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ABSTRACT 

This research is on elastic properties of sandstones and shaly sandstones for various 

sedimentary basins. P- and S- wave velocities are investigated and correlated with physical 

properties. In seismic and well log interpretations, modeling the relation of rock properties helps 

to identify and to characterize reservoirs. Previous studies have shown that wave velocities in rock 

samples can be expressed as a linear relation between porosity and clay content when the 

experimental pressure is sufficient to close internal cracks. This research focuses on modeling the 

empirical multivariate linear regressions of elastic moduli by principal component analysis and 

multiple linear regression analysis. The comparisons to literature models show that to better predict 

elastic properties, all models require prior knowledge about the rock formation of interest. 

Statistical analyses of data from eight different sandstones and shaly sandstone formations show 

that linear combinations between porosity () and clay content (clay) of sandstone explain changes 

in elastic moduli. The equation derived in this thesis is only valid within the condition used to 

develop the model, sandstones with porosity 0 to 33% and clay content 0 to 51%, measured at 

ultrasonic frequency. To remove density effects, I derived relationship for elastic moduli as K = 

37.19 – 80.04() – 2.70(clay) R2 = 0.79 and  = 29.21– 72.43() – 21.10(clay) R2 = 0.80. These 

equations can be used for quality checking data and predicting Vs from Vp. In summary, principal 

component analysis and multiple linear regression allow the uses of porosity and clay content to 

explain the variations of bulk and shear moduli in sandstones. This work eliminates systematic 

errors in measurements, obtained from literature and expands the range for shaly sandstone to low 

clay content and low porosity for prediction purposes. 
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CHAPTER 1 

INTRODUCTION 

Sandstones and shaly sandstones have been most studied as sedimentary basins that include 

a hydrocarbon reservoir. Relationships between the rock properties of these sandstones are 

investigated for their applications to hydrocarbon reservoir exploration. Physical rock properties 

(porosity, density and clay content) relate to reservoir characteristics and can be inferred from 

elastic rock properties (Vp, Vs). Understanding the connection between physical and elastic rock 

properties helps to identify reservoirs and to assess their information. The velocity is the main 

parameter of interest here because it can determine both the mentioned physical properties and 

other elastic properties (Young’s modulus, Poisson’s ratio, the rock compressibility factor, and 

Biot’s coefficient). Particularly for well log operation, surveyed measurements may not represent 

the true rock formations because of borehole conditions (such as mudcake and washout) that affect 

measuring tools. These possible errors lead to unreliable rock property predictions that eventually 

decrease the accuracy of assessing reservoir information: wellbore stability and production rate 

(Augusto, et al. 2015). Therefore, modeling sandstone velocities from laboratory measurements is 

very useful, because the models can predict velocities in a case of missing data and can replace or 

confirm surveyed and laboratory measurements. 

1.1   Research objectives 

The goals of this research are to identify regression equations of elastic properties (Vp and 

Vs, bulk and shear moduli) in terms of physical properties and compare the expected values to 

those found in the laboratory measurements. The steps in this research include the following: 

1) Compiling a large and diverse data set of sandstones that is statistically relevant  



 

2 

 

2) Identifying the multivariate linear regression models between elastic properties (Vp and Vs, bulk 

and shear moduli), and physical properties as measured in a laboratory  

3) Comparing the regression model predictions with measured data for the blindtest datasets: 

laboratory and well log measurements 

4) Comparing the regression model predictions with the predicted values from existing empirical 

and theoretical models. 

1.2   Background and motivation 

The time average equation or Wyllie’s (1956) equation was the first developed velocity-

porosity correlations for both P- and S-wave velocities in sedimentary rocks. The equation 

expresses the total travel time of a wave in a two-phase composite as the sum of a travel time of 

each component. This time average equation; however, is valid for consolidated sandstones over 

a porosity range of 0.25 to 0.3. Raymer (1980) then proposed a more general empirical equation 

to all porosity. These two equations have been widely used to predict porosity and lithology from 

P-wave velocity (Vp) and yet are not practical to shaly sandstone, which is a sandstone majority 

(see Appendix B). As a result, researchers have been developing a more robust equation to relate 

velocities with physical rock properties by two general approaches: theoretical and empirical 

modeling.  

For a theoretical approach, an effective medium based model was first introduced and the 

example models are from Kuster and Toksöz (1974) for low porosity rocks; Berryman (1980) for 

low to medium porosity rocks; Digby (1981) and Dvorkin (1994) for high porosity granular rocks.  

These relations are different from Wylie’s and Raymer’s equations because they include the 

internal structure of rock. For an empirical approach, the regression equations were further 
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developed by Tosaya and Nur (1982), Castagna (1985), and Han (1986) for both dry and saturated 

sandstones in different pressures. In general, velocities directly relate to porosity in clean samples; 

however, when clay is present, a regression needs to include the clay’s effect. A most common 

regression equation relates velocity to porosity and clay content, and it is expressed as 

V=A-B*(porosity)-C*(clay content)  (1.1) 

where V is velocity (km/s) and A, B, and C constant (Tosaya and Nur 1982). Slight modifications 

of A, B, and C constants in different experimental settings suggest that saturation of core samples, 

experimental pressure and mineral composition can affect velocity measurements (Table 1.1).  

 

Table 1.1  Summary of constant terms for ultrasonic P-wave velocity with different settings in 

order to show the effect of porosity, pressure, fluid type and mineral composition influences on 

velocity 

 

Note that the negative signs show the velocity reduction with increasing porosity and Figure 1.1 

from Greenfield and Graham (1996) illustrates the behavior of velocity as a function of pressure. 

Pc is a crack closure pressure, which divides the two phases of this velocity-pressure function. The 

Samples Saturation Pressure A B C 

Shaly sandstones 
(Tosaya and Nur 1982) 

Water saturated 40 MPa 5.8 8.6 2.4 

Clastic and silicates 

sandstones (Castagna, Batzle 

and Eastwood 1985) 
Water saturated 40 MPa 5.8 9.4 2.2 

Shaly sandstones  
(Han, Nur and Morgen 1986) 

Water saturated 40 MPa 5.6 6.9 2.2 

Water saturated 10 MPa 5.4 7.1 2.1 

Dry 40 MPa 5.4 6.4 2.9 

Limestones 
(Abatan, et al. 2016) 

Water saturated 50 MPa 3.2 8.9 0.2 

Shales 
(Abatan, et al. 2016) 

Water saturated 50 MPa 5.6 4.8 0.1 
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relation combines a linear relation (stiff porosity/matrix part) and an exponential relation (soft 

porosity or a fractured part) of velocity and pressure. Eberhart-Phillips (1989) used this pressure 

dependence to describe ultrasonic wave velocity as a nonlinear multivariate regression of pressure, 

clay content, and pressure.  

The aforementioned studies demonstrate relatively simple relationships between velocity 

and variables including porosity, clay content, pressure, and pore compliance. Thus, subsequent 

velocity equations account for pressure in addition to clay and porosity in the velocity equations. 

The scope of this research is examining data from dry sandstone samples that have experimental 

pressures beyond the crack closure pressure, so the non-linear effect from compliant crack-like 

parts of the pore space is not a factor in this research and the resulting empirical relations become 

linear. In addition, since many regressions are run on limited data, this research compiled large 

sandstone datasets, which are varied in geography, age and source to create a sufficient number of 

data and to generate statistically significant models. 

 

Figure 1.1  Diagram representation of pressure dependency of ultrasonic velocities. Pc is a 

critical pressure, V0 is the original velocity of the rock at zero pressure and Vm0 is the 

extrapolated intrinsic velocity of rock matrix. This study focuses on the linear domain beyond 

crack closure pressure (Modified from Greenfield and Graham 1996). 

Study 
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1.3   Rock physics modeling overview 

This section provides a basic introduction of the three existing rockphysics model branches: 

theoretical, empirical, and heuristic models as suggested by Avseth (2010). Each of the branch’s 

overviews will be discussed in three sections, including their advantages, disadvantages, and 

applications. Note also that details of the models used in this thesis work are described in the 

Chapter 2. 

1.3.1   Theoretical model 

Theoretical models describe approximations of rock continuum mechanics and determine 

elastic moduli of various rock types under suitable conditions. These theoretical models are 

categorized into five subgroups: inclusion models, contact models, bounds models, transformation 

models, and computational models (Avseth et al. 2010).  

Inclusion models 

Inclusion models consider rocks as mixtures of first, a stiffer mineral inclusion as a matrix; 

and second, a softer mineral and fluid as adding inclusion. Fundamental inclusion models assume 

ellipsoidal pores such as the Kuster and Toksöz (1974) model and the O’Connell-Budiansky 

(1974) model. These inclusion models have become more generalized by Berryman’s (1980) 

differential effective medium (DEM) theory where ellipsoidal inclusions refer to both pores and 

grains in the composite material. Furthermore, Berryman (1992) proposed a path dependent theory 

where a two-phase composite incrementally adds inclusions of one phase to its matrix; however, 

the orders of adding inclusions do not represent the true diagenetic process of the rocks. There are 
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some other theories which were developed based on the inclusion theory to analog rock behaviors; 

however, they are limited by an unrealistic pore geometry assumption. 

Contact models 

Contact models treat a rock composite as a random aggregate of spherical particles and they 

are suitable for estimating the elastic properties of unconsolidated rocks. The fundamental contact 

theory is the Hertz-Mindlin (1949) solution for observing elastic behavior of the two contact elastic 

spheres. The later study showed that the deformability and grain-to-grain contact stiffness 

influence rock elastic properties (Digby 1981). In addition, the soft sediment model from Dvorkin 

(1996) described the effect of adding small amounts of mineral cement on the elastic properties. 

The shortcoming of the contact model comes from the unrealistic spherical pore assumption and 

rock properties that are hard to determine such as a number of contacts per grain, and a contact 

force distribution (Avseth et al. 2010). Thus, the contact theory is useful when considering required 

assumptions and corresponding possible errors. 

Bounds models 

Bounds models calculate end members of a composite material based on fundamental 

principles. A rock is a linear elastic composite material in which the elastic properties are estimated 

without prior geometrical knowledge (Mavko, Dvorkin and Mukerji 2009). Voigt (1889), Reuss 

(1929), and Hashin-Shtrikman (1963) bounds are the example models showing the upper and 

lower bounds (see Appendix B). Various applications from these bounds precisely represent rock 

behavior such as sorting, cementation and diagenetic trends. Also, the bound models give the 

widest boundaries for all possible rock properties, which can be a data quality control. 
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Transformation models 

Transformation models determine rock properties of different fluids without having a prior 

knowledge about microstructure of the rock. A transformation model helps determine rock 

properties of different fluids without doing an experiment. The Gassmann (1951) relationship is 

the geometry-free transformation model that converts an elastic bulk modulus at one fluid 

saturation into another fluid saturation (Berryman and Milton 1991). The later study introduced a 

transformation of measured dry velocity versus pressure to predict velocity versus frequency in 

fluid saturated rocks (Jizba 1991). The relatively free geometry assumption makes the 

transformation models become more generalized and practical to use. 

Computational models 

Computational models show the finite elements of the rocks by imaging rocks in 3D and 

performing machine calculation. For example, the computed-tomography (CT) scan performs 

finite element and finite difference calculations to present rock properties including its 

morphology. These numerical estimations do not assume idealized rock microstructures; thus, real 

features are observed (Avseth et al. 2010). However, the computation modeling branch is relatively 

new, so more research is required to improve the accuracy of this approach. 

1.3.2   Empirical model 

Empirical models are based on experimental observations and mostly they are a two-step 

process. The first step identifies the functions with unknown coefficients, and the next, calibration 

step determines the empirical coefficients by regression analysis. Examples of empirical models 

used in this study are regression equations from the studies of Tosaya and Nur (1982), Eberhart-

Phillips’ (1989), Nur (1995) and MacBeth (2004). Empirical models have an advantage of 
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simplicity. However, they are only valid under the specific conditions where the rock samples were 

experimented. 

1.3.3   Heuristic model 

Heuristic modeling is a nonmathematical way to relate rockphysics parameters through the 

explanations of each of the rock properties. For example, the Wyllie time-average equation relates 

porosity and velocity; and bound filling method (BAM) describes the rock elastic moduli ranging 

between upper and lower bounds together with a heuristic fluid substitution equation (Marion and 

Nur 1991). These theories are not derived from any experiments and cannot be justified by their 

first principles; however, they are practical due to the heuristic arguments. 

