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ABSTRACT 

Sedimentary rocks are composed of complexly shaped grains deposited in random 

orientation. This arrangement allows void space to be present between grains, also called pores. 

Pore spaces are as complex as the grains themselves; when connected, the pore spaces create a 

network of micro-structures. This network, or porosity, and its geometry, or aspect ratio, are 

essential for geophysical data interpretation and reservoir quality determination. In this thesis, 

the effect of pressure on sedimentary rocks and the hysteresis caused by pressure cycles are 

studied. 

In the search to understand the fundamentals of the joint physics between elastic and 

transport properties, simultaneous elastic and electrical measurements and porosity and 

permeability measurement were performed, both under confining pressure allowing the study of 

elastic and transport properties under simulated reservoir conditions. Further, Nuclear Magnetic 

Resonance (NMR) results are used between pressure cycles to evaluate hysteresis. Ultimately the 

purpose of the proposed studies is to generate a reliable data set for elastic and electrical joint 

studies, better understand how the rock microstructure is modified by pressure, and how 

hysteresis can affect pressure dependent tests. 

The data presented by this study were produced from five sandstone outcrops samples and a 

sandstone analog constructed from fused glass beads. The results from simultaneous elastic and 

electrical measurements under confining pressures were compared to literature and models to 

ensure data reliability. Multidirectional elastic measurements were used to verify variability 

since all samples used were homogeneous and isotropic. Finally, the NMR results were used to 

understand how the pore-size distribution of each sample was being modified during pressure 

cycles. 
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After evaluating the results I was able to conclude that the data acquired during this work are 

reliable with low variability. Further, the results obtained in this thesis show: 

1. Significant hysteresis after different pressure cycles make simultaneous measurements 

vital. Subsequent measurements after a pressure cycle can be affected by changes in the 

sample microstructure. 

2. The imaginary conductivity shows a shift of peak frequency towards lower frequencies. 

3. With pressure, the decrease in surface area is larger than the increase in tortuosity. 

4. Finally, the effects of pressure on the measured data were evaluated, allowing the 

conclusion that elastic data changes in a exponential path with pressure, while porosity, 

permeability and conductivity behave more linearly between 3 and 20.7 MPa. 
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CHAPTER 1 INTRODUCTION AND OBJECTIVE 

1.1. Introduction 

Bulk modulus ( ), shear modulus (�), porosity (�), and permeability ( ) are essential for 

geophysical interpretation and reservoir quality determination. In the search to understand the 

fundamentals of the joint physics between elastic and transport properties, simultaneous elastic 

and electrical measurements were performed and separately porosity and permeability 

measurement were also performed, both under confining pressure. Further, Nuclear Magnetic 

Resonance (NMR) results are used between pressure cycles to evaluate hysteresis. Ultimately the 

purpose of the proposed studies is to generate a reliable data set for elastic and electrical joint 

studies, better understand how the rock microstructure is modified by pressure, and how 

hysteresis can affect pressure dependent tests. 

Elastic measurements under confining pressure have been studied by many authors (Han et 

al. 1986; Strandenes 1991; Prasad 1999; Prasad 2000; Diaz 2001; Rasolovoahangy 2002; Flodin 

2003; Aliyev 2015). Elastic properties pressure dependency were found to be dependent on many 

factors as porosity, density, composition, pore aspect ratio, pore compliance, and more.  

Similarly, electrical measurements have also been studied by many authors (Wyble 1958; 

Glanville 1959; Brace et al. 1968, Lockner and Byerlee 1985; Longeron et al. 1989; Mahmood et 

al. 1991; Zisser and Nover 2009). Electrical properties also show pressure dependency that 

depends primarily on permeability, porosity, tortuosity, specific surface area, pore aspect ratio, 

pore compliance. Even though both elastic and electrical measurements show similar 

dependencies, a systematic understanding of the physical relations between elastic and electrical 

properties is still lacking. Many studies attempted to link the physics of both measurements 

(Pearson et al. 1986; Sheng 1990; Sheng 1991; Kazatchenko et al. 2004; Han et al. 2011a); 
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however very few studies perform both measurements under confining pressures (Gomez et al. 

2010; Han et al. 2011). More notably, studies that perform elastic and electrical measurements 

simultaneously at elevated pressures are sparse (Watanabe and Kurita 2009; Wang and Gelius 

2010; Han et al. 2011b; Woodruff et al. 2015).  

The data presented by this study were produced from five sandstone outcrops samples and a 

sandstone analog constructed from fused glass beads. The results from simultaneous elastic and 

electrical measurements under confining pressures were compared to literature and models to 

ensure data reliability. The multidirectional elastic measurements were used to verify how 

homogeneous and isotropic the samples behaved. Finally, the NMR results were used to 

understand how the pore-size distribution of each sample was being modified during pressure 

cycles. 

After evaluating the results I was able to conclude that the data acquired during this work is 

reliable with low variability. Further, I was able to emphasis the how simultaneous 

measurements are vital, since between pressure cycles were significant hysteresis were observed 

with the NMR, elastic and electrical results. Additionally, the imaginary conductivity frequency 

peak demonstrates to shift with pressure to lower frequencies, this observation was related to the 

specific surface area and tortuosity pressure dependency. Finally, the effects of pressure on the 

measured data were evaluated, allowing the conclusion that elastic data changes in a exponential 

path with pressure, while porosity, permeability and conductivity behave more linearly between 

3MPa and 20.7 MPa. 
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1.2. Objectives of Research 

There are five major objectives in this study: 

 Generate reliable data set of simultaneously measured elastic and electrical 

properties. 

 Perform simultaneous ultrasonic and low frequency measurements under different 

confining pressures. 

 Study the hysteresis observed during performed measurements by using Nuclear 

Magnetic Resonance (NMR). 

 Construct a sandstone analog from glass beads and use it as standard. 

 Increase the knowledge and understanding about the joint physics between elastic 

and electric properties. 

1.3. Thesis Organization 

The organization of this thesis is divided into six chapters. Chapter 1 explains the objective 

of this study. Chapter 2 outlines the experimental procedures, its theoretical backgrounds, and 

methods, to allow a full understanding of the experiments performed. Chapter 3 presents the 

results obtained from all the measurements performed, including the elastic, electrical, NMR, 

porosity and permeability data. Chapter 4 contains the discussion about the findings of this work. 

Chapter 5 concludes the study and states the final remarks achieved by this study. Further, 

Chapter 6 contains proposals for future work using the data set generated during this work. 

Moreover, Appendix A contains some of the proposed future work to use a joint elastic and 

electrical inversion to predict changes in porosity and aspect ratio. Lastly, two electronic files 
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were attached to this document containing all the data acquired during this work in a table 

format. 

1.4. Refereed Publications and Conference Proceedings 

Deng, S., Cilona, A., Morrow, C., Mapeli, C., et al. 2015. Cross-bedding related anisotropy and 

its interplay with various boundary conditions in the formation and orientation of joints in 

an aeolian sandstone. Journal of Structural Geology 77 (1): 175-190. 

https://dx.doi.org/10.1016/j.jsg.2015.05.005. 
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CHAPTER 2 MATERIALS AND METHODS 

 I have tested a set of seven sandstone samples and one sandstone analogs constructed 

from glass beads. The sandstone samples are from outcrops from different formations. The basic 

sample information is presented in Table 2.1. These samples were chosen based on the following 

properties: 

 Near isotropic texture 

 Near linear elastic 

 Low clay content 

 Low content of conductive minerals 

 Consolidated  

 Available for testing 

In this chapter, I provide the sample description, the work flow that was followed during 

measurements of the samples, and descriptions of the experimental methods.  

2.1. Sample Studied 

I tested a set of seven outcrop sandstone samples and one sandstone analogs constructed from 

glass beads. The sandstone samples belong to different geological formations as listed in Table 

2.1. The 1.5” diameter and 2” long samples were inspected visually to select only samples with 

no major fractures or cracks (see optical images in Figure 2.1 and Figure 2.2). After visual 

inspection, two samples, SWS and SWR (Figure 2.2), were excluded from this work because of 

their unconsolidated nature.  
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Table 2.1 shows physical properties, porosity, permeability, and grain density, of each 

sample. The mineralogical composition was measured with two different techniques, XRD 

(Table 2.2) and and FTIR (Table 2.3). 

Table 2.1 Formation name, porosity, permeability, and grain density data for each sample 

measured in this research. 

Sample Name Formation 
Porosity (%) Permeability 

(md) 

Grain Density 

(g/cm
3
) 

BB – H3 Berea (Buff) Sandstone 17.7* 240* 2.64* 

BR – H2 Berea (Regular) Sandstone 20.3* 216* 2.65* 

CG – H3 Castlegate Sandstone 25.5* 955* 2.63* 

CT – H1 Carbon Tan Sandstone 16.4* 62* 2.65* 

SWR – H1 Saltwash Red Sandstone 21.9* 1203* 2.63* 

SWS – H2 Saltwash South Sandstone 30.1* 4387* 2.62* 

NU – H2 Nugget Sandstone 15.0* 125* 2.63* 

100 um GB Constructed in House 31.0 11900 2.65 

* Courtesy of Hess Corporation.  

 

Figure 2.1 (1) Sample BB - H3. (2) Sample BR – H2. (3) Sample CG – H3. (4) Sample CT – H1. 
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Figure 2.2 (1) Sample SWR - H2. (2) Sample SWS – H2. (3) Sample NU – H2. 

Table 2.2 Mineralogical evaluation of natural sandstones by XRD, courtesy of Hess.  

Sample Quartz Feldspar Carbon Clay 

BB-H3 0.861 0.053 0.007 0.079 

BR-H2 0.852 0.057 0.015 0.076 

CG-H3 0.900 0.038 0.007 0.055 

CT-H1 0.877 0.013 0.076 0.034 

NU-H2 0.886 0.061 0.006 0.047 

 

Table 2.3 Mineralogical evaluation of natural sandstones by FTIR, courtesy of Hess.  

Sample Quartz Feldspar Carbon Clay 

BB-H3 0.848 0.029 0.004 0.119 

BR-H2 0.823 0.051 0.012 0.114 

CG-H3 0.887 0.028 0.002 0.083 

CT-H1 0.831 0.001 0.087 0.081 

NU-H2 0.830 0.070 0.001 0.099 

  

Even though the samples have similar compositions and grain densities, they do present large 

differences in porosity and permeability values. The porosity varies between 15% to 31% and 

permeability varies between 62 md to 11900 md. These variations allow us to investigate a large 
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range of types of samples and study the relationship between experimental results from 

geophysical measurements to porosity and permeability.  

