 

description and flow unit identification, especially in shaly reservoirs and 

unconsolidated (stress-sensitive) formations.

4. .Mathematical models are needed to combine fluid flow equations with flow unit 

approach. These models are expected to be 3-D that will consider directional 

permeability, and different fluids types flowing in the reservoir.

5. Future study is recommended to consider the effects o f injected fluids such as CO: tind 

enhanced oil recovery (FOR) chemicals. These fluids will alter the wettability and 

relative permeabilities. Changes in wettability and relative permeability are expected to 

change the flow patterns and distribution o f flow units in the reservoir.

* STRATA-SIM is a trade mark of the Reservoir Characterization Institute at The University 
of Oklahoma. Nonman, OK.
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Nom enclature

a : Equation coefficient

Uk, üv. c : Curve Fitting Constants

A,n : Sub-group of shale for J-function in shaly formation

B : Specific concentration conductivity, (mho/m per meq/cc)

Bsh : Sub-group of shale for J-function in shaly formation

C : Constant of a particular rock type and/or grain size

C. ; Coefficient of general permeability equation, (dimensionless)

C; ; Coefficient of porosity exponent in general permeability equation, (dimensionless)

Cmb : M orris-Biggs Constant for the J-function in clean formation (c,,^ ^

Cp : Pore Compressibility of the Rock. ( 1/psi)

F : Formation resistivity factor for clean formation.(dimensionless)

F ; Formation resistivity' factor of CEC shale model, (dimensionless)

FUF : Flow Unit Factor

FUFs-g : Flow Unit Factor of clean stress-sensitive formation using Jorgensen 

equation, (dimensionless)

FUFo-s-sh: Flow Unit Factor of shaly stress-sensitive formation using general 

permeability equation, (l / -Johm -  m)

F U F s- tvi : Flow Unit Factor of clean stress-sensitive formation using Timur 

equation, (dimensionless)

F U F s-wr : Flow Unit Factor of clean stress-sensitive formation using Wyllie and Rose 

equation, (dimensionless)
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Gsh : Collective group of shale for the J-function in shaly formation

J ( S . , v )  : Capillary pressure J-function for clean formation, (dimensionless)

Js (Sw) : Capillary pressure J-function for stress-sensitive formation, (dimensionless)

Jsn(Sw) : Capillary pressure J-function for clean formation, (dimensionless)

K  : Permeability o f the formation (md)

Ko : Permeability of the rock at zero stress condition, (md)

Ks : Permeability o f the rock under stress condition, (md)

K,ih : Permeability of shaly formation, ( md)

Ks-sh : Permeability o f shaly formation under stress effect, (md)

h : Free-water level. ( ft)

LSFUF : Low Shaly Flow Unit Factor

m ; Cementation factor (porosity exponent) of .A.rchie's equation

n : Water Saturation exponent ( n=2 ) of Archie’s equation

P : Pressure, (psi)

P„ : Initail reservoir pressure, (psi)

Pc : Capillary pressure, (psi)

PV : Pore volume, (fraction)

q : The fraction of clean-sand intergranular space occupied by clay (shale)

Qv ; Cation Exchange capacity, (meq/cc)

Ro : Rock resistivity ( 100% saturated with formation water), (ohm-m)

Rsh : Resistivity of adjacent shale, (ohm-m)

Rt : Tme formation resistivity, (ohm-m)
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Rj„p : Resistivity of dispersed shale, {ohm-m)

R,h : Resisitivity of shale. (ohm-m)

R,v : Formation water resistivity, (ohm-m)

RQI ; Reservoir Quality Index. ( ,u m)

S : Stress correction factor for porosity and permeability, (dimensionless)

S.̂  : W ater saturation, (fraction)

: Irreducible water saturation, (fraction)

SFUF : Shaly Flow Unit Factor

SFUFs : Shaly Flow Unit Factor for formation under stress

SRQI : Shaly Reservoir Quality Index, (.u m)

SRQIo : Shaly Reservoir Quality Index without stress effect. ( u  m)

SRQIs : Shaly Reservoir Quality Index of formations under stress. (fi  m)

S,v,-c : Irreducible water saturation estimated by NMR, (fraction of PV)

S,m : The fraction of the "intermatrix porosity " (p.  ̂ " occupied by the formation-

water, dispersed shale matrix mixture, (fraction of PV)