1.4   Chapter overviews 

Chapter 1 is the introduction. Chapter 2 presents and explains all literature data, and models 

used to first, develop two linear regression equations of bulk, shear moduli, and second, to 

conclude an overall observation of all rockphysics model predictions. It introduces steps for 

conducting the multivariate statistical modeling approach (principal component analysis and 

multiple linear regression analysis). This chapter also explains calculations for all variables used 

in the statistic steps, which are converting dry velocity measurements into saturated velocity 

values, calculating two elastic moduli from velocities, and estimating clay content from Gamma 

Ray log. Chapter 3 illustrates the results from applying this research work to predict elastic moduli 

in consolidated sands: experimental and well log data. The observations show that porosity and 

clay content are the two significant properties, affecting the changes in the two elastic moduli and 

there are linear relationships between porosity and clay content to the two elastic moduli. Chapter 

4 covers the analyses from applying the two linear regression equations of this research and the 



 

9 

 

other 12 rockphysics models to estimate elastic moduli in blindtest using experimental datasets for 

all models and well log blindtest datasets for this research’s model. Each result is compared to 

seek the best use of several rockphysics models. Chapter 5, application and conclusion, contains 

the possible applications of the developed modeling approach and the existing rockphysics models 

to quantify elastic properties of composites. All rockphysics models are convenient to replace 

laboratory test, and they are data check tools. This work can be applied to other lithology, even 

though this research only conducted on sandstone datasets. Appendix A contains all resulting 

crossplots from other existing models that are not included in the Chapter 3. Appendix B describes 

the important theories in details since these theories are parts of the equations, used in this research 

work. 
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CHAPTER 2 

DATA AND METHODOLOGY  

This chapter explains three steps of this study: data gathering, statistical analysis and 

forward modeling. Figure 2.1 shows the study workflow, which is described in the following 

paragraphs. 

 

Figure 2.1  Flowchart for the study shows the three analysis steps. 

 

2.1   Data gathering 

Rock properties of sandstones were gathered from published rockphysics papers, selected 

based on their sufficient samples and rock properties. A search for literature was first done to 

compile a sufficient dataset. However, some were discarded due to insufficient samples; thus, the 

literature was narrowed down to 11 references along with eight variables as described in Table 

2.1. The eight sources’ data are for modeling steps and three sources’ data are blind test. In the 

following paragraphs, I summarize each of the sample’s sources and the variables. 
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Table 2.1  Sample descriptions for lithology, locations and confining pressures of samples 

measured in the laboratory and well log information 

Lithology/ Formation Location 

Confining 

Pressure, 

Pc (MPa) 

I. Laboratory datasets for modeling 

1. Aztec sandstones (Flodin 2003) - Valley of fire, Nevada 60 

2. BQ field sandstones (Rasolovoahangy 2002) - BQ field, Canada 50-60 

3. Daqing sandstones (Prasad 1999) - Daqing oil field, China 60 

4. Glauconitic sandstones (Diaz 2001) - Columbia 40 

5. Hibernia and Ben Nevis sandstones (Prasad 

2000) 
- Canada 60 

6. Tight sandstones (Aliyev 2015) - Green River basin, Wyoming 60 

7. Han (1986) sandstones (Han, Nur and Morgen 

1986) 

Various sources 

- Offshore Gulf of Mexico  

- Quarry 

- Tight 

- Borehole 

40 

II. Blindtest datasets 

8. Brent group sandstones (Strandenes 1991):  - Oseberg field, the North Sea 40 

9. North Kalikpik Test Well No.1 (Legg and Brockway 1983) 

10. Tight gas sandstones well logging project: US DOE#DE-FC26-05NT42660 (Byrnes, et al. 2009) 

 

2.1.1   Rock properties summary 

The research selected the confining pressures used in laboratory measurement to be higher 

than crack (critical) pressures of all rock samples as shown in Figure 2.2 to Figure 2.9. Therefore, 

the analysis does not assess crack effects. All rock properties used for modeling are tabulated in 

the Appendix D, Table D.1. 
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Laboratory core measurements 

1. Confining pressure (Pc, MPa)  : 40-60 

These confining pressures are more than crack closure pressures for each of the sample sets 

(see explanation in the section 2.1.2) because of differences in mixtures of each rock sample. 

2. Physical properties 

o Porosity (, fraction): 0-0.31 

o Bulk density (� , g/cc):1.78-3.37 

o Clay content (clay, fraction): 0-0.51 

3. Elastic properties 

o P-wave velocity (Vp, km/s) 

o S-wave velocity (Vs, km/s) 

o Bulk modulus (K, GPa) 

o Shear modulus (, GPa) 

The two moduli, K and , are calculated from the Vp and Vs measurements by the equations: 

� = � � − �                                                                (2.1) 

 = � �                                                                        (2.2) 

When working with velocities, the changes in Vp, and Vs reproduce the changes in K, and 

 due to density (� ). To decouple this problem, the further analysis will only work with elastic 

moduli. The result should be similar; however, the density effect can show improvement in the 

regression models. Also, all dry elastic moduli are converted to water saturated moduli, so they 

can equally compare to measurements from well logs because the well conditions are not dry. This 

fluid effect is corrected by using Gassmann’s fluid substitution (1951) equation: 

� = � + ( −��  )
� ( −�� −�)+ ���                                       (2.3) 
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=                                                                       (2.4) 

where � is porosity (fraction); K and  are bulk and shear moduli (GPa); subscripts dry and sat 

refer to dry and saturated conditions; Kf is a fluid bulk modulus (GPa), which is assumed to be a 

water bulk modulus (2.29 GPa) in this research; and K0 is a matrix bulk modulus (GPa), which is 

a quartz bulk modulus. In this research, K0 is a function of clay content (fraction), K0 = 39-

1.7(clay). Note that this equation works only for shaly sandstones that are measured above 20 MPa 

confining pressure (Han and Batzle 2004). 

2.1.2   Literature source summary 

1. Aztec sandstones (Flodin 2003) 

The physical and elastic properties of Aztec sandstones are gathered from Flodin (2003). 

Flodin (2003) used the sandstones from Valley of Fire State Park, southern Nevada to study 

geometric evolution and flow characteristics of the faults in such sandstones. Bulk density of each 

of the samples was measured by a helium porosimeter at ambient laboratory conditions. Vp and Vs 

were collected by the pulse transmission technique as functions of pressure up to a maximum 

confining pressure (Pc) of 60MPa. The iron (Fe)-rich Aztec sandstones were categorized into two 

deformation domains, lower and upper domains with a transition domain between them. These 

three domains are characterized by differences in Vp, Vs, Pc, permeability (k) and porosity (�). In 

general, velocities increase with increasing Pc due to microcrack closure. Porosity and cementation 

are the two petrophysical parameters that are significant to categorize the Aztec sandstone’s 

deformation styles. 
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Figure 2.2  Pressure dependency of ultrasonic velocities plot of the Aztec sandstone data from 

Flodin (2003). The Pc is approximately 25 MPa. 

 

2. BQ field sandstones (Rasolovoahangy 2002) 

The physical and elastic properties of BQ field sandstones are gathered from 

Rasolovoahangy (2002). Rasolovoahangy (2002) used the sandstones from the well W2 in the 

Crossfield/ Delacour field in Canada (T24 R26 to T29 R29) to verify well log data, and to study 

permeability and pressure dependence on other rock properties. Porosity and velocities are 

collected by the same techniques as mentioned in the Aztec sandstone section, but a maximum 

confining pressure here is 50 MPa. The samples are mixtures of pebble to mudstone sized grains 

and show varieties of grain diagenesis patterns (uncemented sand; quartz overgrowth; cemented 

sands). X-Ray Diffraction (XRD) determined quartz and clay as main mineral compositions where 

some samples are pyrite and calcite cemented. In general, permeability can be predicted by velocity 

or porosity if lithology, sorting, grain size distribution and clay content of a rock are known. Note 
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that this research did not include outliers from the BQ field sandstones for model development 

(more explanations are discussed in Chapter 4). 

 

Figure 2.3  Pressure dependency of ultrasonic velocities plot of the BQ field sandstone data from 

Rasolovoahangy (2002). The Pc is approximately 20 MPa. 

 

3. Daqing sandstones (Prasad 1999) 

The physical and elastic properties of Daqing sandstones are gathered from Prasad (1999). 

Prasad (1999) used the sandstones from the Daqing oil field in China to study the pressure effect 

on elastic wave attenuation in dry and brine saturated rocks. Velocity measurements as functions 

of pressure up to a maximum confining pressure of 25 MPa were taken on uncleaned and cleaned 

(no hydrocarbon) samples in both parallel and perpendicular directions to bedding planes. In 

general, velocities increase with increasing confining pressure; and saturated samples have higher 

velocities than dry samples. Note also that all velocities from Daqing samples were interpolated 
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up to 40MPa using the velocity equation from Eberhart-Phillips (1989). This interpolation allows 

all sandstones to have the same confining pressure for the further analysis. 

 

Figure 2.4  Pressure dependency of ultrasonic velocities plot of the Daqing sandstone data from 

Prasad (1999). The Pc is approximately 8 MPa. 

 

4. Glauconitic sandstones (Diaz 2001) 

The physical and elastic properties of Glauconite sandstones are gathered from Diaz 

(2001). Diaz (2001) used the sandstones from the Caballos formation, Putumayo and upper 

Magdalena basins in Colombia to study the effect of glauconite clay mineral in sandstones along 

with the reservoir qualities of these glauconitic sandstones. Porosity and velocities were collected 

by the same techniques as mentioned in the BQ filed sandstone section, but a maximum confining 

pressure here is 40 MPa. This iron rich glauconitic sandstone forms a pseudo-matrix in primary 

porosity, which is not a typical shaly sandstone behavior. In general, velocities decrease with 
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increasing clay contents due to density and reservoir qualities increase with decreasing acoustic 

impedance. Note that this research did not include outliers from the glauconitic sandstones for 

model development (more explanations are discussed in Chapter 4). 

 

Figure 2.5  Pressure dependency of ultrasonic velocities plot of the Glauconitic sandstone data 

from Diaz (2001). The Pc is approximately 5 MPa. 

 

5. Hibernia and Ben Nevis sandstones (Prasad 2000) 

The physical and elastic properties of Hibernia and Ben Nevis sandstones are gathered 

from Prasad (2000). Prasad (2000) used these sandstones to study correlations between rock 

properties. Porosity and velocity of dry and water saturated samples were measured at ambient 

laboratory conditions, with the same techniques as described in the Aztec sandstone section. In 

general, velocities increase with decreasing porosity due to density. Also, velocities increase with 

increasing Pc due to microcrack closure. 
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Figure 2.6  Pressure dependency of ultrasonic velocities plot of the Ben Nevis sandstone data from 

Prasad (2000). The Pc is approximately 15 MPa. 

 

 

 

Figure 2.7  Pressure dependency of ultrasonic velocities plot of the Hibernia sandstone data from 

Prasad (2000). The Pc is approximately 20 MPa. 
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6. Tight sandstones (Aliyev 2015) 

The physical and elastic properties of tight sandstones are gathered from Aliyev (2015). 

Aliyev (2015) used sandstones from the Lance and the Mesaverde formations in the Jonah field in 

the Green River basin to develop reservoir rock typing workflows. In order to get various rock 

properties, Aliyev used the explained techniques in the BQ field section, and Mineralogy and 

Mercury Intrusion Capillary Pressure (MICP), Nitrogen gas adsorption, Nuclear Magnetic 

Resonance (NMR) and permeability measurement. The new reservoir rock typing method 

considered a pore size distribution together with porosity and permeability because a reservoir 

flow depends mainly on pore throat radius. 

 

Figure 2.8  Pressure dependency of ultrasonic velocities plot of the tight sandstone data from 

Alivey (2015). The Pc is approximately 25 MPa. 
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7. Han (1986) sandstone samples (Han, Nur and Morgen 1986) 

The physical and elastic properties of various sources of sandstones are gathered from Han 

(1986). Han (1986) used these sandstones to study the correlations of porosity, clay content and 

saturation on velocities. The 75 sandstones are subdivided into four groups: well consolidated 

quarry sandstones; consolidated borehole cores; poorly consolidated Gulf of Mexico sandstones; 

and very low porosity, tight gas sandstones. Porosity and velocity were collected by the same 

techniques as mentioned in the BQ field sandstone section. Clay content was collected by point 

counting on thin sections. In general, velocities decrease with increasing porosity and clay content, 

and their relationships fit with multiple linear regression trends. Furthermore, a water saturated 

sample shows significantly higher rock bulk modulus as compared to the same sample in a dry 

condition. 

 

Figure 2.9  Pressure dependency of ultrasonic velocities plot of the sandstones data from Han 

(1986). The Pc is approximately 10 MPa. 
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Blindtest datasets 

The following paragraphs explain three blindtest data used to test the rockphysics models 

and to assess their applications. 

8. Brent group sandstones (Strandenes 1991) 

The physical and elastic properties of Brent group sandstones are gathered from Strandenes 

(1991). Strandenes (1991) used the sandstones from the Oseberg field, the North Sea to understand 

acoustic waves in porous media and to predict reservoir quality of loosely consolidated, weakly 

cemented rocks. Porosity, velocities, and clay content were collected by the same techniques as 

mentioned in the Han (1986) section, but a maximum confining pressure here is 40MPa. Three 

dominant minerals are quartz, clay, and mica. Quartz is the main mineral, while clay and mica 

vary in each sample. The mica behaves like clay mineral so the total clay content is a sum of the 

two minerals. In general, velocities decrease with increasing porosity and clay content, and 

velocities depend on porosity more when rock has more cementation. This Brent group sandstone 

is selected for a blind test because of similar laboratory conditions and its illustration of the clay 

effect. It emphasizes a clay effect on velocities since the clay content of this Brent group is higher 

than the ones used in the modeling step. Thus, underestimations are expected. 