2.1.1. Sandstone Analog Constructed from Glass Beads 

One way to bypass any complications caused by the uniqueness of natural rocks is to use 

synthetic porous media. In synthetic media, characteristics such as homogeneity, grain shape, 

grain size and composition can be better constrained. I constructed a sandstone analog using 

glass beads. Here, I provide a detailed procedure to prepare synthetic fused glass beads samples. 

The 0.1 mm diameter glass beads used to construct the sandstone analog sample were 

composed of soda lime. As per the manufacturer, they were composed of 72% by weight SiO2, 

13% Na2O, 9% CaO, 3.4% MgO, 2% Al2O3, 0.5% K2O and 0.1% Fe2O3, with size deviation of 

0.09 mm to 0.15 mm and roundness of 90 to 95%. 

To manufacture the sample, the beads were placed inside of a cylindrical mold with a flat 

base and placed inside of a furnace for a pre-determined time. After allowing the sample to cool, 

a steel rod was used to push the sample out of the mold (Figure 2.3). The mold itself needs to be 

able to withstand high temperatures without deforming or bounding to the glass. I used a mold 

made of an alloy steel with melting temperatures between 1300 °C to 1500 °C. Although the 

process to make a sample is simplistic, care must be taken to optimize the sample fabrication 

process such that the sample preparation is repeatable and as representative of a real sample as 

possible. The furnace temperature used determined by trial and error; with the high temperature 

limit based on the transformation point (710°C) for the glass beads. Multiple preliminary 

samples were constructed using different temperature and inspected initially with a light 

microscope to evaluate roundness of the beads. In the final stages, consistency of the grains in 

the internal part of the sample was checked with CT scan (Figure 2.4). The temperature cycle 
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used to prepare the samples is demonstrated in Figure 2.5. Table 2.4 lists physical properties of 

the sample used in this study. 

 
Figure 2.3  Mold used to fuse glass beads in furnace. (a) Shows the 3 components in a top view. 

(b) Show the 3 components in a side view. The mold is placed on the top of the base to keep the 

glass beads inside of the mold when introduced to the furnace; after the heating cycle is complete 

the rod is used to remove the sample from the mold. 

 

 

Figure 2.4 MXCT scan image from the 100 micron grain size glass beads. The rounded grain 

shape can be observed and the way they are fused is apparent. 
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Figure 2.5 Temperature profile used to fuse glass beads. 

Table 2.4 Fused glass beads sample basic properties. 

Sample Name Porosity Permeability Average Grain size 

100 um GB 31% 11900 mD 0.1 mm 

2.2. Experimental Flow Work 

The following flowchart (Figure 2.6) was followed during series of measurements on the 

samples. The first part of the procedure was to visually inspect the sample to understand basic 

characteristics of the samples as dimensions, coloration, roughness, level of consolidation, and 

pre experimental damage. The next step would be to clean up the salt present in the rock pore 

space through a water soxhlet extraction, to avoid any changes in the fluid conductivity when 

sample is saturated. Further, the sample is tested on the NMR to acquire a pore size distribution 

(PSD) before exposing the sample to any confining pressure. Basically, the first PSD will be 

used as the initial conditions of the pore structure used to evaluate the hysteresis caused by the 

pressure cycles. 

The following step would be dry the sample and prepare it for elastic and electrical 

measurements under confining pressure. The first experiment performed is the dry elastic 
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measurement up to 20.7 MPa, after the measurement is complete the sample is saturated by 

flowing the fluid of choice through the pore-lines. The saturated simultaneous elastic and 

electrical measurement is performed increasing confining pressures again to 20.7 MPa. After two 

consecutive confining pressure cycles, a new NMR measurement is performed to evaluate the 

changes in PSD. Further, the sample is dried once more and porosity and permeability are tested 

under confining pressures up to 20.7 MPa. Finally the sample is again tested on the NMR to 

allow a full evaluation of the changes in PSD caused by the pressure cycles. 

 

Figure 2.6 Experimental flow work chart. The steps in grey are just necessary steps performed 

previous to measurements. The steps in red are the steps used to evaluate samples between 

experiments. The blue steps are the measurements performed under confining pressure. 

Table 2.5 Experiments performed during this study 

Sample NMR 1 
Dry 

Elastic 

Saturated Elastic 

and Electrical 
NMR 2 

Porosity and 

Permeability 
NMR 3 

100u GB X X X 
 

X X 

BB - H3 X X X X X X 

BR - H2 X X X X X X 

CG - H3 X X X X X X 

CT -H1 X X X X X X 

NU - H2 X X X X X X 

X – Completed experiments. 
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Table 2.5 lists the various measurements completed by this study. The elastic and electrical 

measurements were made simultaneously as functions of pore and confining pressures. 

2.3. Ultrasonic Velocities  

2.3.1. Theoretical Background 

Velocity is the distance one travels divided by the time it takes. In the case of this study 

ultrasonic velocities are going to be obtained from the distance and time a mechanical wave 

takes to travel a rock sample. Ultrasonic velocities have been related to many properties such as 

porosity, density, crack density, pore fluid, and many more. However, the main outcomes from 

ultrasonic velocities are the bulk and shear modulus of the medium studied. Where, bulk 

modulus is defined by the ratio between the change in pressure to the fractional volume 

compression, and shear modulus is defined as the ratio of shear stress over shear strain. These 

properties are related to ultrasonic velocities by the following equation, assuming the medium is 

isotropic linear elastic: 

 � =  +
4
3
�

 (2.1) 

 � =  �
 (2.2) 

where �  and �  are the compressional and shear velocity,  is the bulk density,  is the bulk 

modulus, and � is the shear modulus. 

2.3.2. Experimental Method 

  The principle of ultrasonic velocities is based on propagation of mechanical waves 

traveling through the material under investigation. The measurements were made using the 
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“PLP” core jacket developed by Panfiloff (2016) (Figure 2.7). The core jacket allows the 

simultaneous measurement of acoustic velocities and induced polarization with the four 

electrode method, in multiple directions. Pairs of 1 MHz compressional (P-) and shear (S-) 

piezoelectric crystals are placed opposite each other around the core holder to allow the 

measurements to be recorded across the rock sample. The three pairs of P- and S- piezoelectric 

crystals used at placed 45 degrees apart. The end caps allow passage of pore fluids and pore 

pressure buildup while also sealing the core sample from the confining fluid. 

 

Figure 2.7 Probe used to measure ultrasonic velocities using a pulse transition technique and low 
frequency conductivity using a 4 electrode method. The probe is also used to isolate the 

specimen from the confining fluid and at the ends the pore pressure connections allows fluid 

flow and pore pressure to be applied (Panfiloff 2016).   

 The measurements were performed using the core holder described above and the set-up 

shown on Figure 2.8. The set-up is composed of a pressure reactor, a pulse generator, an 

acquisition system and 2 pumps (for pore pressure and confining pressure). The measurements 

were performed in different confining pressures up to 3000 psi. The procedure was composed of 

two loading and unloading cycles of confining pressure initially with a dry sample and then with 
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the saturated sample. The sample was prepared and placed inside of the core holder, than the first 

loading cycle was initialized and acoustic velocities measurements were performed for the core 

at the dry state. After unloading, the core was saturated with a brine solution at a pore pressure of 

52 psi while still in the core holder cap. Next, the core was subjected to another loading and 

unloading cycle with full saturation maintaining a constant pore pressure of 52 psi. During 

loading and unloading, acoustic velocities are measured every 500 psi of confining pressure 

change. To allow the pressure to equilibrate into the sample, a waiting period between pressures 

was maintained until the confining pressure pump reached a minimum flowrate, 0.030 ml/min 

indicating that the sample had undergone maximum deformation at the applied confining 

pressure.   

 

Figure 2.8 Set up used to record the ultrasonic velocities and apply confining and pore pressure 

to the specimen. All the major components are numbered and the electrical and fluid connections 

are represented by arrows in distinct colors. 



15 

 

2.3.3. Experiment Waveform Recording and Velocity Determination 

The waveforms were digitized and stored in a digital oscilloscope (Tektronix) connected to a 

computer. The acquisition system was custom-built software developed to interface with the 

oscilloscope and record the waveforms. Examples of typical P- and S-waveforms are shown in 

Figure 2.9.  

 The velocity is determined using travel time measurement with user input to detect first 

onset of the waves. I used first arrivals from compressional and shear waves to calculate P- and 

S-velocities (Vp, Vs, respectively). The onset of compressional waves is usually easier to detect 

since they travel faster than the shear waves and are the first waves to arrive. Thus, Vp tends to 

have a smaller uncertainty due to user bias. Since shear waves arrive after the P-wave arrivals, 

their detection is usually hampered by the interference with the P-waves and travel times of shear 

waves in porous media have larger uncertainties than P-wave travel times.  

 

Figure 2.9 Demonstration of the waveforms recorded by the in house developed software. The 

vertical blue line marks the chosen arrival time used to calculate the velocity. Figure (a) and (b) 

are not at the same scale. (a) P-waveform example from sample BB-H3. (b) S-waveform 

example from sample BB-H3.  



16 

 

2.3.4. Full Saturation Recognition 

Achieving 100% saturation in the sample during this experiment is challenging. The sample 

is considered fully saturated using two main criteria:  

(1) Flowing a minimum of ten pore volumes through the sample. Pore volume can be 

calculated using 

 � = � (2.3) 

where � is the pore volume,   is the sample volume calculated from the sample dimensions 

and  � is the sample porosity of the sample. 

(2) Quality check of the acoustic wave forms. Acoustic waveforms acquired during dry 

measurements have a high signal quality. However, signal quality deteriorates significantly at 

partial saturation – a consequence of acoustic attenuation in gas bubbles. At full saturation, 

signal quality is high again. Thus, the sample is considered fully saturated when the waveform 

quality is acceptable. A small pore pressure further allows dissolution of any residual air present 

in the sample. Figure 2.10 shows examples of waveform quality in a dry, a partially and a fully 

saturated sample. The first arrival time is detected clearly in the waveform through the dry rock 

(Figure 2.10a). Note the small amplitude and low frequency waveform through the partially 

saturated sample (Figure 2.10b). After flushing about ten pore volumes of brine through the 

sample and applying a low pore pressure (52 psi) the waveform recovers amplitude and 

frequency content (Figure 2.10c). 
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Figure 2.10 Demonstration to how fluid saturation change the waveform during the experiment. 

Waveform (a) shows sample BB-H3 P-wave at dry conditions, (b) shows sample BB-H3 P-wave 

at partially saturated conditions, (c) shows sample BB-H3 at fully saturated conditions with a 

small pressure applied. The blue line shows the arrival time chosen to calculate velocity. Figure 

(a), (b) and (c) are not at the same scale. 