SwB : W ater saturation of bound water, (fraction of PV)

SRQI : Shaly Reser\'oir Quality Index, ( ^  m)

T| : Geometric mean longitudinal relaxation time from NMR, ( }i Sec)

UFFI : Un-free fluid index, {pL Sec)

V : Volume, (cc)

Vsh : Shale content of the formation, (fraction)

VSFUF ; Very shaly Flow Unit Factor
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Greek

p ; Rock density

cr : Effective stress

A : Change in rock property

a  : Correlating constant

e  : Void to solid ratio of porous rock

(p, : Effective porosity o f the formation, (fraction)

(p., : Total porosity of the rock, (fraction)

(pv : Effective porosity of the rock under stress condition. ( fraction)

: Effective porosity of shaly formation under stress condition, (fraction) 

( p • Porosity from NMR, (fraction) 

cT,jn. : Interfacial tension between oil and water, (mN/m)

9  : Contact angle, (degree)

Subscripts

D : Density Log

Disp ; Dispersed

e : Effective

f : Fluid

g : Grain

Im : Intermatrix

Irr : Irreducible
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G-s-sh : General for permeability of shaly formation under stress

Lam : Laminated

max : Maximum

min : Minimum

MB : Morris-Biggs

N : Neutron Log

NMR : Nuclear Magnetic Resonance

o ; Oil

o-sh : Shaly formation without stress effect

P : Pore

r : rock

s : solid

S-G : stress-sensitive formation using Jorgensen equation

S-TM  : stress-sensitive formation using Timur equation

s-sh : Shaly formation under stress effect

s-po : Porosity under stress

S-W R ; stress-sensitive formation using Wyllie and Rose equation

W irr : Irreducible water

WB : Bound W ater

Superscripts

m : Porosity exponent

a : water saturation exponent
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A ppendix A

\ \  uter Saturation Equations in Shalv Clastic Reservoir Rock 

Poupan et al Model for Laminated Shale

, - L , =  9 ' ^ :

deWitte Model for Dispersed Shale

“ [R... R. j
Total Shale Model

V,, . s :R: R„ fr,,
Waxman & Smits Shale Model “Cation Exchange Capacity(CEC)” Model

R .  r
S'., =

^  r  5 ',,- ;

Hossin Model

J___
R[ FR\v Rsh 

Simandoux Model

R[ RRw Rsh
where

£ = 1.0 for high Sw, ande <I .0 for low Sv
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Water Saturation Equations In Shalv Clastic Reservoir Rocks ( Contd)

Patchett an d  R au sch  M odel

R t =

where
C. = shale resitivityl not equal to R^h' 

B ardon an d  P ied

1 _  ^Sh ..

^sh
i ’u-

S ch lum berger M odel

C lavier et al

I s i  _ ( C M v - C .v ) V Q - a  

R , "  F „ « h -  ' Fo

Juhasz  M odel

V  ^ s h ^ s h  J  ^

Doll Model

R[ RR\v V o
‘ s h
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Appendix B

IJst of Permeability Equations

# Perm. Equation Assumption(s) and Limitation(s)

I. Timur

K(rnd) = (93)' I f .V ^ w i r r  ,/

2. Sen et al
A'ifnc/) = 0.794 *((p"'T;)

: 15

- applicable for (a) Gulf Coast field Cdepth 9,000-12.000 ft)

(b) Colorado field (depth 6.000-7.000 ft), and (c) California 
field (depth 9.000 ft - 10.000 ft).

- requires lab. measurements of porosity and permeability.
- consolidated sandstones

clean consolidated Sandstones 
• based on NMR measurements.

3. Wyllie and Rose

Klmc/} = 62500*
S" I' ^ t v i r r  J

4. .Jorgensen

Kiitid ) = 84105 * (P
( ï - c p y

5. .Morris-Biggs

Kund ) = C, *111
[ s :m r r  J

-C , =62.500. andC: = 3.

- clean consolidated sandstones
- assumes P- is inversely proportional to SQRT(K)

- permeability derived from wel-log data
- permeability is based on Tixier's equation

- clean sandstone reservoirs

- assumes that perm, is only a function of porosity and (m)
- requires lab. measurements of porosity and perm.

- clean formations

- C| = (250)' for medium gravity oil
- Permeability derived from wel-log data

: 7 V