9. North Kalikpik Test Well No.1 (Legg and Brockway 1983) 

The wildcat North Kalikpik Test Well No.1, located in the SE ¼, 2766’ FNL and 2593’ 

FWL, of protracted section 3, T13N, R2W, Umiat Meridian National Petroleum Reserve in Alaska, 

was logged in 1978 by Husky Oil Company to observe stratigraphy and to investigate possible 

hydrocarbon reservoir in this area. The previous seismic survey of this area showed erosional 

channel sandstones, and the induction-laterolog later confirmed a clean zone for the selected depth 
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(2609 to 3450 feet). The core analysis showed mixtures of very fine to silt grained sandstones, 

which are composed of quartz, chert, and small carbonate fragments. This well is selected for a 

blind test because it provides both compressional and shear sonic logs. It also shows a clay effect 

on velocities since its porosity range is similar to this research, the misfits come mostly from clay 

content variations. 

10. Tight gas well log (Byrnes, et al. 2009) 

Mesaverde tight gas logging project was a two-year collaboration between the University 

of Kansas and the Discovery Group, Inc., in order to assess moveable gas-in-place resources in the 

tight gas sandstones from Western U.S. basins (Washakie, the Uinta, Piceance, Upper Greater 

Green River, and Wind River basins). The well data used was logged at the Wind River basin, 

Wyoming. The tight gas project used the wireline log evaluations of permeability, capillary 

pressure, and electrical properties of the rock for the analysis. This well is selected for a blind test 

because it shows a porosity effect on velocities. Since its clay content range is similar to this 

research, the misfits come mostly from porosity variations. 

2.1.3   Well log data calculations for clay contents 

Many log measurements are provided for each well log source, but this research assesses 

mainly sonic, porosity and gamma ray logs (GR log). The sonic logs report travel times of P- and 

S- wave, so the reciprocal of the travel times give Vp and Vs. Clay content can be calculated as a 

volume of shale from a GR log (Asquith, Gibson and Krygowski 1982); the shale cut-off line is 

selected at 40% clay based on the GR-depth plot observations (Figure 2.11). 
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Figure 2.10 Volume of shale versus depth plots of the tight gas Mesaverde project well data and 

the North Kalikpik, Alaska well data. The plots show shale cut off at 40%. 

To get clay content, the gamma ray log value was converted to volume of shale (Vshale) by 

using the Clavier (1971) equation and the clay content is then calculated by multiplying 0.7 to 

Vshale (Spooner 2014). There are other gamma ray relationships to determine Vshale such as linear 

relations, Larinov (1969) for young and old rock and Thomas and Steiber (1971). I selected 

Clavier’s equation because first, the formations have Cretaceous age, thus, the proper equations 

are either Larinov old rock (1969) and Clavier (1971) equations. Second, the Clavier (1971) 

equation gives the average shale volume as compared to existing gamma ray versus equations 

(Figure 2.11). Therefore, I chose the Clavier (1971) equation for volume of shale calculation. 
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Figure 2.11 Gamma ray versus volume of shale relations used to estimate volume of shale in 

different rock types. The Linear shows a 1:1 ratio, and YoungRock and OldRock refer to young 

rock’s and old rock’s equations from Larinov (1969) (modified from Spooner 2014).  

The Clavier’s equation is: 

 � ℎ ,� = . − ( . − � ,� + . )                             (2.5) � ,� = �− �� − �                                                         (2.6) 

where i is a depth index; Vshale is a volume of shale (fraction); IGR is the gamma ray index (fraction); 

GR is a gamma ray log value (API); GRmin is a minimum gamma ray log value (API); and GRmax 

is a maximum gamma ray log value (API). 

2.2   Statistical analysis 

Two steps of statistical analysis are principal component analysis and multiple linear 

regression. Principal component analysis technique or PCA is first conducted to get the least 

variables possible that correlate with all rock properties. This statistical technique is selected 
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because it does not require prior information for data analysis, which is suitable to limited data in 

this research. Then, multiple linear regression combines the selected physical properties and 

determines an equation that minimizes the data residuals. Linear regression analysis is selected 

because the two moduli and other rock properties are observed as linearly related. The following 

description of PCA is sourced mainly from Pedersen (2000) together with example plot from this 

research. 

2.2.1   Principal Component Analysis 

PCA indicates the percentages of each of the properties that describe the total variation of 

the whole data set. The method considers all input variables as components and it reduces 

uncorrelated components within the sample set. It finds co-linearity among the independent 

variables and determines the right combinations that best explain the total variation. 

 

 

Figure 2.12 Visual explanation of principal component analysis theory, showing sample a, and the 

multivariate mean (Modified from Pedersen 2000). 

 

In Figure 2.12, each square represents each data sample within a data cloud (all squares) in 

a 3 dimensional x1x2x3 cross-plot. The coordinate system is defined by the axes of the original 

PC1 
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variables for each analysis. The method then finds the multivariate mean and determines the axes 

which pass through this mean. The axis, going through the middle along the length of the rotated 

cloud, represents the first principal component PC1. This axis implies the largest variation in the 

shape of the data cloud, so PC1 minimizes projections from all points within the data cloud to the 

PC1 axis. The axis with a direction orthogonal to PC1 is the second principal component PC2; the 

axis with a direction orthogonal to PC1 and PC2 is the third principal component PC3.  

The resulting PCA correlation percentages are illustrated in a Pareto chart (Figure 2.13), 

which is a modified histogram that puts the highest frequency on the bar furthest to the left. The 

results from PCA are inputs in this research; thus, the Pareto chart axes are the order of principal 

components and their variance explained.  

 

Figure 2.13 Pareto chart example. The blue line shows cumulative percentage. 
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Note that the higher the number of the component, the less significance it has because it 

contains noise. The significant components in the Figure 2.13 are the first and the second 

components because they show approximately 92 percent out of the total 100 percent; but the few 

correlation percentages from the third component are negligible. PCA combines effects from 

component variables and results in a multivariate linear model, but this equation is not applicable 

because this research ignores insignificant component variables. Therefore, I chose a multiple 

linear regression for a regression analysis. 

2.2.2   Multiple linear regression 

Multivariate statistics is an analysis of two or more variables and their relationships 

between each other. As mentioned in the Literature Review section, many rock properties affect 

the changes in rock characteristics, where elastic rock properties and physical rock properties 

(specifically, porosity and clay content) are observed to be linear at a certain pressure. This 

research focuses on modeling multivariate linear regressions because the multiple linear regression 

is an extended linear regression to multiple observations. The general form of linear regression is 

= � + � + ⋯ + �  (2.7) 

In this research, a dependent variable y is elastic modulus; independent variables x are 

physical properties from the PCA step; and p are scaling coefficients corresponding to each of the 

physical properties. 

2.3   Forward modeling 

By blind testing the three datasets as listed in Table 2.1, the forward modeling step quality 

checks the models, and shows well log prediction applications. Table 2.2 summarizes 12 

rockphysics models from literature used to compare their results with this study because the 
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comparison results provide general limitations of each of the models. Henceforth, the model names 

are used in abbreviations.  

Table 2.2  Lists of theoretical and empirical rockphysics models from literature used to compare 

results to the result of this research 

- Model names - Abbreviation 

I. Pore geometry based theoretical models 

1. Nonself-consistent model (Kuster and Toksoz 1974) KT74 

2. Self-consistent model (Berryman 1980) B80 

3. Differential effective medium model (DEM) (Berryman 1992) B92 

II. Random spherical grain pack theoretical models 

4. Contact radius model (Digby 1981) D81 

5. Contact cement model (Dvorkin, Nur and Yin 1994) D94 

III. Linear empirical models 

6. Linear model 1 (Tosaya and Nur 1982) TN82 

7. Linear model 2 (Castagna, Batzle and Eastwood 1985) C85 

8. Linear model 3 (Han, Nur and Morgen 1986) H86 

IV. Nonlinear empirical models 

9. Pressure dependent nonlinear model 1 (Eberhart-Phillips, Han and Zoback 1989) EP89 

10. Averaging model (Krief, et al. 1990) K90 

11. Critical porosity model (Nur, et al. 1995) N95 

12. Pressure dependent nonlinear model 2 (MacBeth 2004) MB04 

 

These models are selected because they represent the main four rock physics model 

categories. The pore geometry based model and the random spherical grain pack model are main 

types of theoretical rockphysics models for well consolidated rock and loosely consolidate rock 

respectively. These models also include parameters such as pore geometry, cementation factor and 

coordination number that are not analyzed in this study. Thus, comparing the results to these 

theoretical models can support if parameters in this study are sufficient to match elastic properties 

of rock. Furthermore, for the empirical models, I select the linear empirical models because this 

research develops a linear model, so they are useful for comparison. Also, the nonlinear models 
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are helpful for checking if other forms of equation are more accurate than a linear form. These 

selected models are fundamental to develop recent rockphysics models and I explain their brief 

explanations as followings. 

2.3.1   Pore geometry based theoretical models 

1. The nonself-consistent Kuster-Toksoz (1974) model, KT74 model 

Kuster and Toksoz (1974) determined elastic rock properties using pore shape and moduli 

of the composite medium based on a study of a velocity attenuation of seismic waves in two-phase 

media: a host medium (m) and added inclusion media (i). Together with isolated non-interacting 

ellipsoidal pore assumptions, the KT74 model allows estimating the effective bulk and shear 

moduli as: 

���∗ −� � −�∗ − = ∑ � �� − � ��=     (2.8) 

KT∗ − m m+ζmKT∗ +ζm = ∑ xi i − � iNi=  with  ζ = m Km+ mKm+ m       (2.9) 

�pe y c acki = Km+ iKi+ i+π m (2.10) 

�pe y c acki = + mi+π m+ m + Ki+ i+ mKi+ i+π m            (2.11) 

β = m Km+ mKm+ m                                                         (2.12) 

where ��∗  and �∗  are the effective bulk and shear moduli (GPa); �  and are the mineral 

matrix bulk and shear moduli (GPa); � is a volume concentration (fraction); �and �are 

geometry coefficients. This research selects penny crack geometry equations, so the pore geometry 
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parameter (�) can be modified in order to get the closest geometric value to the true value as 

possible. Note that an ellipsoid always has three axes, where two of them are equal in length. The 

difference in the third axis’s length determines three shapes: prolate ellipsoid (needle-shape), 

oblate ellipsoid (disk-shape), and sphere. The third axis of the prolate pore is longer, the oblate 

pore is shorter and the sphere is equal. The three pore shapes can also be expressed in terms of a 

pore aspect ratio, . The  equals 1, >1, <1 refer to sphere, prolate and oblate pore geometry as 

shown in the Figure 2.14.  

 
Figure 2.14 3D schematic of (a) sphere, (b) ellipsoid, (c) oblate ellipsoid pore geometry. a and b 

are lengths of the major and minor axes respectively (modified from Ou, 2013). 

2. The self-consistent Berrymann (1980) model 

Berrymann (1980) introduced a self-consistent approximation (SCA) model to estimate 

rock elastic moduli for all macroscopic homogeneous, isotropic and elastic mixtures. The B80 

model is suitable for a slightly high inclusion concentration because it considers rock composite 

as a single rock unit instead of two phase media (Mavko, Dvorkin and Mukerji 2009). The B80 

equations are: 

∑ � �� − �∗ ∗� =�=   (2.13) ∑ � � − ∗ ∗� =�=  (2.14) 
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where �∗  and ∗  are bulk and shear effective moduli (GPa); ∗� and ∗� are geometry terms, 

which are the same as explained in the KT74 model section. 

3. The DEM Berrymann (1992) model 

Berrymann (1992) defined two coupled ordinary differential equations as differential 

effective medium model (DEM) for rock elastic modulus estimations. Berrymann (1992) 

explained that a host part first forms as a background material, then small ellipsoidal inclusions 

replace the host matrix until the final proportion is reached. The model is path dependence, but it 

does not represent the true rock development (Mavko, Dvorkin and Mukerji 2009). Since this 

research only considers the second phase as pore spaces, the B92 equations are: 

− � [�∗ � ] = �� − �∗ � (2.15) 

− � [ ∗ � ] = � − ∗ � (2.16) 

where �∗ , ∗ , Ki, � are the effective and initial bulk and shear moduli (GPa); f is an inclusion 

fraction (fraction); the initial conditions are �∗  = �  and  ∗  =  where 1 is phase 1 

(host material). P and Q are the same geometric terms as mentioned in the KT74 model section. 

2.3.2   Random spherical grain pack theoretical models 

4. The contact radius Digby (1981) model 

Digby (1981) developed a contact radius model based on the Hertz-Mindlin (1949) solution 

to estimate elastic moduli of two in-contact, dry spherical grains under a hydrostatic pressure 

condition. The normal and tangential stiffnesses occur when two grains are in-contact. The normal 

stiffness, � = −  is the ratio of an increasing confining force to a decreasing sphere radius. 
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Whereas, the tangential stiffness, �� = −  is the ratio of an increasing in a tangential force to an 

increasing in a tangential displacement from a center of a spherical grain. The D81 model adopted 

two Hertzian assumptions where first, the in-contact grains are elastic and identical in shape, and 

second, each grain pair is assumed to initially touch in a small, circular and flat area of radius a. 