2.3.5. Pore Pressure Determination 

Since elevated pore pressure is used to guarantee dissolution of any residual air, it is 

necessary to select a pore pressure that will guarantee good quality acoustic data. The pore 

pressure should be large enough to dissolve residual air, but still small to be insignificant for 

conductivity measurement. At a constant temperature, increasing pressure increases the solubility 

of gases in liquids, mainly because increasing the gas pressure also increases the concentration of 

gas molecules per unit of volume and to overcome the change and to maintain equilibrium more 

gas molecules enter the liquid solution. 

The solubility of air in water is considered to follow Henry’s law, which is defined as: 

 =  (2.4) 

 
= � − �  (2.5) 

where  is the solubility of the gas into the fluid,   is the pressure of the solution, and  is 

Henry’s constant, which is a function of temperature, however in this study we will assume 

constant temperature. Since it is difficult to quantify the amount of residual air present in the 



18 

 

pores, I used a reasonable assumption to allow a pore pressure to be determined. Given that the 

samples used in this study have very similar pore volumes, the assumptions are summarized on 

Table 2.6. 

To calculate the number of moles of air, the ideal gas law was used and is defined as: 

 � =  (2.6) 

where  is the pressure of the gas ( = 1 atm), � is the volume of the gas (� = 0.001L),  is 

the number of moles of gas ( = ),  is the temperature of the gas ( = 295 K) and  is the 

universal gas constant ( = 0.08206
L atm

mol  K
 ). As a result the pore pressure applied was calculated 

to be 3.54 atm or 52 psi. 

Table 2.6 Assumptions and variables used to calculate pore pressure necessary to completely 

dissolve the residual air in solution. 

Variable Name Symbol Value Assumption 

Bulk Volume �  60 cm3 = 0.06 L Samples with similar bulk volumes 

Pore Volume �  20 cm3 = 0.02 L Largest porosity 30% 

Residual Air Volume �  1 cm3 = 0.001 L 5%  of pore volume atm. conditions 

Moles of Residual Air  4.1 E−5 moles N2 used as an air analog 

Henry’s Const.  6.1E−4 L atm/mol N2 used as an air analog 

2.4. Low Frequency Complex Conductivity 

2.4.1. Theoretical Background 

The electrical resistivity ( ) and its inverse electrical conductivity ( ) are quantities that 

capture electrical charge transport (Guéguen and Palciauskas 1994). Resistivity and conductivity 

are both intrinsic properties, meaning they are independent of sample geometry. Therefore, the 

data acquired is considered to be resistance ( ) or conductance ( ), defined by the equations 

below: 

 =   (2.7) 
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 =  (2.8) 

where  is the geometric factor and can be calculated in many ways depending on the 

experimental design.  

Conductivity measurements were initially used for the determination of rocks saturation. 

Archie’s law (Archie 1942) was the first empirical relationship developed to quantify rock 

saturations. Archie’s law is defined by the following equation: 

 =   (2.9) 

 = �  (2.10) 

where  is the water saturation,  is the saturation exponent frequently assumed to be two,  is 

the formation factor,  is the resistivity of water,  is the bulk resistivity,  is the tortuosity 

factor frequently assumed to be one, � is the porosity and,  is the cementation factor. 

Effective conductivity of a porous media is a result of a combination of the conductivity 

difference between the solid particles, in this case silica ( ~10−12 S/m), and a brine solution 

( ~10−1 S/m). The contrast between conductivities causes the electrical current applied to flow 

mainly by the connected pore space. However, current flow is not the only phenomena observed, 

polarization also contributes to the electrical resistivity. This study will perform resistivity 

measurements at the low frequency range (0.1 mHz to 1 kHz) using a four electrode method, and 

the response observed from rock samples can be compared to an equivalent circuit (Figure 2.11). 

The equivalent circuit is composed by a resistor and a capacitor in parallel. The side of the circuit 

with the resistor represents the path for the current flow and the side with the capacitor represents 

the ability to store energy, or polarize. Mathematically this behavior can be represented by the 

split between real and imaginary conductivity:  
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 ∗ = ′ + " (2.11) 

  ∗ =  ( ′ 2
+ "2  (2.12) 

 
tan φ =

"

 ′  (2.13) 

where the real part of conductivity ( ′) is associated to the current flow, the imaginary part ( ") 

is associated to the polarization phenomena, � is the phase angle, and =  −1 . 

 

Figure 2.11 (1) Equivalent circuit showing a resistor and capacitor in parallel, this circuit is 

considered to be electrically equivalent to a rock sample. (2) Complex conductivity (�∗) 

represented as a vector, where the x-axis is the real conductivity (�′) and the y-axis is the 

imaginary (�"). The magnitude of the real or imaginary part can be computed by using the phase 

angle (�). The resistor is shown in red and represented the conduction that take place in the 

connected pores, also represented by the real conductivity. The capacitor is shown in green and 

represents the polarization that take place in the polarizable surfaces and the disconnected 

porosity, also represented by the imaginary conductivity.  

2.4.2. Experimental Method 

The low frequency conductivity measurement uses Ohm’s law to characterize the resistivity 

properties of a rock sample using a so-called 4-electrode method. Two large electrodes placed on 

the caps of the PLP jacket (Figure 2.7) apply a current from the top to the bottom of the rock 

sample; two small electrodes along the sample axis capture the voltage drop between two points. 
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A Spectral Induced Polarization (SIP) equipment was used to record the resistivity and the phase 

angle in the frequency sweep from 0.2 mHz to 12 kHz. From the data acquired real and 

imaginary conductivities over a frequency sweep and as a function of pressure were evaluated. 

2.5. Nuclear Magnetic Resonance (NMR) 

I used Nuclear magnetic resonance to characterize pore space. This measurement was 

performed before, between, and after the samples were exposed all pressure cycles. These 

measurements allowed me to quantify the pore changes caused by the pressure cycles. In this 

case, the NMR T2 response was used as a pore size distributions (PSD) or only time distribution. 

The NMR used for this procedure was a 2 MHz NMR from Magritek. Before the experiment was 

performed the equipment is tuned to the correct frequency and the background is captured to be 

subtracted after the experiment is performed. I used a large number of echoes (10,000) to 

observe full signal decay and an experimental delay larger than or equal to three times the 

relaxation time. 

2.6. Gassmann Fluid Substitution 

Elastic properties are directly dependent on the bulk properties of the media in question. In 

the case of rock, they are composed of mainly the matrix and pore space, by default elastic 

properties are directly related to the pore content. Gassmann fluid substitution relates the elastic 

properties from a rock matrix saturated with a specific fluid to the elastic properties of the same 

rock matrix saturated with a different fluid. In this study, the dry (air saturated) elastic 

measurements results are going to be used to predict the results from the water saturated 

measurements. 

Gassmann assumes that the sample is homogeneous and isotropic. This theory also is 

considered to be valid for low frequency where the pore pressure is in equilibrium, meaning in 
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other frequencies, as the one used in this study (1.0 MHz) the results may be less accurate. 

Gassmann (1951) define the fluid substitution process by calculating the changes in bulk 

modulus using the following: 

 Ksat

0 − = − + ϕ 0 −  - (2.14) 

where  is the bulk modulus of the saturated rock,  is the bulk modulus of the dry rock, 

 is the bulk modulus of the fluid placed on the pore space and 0 is the bulk modulus of the 

mineral making up the rock. 

2.7. Flow Zone Indicator 

Porosity and permeability have been related to each other in many ways. Kozeny-Carman is 

one of those relations. After certain generalizations shown by Amaefule et al. (1993), the 

Kozeny-Carman equation can be expressed as: 

  ϕ =
1 � �  

ϕ
1 − ϕ - (2.15) 

where  is permeability, ϕ is porosity,  is the shape factor, � is tortuosity, and �  is the 

specific surface area per unit of grain volume. 

 This relationship can be also expressed in terms of Reservoir Quality Index (RQI), Flow 

Zone Indicator (FZI), and Void Ratio (VR) as: 

 = ∗ �  (2.16) 

 
=

1 � �  (2.17) 

Prasad (2003) shows how sandstones can be grouped based on the FZI value used to model 

porosity and permeability. Figure 2.12 show the results obtained by Prasad (1999) and the way 



23 

 

the samples were grouped. In this work a similar approach will be used to determinate the FZI 

values for each of the samples or group of samples. FZI is inversely proportional to tortuosity 

and specific surface area allowing the basic understanding of those properties for each sample.   

 

Figure 2.12 Porosity – permeability relation from Prasad (1999). In this plot the studied samples 

can be grouped based on the value of FZI used to model porosity permeability. 
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CHAPTER 3 EXPERIMENTAL RESULTS 

3.1. Porosity and Permeability Results 

Further, the next results to be presented are the porosity and permeability measurements 

(Figure 3.1 to Figure 3.5) under confining pressures from 3.4 MPa to 20.7 MPa.  

 

Figure 3.1 Porosity and permeability measurements under confining pressure for sample BB-H3. 

The plot on the left shows the porosity results, while the plot on the right shows the permeability 

results. Porosity and permeability decreases with increasing pressure. 

 

Figure 3.2 Porosity and permeability measurements under confining pressure for sample BR-H2. 

The plot on the left shows the porosity results, while the plot on the right shows the permeability 

results. Porosity and permeability decreases with increasing pressure. 
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Figure 3.3 Porosity and permeability measurements under confining pressure for sample CG-H3. 

The plot on the left shows the porosity results, while the plot on the right shows the permeability 

results. Porosity and permeability decreases with increasing pressure. 

 

Figure 3.4 Porosity and permeability measurements under confining pressure for sample CT-H1. 

The plot on the left shows the porosity results, while the plot on the right shows the permeability 

results.  Porosity and permeability decreases with increasing pressure. 

All the natural sandstones show a decrease in porosity and permeability with pressure. The 

porosity changes do not exceed one percent porosity and permeability changes range depending 

on the sample. The changes observed in the porosity and permeability can be used to understand 

some of the changes observed on the elastic and electrical measurements results. 
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Figure 3.5 Porosity and permeability measurements under confining pressure for sample NU-H2. 

The plot on the left shows the porosity results, while the plot on the right shows the permeability 

results. Porosity and permeability decreases with increasing pressure. 

3.2. Ultrasonic Velocities Results 

The first results presented are the ultrasonic velocities under confining pressures ranging 

from 0 to 20.7 MPa (Figure 3.6 to Figure 3.11). Table 3.1 shows the velocities at maximum 

measured pressure as a short description of each sample. The results show the velocities from the 

increasing in confining pressure, the decreasing and its uncertainties. The uncertainties are often 

smaller than the markers plotted. 