The difference is that the D81 model does not assume smooth contact surface. The D81 equations 

are: 

� = −� �                                                             (2.17) 

= −� � + . ��                                            (2.18) 

= √ +                                                    (2.19) 

+ − � −−�� � =                                          (2.20) 

where �  and   are bulk and shear effective moduli (GPa); C is a coordination number 

(unitless); � is porosity (faction);  is Poisson’s ratio of matrix material (unitless); and P is 

confining pressure (GPa);  is an initial bonding ratio (fraction). Note also that there are several 

approaches to estimate a coordination number and this research selects Murphy’s (1982) equation, � ℎ = − � + �  due to porosity validations of all testing datasets. 

5. The contact cement Dvorkin (1994) model 

Dvorkin (1994) described effective bulk and shear moduli by adding a thin elastic cement 

layer concept to the D81 model. The D94 model considers cements as parts of a rock skeleton in 

three patterns: a grain contact cementation, a grain surface cementation, and a combination of 



 

33 

 

contact and noncontact cementation (Figure 2.15). This research studies pattern 1 and pattern 2 

cementations due to the lack of internal grain images. 

 

Figure 2.15 Cementation pattern by the D94 cementation model where shaded area represents 

adding cement, and circles are contact grains (Modified from Mavko et al. 2009).  

The �  parameter quantifies an amount of cement, which is parallel to the a/R ratio 

in the D81 model. In general, a cementation affects more on increasing elastic moduli than on 

decreasing porosity of a rock (Avseth, Dvorkin, et al. 2000). The D94 model equations are: � = � − � � + �   with  � = A � + B � + C               (2.21) 

= � + � − � �� with �� = Aτ� + Bτ� + Cτ                (2.22) A = − . Λ− .                                               (2.23) B = . Λ− .                                                  (2.24) C = . Λ− .                                             (2.25) Aτ = − − . + . + . Λτ. + . − .                       (2.26) Bτ = . + . + . Λτ. + . − .                    (2.27) Cτ = − − . + . + . Λτ. + . − .              (2.28) Λ = c − − c  π − c                                                  (2.29) 

Λτ = cπ                                                                   (2.30) 
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� ℎ  = � −�−� .
                                            (2.31) 

� ℎ  = � −�−� .
                                                 (2.32) 

where �  and  are effective elastic moduli (GPa);  is a Poisson’s ratio (unitless); C is a 

coordination number (unitless); �  and Sτ are normal and tangential stiffness (GPa); � is porosity 

(faction); � is an uncemented sand porosity (maximum porosity) (fraction); no subscript refers to 

a property of grain and subscript c refers to a property of cement. 

Note that these theoretical models were selected even though they are not suitable for 

cemented rocks to prove that a rockphysics model only matches properties of materials that lie 

inside the conditions used to develop the model. The mismatch predictions are expected from the 

D81 and D94 models because these models are suitable for spherical grain, loosely consolidated 

rocks. 

2.3.3   Linear empirical models 

In general, the linear relationships among the three properties, V=A-B�-C(clay) are valid 

when an experimental pressure is higher than a crack closure pressure. The resulting coefficients, 

A, B and C are derived from a regression analysis of each study. 

6. The linear empirical model 1 (Tosaya and Nur (1982) model)  

Tosaya and Nur (1982) experimented with brine and water saturated sandstones, and shales 

to study relationships between velocities and porosity and clay content. The study performed 

ultrasonic frequency measurements and expressed linear relationships of Vp and Vs by using 

porosity and clay content. The study showed that Vp is more sensitive to porosity than clay content. 

The empirical relationships of the TN82 are: 
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� = . − . � − . � �                                                    (2.33) � = . − . � − . � �                                                    (2.34) 

where Vp and Vs are P- and S- wave velocities (km/s) and � and � �  are porosity and clay content 

(fraction percent). 

7. The linear empirical model 2 (Castagna (1985) model) 

Castagna (1985) studied relationships between velocities in clastic silicate rocks and 

correlate velocities to porosity and clay content. The study performed ultrasonic frequency 

measurements and determined a linear relationship between the three parameters. The study also 

indicated an almost constant Vp to Vs ratio with rigidity equals to bulk modulus. The empirical 

linear equations of the C85 are: 

� = . − . � − . � �                                                    (2.35) � = . − . � − . � �                                                    (2.36) 

where Vp and Vs are P- and S- wave velocities (km/s) and � and � �  are porosity and clay content 

(fraction percent). 

8. The linear empirical model 3 (Han (1986) model) 

Han (1986) studied to relationship between physical and elastic properties of sandstones as 

explained in the Data Gathering section. The empirical linear equations of the H86 model are: 

� = . − . � − . � �                                                  (2.37) � = . − . � − . � �                                                  (2.38) 

where Vp and Vs are P- and S- wave velocities (km/s) and � and � �  are porosity and clay content 

(fraction percent). 
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2.3.4   Nonlinear empirical models 

9. The pressure dependent nonlinear model 1 (Eberhart-Phillips (1989) model) 

Eberhart-Phillips (1989) generalized previous velocity models for shaly sandstones by 

adding a pressure term because in general, velocities increases with increasing pressure. The EP89 

model is empirical due to a regression fit to her experimental samples. The two velocity equations 

are: 

� = . − . ϕ − .  √� � + . �e − e− . Pe               (2.39) 

� = . − . ϕ − .  √� � + . �e − e− . Pe              (2.40) 

where Vp and Vs are P- and S-wave velocities (km/s); � is porosity (fraction); clay is clay content 

(fraction); and Pe is an effective pressure (kbar). 

10. The averaging Krief (1990) model 

Krief (1990) combined velocity-porosity relationship and Biot coefficient () to 

approximate effective elastic moduli of dry rock. Krief (199) derived the  term to represent a 

degree of rock consolidation (m) from Raymer’s (1980) samples. The empirical K90 equations 

are: 

� = � − � with = −�                                    (2.41) 

where Mdry represents effective K and  (GPa); M0 represents mineral moduli (GPa); and � is 

porosity (fraction). Note also that since the K90 model assumes a dry rock’s Poisson’s ratio as its 

mineral Poisson’s ratio, only a porosity effect is sufficient to estimate elastic rock properties.  

11. The critical porosity Nur (1995) model 
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Nur (1995) used a critical porosity (� ) idea from Nur (1992) to estimate elastic moduli of 

a rock. The critical porosity separates rock’s mechanical and acoustic behaviors into a load-bearing 

and suspension domain. The rock framework has no solid connectivity in suspension domain, but 

it is grain supported in a load-bearing domain. In general, elastic moduli-porosity relationships are 

approximately linear when rock is load-bearing and its moduli are similar to Reuss (isostress) 

approximations. Combining the �  concept and the Reuss approximations, the N95 equation is: 

� = � − ��                                                        (2.42) 

where M refers to the two elastic moduli (GPa), � is porosity (fraction). The subscript dry, m and 

c refer to dry, mineral and critical conditions.  

12. The pressure dependent nonlinear model 2 (MacBeth (2004) model) 

MacBeth (2004) used dry, cemented reservoir cores with cementations under a series of 

confining pressures to study a pressure dependence and a fluid compressibility effect on elastic 

rock properties. In general, the pressure dependence is a crack-intensity indicator where the highest 

stress (pressure) sensitivity occurs in the clean, moderate porosity samples and the lowest effect 

occurs in the low porosity with high consolidation samples. The MB04 equations are: 

� = �∞+ � − ���  with � = �∞ − �                                        (2.43) 

= ∞+ � − ���  with � = ∞ −                                        (2.44) 

where �  and  are the estimated bulk and shear modulus of the dry samples (GPa); �∞ and 

∞are moduli at background, high-pressure asymptotes (GPa); P is confining pressure (MPa);  

and  are crack closure pressures (MPa) that bulk and shear modulus were measured. MacBeth 
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(2004) used an asymptotic equation to satisfy a high pressure regime, so this MB04 model applies 

to both consolidated and unconsolidated rocks. 

The next steps are (a) applying physical rock properties of modeled sandstones and blind 

test sandstones/well logs are applied to all equations; (b) comparing the modulus predictions to 

measurements by cross plotting; (c) calculating R2 and standard deviation for an error analysis. 

In sum, this chapter lists modeled and tested datasets, analysis steps and rockphysics 

models from literature. The results are expected to be different because each model has different 

principals. Next, Chapter 3 presents results after conducting multivariate statistical analyses. 
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CHAPTER 3 

RESULTS 

This chapter shows results from a correlation analysis, a multivariate statistical analysis, 

and model building. The correlations between variables show linear relationships between elastic 

properties and bulk density, porosity and clay content. These relationships are quantified by the 

PCA and the multiple linear regression analyses that return regression equations of elastic 

properties (Table 3.3). 

3.1   Correlation analysis 

The observations show that approximately, velocities linearly increase with decreasing 

porosity and clay content, but velocities linearly decrease with decreasing bulk density. Figure 3.1 

to Figure 3.5 illustrate relationships between five rock properties: wave velocities, elastic moduli, 

porosity, bulk density, and clay content. 

3.1.1   Bulk densities vs. elastic properties 

In general, the elastic properties increase with increasing bulk density (Figure 3.1). High-

density outliers from a mineralogy effect are clearly shown in the modulus plot. These outliers 

have higher densities than other samples because some of the glauconitic sandstones (Diaz, 2001) 

and the BQ field sandstones (Rasolovoahangy, 2002) are carbonate and/or pyrite cemented. Since 

using the modulus plot decouples the density effect better, this research selected the elastic moduli 

for modeling instead of velocities. The linear fit equations are Vp = 5.26-6.42 with R2 equals to 

0.68; Vs = 3.15-3.68  with R2 equals to 0.49; K =36.87-96.85 with R2 equals to 0.68; and  = 

25.29-61.64 with R2 equals to 0.65.  
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Figure 3.1  P-wave velocity versus S-wave velocity plot (top) and bulk modulus versus shear 

modulus plot (bottom), color coded by bulk density for all sandstone core samples as measured 

in the laboratory. 
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3.1.2   Porosity vs. Elastic properties 

In general, the elastic properties decrease with increasing porosity (Figure 3.2) because 

waves can travel through solid grain faster than rock void spaces. The linear fit equations are Vp = 

1.28+1.28� with R2 equals to 0.38; Vs = 1.13+0.62�   with R2 equals to 0.18; K =-36.87+25.07�  

with R2 equals to 0.71; and  = -16.84+13.92�  with R2 equals to 0.42. 

 

 

Figure 3.2  P-wave velocity versus S-wave velocity plot (top) and bulk modulus versus shear 

modulus plot (bottom), color coded by porosity for all sandstone core samples as measured in the 

laboratory.  
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3.1.3   Clay content vs. Elastic properties 

In general, the elastic properties decrease with increasing clay content (Figure 3.3) because 

waves travel slower in clay than solid grain. The linear fit equations are Vp = 4.38-0.17clay with 

R2 equals to 0.0014; Vs = 2.73-0.78clay with R2 equals to 0.062; K =19.24+19.91clay with R2 

equals to 0.09; and  = 15.62-1.39 with R2 equals to 0.001. Note that the R2 of these four equations 

are very low, even though the crossplots show clearly linear trend, because the clay content 

distribution of this sandstone set is right skewed (more on Discussion section) (Figure 4.2). 

 

 

Figure 3.3  P-wave velocity versus S-wave velocity plot (top) and bulk modulus versus shear 

modulus plot (bottom), color coded by clay content for all sandstone core samples as measured 

in the laboratory. 
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3.1.4   Bulk density vs. Porosity 

In general, porosities decrease with increasing bulk densities (Figure 3.4) due to stiffness 

reduction in a porous material. Two linear trends (Han (1986) data’s trend and the other sample’s 

trend) are present. To quality check the data, the mineral density of these trends is identified by 

extrapolating the two linear trend lines to the zero porosity (horizontal axis interception). The two 

intercept points are 2.7 g/cc, which is around the sandstone density. This implies an insufficient 

knowledge of only the lithology of a rock to indicate exact values of rock properties. Note also 

that the mineral effect is highlighted here by high density outliers. 

 

Figure 3.4  Bulk densities versus porosities for all sandstone core samples as measured in the 

laboratory, showing two linear trends. 

 

3.1.5   Clay content vs. Porosity 

Figure 3.5 shows no clear correlation between the two properties. A high porosity rock 

tends to have low amount of clay because cementation and pore filling reduces internal void 
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spaces. However, these effects are not always true according to the Aztec sandstone examples in 

the Figure 3.5; thus, no relationship between clay content and porosity is illustrated. 

 

Figure 3.5  Clay content versus porosities for all sandstone core samples as measured in the 

laboratory. 

 

3.2   Multivariate analysis and model buildings 

A principal component analysis (PCA) was done first to reduce data redundancy from all 

input variables. A multiple linear regression analysis was performed on remaining variables to 

solve for multivariate regressions of bulk (K) and shear () modulus. 

3.2.1   Principal component analysis (PCA) 

Principal component analysis shows that porosity, clay content, and bulk density explain 

the total variation of all input variables respective to their component orders as the PC values, 

reported in Table 3.1 and Table 3.2. Two pareto chart shows percentages of variation explained of 

the three properties (Figure 3.6). The PCA step extracts only important information and simplifies 
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the system into as least variables as the main information presents. Bulk density is not included in 

the further analysis because (a) it is the last principal component where in general, the high order 

of principal component contains errors (Pedersen 2000) and (b) more than 90 percent of the whole 

variations are explained by porosity and clay content. This bulk density parameter also contains 

information about other minerals than quartz (for sandy part) and clay (for shaly part); however, 

the objective of this research is to develop elastic modulus equations for only shaly sandstones. 

Then the regression equation has a form: K,  = A– B( ) – C(clay) where A is an ideal quartz 

moduli, and B, C are coefficients, scaling by the contributions of porosity and clay content to the 

variation of this system. 

3.2.2   Multiple linear regression analysis 

Multiple linear regression analysis combined the effects of all the physical properties on 

elastic properties (velocities and moduli) and determined linear regression equations. The PCA-

selected physical properties are independent variables and velocities are dependent variables in 

this study. Note that multiple linear regression analysis was conducted to recalculate A, B, C 

coefficients even though the PCA also provides scaling coefficients because this study excluded 

the bulk density term as discussed. The  Table 3.3 summarizes Vp, Vs, K, and  regression equations 

and statistical uncertainties. These regression equations are empirical relationships.  is porosity, 

and clay is clay content in fraction percent. The water saturated Vp,sat, and Ksat equations are derived 

from Gassmann’s (1951) fluid substitution equations. Henceforth, the results from these multiple 

linear regressions are called the AK17 models. 
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Figure 3.6  Pareto plot shows PCA result for bulk modulus (top) and shear modulus (bottom) of 

the sandstone samples as measured in the laboratory. Blue line shows cumulative percent. 
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Table 3.1  First, second, and third PC values for bulk modulus 

Variables PC1 PC2 PC3 

Bulk modulus -0.53 -0.45 -0.06 

Porosity 0.56 0.24 0.51 

Clay content -0.33 0.84 -0.34 

Bulk density -0.55 0.18 0.79 

 

Table 3.2  First, second, and third PC values for shear modulus 

Variables PC1 PC2 PC3 

Shear modulus -0.51 -0.51 -0.01 

Porosity 0.58 0.16 0.56 

Clay content -0.29 0.81 -0.32 

Bulk density 0.56 0.21 0.76 

 

Table 3.3  Summary results of ultrasonic Vp, Vs, K, and   multivariate linear regressions, R2, and 

standard deviation (SD) of each of the sample residuals 

Regressions R2 SD 

Vp, dry = 5.58 – 7.10() – 1.99(clay) 0.854 0.192 

Vp, sat = 5.65 – 7.36() – 1.84(clay) 0.737 0.223 

Vs = 3.54 – 4.72() – 2.01(clay) 0.832 0.144 

Kdry = 35.83 – 88.45() – 4.16(clay) 0.722 3.869 

Ksat = 37.19 – 80.04() – 2.70(clay) 0.788 2.951 

 = 29.21– 72.43() – 21.10(clay) 0.804 2.344 
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CHAPTER 4 

DISCUSSION 

Theoretical and empirical models from literature, discussed in previous chapters are 

compared and contrasted by focusing on predictions of bulk and shear moduli. The goal of my 

model fitting is to look for the best fit with the least number of parameters that explain data and 

are easily available. For theoretical models, the various modeling approaches used in this study 

show similar predictions if they have similar assumptions. Empirical models work under specific 

conditions and properties at which they were developed. Here, I present the modeling results from 

the blind tests and discuss possible sources of errors that are cumulative from each analysis step.   

4.1   Forward modeling and model comparison 

The results of the AK17 model applied to three datasets, the Oseberg laboratory data, and 

data from both wells (Mesaverde and Kalikpik) as a blind test are presented in Table 4.1. Since 

laboratory data were used to develop the AK17 model, Table 4.1 shows that it has limited 

applicability to well log data. Given that empirical models (TN 82, C85, H86, EP89, K90, N95, 

AK17) were developed using laboratory data, a blind test for these models were only made with 

the Oseberg laboratory dataset. Table 4.1 summarizes the statistical errors for all four model 

groups where the plots showing the model prediction comparisons with data are present in 

Appendix A. Noted that the MB04 model was only tested with a subset of the modeled data due 

to the limitation of required parameters. As a result, the reported statistics numbers are calculated 

from using only a subset of data. 
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4.1.1   The AK17 model 

Modeled sandstones 

Figure 4.1 shows crossplots of measured versus estimated bulk and shear moduli, including 

Oseberg data. The AK17 model matches elastic moduli of laboratory dataset within +/-1SD and 

shows few outliers. This result shows a use of a multivariate statistical modeling to laboratory 

dataset. The outliers from glauconitic sandstones (Diaz, 2001), BQ Field sandstones 

(Rasolovoahangy, 2002) and blind test sandstones (Stradenes, 1999) highlight a mineralogy effect 

on elastic rock properties. The glauconitic sandstones contain calcite, and the BQ field sandstones 

have calcite and pyrite cements. Since calcite and pyrite are stiff minerals (Kcalcite = 77 GPa, calcite 

= 32 GPa, Kpyrite = 147 GPa and pyrite = 132 GPa), their composite bulk moduli are higher than 

shaly sandstones. Note that the AK17 model did not include these outliers from the BQ sandstones 

and the glauconitic sandstones for model development. The AK17 model underestimates all 

moduli with stiff cements (calcite and pyrite) since it is developed for sandstones with weak 

cements (clay minerals).  

Blindtest sandstones 

The AK17 model is also not suitable in Oseberg sandstones with higher porosity and higher 

clay content, causing under-prediction of shear moduli. A possible reason is differences in 

Poisson’s ratio (  between clean sandstone and shaly sandstone. The Vp:Vs is proportional to 

Poisson’s ratio where = . [ �� − ][ �� − ]. The clean sandstone has lower Poisson’s ratio than shaly 

sandstone. The AK17 model was developed from cleaner sandstones than blindtest sandstones 
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(Figure 4.2), so the estimated Vs from the AK17 model should overestimate the blindtest data. 

However, the AK17 model prediction underpredicts the shear moduli of the blindtest samples. The 

possible explanation is that porosity influences elastic moduli more than clay content does. The 

range of porosity used to model the AK17 model is between 0-35% where the most sandstones 

have porosities 10-15%, but the blindtest data has porosity from 5-30% as shown in the histogram 

in Figure 4.3. The clay content used to model the AK17 model ranges between 0-55% where the 

most sandstones have porosities 0-15%, but the blindtest data has clay content from 0-60% as 

shown in the histogram in Figure 4.2. The AK17 model overcompensates this higher porosity and 

clay content in the shear modulus plot of Figure 4.1. 

Note that one possible source of uncertainties comes from a measurement error of rock 

properties, obtained from literature because each measurement contains errors from the true rock 

properties. The propagated measurement errors from the literature are about 3% showing, 

cumulative uncertainties from 1% porosity (Rasolovoahangy 2002) and 2% clay content 

uncertainties (Zhou, et al. 2108). The measurements are made in the laboratory that reflect 

simulated reservoir environments, which cause inaccurate effects of pore fluids on seismic 

properties (Dewar and Pickford 2001). The porosity measurement from the Helium porosimeter 

technique has potential problems from each measurement step. For example, the inconsistent 

drying temperatures between each of the oven-dried labs cause the moisture variation in each 

sample, and the slow leakage during the gas diffusion step is also a possible error (Kuila 2013). 

Therefore, the statistical analysis includes measurement errors that propagate into the linear 

regression equations where residuals of each of the samples present the statistical errors. 
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Table 4.1  Summary R2 and SD results along with the sensitive parameters for the 12 investigated 

models 

Model names 
R

2
 SD 

Equation form 
K  K  

I. This research model (sensitive to porosity; clay content) 

AK17 – laboratory datasets 0.76 0.31 2.58 1.41 

y=ax+by+c AK17 – North Kalikpik, well log 0.72 0.66 2.61 2.61 

AK17 – Mesaverde well log 0.41 0.41 0.82 0.75 

II. Pore geometry based theoretical models (sensitive to pore geometry (α) 

KT74 (Kuster and Toksoz 1974) 0.72 0.67 4.83 4.40 

y=f(,α,lithology) B80 (Berryman 1980) 0.72 0.67 4.88 4.90 

B92 (Berryman 1992) 0.72 0.67 4.75 5.28 

III. Random spherical grain pack theoretical models (sensitive to initial contact area 

(a/R); cementation factor (αc) 

D81 (Digby 1981) 0.68 0.63 6.12 3.59 
y=f(, C, Sn, S) 

D94 (Dvorkin, Nur and Yin 1994) 0.65 0.63 5.22 3.74 

IV. Linear empirical models (sensitive to porosity; clay content) 

TN82 (Tosaya and Nur 1982) 0.83 0.48 1.82 1.68 

y=ax+by+c C85 (Castagna, Batzle and Eastwood 1985) 0.82 0.55 1.23 2.08 

H86 (Han, Nur and Morgen 1986) 0.79 0.39 2.38 1.40 

V. Nonlinear empirical models (sensitive to porosity; clay content; pressures) 

EP89 (Eberhart-Phillips, Han and Zoback 1989) 0.72 0.59 2.32 1.85 y=ax+by+c 

K90 (Krief, et al. 1990) 0.51 0.40 4.85 5.62 
y=f() 

N95 (Nur, et al. 1995) 0.50 0.39 5.41 6.26 

MB04 (MacBeth 2004) 0.87 0.94 4.21 1.66 
Background pressure, 

Crack closure pressure 
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Well logging data 

Figure 4.4 and Figure 4.5 show prediction results of two logging datasets. The AK17 model 

overestimates bulk modulus and underestimates shear modulus of the North Kalikpik well (Figure 

4.4). On the other hand, the AK17 model underestimates bulk modulus and overestimates shear 

modulus of the Mesaverde well log (Figure 4.5). In general, the AK17 model is not suitable for 

well log measurement predictions, using the six percent errors because the PCA step reduced the 

bulk density term which has approximately six percent of the total variation. Three possible 

sources of errors are: 

 

Figure 4.1  Crossplots of measured moduli versus the AK17 model predictions of bulk modulus 

(top) and shear modulus (bottom) of the sandstone cores, dotted line shows +/- 1 standard 

deviation. 
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Figure 4.2  Histogram of clay contents data from modeled sandstones and blind test sandstone 

(Oseberg) data. This histogram shows that the clay contents of the blind test samples are higher 

than the majority of the modeled sandstones, causing deviations as discussed in texts. 

 

 

 

Figure 4.3  Histogram of porosity data from modeled sandstones and blind test sandstone 

(Oseberg) data. This histogram shows that the porosities of the blind test samples are higher than 

the majority of the modeled sandstones, causing deviations as discussed in texts. 
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 (a) Dispersion effect from differences in measurement frequencies: the AK17 model was 

developed using ultrasonic data (~MHz) whereas logging data were collected at a lower frequency 

range (up to kHz). Dispersion effects would lead to overestimation of bulk and shear moduli, but 

this frequency difference is not the only reason because the overestimation only appears on a 

Mesaverde well log’s shear modulus prediction (Figure 4.5); 

 (b) Vs estimation and fluid substitution calculations: the Alaska well data does not provide 

a dipole sonic log data, so I calculated Vs from Vp by modifying the Vp and Vs relations in Table 

3.1. In the fluid substitution step, the modeled K0 and assumed Kf (2.2 GPa) might be potential 

sources of error because the wellbore conditions are varied throughout a depth of investigation 

(see Chapter 2 for the variable explanations); 

 (c)  The borehole environments are often affected by factors such as stress concentration, 

hole washout, mud filtrate invasion, and saturation conditions (Dewar and Pickford 2001). As a 

result, errors in the logs and varying borehole and reservoir conditions lead to more error that 

might accumulate to errors from the past analysis steps. 

The suggestion for developing a model to predict well log measurements is a nonlinear 

form of an equation because log measurements are pressure dependent (the deeper a formation is, 

the higher pressure it is under). This violates the pressure independent assumption of this study 

and reflects on an improper linear AK17 model. A logging operation is also sensitive to numbers 

of factors such as borehole and logging tool conditions as discussed where these conditions cannot 

be quantified as model parameters. Only uncertainties from the logging reports help identify 

propagated uncertainties onto the recorded measurements.  
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Figure 4.4  Plots of Gamma Ray (GR) log, porosity (�) log, and the well measurements versus 

the AK17 model predictions of bulk modulus and shear modulus of the Legg and Brockway 

(1983) North Kalikpik, Alaska well log. 

 

     

Figure 4.5  Plots of Gamma Ray (GR) log, porosity (�) log, and the well measurements versus 

the AK17 model predictions of bulk modulus and shear modulus of the Byrnes (2009) 

Mesaverde well log. 
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4.1.2   Pore geometry based theoretical models 

The KT74, B80, and B92 models give similar modulus estimations (based on R2, SD, and 

plots in Appendix A.1-A.3) and they match bulk modulus, but overestimate shear modulus. The 

predictions show few outliers from a mineralogy effect. I analyze two problems from these pore 

geometry based models here.  

An inclusion geometry parameter (α) was adjusted to get the best prediction for all models. 

Figure 4.6 shows that a rock with flat pores is less stiff as compared to a rock with round pores, 

and elastic moduli are sensitive to the change in the lower  parameter range (0 to 0.4). The optimal 

α is 0.13, meaning very thin disk-shaped pores (cracks). With this optimal α, bulk modulus is well 

predicted but shear modulus is overestimated.  