Table 3.1 Velocities at maximum measured pressure 

Sample 
Dry Vp (km/s) 

@ 20.7 MPa  

Dry Vs (km/s) 

@ 20.7 MPa 

Saturated Vp 

(km/s) @ 20.7 MPa  

Saturated Vs 

(km/s) @ 20.7 MPa 

100umGB 4.320 2.454 4.141 2.290 

BB H3 3.798 2.404 3.840 2.309 

BR H2 3.606 2.367 3.705 2.303 

CG H3 3.013 2.070 3.060 1.884 

CT H1 3.611 2.385 3.746 2.179 

NU H2 4.109 2.696 4.186 2.568 
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Figure 3.6 Ultrasonic velocities measurements from sample 100 um GB. The plot on the left, 

show the dry velocities, while the one on the right shows the saturated velocities. On both plots 

uncertainty bars are displayed, and the filled markers represent the velocities from the increase in 

pressure, while the empty markers represent the decreasing in pressure results. For both dry and 

saturated results, velocities show low pressure dependency, demonstrating that the glass beads 

sample is well consolidated and there is hardly any change in the microstructure of the sample 

with pressure. 

 

Figure 3.7 Ultrasonic velocities measurements from sample BB – H3. The plot on the left, show 

the dry velocities, while the one on the right shows the saturated velocities. On both plots 

uncertainty bars are displayed, and the filled markers represent the velocities from the increase in 

pressure, while the empty markers represent the decreasing in pressure results. This sample 

shows pressure dependency in both cases, dry and saturated, where the velocity increases with 

pressure. There is also a small amount of hysteresis between the increasing and decreasing 

pressure cycle demonstrating a possible change in the rock structure. 
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Figure 3.8 Ultrasonic velocities measurements from sample BR – H2 The plot on the left, show 

the dry velocities, while the one on the right shows the saturated velocities. On both plots 

uncertainty bars are displayed, and the filled markers represent the velocities from the increase in 

pressure, while the empty markers represent the decreasing in pressure results. This sample 

shows pressure dependency in both cases, dry and saturated, where the velocity increases with 

pressure. There is also a small amount of hysteresis between the increasing and decreasing 
pressure cycle demonstrating a possible change in the rock structure. 

 

Figure 3.9 Ultrasonic velocities measurements from sample GC – H3 The plot on the left, show 

the dry velocities, while the one on the right shows the saturated velocities.  On both plots 

uncertainty bars are displayed, and the filled markers represent the velocities from the increase in 

pressure, while the empty markers represent the decreasing in pressure results. This sample 

shows pressure dependency in both cases, dry and saturated, where the velocity increases with 

pressure. There is also a small amount of hysteresis between the increasing and decreasing 

pressure cycle demonstrating a possible change in the rock structure. 
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Figure 3.10 Ultrasonic velocities measurements from sample CT – H1. The plot on the left, show 

the dry velocities, while the one on the right shows the saturated velocities.  On both plots 

uncertainty bars are displayed, and the filled markers represent the velocities from the increase in 

pressure, while the empty markers represent the decreasing in pressure results. This sample 

shows pressure dependency in both cases, dry and saturated, where the velocity increases with 

pressure. There is also a larger amount of hysteresis between the increasing and decreasing 

pressure cycle, especially on the dry measurement, demonstrating a possible change in the rock 

structure. 

 

Figure 3.11 Ultrasonic velocities measurements from sample NU – H2. The plot on the left, 

show the dry velocities, while the one on the right shows the saturated velocities. On both plots 

uncertainty bars are displayed, and the filled markers represent the velocities from the increase in 

pressure, while the empty markers represent the decreasing in pressure results. This sample 

shows pressure dependency in both cases, dry and saturated, where the velocity increases with 

pressure. There is also a small amount of hysteresis between the increasing and decreasing 

pressure cycle demonstrating a possible change in the rock structure. 
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All the sandstone samples show some form of pressure dependency through the 

ultrasonic velocities. In this case, the velocities increase with pressure. The only sample that does 

not follow this trend is the fused glass bead sample, where the velocities remain basically 

constant with increasing and decreasing pressure (Figure 3.6). The change in velocity with 

pressure is believed to be caused by a structural change in the rock itself. In the case of the fused 

glass beads, those changes seem to be unlikely to happen at the pressures tested. Differently from 

the natural sandstones, the glass bead sample was fused, meaning the sample structure is formed 

by fused grains. The natural sandstones have a different structure, which allows grains to move 

slightly closing cracks or modifying temporarily and/or permanently pore structures. 

3.3. Low Frequency Complex Conductivity Results 

The next results presented are the low frequency complex conductivity of all tested samples 

under confining pressures ranging from 1.7 MPa to 20.7 MPa (Figure 3.12 to Figure 3.17). The 

results included here are the real and imaginary conductivity from the increasing confining 

pressure and its uncertainties. The uncertainties are often smaller than the markers plotted and 

not visible in the plots without careful examination. The fluid properties used during the 

electrical measurements can be seen on Table 3.2. The low fluid conductivity was chosen to 

allow a the imaginary conductivity results to be reliable. Since the main goal of this study was to 

understand pressure effects, having a reliable imaginary conductivity can help us better 

understand the pressure dependency of the pore space. Sample CT H1 was an exception, the 

fluid used had much larger conductivity. 
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Table 3.2 Calculated formation factor at 3 MPa and measured fluid conductivity. 

Sample Formation Factor (@ 1Hz) Fluid Conductivity (S/m) 

100umGB 7.70 0.1262 

BB H3 19.63 0.1200 

BR H2 16.56 0.1320 

CG H3 9.83 0.1250 

CT H1 25.79 2.7600 

NU H2 11.43 0.1225 

 

 

Figure 3.12 Complex conductivity results from sample 100 um GB. The plot on the left, shows 

the real conductivity, while the one on the right shows the imaginary or quadrature conductivity. 

On both plots uncertainty bars are displayed. The fluid used for this measurement had a 

conductivity of 0.1262 S/m. The real conductivity shows no pressure dependency, while the 

imaginary conductivity shows a decrease in imaginary conductivity with increasing pressure on 

most measured frequencies. 

Similarly to the ultrasonic velocities, the real conductivity of this sample remains constant 

with increasing pressure. However, the imaginary conductivity shows a pressure dependency, it 

decreases with increasing pressure. The imaginary conductivity is sensible to structural changes 

due to its dependency on the surface properties of the sample and the real conductivity is more 

dependent on the bulk conductivity, and once there is no dependency in pressure would be safe 

to interpret these results as if there were no significant changes to the structure of the sample, but 

there were significant changes in the areas available for polarization.  
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Figure 3.13 Complex conductivity results from sample BB – H3 The plot on the left, shows the 

real conductivity, while the one on the right shows the imaginary or quadrature conductivity. On 

both plots uncertainty bars are displayed. The fluid used for this measurement had a conductivity 

of 0.12 S/m. The real and imaginary conductivity shows decrease conductivity with increasing 

pressure on most measured frequencies. In the imaginary conductivity there is also a change in 

the peak frequency with increasing pressure. The main frequency changes from right to left with 

increasing pressure. 

 

Figure 3.14 Complex conductivity results from sample BR – H2. The plot on the left, shows the 

real conductivity, while the one on the right shows the imaginary or quadrature conductivity. On 

both plots uncertainty bars are displayed. The fluid used for this measurement had a conductivity 

of 0.132 S/m. The real and imaginary conductivity shows decrease conductivity with increasing 

pressure on most measured frequencies. In the imaginary conductivity there is also a change in 

the peak frequency with increasing pressure. The main frequency changes from right to left with 

increasing pressure. 
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Figure 3.15 Complex conductivity results from sample CG – H3. The plot on the left, shows the 

real conductivity, while the one on the right shows the imaginary or quadrature conductivity. On 

both plots uncertainty bars are displayed. The fluid used for this measurement had a conductivity 

of 0.125 S/m. The real conductivity shows decrease conductivity with increasing pressure on 

most measured frequencies. The imaginary conductivity shows a small pressure dependency, 

following no specific order. 

 

Figure 3.16 Complex conductivity results from sample CT – H1. The plot on the left, shows the 

real conductivity, while the one on the right shows the imaginary or quadrature conductivity. On 

both plots uncertainty bars are displayed. The fluid used for this measurement had a conductivity 

of 2.76 S/m. The real conductivity shows decrease conductivity with increasing pressure on most 

measured frequencies. The imaginary conductivity shows no real pressure dependency. The main 

reason for this behavior is the highly conduct fluid used for this test. 
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Figure 3.17 Complex conductivity results from sample NU – H2. The plot on the left, shows the 

real conductivity, while the one on the right shows the imaginary or quadrature conductivity. On 

both plots uncertainty bars are displayed. The fluid used for this measurement had a conductivity 

of 0.1225 S/m. The real and imaginary conductivity shows decrease conductivity with increasing 

pressure on most measured frequencies. In the imaginary conductivity there is also a change in 

the peak frequency with increasing pressure. The main frequency changes from right to left with 

increasing pressure. 

Similarly to the ultrasonic velocities, the real conductivity of the sandstones were pressure 

dependent, showing decrease in conductivity with increasing pressure. However, the imaginary 

conductivity did not show exactly the same results. Samples BB – H3 (Figure 3.13), BR – H2 

(Figure 3.14) and NU – H2 (Figure 3.17), demonstrated similar imaginary conductivity 

behaviors. All three samples experience a systematic decrease in amplitude of the imaginary 

conductivity and a shift in the peak frequency from high to low frequency. Samples CG – H3 

(Figure 3.15) and CT – H1 (Figure 3.16) did not behave as the previous samples. CG – H3 

sample just showed a similar result with a range of pressures, but no relationship was observed at 

this point. CT – H1 behaves similarly, however this specific sample was tested with a much 

higher salinity fluid. The higher salinity fluid inhibits the surface polarization to play a 

significant part on the conductivity measurement, causing the imaginary conductivity from this 

measurement to be unreliable. 
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3.4. NMR Results 

NMR measurements results are going to be presented in this section (Figure 3.18 to Figure 

3.22). The measurements were taken before and after pressurized experiments to explain some of 

the hysteresis seen on the previous presented data. 

 

Figure 3.18 NMR results from sample BB-H3. The results are numbered in the order of 

acquisition. The results show a gradual shift in all the pore sizes towards an earlier relaxation 

time. 

 

Figure 3.19 NMR results from sample BR-H2. The results are numbered in the order of 

acquisition. The results show a shift in the pore sizes towards an earlier relaxation time. The 

larger pore size is also narrowed resulting in an increasing on amplitude. 
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Figure 3.20 NMR results from sample CG-H3. The results are numbered in the order of 

acquisition. The results show a small shift in the pore sizes towards an earlier relaxation time. 