 

Figure 4.6  Crack aspect ratio () sensitivity plot, showing increasing moduli as the pores 

become more rounded. 

The over-prediction of shear modulus by effective medium models has been observed 

(Avseth and Skjei 2011) and is reflected in the KT74, B80, and B92 model fits here as well. Shear 

modulus is more sensitive to the mineralogical composition of the sediment than bulk modulus 
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(Dvorkin, et al. 1999), thus the model may match bulk moduli but not shear moduli. Another 

possibility is the two-phase material assumption. This research considers the case where quartz is 

a background phase, and void space is an inclusion phase. Adding an inclusion phase 

systematically softens the background material, which is not always true. The interactions between 

void space and rock frame may occur due to residual pore fluid, which can alternatively increase 

stiffness (Dutta, Mavko and Mukerji 2010) or decrease stiffness (Zhang and Bentley 2003). Here 

describes observations from each model prediction:  

(a) The KT74 model matches bulk moduli but overestimates shear moduli. Outliers on the 

bulk modulus plot present a mineralogy effect (Figure A.1).  

(b). The B90 model predicts bulk moduli but overestimates shear moduli. It shows outliers 

in the bulk modulus plot, which emphasizes a mineralogy effect (Figure A.2).  

(c). The B92 model works for bulk modulus prediction but shows over-predicted shear 

moduli. The result also emphasizes a mineralogy effect by outliers in the bulk modulus plot (Figure 

A.3). 

4.1.3   Random spherical grain pack theoretical models 

The D81 and the D94 models are not suitable for estimating elastic moduli in this research 

as shown in the plots Appendix A.4-A.5. One possible cause is theory assumption that is suitable 

for granular materials. The D81 and the D94 models work for high porosity (>30%) and low 

cementation rocks, but tested samples are well cemented and have 0% to 30% porosity (Avseth 

and Skjei 2011). This modeling type is recommended for rocks having almost or perfect sphere 

grains (Murphy, Reischer and Hsu 1993). Another possible error comes from approximations of 

three input parameters: C, a/R and c. In this research, C was estimated using Murphy (1982)’s 
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empirical equation, and a/R and c were selected based on best fit. To accurately quantify these 

three parameters, high resolution imaging techniques are required. Figure 4.7 shows sensitivities 

of a/R to the changes of bulk and shear moduli in sandstones. An optimal fit to the data is obtained 

using a/R equal to 0.45, meaning 45% of the neighbor grains are in contact. This a/R value does 

not fit with a point (small) contact of spherical grains of the Hertzian spherical grain (Dutta, Mavko 

and Mukerji 2010). 

 

Figure 4.7  Initial bonded area to grain (a/R) sensitivity plot, showing increasing moduli as the 

grains become more in-contact. 

 

 

Figure 4.8  Cementation pattern by the D94 model, showing quartz grain surfaces and clay cement 

(Modified from Mavko, Dvorkin and Mukerji 2009). 
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The optimal fit c shows that sandstones are clay cemented at the grain surface (Figure 

4.8). The cementation pattern is assumed constant by the D94 theory for each rock. However, since 

rocks are inhomogeneous, the D81 and D94 models might not work for the sandstones used in this 

research due to cumulative errors from input approximations and erroneous assumptions. Here, I 

discuss prediction results from each model:  

(a) The D81 model underestimates bulk moduli and overestimates shear moduli of the 

tested data (Figure A.4). This model does not work because it is suitable for unconsolidated 

granular materials (as discussed).  

(b) The D94 model overestimates bulk moduli and underestimates some shear moduli 

(Figure A.5). This model is also suitable for unconsolidated granular materials, so it does not match 

elastic modulus measurements in this research. 

4.1.4   Linear empirical models 

The TN82, the C85 and the H86 models show results that are mostly in agreement with the 

true measurements where few outliers emphasize a mineralogy effect as shown in the plots of 

Appendix A.6-A.8. Note also that regardless of modeling approaches (multivariate statistical 

approach or experimental approach); their predictions are similar when rock samples used to derive 

equations have similar conditions and properties. I discuss observations from results of each model 

here:  

(a) The TN82 model matches both bulk and shear moduli because a majority of the tested 

samples are shaly sandstones, like those used by Tosaya and Nur (1982) to develop the TN82 

model (Figure A.6).  
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(b) The C85 model matches both bulk and shear moduli because a majority of the testing 

samples have a similar condition to the samples used to derive the C85 model (Figure A.7).   

(c) The H86 model matches both bulk and shear moduli because majority of testing dataset 

comes from Han et al. (1986) (Figure A.8). 

The four linear empirical models (the TN82, the C85, the H86 and the AK17 models) all 

have the same form of elastic property regression equations where K, , Vp, Vs = A -  B(ϕ) - C 

(clay). Here, I calculate Poisson’s ratios () at zero porosity and zero clay content for  of 

these models. The equation for Poisson’s ratio is 

= � � − �� � + �                                                (4.1) 

where  is Poisson’s ratio (fraction) and �  and �  are bulk and shear moduli at 

zero porosity and zero clay content (GPa).  

Table 4.2  Bulk modulus, shear modulus and Poisson’s ratio at zero porosity and zero clay content 

of the four empirical, linear models (the AK17, the TN82, the C85 and the H86 models) 

Model Kquartz (GPa) quartz (GPa)  (fraction) 

AK17 37.2 29.2 0.197 

TN 82 (Tosaya 1982) 40.8 36.3 0.157 

C85 (Castagna, Batzle and Eastwood 1985) 35.4 40.3 0.087 

H86 (Han, Nur and Morgen 1986) 39.8 32.5 0.179 

 

These moduli and Poisson’s ratios (Table 4.2) should ideally match with Kquartz  quartz and 

 of pure quartz which are  Kquartz = 38 GPa and quartz = 44 GPa and the  is 0.08  

(Mavko, Dvorkin and Mukerji 2009). The observations from Table 4.2 are (a) none of the  

in Table 4.2 is 0.08; (b) The bulk modulus values are closed to the Kquartz for all three models 
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whereas the shear modulus values are all less than the quartz. The calculated shear modulus of each 

model which is less than the theoretical value of the quartz mineral ( quartz) causes each model’s 

Poisson’s ratio to become higher than the theoretical value of the quartz mineral ( ). In 

reality, the shear modulus of sandstone would not reach the quartz value. The C85 model shows 

the highest quartz value, and my AK17 model shows the lowest quartz value. This corresponds their 

modeled clay content inputs where the C85 model has the highest clay content range and the AK17 

model has the lowest clay content range. Two possible reasons are (a) clay content would affect 

the shear modulus of sandstones because it is a deformable substance, causing rock to become 

very sensitive to a small incremental amount; (b) this research only considers an in-contact clay 

where in reality, the clay may not be in-contact. 

4.1.5   Nonlinear empirical models 

The nonlinear empirical models show different predictions because their equation forms 

are different except from the K90 and the D95 models (discussed in the following). In general, 

outliers still emphasize a mineralogy effect and sufficient elastic moduli estimation requires at 

least porosity and clay content. Here is the discussion of each model prediction result. 

 (a) The EP89 model matches measurements of bulk and shear moduli and presents outliers 

due to a mineralogy effect (Figure A.9). This model includes nonlinear clay content (clay0.5) and 

pressure terms. This clay power difference improves predictions of the samples with clay content 

higher than 20% as compare to that of linear models (the TN82, the C85, the H86, the AK17), 

even though Eberhart-Philips (1989) mentioned that modifying a clay’s power is insignificant. 

Thus, adding a pressure term and modifying a clay term make the EP89 model become superior 

for estimating elastic moduli of high clay content samples.  
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(b) The K90 model sufficiently matches measurements of bulk and shear moduli and shows 

outliers from a mineralogy effect (Figure A.10). This model uses only porosity to estimate elastic 

moduli and its prediction results of both bulk and shear modulus have lower R2 than that of models 

including porosity and clay content (Table 4.1). This highlights an insufficiency of using porosity 

alone to estimate elastic properties, which supports the PCA result.  

(c) The N95 model sufficiently approximates elastic moduli of the tested sandstones 

(Figure A.11), and gives the very similar results to the K90 model because all tested samples have 

porosities less than a sandstone’s critical porosity (~40%) as shown in the Figure 4.9. The N95 

model also represents an insufficient use of porosity alone to thoroughly match elastic rock moduli.  

(d) Due to data limitation, a subset of samples was selected to test the MB04 model since 

the MB04 model requires a crack closure pressure and zero pressure moduli as inputs. The MB04 

model matches measurements of bulk and shear moduli of this subset sample, and shows outliers 

due to a mineralogy effect (Figure A.12). The MB04 model better matches measurements of elastic 

moduli as compared to other models in this study based on R2 results, meaning that the MB04 

model is suitable for estimating elastic moduli when knowing all required rock properties. 

 

Figure 4.9  Normalized bulk and shear moduli (by mineral moduli) as estimated by the K90 

model (as shown Krief model) and N95 model (as shown Critical-porosity model) (Mavko, 

Dvorkin and Mukerji 2009). 
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4.2   Error analysis 

The corresponding errors in this study come from three sources:  statistical analysis errors, 

lab measurement errors, and borehole measurement errors. The lab and borehole measurement 

errors are discussed in Section 4.1.1. The assumption from PCA and dependency between 

variables are two possible reasons of statistical errors. (a) The two modulus variations must be 

explained by linear relationships of porosity and clay content, which should be independent 

according to the PCA assumption. However, relationships among these rock properties are not 

perfectly linear and are interrelated (Figure 3.1 to Figure 3.3 and the reported SD and R2 in Chapter 

3). (b) A dependency between porosity and clay content causes statistical error because the clay 

has its porosity (Tosaya and Nur 1982), but the regression equation does not include this clay’s 

porosity. The reported SD and R2 values are quantified from predictions; however, these 

uncertainties are 3D-uncertainties because they are a combination of measurement errors (lab and 

logging measurements), a statistical approximation error and a prediction error itself.  

In summary, each of the discussed rockphysics models provides their uses under specific 

assumptions: there is no one model that matches all cases. Researchers should select the right 

model for predictions specific to the conditions and known parameters to avoid possible prediction 

errors. The errors from laboratory and well log measurements and the uncertainties from the two 

statistical analyses lead to a cumulative uncertainty in this forward modeling step. 
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CHAPTER 5 

CONCLUSIONS 

This chapter presents conclusions for thesis research with applications and suggestions for 

using the discussed models. In general, rockphysics modeling can be applied to any rock type; this 

research is limited to sandstones. I show how rockphysics models are helpful for modeling specific 

rock types and conditions.  

This research may be used, for example, as (a) quality check data: bad data or change in 

lithology; and (b) a systematic misfit shows that the formation lies outside the model condition. 

For example, the AK17 model only works with laboratory measured, well consolidated sandstone 

with clay content 0-51%, porosity 0-31% and thin cracks. The AK17 model does not work with 

logging data due to frequency differences between laboratory measurement and logging 

measurement, and significant vertical resolution differences in the sonic, porosity and Gamma Ray 

logs. Furthermore, sensitive parameters and input parameters (Table 4.1) guide each model’s 

usage. The KT74 model, the B80 model and the B92 model should be used when having pore 

geometry information exists; the D81 model and the D94 model are good for loosely consolidated 

rock; the EP89 model and the MB04 model should be used when having pressure data; the K90 

model and the N95 model are good for low clay content rock and can be used when having only 

porosity data; and the TN82 model, the C85 model and the H86 model should be used when having 

porosity, clay content data.  

5.1   Conclusion 

This study uses a multivariate statistical modeling approach to study relationships between 

elastic properties of sandstones and their other properties. Sets of sandstone data were gathered 
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from rockphysics literature, including Vp, Vs, clay content, porosity, bulk density and confining 

pressure. The study performed principal component analysis to reduce number of parameters, 

influencing elastic properties. Then, a multivariate linear regression analysis derived the linear 

relationships between elastic moduli and the PCA-selected rock properties. These empirical 

models were then tested with blindtest datasets and several models have been compared: pore 

geometry based theoretical models, random spherical grain pack models, linear empirical models 

and nonlinear empirical models. Main conclusions from this study are: 

(a) The principal component analysis and multivariate linear regression analysis shows that 

linear combinations between porosity and clay content can explain elastic moduli variation in 

sandstones pressures above crack closure pressure. 

(b) Porosity has a larger effect than clay content on bulk and shear moduli.  

(c) My multivariate model fails to predict data that lie outside the conditions used to build 

the model (sandstones with porosity 0 to 33% and clay content 0 to 51%, measured at ultrasonic 

frequency).  

(d) Without a prior knowledge about the formation, the 12 investigated models failed to 

match all data. Only with a prior knowledge about the formation, an appropriate model or set of 

models could be identified.  
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APPENDIX  A 

RESULT PLOTS FROM LITERATURE MODELS 

This section shows plots of measured moduli versus prediction moduli from each of the 

aforementioned literature models. 