 

Figure 3.21 NMR results from sample CT-H1. The results are numbered in the order of 

acquisition. The results show a large shift in the pore sizes towards an earlier relaxation time. 
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Figure 3.22 NMR results from sample NU-H2. The results are numbered in the order of 

acquisition. The results show a small shift in the pore sizes towards an earlier relaxation time, 

with a more significant shift in the fast relaxation times. The NMR 3 result is unreasonable and 

for that reason will not be taken in consideration. 

The NMR results show a trend where all the samples relaxation time distributions shift 

toward lower relaxation times. Samples like CG-H3 (Figure 3.20) and NU-H2 (Figure 3.22) 

show very small changes in the relaxation times. The changes observed are mostly into the lower 

pore sizes. When relating these results to the ultrasonic velocities hysteresis, it is noticeable that 

the samples in question have very low amounts of hysteresis (Figure 3.9 and Figure 3.11). In 

general, samples BB-H3, BR-H2, and CT-H1 have larger changes on its relaxation times and 

consequently larger hysteresis are observed on the ultrasonic velocities (Figure 3.6, Figure 3.7, 

and Figure 3.10). 

Individually, sample BB-H3 show a gradual shift in the relaxation times towards shorter 

times demonstrating that the pore sizes in general decreased with the pressure cycles. Possibly 

some of the cracks and larger pores close or deformed permanently. Sample BR-H2 behaves 

similarly to BB-H3, however in this case its main pore size peak becomes narrow and increases 
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in amplitude. Lastly, sample CT-H1 have also a similar behavior, however in this case the larger 

pore size shifts significantly towards shorter relaxation times, while the smaller pore sizes suffer 

modest changes. This result signifies that for the samples BR-H2 and CT-H1, the larger pores 

were more susceptible to change, while BB-H3 all pore sizes demonstrate significant changes. 
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CHAPTER 4 DISCUSSION 

In this chapter three main topics are going to be discussed. (1) Data quality check – the data 

will checked by comparing against published data and tested against the Gassmann fluid 

substitution predictions. (2) Pressure dependency – the pressure dependency of measured 

propertied, porosity, permeability, velocities, and conductivity, are evaluated. (3) Hysteresis – 

the hysteresis observed from the NMR results are going to be discussed to understand what type 

of deformations are the samples suffering, if the hysteresis are permanent and what part of the 

pore structure are the pressure cycles affecting. 

4.1. Data Quality Check 

4.1.1. Ultrasonic Velocities Comparison to Literature 

In this section, the dry ultrasonic velocities measurements at 20.7 MPa are compared with 

literature data measured at pressures between 40 MPa to 70 MPa from Han et al. (1986), 

Strandenes (1991), Prasad (1999), Prasad (2000), Diaz (2001), Rasolovoahangy (2002), Flodin 

(2003), and Aliyev (2015). Dry compressional and shear velocities have an inverse relation to 

porosity: velocities decrease with increasing porosity (Figure 4.1 and Figure 4.2). The figures 

also demonstrate how well the results from this study compare with the literature results. 

4.1.2.  Gassmann Fluid Substitution 

Gassmann fluid substitution was used with dry ultrasonic measurements to calculate water 

saturated velocities. The sample mineralogy was assumed to be mainly quartz. Table 4.1 lists 

other assumptions used in the Gassmann model. 
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Figure 4.1 Dry compressional ultrasonic velocities and porosity. Literature results and the results 
of this work can be compared in this plot. Both literature and the results of this study show a 

decrease in velocities with increasing porosity. The only sample that does not follow the trend is 

the fused glass beads sample, due to its high porosity and stiff frame (high velocity).  

 

Figure 4.2 Dry shear ultrasonic velocities and porosity. Literature results and the results of this 

work can be compared in this plot. Both literature and the results of this study show a decrease in 

velocities with increasing porosity. The only sample that does not follow the trend is the fused 

glass beads sample, due to its high porosity and stiff frame (high velocity).  
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Table 4.1 Assumptions used for all samples when using Gassmann fluid substitution. 

Property Value Unit 

Mineralogy 100% quartz 

Density of quartz 2.65 g/cm
3 

Density of air 1.23E-03 g/cm
3
 

Density of water 1.00 g/cm
3
 

Bulk Modulus of quartz 38.00 GPa 

Bulk Modulus of air 1.42E-04 GPa 

Bulk Modulus of water 2.20 GPa 

 

The results from Gassmann fluid substitution are compared to the measured saturated 

velocities in Figure 4.3 to Figure 4.8. For most samples, the Gassmann-predicted velocities 

match well with measured data, showing only minor deviations. These results show that the data 

generated by this study can be modeled and can be considered consistent to the existing theories. 

 

Figure 4.3 Saturated velocities calculated by using Gassmann compared to measured saturated 

velocities for sample 100 um GB. The blue line represents the calculated P and S velocities, 

while the black markers are the measured saturated P and S velocities. Gassmann and the 

measured properties show similar results. 
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Figure 4.4 Saturated velocities calculated by using Gassmann compared to measured saturated 

velocities for sample BB-H3. The blue line represents the calculated P and S velocities, while the 

black markers are the measured saturated P and S velocities. Gassmann and the measured 

properties show similar results. 

 

Figure 4.5 Saturated velocities calculated by using Gassmann compared to measured saturated 

velocities for sample BR-H2. The blue line represents the calculated P and S velocities, while the 

black markers are the measured saturated P and S velocities. Gassmann and the measured 

properties show similar results. 
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Figure 4.6 Saturated velocities calculated by using Gassmann compared to measured saturated 

velocities for sample GC-H3. The blue line represents the calculated P and S velocities, while the 

black markers are the measured saturated P and S velocities. Gassmann and the measured results 

deviate significantly from each other, especially the P velocity. 

 

Figure 4.7 Saturated velocities calculated by using Gassmann compared to measured saturated 

velocities for sample CT-H1. The blue line represents the calculated P and S velocities, while the 

black markers are the measured saturated P and S velocities. Gassmann and the measured 

properties show similar results, however at low pressures the measured P velocity is 

overestimated compared to Gassmann. 
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Figure 4.8 Saturated velocities calculated by using Gassmann compared to measured saturated 

velocities for sample NU-H2. The blue line represents the calculated P and S velocities, while 

the black markers are the measured saturated P and S velocities. Gassmann and the measured 

properties show similar results. 

The only sample that deviates from a Gassmann behavior is GC-H3 (Figure 4.6). This 

deviation can be related to the high porosity of this sample (25.5%), however at this point the 

reason for this deviation cannot be completely explained without further investigation. 

4.1.3. Data Natural Variability 

The measurements performed in this work were performed as anisotropic measurements, 

meaning three main directions were measured for most of the elastic and electrical 

measurements. Since the samples used during this work were homogeneous and isotropic, the 

minimum and maximum deviations were calculated from the three measurements for each 

sample. Table 4.2 shows the velocity and conductivity variation ranges for each sample at 20.7 

MPa confining pressure. 
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Table 4.2 Velocity and conductivity variation ranges for all samples at 20.7 MPa. 

Pore Fluid Air Air Water Water Water 

Sample 

Name 

P-Velocity 

@ 20.7 

MPa (%) 

S-Velocity 

@ 20.7 

MPa (%) 

P-Velocity 

@ 20.7 

MPa (%) 

S-Velocity 

@ 20.7 

MPa (%) 

Conductivity 

@ 20.7 MPa 

(%) 

BB – H3 1.45 1.10 2.20 2.53 0.60 

BR – H2 1.72 2.42 2.07 2.98 0.73 

CG – H3 1.76 1.02 1.02 1.78 2.44 

CT – H1 3.08 0.74 0.89 0.46 0.52 

NU – H2 1.11 1.37 1.13 1.42 1.22 

100umGB 0.62 2.18 1.78 1.33 0.30 

4.1.4. Flow Zone Indicators 

Flow zone indicator (FZI) was used to understand some of the properties of each sample as 

tortuosity and specific surface area. The porosity and permeability for each sample is plotted in 

Figure 4.9 and constant FZI values were used to model the response of the samples. This allows 

the estimation of the FZI value for each sample. 

 

Figure 4.9 Porosity – permeability relationship. Plotted markers are the properties of each 

sample. Plotted lines represent the constant FZI value, displayed in the plot, used to model the 

porosity permeability relation. The samples were grouped into four specific groups that were 

color coded for easy identification. 
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Figure 4.10 Permeability – dry compressional wave at 20.7 MPa. The colors represent the FZI 

values for each of the sample further discussed on the previous figure. A linear relationship can 

be seen between all the samples on their respective groups. According to Prasad (2003), parallel 

linear relationship between the groups should be expected, similarly to the red group of markers. 

Using the modeled permeability porosity relationship based on constant values of FZI the 

studies samples could be separated into four flow zones. Since FZI is inversely proportional to 

surface area and tortuosity, the larger the FZI value for a group, the lower is the values for 

surface area and tortuosity. Further, the inverse relationship between permeability and velocity is 

apparent within each flow zone (Figure 4.10, with the same color code as in Figure 4.9). 

4.2. Pressure Dependency 

4.2.1. Velocity, Conductivity, Porosity, and Permeability Pressure Effects 

The varying amounts of pressure dependence in the elastic and electrical measurements could 

be explained by changes in the rock microstructure. During pressurization, samples with high 

aspect ratio pores and other compliant elements can deform. The deformation and closure of high 

aspect ratio pores can create stiffer contacts that promote elastic wave propagation and increase 

m
d
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the velocity. On the other hand, the same pore deformations create obstructions for electric 

currents flow resulting in an increase in the resistivity and decrease in porosity and permeability 

with increasing confining pressure. 

Even though the general effects of pressure for the measured properties are similar, the 

relative changes in velocities, conductivity, porosity, and permeability are very different, ranging 

from a few percent up to about 20% change with pressure. The relative changes were calculated 

comparative to the initial values at 3.4 MPa. Figure 4.11 to Figure 4.15 show a linear rate of 

change in porosity, permeability, and conductivity in most samples. The relative velocity 

changes often display an exponential trend with larger pressure sensitivity. Models of pressure 

dependent elastic and electrical properties should take in consideration that elastic properties 

change at a higher rate than porosity, permeability, and conductivity. 

 

Figure 4.11 Relative change in percent with pressure of porosity, permeability, conductivity and 

P/S velocities for sample BB-H3. Porosity and permeability have similar behaviors and do not 

surpass the 5% change. Velocities have a similar behavior where the S velocity reaches more 

than 20% change. The rate of change varies per measurement; however it’s clear that the 
conductivity has a lower rate of change than P and S velocities. 
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Figure 4.12 Relative change in percent with pressure of porosity, permeability, conductivity and 

P/S velocities for sample BR-H2. Porosity and permeability have similar behaviors and do not 

surpass the 5% change. Velocities have a similar behavior where the S velocity reaches more 

than 20% change. The rate of change varies per measurement; however it’s clear that the 
conductivity has a lower rate of change than P and S velocities, in this case conductivity’s rate of 

change is similar to the rate of change for porosity and permeability. 