Pore geometry based theoretical models 

1. The nonself-consistent Kuster-Toksoz (1974) model 

 

 
Figure A.1  Scatter plots of measured versus Kuster-Toksoz (1974) predicted bulk modulus (top) 

and shear modulus (bottom) of the sandstone cores, dotted line shows +/- 1 standard deviation. 
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2. The self-consistent approximation Berryman (1980) model 

 

 

Figure A.2  Scatter plots of measured versus Berryman (1980) self-consistent approximation 

predicted bulk modulus (top) and shear modulus (bottom) of the sandstone cores, dotted line 

shows +/- 1 standard deviation. 
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3. The differential effective medium Berryman (1992) model 

 

Figure A.3  Scatter plots of measured versus Berrymann (1992) differential effective model 

predicted bulk modulus (top) and shear modulus (bottom) of the sandstone cores, dotted line 

shows +/- 1 standard deviation. 
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Random spherical pack theoretical models  

4. The contact radius Digby (1981) model 

 

 

Figure A.4  Scatter plots of measured versus Digby (1981) contact radius model predicted bulk 

modulus (top) and shear modulus (bottom) of the sandstone cores, dotted line shows +/- 1 

standard deviation. 

  



 

70 

 

5. The contact cement Dvorkin (1994) model 

 

 

Figure A.5  Scatter plots of measured versus Dvorkin (1994) contact cement model predicted 

bulk modulus (top) and shear modulus (bottom) of the sandstone cores, dotted line shows +/- 1 

standard deviation. 
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Linear empirical models  

6.The linear empirical Tosaya and Nur (1982) model 

 

Figure A.6  Scatter plots of measured versus Tosaya and Nur (1992) predicted bulk modulus 

(top) and shear modulus (bottom) of the sandstone cores, dotted line shows +/- 1 standard 

deviation. 
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7. The linear empirical Castagna (1985) model 

 

Figure A.7  Scatter plots of measured versus Castagna (1985) predicted bulk modulus (top) and 

shear modulus (bottom) of the sandstone cores, dotted line shows +/- 1 standard deviation. 
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8. The linear empirical Han (1986) model 

 

Figure A.8  Scatter plots of measured versus Han (1986) predicted bulk modulus (top) and shear 

modulus (bottom) of the sandstone cores, dotted line shows +/- 1 standard deviation. 
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Nonlinear empirical models 

9. The pressure dependence, nonlinear Eberhart-Phillips (1989) model 

 

 

Figure A.9  Scatter plots of measured versus Eberhart-Phillips (1989) predicted bulk modulus 

(top) and shear modulus (bottom) of the sandstone cores, dotted line shows +/- 1 standard 

deviation. 
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10. The averaging Krief (1990) model 

 

Figure A.10 Scatter plots of measured versus Krief (1990) predicted bulk modulus (top) and 

shear modulus (bottom) of the sandstone cores, dotted line shows +/- 1 standard deviation. 
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11. The critical porosity Nur (1995) model 

 

Figure A.11 Scatter plots of measured versus Nur (1995) predicted bulk modulus (top) and shear 

modulus (bottom) of the sandstone cores, dotted line shows +/- 1 standard deviation. 
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12. The pressure dependent MacBeth (2004) model 

 

 

Figure A.12  Scatter plots of measured versus MacBeth (2004) predicted bulk modulus (top) and 

shear modulus (bottom) of the sandstone cores, dotted line shows +/- 1 standard deviation. 

 

 

 



 

78 

 

APPENDIX  B 

THEORETICAL MODEL EXPLANATIONS 

This section explains the fundamental theories, used in parts of aforementioned theories, 

but these theories are not compared to the AK17 model themselves. The subsections are in 

chronological orders. 

Voight, Reuss, Hill and Hashin-Shtrikman bounds 

Voigt (1889) and Reuss (1929) bounds quantify the widest possible ranges of elastic 

properties in each material. The upper Voigt bound assumes uniform strain whereas the lower 

Reuss bounds assumes uniform stress everywhere in a material (Figure B.1). 

 

Figure B.1  The Voigt (1889) isostress (left) and Reuss (1929) isostrain (right) diagrams. The 

arrows are directions of stresses on each material and the different shadings show different 

materials. 

In general, the Voigt and Reuss bounds refer to the stiffest and the softest material 

properties. The Hill average, used as an approximation when no prior information is an arithmetic 

average bound from the Voigt and Reuss bounds. The equations are given by: 

�� � = ����� (B.1) � = � ��   (B.2) 
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where M is elastic modulus (GPa); i is composite mixture order; f is a volume fraction of each 

mixture. 

The Hashin-Shtrikman (1963) bounds, called the HS bounds specify the narrowest range 

of elastic moduli without geometry information (see the Bounds Model, Ch.1). Upper and lower 

HS bounds provide stiffest and softest properties of composites. The HS bounds are given by: 

� ± = � + � −� − + � + −   (B.3) 

± = + − − + � � + �� � + �  (B.4) 

where K and  are bulk and shear moduli (GPa) and the subscripts ±HS, 1 and 2 refer to the upper 

and lower HS bounds, phase 1 and phase 2 of composite mixtures; and f is a volume fraction of 

each phase. 

Hertz-Mindlin theory (Mindlin 1949) 

Hertz-Mindlin theory (1949) of normal compression of two identical spheres, called the 

HM49 model describes the properties of precompacted granular rocks. The theory considers rock 

as a random, identical-sphere packing material under confining pressure. The HM49 model 

estimates elastic moduli of rock from the magnitude and orientations of the principal axes of an 

ellipsoidal boundary at the grains’ contact surface (Figure B.2). Also, this theory is suitable for 

high porosity or unconsolidated sediment where the porosity reduction is caused by mechanical 

compaction (Avseth et al. 2001), and it is given by: 

� = [ −�− ]  (B.5) 
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= −− [ −�− ]  (B.6) 

where �  and  are dry bulk and shear moduli (GPa) at initial porosity � ; n is coordination 

number (unitless); P is a net confining pressure (GPa), which is equal to effective pressure 

(assumes Biot coefficient is equal 1);  is a shear, mineral modulus (GPa);  is a mineral Poisson’s 

ratio (unitless). Note that the coordination number (n) is defined as the average number of contacts 

per grain which increasing with decreasing porosity due to the packing under pressured condition 

(Mavko et al. 2009). Although this HM49 model is a fundamental of many other unconsolidated 

rock models, several disadvantages are (a) only one average grain size considered; (b) grain size 

distribution not taken into account; (c) grains assumed to be spherical (d) grain shape and 

roughness not considered; (e) contact radius << grain radius. 

 

Figure B.2  The Hertz-Mindlin (1949) grain-in-contact diagram. The bodies are under (left) 

unstressed state and (right) stressed state from Pz (Hertzian force). Both tangential (Pz) and 

torsional (Px) forces are acting on the contacted bodies and their contacting surface has a radius a 

(modified from Mindlin 1949). 
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Wyllie (1956) time average equation and Raymer (1980) equations 

The time average equation was the first developed correlation between velocity and 

porosity in sedimentary rocks (Wyllie, Gregory and Gardnew 1956). The equation is not very 

successful because there are limitations of a uniform mineralogy of the rock samples, fluid-

saturation and sufficient pressure. The Wyllie’s equation is  

=  ��� + −��   (B.7) 

Raymer et al. 1980 improved Wyllie’s equation by proposing a more general empirical 

equation to all porosity range as: 

� = − � � + ��   (B.8) 

� 7 = ���� + −��  (B.9) 

� � = . −�. � 7  + �− .. � 7    (B.10) 

where Vm and Vf are velocities of rock matrix and pore fluid respectively. Subscripts 37,47 and mid 

mean porosity less than 0.37, greater than 0.47 and between 0.37 to 0.47. Note also that rock with 

porosity above 0.47 behaves like suspension, thus the elastic properties are quantified by Reuss 

bound (Raymer, Hunt and Gardner 1980). 
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APPENDIX  C 

RAW DATA 

This section compiles all data used in this research. The raw data tabulated in the Table C.1 

include (a) data that were used for modeling, (b) outlier data that were not used for modeling and 

(c) blindtest data. Two well log datasets used for blindtest are plots here. 

Table C.1  Raw data used in this research, including samples used for modeling, outlier samples 

that were not modeled, and blindtest samples. All references are explained in Chapter 2. 

1. Samples used for modeling 

Aztec (Flodin 2003); Glauconite (Diaz 2001); Hibernia, Ben Nevis (Prasad 2000); BQ 

(Rasolovoahangy 2002); Daqing (Prasad 1999); Green River (Aliyev 2015); Various 

formation/lithology (Han, Nur and Morgen 1986) 

Formation/ 

Lithology 

Pressure 

(MPa) 

Porosity 

(fraction) 

Bulk 

density 

(g/cc) 

Clay content 

(fraction) 

Dry Vp 

(km/s) 

Dry Vs 

(km/s) 

Aztec-1 59.5 0.15 2.23 0.03 4.07 2.58 

Aztec-2 59.6 0.21 2.09 0.03 3.54 2.31 

Aztec-3 59.6 0.24 1.99 0.03 3.92 2.41 

Aztec-4 59.4 0.23 2.06 0.03 3.73 2.28 

Aztec-5 60 0.20 2.12 0.03 3.63 2.33 

Aztec-6 59.2 0.20 2.11 0.03 3.75 2.35 

Aztec-7 58.1 0.28 1.91 0.03 3.70 2.21 

Aztec-8 59.3 0.19 2.13 0.03 3.71 2.26 

Aztec-9 59.6 0.23 2.03 0.03 3.77 2.34 

Aztec-10 58.9 0.25 2.00 0.03 3.32 2.11 

Aztec-11 58.7 0.23 2.05 0.03 3.81 2.40 

Aztec-12 58.9 0.20 2.13 0.03 4.05 2.54 

Aztec-13 59.6 0.15 2.25 0.03 3.98 2.48 
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Table C.1 continued 

Formation/ 

Lithology 

Pressure 

(MPa) 

Porosity 

(fraction) 

Bulk 

density 

(g/cc) 

Clay content 

(fraction) 

Dry Vp 

(km/s) 

Dry Vs 

(km/s) 

Aztec-14 59.1 0.18 2.18 0.03 3.78 2.38 

Aztec-15 59.7 0.20 2.11 0.03 3.83 2.43 

Aztec-16 59 0.21 2.12 0.03 3.72 2.43 

Aztec-17 59.1 0.22 2.09 0.03 3.92 2.50 

Aztec-18 59.3 0.21 2.08 0.03 3.97 2.55 

Aztec-19 59.8 0.24 2.02 0.03 3.69 2.25 

Aztec-20 59.2 0.20 2.13 0.03 3.76 2.30 

Aztec-21 59.6 0.23 2.05 0.03 3.74 2.31 

Aztec-22 59.3 0.17 2.21 0.03 3.91 2.46 

Aztec-23 59.8 0.21 2.08 0.03 3.93 2.49 

Aztec-24 59.3 0.12 2.32 0.03 3.99 2.50 

Glauconite-1 40 0.12 2.33 0.11 4.69 3.03 

Glauconite-2 40 0.14 2.26 0.06 4.90 3.02 

Glauconite-3 41 0.12 2.25 0.06 4.58 2.90 

Glauconite-4 40 0.14 2.27 0.12 4.93 3.06 

Glauconite-5 40 0.03 2.61 0.10 5.38 3.03 

Glauconite-6 40 0.11 2.35 0.04 4.80 3.06 

Glauconite-7 40 0.15 2.26 0.04 4.94 3.22 

Glauconite-8 40 0.11 2.35 0.09 4.69 2.88 

Glauconite-9 35 0.12 2.34 0.24 4.30 2.65 

Glauconite-10 40 0.14 2.29 0.09 4.83 3.04 

Glauconite-11 40 0.19 2.15 0.05 4.64 2.91 

Glauconite-12 40 0.03 2.63 0.16 4.85 2.90 

Glauconite-13 40 0.14 2.28 0.06 4.76 3.07 

Glauconite-14 40 0.08 2.61 0.16 4.38 2.74 

Glauconite-15 40 0.04 2.74 0.29 4.45 2.69 
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Table C.1 continued 

Formation/ 

Lithology 

Pressure 

(MPa) 

Porosity 

(fraction) 

Bulk 

density 

(g/cc) 

Clay content 

(fraction) 

Dry Vp 

(km/s) 

Dry Vs 

(km/s) 

Glauconite-16 40 0.08 2.63 0.07 4.82 2.85 

Glauconite-17 40 0.12 2.36 0.20 4.02 2.52 

Glauconite-18 40 0.12 2.39 0.21 4.30 2.52 

Glauconite-19 40 0.07 2.91 0.39 4.28 2.33 

Glauconite-20 40 0.07 3.13 0.17 4.97 2.77 

Glauconite-21 40 0.07 2.92 0.38 4.35 2.63 

Glauconite-22 40 0.04 3.16 0.30 4.73 2.54 

Glauconite-23 40 0.11 2.95 0.25 4.74 2.57 

Hibernia-1 59.6 0.21 2.08 0.01 4.21 2.74 

Hibernia-2 59.5 0.21 2.09 0.06 4.00 2.66 

Hibernia-3 59.6 0.20 2.13 0.00 4.09 2.66 

Hibernia-4 59.3 0.20 2.10 0.00 4.03 2.62 

Hibernia-5 59.2 0.18 2.16 0.02 4.35 2.91 

Hibernia-6 59.2 0.20 2.11 0.02 4.09 2.68 

Hibernia-7 59.4 0.20 2.11 0.01 4.34 2.78 

Hibernia-8 59.4 0.10 2.38 0.03 4.65 2.71 

Hibernia-9 59.3 0.17 2.19 0.02 4.46 2.84 

Ben Nevis-1 59.4 0.24 2.02 0.07 3.63 2.26 

Ben Nevis-2 59.5 0.20 2.12 0.04 3.73 2.21 

Ben Nevis-3 59.2 0.31 1.84 0.02 3.18 2.14 

Ben Nevis-4 59.4 0.30 1.83 0.02 3.32 2.16 

Ben Nevis-5 59.5 0.31 1.83 0.02 3.60 2.13 

Ben Nevis-6 59.5 0.30 1.78 0.02 3.21 1.99 

BQ-1 50 0.04 2.52 0.08 5.07 3.15 

BQ-2 50 0.12 2.34 0.04 4.70 2.76 

BQ-3 59.7 0.11 2.35 0.02 4.71 2.97 



 