 

Figure 4.13 Relative change in percent with pressure of porosity, permeability, conductivity and 

P/S velocities for sample CG-H3. Porosity, permeability, and conductivity have similar 

behaviors and do not surpass the 5% change. In this case velocities have a similar behavior 

where the S velocity reaches more than 20% change. The rate of change varies per measurement; 

however it’s clear that the conductivity has a lower rate of change than P and S velocities, in this 
case conductivity’s rate of change is identical to the rate of change for porosity and permeability. 
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Figure 4.14 Relative change in percent with pressure of porosity, permeability, conductivity and 

P/S velocities for sample CT-H1. Porosity does not surpass the 5% change, where permeability, 

and conductivity have similar behaviors and reach almost 10% change. In this case velocities 

have a similar behavior where the S velocity reaches more than 20% change. The rate of change 

varies per measurement; however it’s clear that the conductivity has a lower rate of change than 
P and S velocities. 

 

Figure 4.15 Relative change in percent with pressure of porosity, permeability, conductivity and 

P/S velocities for sample NU-H2. This sample show the least percent change in all properties. 

Porosity and permeability do not surpass the 5% change, while conductivity barely reaches 

above 5% change. In this case velocities have a similar behavior where both of them have liner 

relationships to pressure changes. 



50 

 

4.2.2. Conductivity 

Real Component: At the frequency range used in this study, the real conductivity did not 

show much frequency dependence.  

Imaginary Component: The imaginary conductivity show a two-fold pressure dependency: 

amplitude decreases with increasing pressure (Figure 3.12, Figure 3.13, Figure 3.14, and Figure 

3.17) and occasionally the peak frequency of the imaginary conductivity changes with pressure 

as observed in three samples (Figure 3.13, Figure 3.14, and Figure 3.17).  

Imaginary conductivity is dependent on, among others, porosity, permeability, tortuosity, 

specific surface area, and pore-size distribution. Specifically, the frequency sweep of the 

imaginary conductivity is dependent on the pore size distribution: the effect of larger pores with 

low specific surface area per unit volume is more prominent at lower frequencies, while higher 

frequencies are more sensitive to smaller pores and cracks with high specific surface area pre 

unit of volume.   

A shift in the peak frequency, as demonstrated in Figure 4.16, indicates a significant change 

in the surface area available for polarization. This is a result of pore compressibility and/or crack 

closing. The shift in peak frequency towards lower frequencies indicates a more significant 

change in smaller pores as compared to larger pores and, in turn, the surface area contributions 

from small pores is decreasing rapidly with increasing pressure. In conclusion, the pore sizes are 

not increasing, but the contribution from each different pore sizes is changing due to the closure 

of the smaller pores. 
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Figure 4.16 Imaginary conductivity results from sample NU-H2. The peak frequency, identified 

with the black arrows, move from higher frequency to lower frequency. The amplitude of the 

imaginary conductivity also decreases with increasing pressure. 

Since the imaginary conductivity shows a dominance of surface effects, I used flow zone 

separations in a porosity permeability figure (similar to Figure 4.9) to understand how FZI 

changes with pressure. In the FZI equation (2.17), if the shape factor ( ) is independent of 

pressure, the change in FZI with pressure would be a consequence of the changes in tortuosity 

(�) and specific surface area ( � ). With increasing pressure, tortuosity is expected to increase 

and specific surface area decreases – two competing factors for FZI changes. A closer look at the 

effect of pressure on FZI (Figure 4.17) shows an increase in FZI with increasing pressure for 

most of the samples (Figure 4.18). Such a change indicates that the decrease in specific surface 

area is larger than the increase in tortuosity. This observation needs further confirmation by 

independent methods. 

Pressure Effect 
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Figure 4.17 Porosity – permeability plot of NU-H2 data under confining pressure. The data 

shows a decrease in porosity and decrease in permeability. The pressure effect is explained by 

the black arrow. 

 

Figure 4.18 Porosity – permeability under confining pressure plot with FZI lines plotted. The 

values for the FZI are available next to each curve. Most of the sample tested follows the same 

trend deviating towards the right side of the FZI line with increasing pressure, the only exception 

is sample CT-H1, in green, which it follows the FZI modeled. The arrows represent the pressure 

effect on each of the samples.  
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4.3. Hysteresis 

In this work hysteresis were observed, from the acoustic velocity, real and imaginary 

conductivities changes between increasing/decreasing pressure cycles and from the NMR T2 

distributions recorded between experiments. 

I found that most samples tested had a plastic behavior.  The velocity results show small 

amounts of hysteresis. Independently of how small the hysteresis was, after the pressure cycles 

the sample properties changed permanently. This is a direction description of a plastic behavior. 

Further, to confirm the hysteresis observed with acoustic velocity, real and imaginary 

conductivities changes, NMR T2 distributions confirmed permanent changes caused to pore 

space by the pressure cycles. Since the measurements were taken between pressure cycles, I 

found that the pressure cycles systematically decreased the overall pore sizes of the samples 

tested, meaning it changed the sample in the first cycle and increased the changes in the second. 

The consistent decrease in pore sizes with each pressure cycle happened in two main patterns, (1) 

smaller pore sizes moved into faster relaxation times and (2) larger and smaller pore sizes moved 

to faster relaxation times. 

The changes caused to the T2 distributions showed by sample NU H2 showed the first 

discussed pattern (Figure 3.22), smaller pore sizes moved into faster relaxation times. In parallel, 

the acoustic velocities showed an increase in velocity from increase to decreasing pressure 

(Figure 3.11) Further, the real and imaginary conductivities showed a larger change between 

increasing and decreasing pressures at the higher frequencies, showing an agreement to the NMR 

results where the smaller pore-sizes are permanently changed (Figure 4.19). Differently the 

changes caused to the T2 distributions showed by sample BR H2 showed the second discussed 

pattern (Figure 3.19), larger and smaller pore sizes moved to faster relaxation times. Separately, 
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the acoustic velocities showed a decrease in velocity from increase to decreasing pressure. 

Finally, the imaginary conductivities showed a larger change between increasing and decreasing 

pressures at the lower frequencies and the real conductivity showed a large change across the 

complete frequency range. This can be related to the change in the larger pore sizes, once its 

change would affect directly the bulk conductivity. These results showed an agreement to the 

NMR results where the smaller and larger pore-sizes are permanently changed (Figure 4.20). 

The hysteresis observed in all the measurements are concerning, especially because the 

samples are not fully recovering from it. In other words, Significant hysteresis after different 

pressure cycles that make simultaneous measurements vital. Subsequent measurements after a 

pressure cycle can be affected by changes in the sample microstructure.  

 

Figure 4.19 Complex conductivity hysteresis evaluation (NY H2). The plot on the left is the real 

conductivity, while the one on the right is the imaginary conductivity. The blue curves are the 

results during increasing pressure at 1.7 MPa and the red line is the decreasing pressure. The 

discrepancy in the conductivity results at high frequency show the damage caused to the smaller 

pore sizes. 
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Figure 4.20 Complex conductivity hysteresis evaluation (BR H2). The plot on the left is the real 

conductivity, while the one on the right is the imaginary conductivity. The blue curves are the 

results during increasing pressure at 1.7 MPa and the red line is the decreasing pressure. The 

changes in real conductivity is directly related to the change in the larger pore sizes, due to its 

consequences on the bulk fluid. The imaginary conductivity also show small changes that are 

representative of the permanent changes in the pore structure. 
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CHAPTER 5 CONCLUSIONS 

I have presented a comprehensive a data set of simultaneos elastic and electrical 

measurements under different confining pressures. The data were quality checked by comparing 

with literature data and with predictions from the Gassmann fluid substitution model. The joint 

data show 

1. Variability of the data lies between 0.046 km/s to 0.136 km/s for acoustics and 7.4E-5 

S/m to 8.5E-3 S/m for conductivity.  

2. Significant hysteresis after different pressure cycles makes simultaneous measurements 

vital. Subsequent measurements after a pressure cycle can be affected by changes in the 

sample microstructure. 

3. The imaginary conductivity shows a shift of peak frequency towards lower frequencies. 

4. With pressure, the decrease in surface area is larger than the increase in tortuosity. 

5. Finally, the effects of pressure on the measured data were evaluated, allowing the 

conclusion that elastic data changes in a exponential path with pressure, while porosity, 

permeability and conductivity behave more linearly between 3 and 20.7 MPa. 
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CHAPTER 6 FUTURE WORK 

The work performed in this thesis opens many doors for studies using the data set generated. 

I believe there are at least five main topics that this thesis can support when further studied: 

 Evaluate joint elastic and electrical inversion  

o This work generated a good data set for joint studies 

o Appendix A contains some of the preliminary work performed 

o Study if the different elastic and electrical pressure relationships are the cause 

for some joint models to not predict pressure dependency well 

o Introduce imaginary conductivity to joint inversions, once the imaginary part 

of the complex conductivity can describe the pore structure of the sample by 

its relationship to surface area 

 Invert complex conductivity for pore sizes and study the effect of pressure. 

 Joint inversion from the complex conductivity and NMR 

 Compare permeability prediction from the complex conductivity and NMR 

 Perform imaging experiments (CT scan) in the same way NMR was performed for 

this study to visually understand the effects of pressure to the pore structure 
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APPENDIX A ELASTIC AND ELECTRICAL MODELS 

The continuation of this work should be focused on the use of the data set generated by this 

study to develop and improve joint elastic and electrical inversions. During this project I made 

multiple attempts to apply existing model to the data, but I was not successful with my results. I 

this section I will lay out all the models I revised, my attempts to apply existing models to my 

data, and where do I believe the models failed on representing the data. 

A.1. Contact Radius Model 

Contact models generate an approximation of the porous media based on two particles in 

contact. To use this model to determinate elastic properties it’s necessary the normal and 

tangential stiffness of the two particle contact, shown on Figure A.1 (Mavko et al. 2009). The 

initial model was the Hertz-Mindlin model developed by Mindlin (1949). Other versions of this 

model were developed by Walton (1987); Digby (1981), etc, with the main purpose to calculate 

the properties of pack of spheres. These models are mainly dependent on the porosity of the 

porous media, the radius, the normal and tangential stiffness, and the number of contacts of the 

particles. Later, Dvorkin and Nur (1996) introduced cement at the grain contacts. Where the 

cement when introduced would decrease porosity and increase the elastic moduli of the 

aggregates (Mavko et al. 2009). 

The Contact Radius model is a type of model that is more physical than most. Once it takes 

in account particle properties and attempts to model the porous media based on its 

microstructure. However, this model is strictly related to elastic properties. In this case the 

development of a conductivity model would be necessary. 
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Figure A.1 Visual demonstration of Contact Radius Model. (1) Shows the initial conditions of 

the model were 2 spheres are in contact with each other. (2) When a force is applied in the 

normal direction deformation is caused. The change in the radius (R) observed is dependent on 

the normal stiffness of the sphere. (3) When a force is caused in the tangential direction 

deformation is cause. In this case the tangential displacement (τ) is dependent on the tangential 
stiffness. This figure was based on Mavko et al. (2009). 

A.2. Cracked Media Model 

Crack models are assumed to be an inclusion model, which is the introduction of inclusions 

to a background. In this case, an isotropic background would be assumed and penny-shaped 

ellipsoidal cracks (low aspect ratio) would be included into the background to mimic the 

behavior of a porous media (Figure A.2). Depending on the orientation of the cracks placed an 

isotropic or anisotropic media can be modeled. A model as the one developed by Hudson (1980) 

could be used in this case to estimate the effective elastic moduli and attenuation. However, one 

of the main assumptions for the crack inclusion model is that the cracks are isolated with 

respective to fluid flow (Mavko et al. 2009). In other words, without fluid connectivity there is 

no electrical conductivity. 
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Figure A.2 (1) Isotropic background. (2) Low aspect ratio inclusions placed into the 

background. 

A.3. Differential Effective Medium (DEM) 

Differential effective medium is one of the effective medium methods used to model porous 

media. The DEM method assumes the background to be one of the components of the modeled 

media and in small fraction substitutes the background partially with the specified volume 

fractions of the component (Mavko et al. 2009). Once one of the components needs to be used as 

the background there are two options: (1) the background will be composed by a component with 

insignificant electrical conductivity, for example quartz, or (2) the background will be composed 

by a fluid with non-existent shear modulus, for example brine. In both cases during the joint 

modeling we encounter issues making this approach alone to do not be feasible. 

A.4. Self-Consistent Approximation  

Self-consistent approximation is another effective medium methods used to model porous 

media. The SCA method assumes a random background medium and in small fraction substitutes 

the background completely with the specified components. This model has its advantages 

compared to the DEM model, for an example the background does not play a big role. However, 

when using a SCA model it is important to understand that in a two component mixture for 

example, the components are place simultaneously. This causes a problem when trying to model 
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porous media that have properties near the percolation porosity or critical porosity, once the 

model never fit those extreme cases. 

A.5. Self-Consistent Approximation and Differential Effective Medium 

In this study, the model used has a two-step process. First a self-consistent approximation 

(SCA) approach is used to generate a bi-connected medium composed of the cement and pore 

fluid. In the second step, the matrix is added to the host (SCA medium) by using a differential 

effective medium (DEM) approach. This process allows the SCA pitfalls to be overcomed by the 

use of a DEM model to introduce the grains and allows the DEM pitfalls to be overcomed by 

using SCA to generate a bi-connected background where connectivity and shear modulus are 

present (Mao and Prasad 2017). 

A.6. Effective Medium Theories Boundaries 

Effective medium theory has been used by many as a method to model a medium’s property 

from the individual properties of the medium’s components. In order to complete that 

successfully three main inputs must be known: volume fractions, individual properties and 

geometric details of each individual component. This work will reproduce the work done by Mao 

and Prasad (2017) and will analyze the results from the model used. 

The understanding of the model’s limitations is based on understanding its boundaries. The 

upper and lower boundaries described below demonstrated the extreme behaviors, not always 

found in nature; however, mathematically possible to obtain. 

A.6.1. Hashin-Shtrikman Elastic Bound 

Effective medium theories have three main inputs: volume fractions, individual properties 

and geometric details of each individual component. Bounds are defined as giving the narrowest 
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possible range of desired properties without specifying geometric details of the components 

(Mavko et al. 2009). The best bounds for two components linear elastic isotropic media are the 

Hashin-Shtrikman bounds (Hashin and Shtrikman, 1963) defined as: 
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where 1 and 2 are the bulk moduli of the individual components; �1 and �2 are the shear 

moduli of the individual components; and 1 and 2 are the volume fractions of the individual 

components. Allowing the lower and upper bounds to be calculated by interchanging the 

components defined as 1 and 2. When the stiffest material is defined as 1 the result will be the 

upper bound and the softest material is defined as 1 the result will be the lower bound. 

A.6.2. Modified Hashin-Shtrikman Elastic Bound 

To incorporate the critical porosity as a limit for the elastic properties Dvorkin and Nur 

(1996), developed a modified version of Hashin-Shtrikman lower bound which is defined as: 
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where  and � are the bulk and shear moduli, � and �  are the porosity and critical porosity, and 

 and �  are the bulk and shear moduli given by Mindlin (1949), from the contact theory, 

and are defined as: 
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where  is the number of contacts between grains, �  is the grain shear modulus,  is the grain 

Poisson’s ratio, and �  is the critical porosity. 

A.6.3. Hashin-Shtrikman Electric Bound 

Hashin-Shtrikman bounds can also be used for the determination of conductivity boundaries 

for multicomponent media.  
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where  is the electrical conductivity,  is the lowest conductivity between the components, 

 is the highest conductivity between the components,  is the volume fraction of the 

component and,  is the number of components. 

A.6.4. Modified Hashin-Shtrikman Electric Bound 

The electrical bounds developed by Hashin-Strikman are a good initial point for the 

evaluation of porous media; however, the understanding of the porosity limits allows the 

development of narrow bounds. The modified Hashin-Strikman was developed by Mavko et al. 

(2009). The new upper boundary looks specifically into representing the boundaries of connected 

pores while grains maintain contact (separates the porosity in three different groups, shown on 

Table A.1. 

Table A.1 Porosity – Formation Factor relationship. In certain porosity ranges the definition of 

the formation factor will change to adequately represents the porous media (based on Mavko et 

al. 2009). 

Pore Description Porosity Range Formation Factor 

Disconnected Pores 0 < � < �  +
 

Connected pores and grains 

maintain contact 
� < � < �   � − �   

Connected pores and grains 

lose contact 
� < � < 1 

+
 

 

When calculating the boundaries of real rock the focus will be where the pores are connected 

and the grains maintain contact. This scenario it is the one that best represent natural rock 

samples. The upper boundary it is modified to: 

 

+ =  a+ � − �  +
  (A.14) 
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m+ =

ln  +− 
ln  ��   (A.15) 

 
a+ =  ln  − + + ln � − �    (A.16) 

where  is the water resistivity or pore fluid resistivity, �  is the critical porosity and �  is the 

percolation porosity. 

A.7. Effective Medium Theory 

There are two main applicable methods of the effective medium theory, Self-Consistent 

Approximation (SCA) and Differential Effective Medium (DEM). Both methods assume an 

initial background and introduce small fractions of the components until the final result is met. 

However, they differ in a fundamental way, DEM assumes that the background is composed by 

one of the components of the media attempted to model and the other component is introduced 

replacing partially the background. In the case of SCA the background is assumed to be random 

and small fractions of the components desired to be modeled are introduced until the background 

is completely replaced.  In this study we use both methods in different steps of the modeling 

process.  

For the joint inversion of electrical and elastic properties the first step will be creating a 

medium composed of cement and fluid (Figure A.3 (b)), a SCA approach will be used to 

generate these first medium. The medium generated will be responsible for resembling the 

compliance behavior of the modeled rock (Figure A.4). Using the first media as host a DEM 

approach will be used to introduce the grains (Figure A.3 (c)). The grains are going to substitute 

partially the host and allow the porosity to be modeled and the results from the electrical and 
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elastic measurements to be matched by the model (Figure A.4). In other words, the compliance 

will be controlled by the cement and the magnitude by the added solids. 

 

Figure A.3 Description of the steps taken in the effective medium modeling. (a) Represents the 

background assumed by the SCA method. (b) SCA model result with the pore fluid and the 

cement present, this bi-connected model is responsible for the compliance characteristic of the 

model. (c) DEM results with the grains, pore fluid and cement, this model define the porosity of 

the media and the magnitude of the response (electrical or elastic) modeled. 

 

Figure A.4 Display of example of the data and model boundaries. The blue points are the data 

acquired from BB-H3 sample. The magenta curve is the upper limit and the green curve is the 

lower limit created to be conceptual curves for illustration. The black arrow represents the 

compliance observed and modeled when the cement is added to the pore fluid. The red arrow 

represents the magnitude change of the model depending on the introduction of grains to the 

modeled medium. 
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A.7.1. Grain and Pore Geometry Characterization 

Grain and pore geometry influence elastic and transport properties. When using inclusion 

models ellipsoidal shapes are usually used, the reasons behind this choice are usually related on 

to the resemblance of ellipsoidal shapes to grains and pores and due because ellipsoidal shapes 

are simple to model. There are three ellipsoidal geometry options for each of your component: 

spheres, prolate ellipsoids and oblate ellipsoids. An ellipsoid is usually defined by three major 

axes, a sphere is defined when all axis are equal (Figure A.5.1), an oblate ellipsoidal is defined 

when the horizontal axis are larger than the vertical (Figure A.5.2) and a prolate ellipsoidal is 

defined when the horizontal axis are smaller than the vertical (Figure A.5.3).  

 

Figure A.5 Geometry definitions for grain and pore characterization. (1) Sphere. (2) Oblate 

ellipsoidal. (3) Prolate ellipsoidal. (based on Mavko et al. 2009) 

During modeling the geometry of the grains or pores are usually defined by its aspect ratio 

(�). The aspect ratio is mathematically defined as: 

 � = =  (A.17) 

where a, b, and c are the three main axis of a ellipsoid. The values for aspect ratio and the shape 

related to it are presented on Table A.2. 
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Table A.2 Ellipsoidal particle shapes and the relationship to aspect ratio. 

Shape Aspect ratio (�) 

Sphere � = 1 

Oblate � < 1 

Prolate � > 1 
 

A.7.2. Elastic Self-Consistent Approximation (SCA) 

Self-consistent approximation is one of the effective medium methods used to model porous 

media. The SCA method assumes a random background medium and in small fraction substitutes 

the background completely with the specified components. SCA will be used in the first step of 

the modeling to generate a host composed of fluid and cement for the second part of the 

modeling, when a DEM approach will be used to introduce the grains. SCA does take in 

consideration the geometric properties of the components, however does not account for its 

special arrangement and for that reason assumes that the modeled media is homogeneous, elastic 

and isotropic. This method also assumes that all the inclusions are ellipsoids and they are isolated 

with respect to fluid flow (Mavko et al. 2009). The general form of the elastic SCA is defined as 

(Berryman 1980): 

   − ∗  ∗ = 0

=1

 (A.18) 

   � − �∗  ∗ = 0

=1

 (A.19) 

where  and �   are the bulk and shear moduli of the component ,  is the volume fraction of 

component , ∗  and ∗  are the geometric factors and the superscript ∗  indicates that the 

factors are for an inclusion of material  in a background media with self-consistent moduli ∗  

and �∗  (Mavko, 2009). In this work  will be considered the fluid volume fraction and 1 −  
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will be the cement volume fraction,  is going to be considered the highest porosity that the 

modeled media can reach, or the critical porosity. To maintain the initial model as a bi-connected 

 will be restrained between 0.4 and 0.6 (Mao and Prasad 2017). 