85 

 

Table C.1 continued 

Formation/ 

Lithology 

Pressure 

(MPa) 

Porosity 

(fraction) 

Bulk 

density 

(g/cc) 

Clay content 

(fraction) 

Dry Vp 

(km/s) 

Dry Vs 

(km/s) 

BQ-4 50.1 0.08 2.41 0.06 4.80 3.05 

BQ-5 59.5 0.09 2.40 0.03 4.76 2.98 

BQ-6 50.2 0.10 3.37 0.03 4.55 2.84 

BQ-7 49.6 0.11 2.37 0.03 4.55 2.94 

BQ-8 50 0.14 2.28 0.05 4.38 2.73 

BQ-9 50 0.14 2.28 0.02 4.47 2.85 

BQ-10 50.4 0.10 2.39 0.06 4.83 3.01 

BQ-11 50 0.10 2.38 0.06 4.73 3.02 

BQ-12 50 0.15 2.26 0.03 4.61 2.80 

BQ-13 59.7 0.14 2.29 0.03 4.65 2.78 

BQ-14 50 0.10 2.41 0.06 4.66 2.87 

BQ-15 50.2 0.10 2.40 0.06 4.58 2.87 

Daqing-1 60 0.23 1.99 0.09 3.94 2.32 

Daqing-2 60 0.23 1.98 0.05 4.05 2.43 

Daqing-3 60 0.27 1.85 0.09 3.66 2.12 

Daqing-4 60 0.20 2.07 0.10 4.12 2.45 

Daqing-5 60 0.21 2.02 0.09 4.05 2.40 

Daqing-6 60 0.19 2.06 0.10 4.15 2.47 

Daqing-7 60 0.26 1.95 0.04 3.90 2.32 

Daqing-8 60 0.20 2.04 0.09 4.16 2.48 

Daqing-9 60 0.20 2.00 0.11 4.06 2.40 

Daqing-10 60 0.07 2.38 0.10 4.98 3.06 

Green River-1 60 0.11 2.36 0.14 4.68 2.83 

Green River-2 60 0.11 2.37 0.15 4.67 2.81 

Green River-3 60 0.08 2.43 0.19 4.80 2.89 

Green River-4 60 0.04 2.54 0.21 5.02 3.04 
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Table C.1 continued 

Formation/ 

Lithology 

Pressure 

(MPa) 

Porosity 

(fraction) 

Bulk 

density 

(g/cc) 

Clay content 

(fraction) 

Dry Vp 

(km/s) 

Dry Vs 

(km/s) 

Green River-5 60 0.04 2.54 0.15 5.27 3.24 

Clean-1 40 0.18 2.33 0.00 4.66 2.91 

Clean-2 40 0.20 2.31 0.00 4.42 2.72 

Clean-3 40 0.15 2.39 0.00 4.81 3.10 

Clean-5 40 0.20 2.32 0.00 4.46 2.85 

Quarry-6 40 0.24 2.25 0.10 3.68 2.22 

Quarry-7 40 0.26 2.24 0.16 3.36 1.99 

Quarry-8 40 0.24 2.24 0.10 3.69 2.17 

Quarry-9 40 0.16 2.38 0.28 3.82 2.07 

Quarry-10 40 0.11 2.45 0.06 4.73 3.00 

Quarry-11 40 0.23 2.23 0.04 3.92 2.35 

Quarry-12 40 0.15 2.38 0.03 4.60 2.81 

Quarry-13 40 0.11 2.47 0.05 4.73 2.89 

Quarry-14 40 0.25 2.18 0.06 3.74 2.08 

Quarry-15 40 0.04 2.53 0.07 5.20 3.17 

Quarry-16 40 0.13 2.41 0.27 4.06 2.24 

Quarry-17 40 0.18 2.36 0.06 4.30 2.57 

Quarry-18 40 0.26 2.25 0.16 3.54 2.05 

Quarry-19 40 0.06 2.50 0.06 4.94 3.12 

Quarry-20 40 0.13 2.47 0.14 4.23 2.41 

Quarry-21 40 0.18 2.35 0.06 4.32 2.62 

Quarry-22 40 0.21 2.28 0.04 4.03 2.40 

Quarry-23 40 0.19 2.34 0.05 4.18 2.50 

Quarry-24 40 0.09 2.57 0.08 4.69 2.94 

Quarry-25 40 0.09 2.57 0.08 4.88 3.05 
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Table C.1 continued 

Formation/ 

Lithology 

Pressure 

(MPa) 

Porosity 

(fraction) 

Bulk 

density 

(g/cc) 

Clay content 

(fraction) 

Dry Vp 

(km/s) 

Dry Vs 

(km/s) 

Quarry-26 40 0.24 2.27 0.03 3.89 2.37 

Quarry-27 40 0.19 2.34 0.06 4.15 2.51 

Quarry-28 40 0.22 2.30 0.03 3.95 2.39 

Quarry-29 40 0.22 2.28 0.06 4.03 2.40 

Quarry-30 40 0.19 2.31 0.09 4.08 2.54 

Tight gas-31 40 0.08 2.51 0.13 4.62 2.80 

Tight gas-32 40 0.06 2.57 0.13 4.77 2.80 

Tight gas-33 40 0.07 2.55 0.12 4.78 3.23 

Tight gas-34 40 0.06 2.54 0.13 4.79 2.67 

Tight gas-35 40 0.03 2.56 0.12 5.00 3.13 

Tight gas-36 40 0.03 2.61 0.15 5.23 3.26 

Tight gas-37 40 0.03 2.57 0.07 5.23 3.09 

Tight gas-38 40 0.04 2.54 0.18 5.13 3.13 

Tight gas-39 40 0.02 2.62 0.15 5.11 3.10 

Tight gas-40 40 0.06 2.61 0.15 4.68 2.73 

Bore Hole-41 40 0.06 2.55 0.38 4.37 2.62 

Bore Hole-42 40 0.07 2.56 0.40 4.24 2.49 

Bore Hole-43 40 0.11 2.49 0.37 4.08 2.34 

Bore Hole-44 40 0.09 2.53 0.40 4.24 2.52 

Bore Hole-45 40 0.09 2.55 0.35 4.17 2.43 

Bore Hole-46 40 0.07 2.57 0.45 4.32 2.57 

Bore Hole-47 40 0.14 2.41 0.13 4.47 2.64 

Bore Hole-48 40 0.16 2.42 0.14 4.32 2.55 

Bore Hole-49 40 0.16 2.38 0.10 4.24 2.51 

Bore Hole-50 40 0.17 2.38 0.11 4.22 2.43 
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Table C.1 continued 

Formation/ 

Lithology 

Pressure 

(MPa) 

Porosity 

(fraction) 

Bulk 

density 

(g/cc) 

Clay content 

(fraction) 

Dry Vp 

(km/s) 

Dry Vs 

(km/s) 

Bore Hole-51 40 0.17 2.38 0.16 4.19 2.42 

GOM-52 40 0.13 2.40 0.44 3.71 1.97 

GOM-53 40 0.13 2.38 0.46 3.64 1.99 

GOM-54 40 0.11 2.35 0.51 3.68 2.01 

GOM-55 40 0.30 2.09 0.11 3.20 1.75 

GOM-56 40 0.29 2.12 0.12 3.17 1.77 

GOM-57 40 0.15 2.35 0.27 3.99 2.13 

GOM-58 40 0.15 2.35 0.27 4.00 2.16 

GOM-59 40 0.24 2.20 0.22 3.36 1.89 

GOM-60 40 0.25 2.19 0.12 3.55 1.94 

GOM-61 40 0.14 2.41 0.37 3.76 2.11 

GOM-62 40 0.11 2.48 0.44 3.84 2.15 

GOM-63 40 0.09 2.47 0.41 3.97 2.19 

GOM-64 40 0.14 2.37 0.27 3.98 2.19 

GOM-65 40 0.26 2.17 0.08 3.67 2.20 

GOM-66 40 0.27 2.25 0.06 3.61 2.09 

GOM-67 40 0.28 2.12 0.11 3.56 2.07 

GOM-68 40 0.27 2.17 0.07 3.50 1.99 

GOM-69 40 0.27 2.14 0.07 3.58 2.09 

GOM-70 40 0.20 2.29 0.11 3.98 2.23 

GOM-71 40 0.11 2.47 0.21 4.25 2.48 

GOM-72 40 0.15 2.39 0.06 4.61 2.73 

GOM-73 40 0.10 2.47 0.23 4.42 2.61 

GOM-74 40 0.06 2.64 0.24 4.60 2.77 

GOM-75 40 0.14 2.39 0.19 4.07 2.37 
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Table C.1 continued 

2. Outlier samples, not used for modeling 

Clean (Han, Nur and Morgen 1986) ; BQ (Rasolovoahangy 2002) ; Glauconite (Diaz 2001) 

Formation/ 

Lithology 

Pressure 

(MPa) 

Porosity 

(fraction) 

Bulk 

density 

(g/cc) 

Clay content 

(fraction) 

Dry Vp 

(km/s) 

Dry Vs 

(km/s) 

Clean -3 40 0.06 2.53 0.00 5.52 3.60 

BQ-16 59.5 0.00 2.75 0.24 5.69 3.32 

BQ-17 50 0.00 2.69 0.24 5.61 3.37 

Glauconite-24 40 0.02 2.66 0.12 5.92 3.14 

Glauconite-25 40 0.10 2.53 0.20 4.94 2.95 

Glauconite-26 40 0.05 2.73 0.15 4.88 3.08 

Glauconiet-27 40 0.18 2.24 0.21 3.90 2.47 

Glauconite-28 40 0.02 2.64 0.06 5.66 3.35 

Glauconite-29 40 0.04 2.53 0.21 5.12 2.57 

Glauconite-30 40 0.07 2.69 0.49 4.72 2.84 

Glauconite-31 40 0.08 2.85 0.21 5.57 3.10 

Glauconite-32 40 0.02 2.76 0.04 5.45 3.34 

3. Blindtest samples (Strandenes 1991) 

Oseberg-1 40 0.24 2.65 0.25 3.38 2.10 

Oseberg-2 40 0.25 2.67 0.25 3.34 2.07 

Oseberg-3 40 0.24 2.65 0.25 3.26 2.09 

Oseberg-4 40 0.28 2.68 0.15 3.46 2.14 

Oseberg-5 40 0.27 2.66 0.20 3.27 2.08 

Oseberg-6 40 0.15 2.46 0.55 3.12 1.99 

Oseberg-7 40 0.20 2.65 0.25 3.46 2.16 

Oseberg-8 40 0.19 2.66 0.35 3.49 2.22 

Oseberg-9 40 0.14 2.67 0.40 3.61 2.41 

Oseberg-10 40 0.13 2.67 0.40 3.63 2.37 
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Table C.1 continued 

Formation/ 

Lithology 

Pressure 

(MPa) 

Porosity 

(fraction) 

Bulk 

density 

(g/cc) 

Clay content 

(fraction) 

Dry Vp 

(km/s) 

Dry Vs 

(km/s) 

Oseberg-11 40 0.10 2.64 0.50 3.74 2.27 

Oseberg-12 40 0.18 2.64 0.20 3.51 2.17 

Oseberg-13 40 0.14 2.65 0.40 3.61 2.27 

Oseberg-14 40 0.26 2.66 0.20 3.40 2.16 

Oseberg-15 40 0.15 2.67 0.50 3.40 2.23 

Oseberg-16 40 0.20 2.69 0.30 3.45 2.20 

Oseberg-17 40 0.19 2.68 0.30 3.50 2.17 

Oseberg-18 40 0.23 2.70 0.20 3.57 2.27 

Oseberg-19 40 0.16 2.23 0.35 3.45 2.19 

Oseberg-20 40 0.18 2.17 0.20 3.45 2.17 

Oseberg-21 40 0.07 2.47 0.50 3.49 2.18 

Oseberg-22 40 0.08 2.43 0.50 3.93 2.47 

Oseberg-23 40 0.14 2.29 0.45 3.59 2.26 

Oseberg-24 40 0.14 2.29 0.55 3.49 2.18 

Oseberg-25 40 0.11 2.35 0.60 3.35 2.13 
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Figure C.1  Well log plots of the North Kalikpik Test Well No.1 (Legg and Brockway 1983). 
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Figure C.2  Well log plots of the Mesaverde well log (Byrnes, et al. 2009). 
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