The geometric factors  and  are defined as: 

 
=

1

3
 (A.20) 

 
=

1

5
 − 1

3
  (A.21) 

where tensor  the far-field strain field to the strain within the ellipsoidal inclusion (Wu 

1966). The scalars necessary to calculate  and  are defined as (Berryman 1980): 
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 6 = 1 +  1 + −  + �  + (1 − �)(3 − 4 ) (A.29) 
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1
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 3 + 9� −  3 + 5�  + �(3 − 4 ) (A.30) 
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when the aspect ratio � > 1, in the case of prolate spheroids, � is defined as: 

 � =
� �2 − 1 3

2

 � �2 − 1 1
2 − cosh−1 �  (A.37) 

when � < 1, in the case of oblate spheroids, � is defined as: 

 � =
� 1 − �2 3

2

 −1 � −  � 1 − �2 1
2  (A.38) 

A.7.3. Elastic Differential Effective Medium (DEM) 

Differential effective medium is one of the effective medium methods used to model porous 

media. The DEM method assumes the background to be one of the components of the modeled 

media and in small fraction substitutes the background partially with the specified volume 

fractions of the component. During initial part of the modeling a SCA approach is used to 

generate the host for the DEM model. In this step the grains are going to be introduced to the 

media, the general form of the model is defined as:  

  1 − � � =  −  ∗   (A.39) 
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  1 − � �� =  � − �  ∗   (A.40) 

where � is the grain volume fraction,  and �  are the bulk and shear modulus of the grains 

introduced,  and �  are initially the bulk and shear of the host modeled by the SCA 

method, P and Q are the geometric factors and are defined by equations (A.20) and (A.21). This 

method assumes that the modeled media is homogeneous, elastic and isotropic.  

A.7.4. Electrical Self-Consistent Approximation (SCA) 

The SCA method is now applied to model the electrical response of the fluid and cement 

mixture to provide a bi-connected host for the DEM model. The model was previously 

developed by Sheng (1990):  

 ∗ =
1

4
 +  2 + 8  1

2  (A.41) 

 =  2 − 3  −  1 − 3   (A.42) 

where ∗  is the modeled conductivity,  and  are the conductivity of the pore fluid and 

cement respectively and  is the fluid volume fraction. 

A.7.5. Electrical Differential Effective Medium (DEM) 

The application of the DEM method towards electrical properties is similar to elastic model. 

The electrical DEM model was first introduced by Bruggeman (1935): 

  1 −   ∗    =
2 − ∗ ( )

2 + 2 ∗     3 ∗   (A.43) 

where  is the volume fraction, 2 is the conductivity of the second component and ∗  is the 

conductivity of the modeled media. This expression can also be solved by an analytical solution: 

  2 − ∗   
2 − 1

  1∗    = 1 −  (A.44) 
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where 1 = ∗ ( = 0) and  is the depolarization factor, which is related to the geometry of 

the pore and can be calculated from the aspect ratio (�) using the relationship provided by 

Landau and Lifshitz (1960). 

For spheres the aspect ratio approaches 1 (� = 1),  is defined as: 

 
= = =

1

3
 (A.45) 

For oblate ellipsoids where the aspect ratio is lower than 1 (� < 1),  is defines as: 
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For prolate ellipsoids where the aspect ratio is larger than 1 (� < 1),  is defines as: 
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3
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The description of the effective conductivity is defined as (Mao and Prasad 2017):  

 
=  �  (A.52) 

 
=

5 − 3

3 1 − 2  (A.53) 

where  is the effective conductivity,  is the conductivity of the pore fluid and cement 

mix, � is the porosity,  is the fluid volume fraction and  is the cementation factor. 
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A.8. Modeled Results 

In this section the results modeled from both samples tested are going to be presented. 

Initially the glass beads are going to be discussed. For this sample the model was applied using 

two different sets of inputs (Table A.3), each set of inputs will be called case one and two. For 

the BB – H3 sample a similar approach was taken, again two cases where studied. However, 

besides the difference between inputs used from the first to the second case (Table A.4), the 

electrical resistivity data used on the first case was the collected data, and on the second case the 

data used was a modified data set for a higher salinity. This modification was applied to attempt 

to decrease the influence of the surface effects seen when electrical resistivity is measured with 

low conductivity fluids. 

Table A.3 Inputs for the effective medium inversion from elastic and electrical measurements of 

the glass beads sample. The shaded rows are the values where assumptions were made. 

Assumed Variable GB Case 1 GB Case 2 � – Porosity 31% 31% 

 – Grain density 2.38 g/cc 2.38 g/cc 

 – Fluid density 1.00 g/cc 1.00 g/cc 

 – Fluid conductivity 0.1100 S/m 0.1100 S/m 

 – Fluid conductivity 0.0001 S/m 0.0001 S/m 

 – Grain bulk modulus 38.00 GPa 38.00 GPa �  – Grain shear modulus 44.00 GPa 44.00 GPa 

 – Fluid bulk modulus 2.38 GPa 2.38 GPa �  – Fluid shear modulus 0.00 GPa 0.00 GPa � – Aspect ratio 0.8 0.8 

f – Fluid fraction 0.568 0.568 

–Cement bulk  modulus 38.00 GPa 1.35e+6 GPa � –Cement shear  modulus 44.00 GPa 1.15e+6 GPa 
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Table A.4 Inputs for the effective medium inversion from elastic and electrical measurements of 

the glass beads sample. The shaded rows were the assumptions used to fit the model to data. 

Assumed Variable BB – H3 Case 1 BB – H3 Case 2 � – Porosity 17.7% 17.7% 

 – Grain density 2.64 g/cc 2.64 g/cc 

 – Fluid density 1.00 g/cc 1.00 g/cc 

 – Fluid conductivity 0.1000 S/m 2.7130 S/m 

 – Fluid conductivity 0.0001 S/m 0.0001 S/m 

 – Grain bulk modulus 38.00 GPa 38.00 GPa �  – Grain shear modulus 44.00 GPa 44.00 GPa 

 – Fluid bulk modulus 2.38 GPa 2.38 GPa �  – Fluid shear modulus 0.00 GPa 0.00 GPa � – Aspect ratio 0.7 0.7 

f – Fluid fraction 0.63 0.39 

–Cement bulk  modulus 15.00 GPa 17.00 GPa � –Cement shear  modulus 8.50 GPa 8.20 GPa 

 

A.8.1. GB Case One Results 

Case one uses a realistic set of assumptions. The fluid fraction is within its boundaries (0.4 > 

f > 0.6), the aspect ratio of the grains were assumed to be near a perfect sphere (� = 0.8), which 

in this case it is reasonable due to the roundness presented by the glass beads. The cement bulk 

and shear modulus were assumed to be the same as the matrix (Table A.3). The main reason 

behind this assumption is that the cement in this case is the surfaces of the glass beads that fused, 

meaning the cement material is the matrix. 

The inversion results show a good fit to the resistivity data, however it underestimates the 

ultrasonic velocities (Figure A.6). Even though the magnitude of the velocities is underestimated 

the change with pressure is irrelevant. That shows that the cement properties are stiff enough to 

do not allow changes in the velocity with pressure, however due to the fluid and cement fractions 

the magnitude of the velocities is underestimated.  
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Figure A.6 Electrical resistivity and ultrasonic velocities measurements and inversion results for 

GB Case One. The electrical resistivity model fits the data well. The velocities predicted by the 

model underestimate the velocities by a large margin. 

 

Figure A.7 Inversion results for porosity and aspect ratio changes with pressure for GB Case 

One. The porosity does not change significantly with pressure as expected and the aspect ratio 

increases with pressure. 
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The porosity is shown to be constant with pressure (Figure A.6). This behavior was already 

expected due to the high stiffness of the fused glass beads. This demonstrates that even though 

the elastic model does not agree with the data the porosity results are still realistic. The aspect 

ratio results shows an increase in aspect ratio to values near one, this would mean that the grains 

are becoming more spherical with pressure, which in this case might be unreasonable; however, 

this results can also be associated with an incorrect assumption for the initial aspect ratio value. 

A.8.2. GB Case Two Results 

Case Two uses a few unrealistic assumptions. The fluid fraction is within its boundaries (0.4 

> f > 0.6), the aspect ratio of the grains were assumed to be near a perfect sphere (� = 0.8), which 

in this case it is reasonable due to the roundness presented by the glass beads. The cement bulk 

and shear modulus were over estimated to compensate for the underestimation on the elastic 

properties seen on Case One. In this case the properties of the cement were assumed to be 

= 1.35 + 6 GPa and � = 1.15 + 6 GPa (Table A.4).  

The inversion results show a good fit to the resistivity data and the ultrasonic velocities 

(Figure A.8). Even though the fit improved the P-wave velocities are still underestimated and the 

S-wave velocities are over estimated. Once more the slope is near zero, showing that the cement 

properties are stiff enough to do not allow changes in the velocity with pressure. However, due to 

the stiff nature of the fused glass and its large porosity, the assumptions necessary to fit the 

model to the data are unreasonable.  

The porosity and aspect ratio results were similar to Case One. The porosity is shown to be 

constant with pressure and the aspect ratio shows an increase with pressure (Figure A.9). 
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Figure A.8 Electrical resistivity and ultrasonic velocities measurements and inversion results for 

GB Case Two. The electrical resistivity model fits the data well. The velocities predicted by the 

model underestimate the P-wave velocity and over estimates the S-wave velocity. 

 

 

Figure A.9 Inversion results for porosity and aspect ratio changes with pressure for GB Case 

Two. The porosity does not change significantly with pressure as expected and the aspect ratio 

increases with pressure. 
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A.8.3. Berea Case One Results 

The assumptions made during this modeling are reasonable besides the assumption made for 

the fluid fraction ( ). Like described previously, the fluid fraction used for the SCA model is 

supposed to be considered the critical porosity of the sample. In this case, the assumption made 

was that the fluid fraction is 63%, and for this sample it is unreasonable. The results again show 

that the modeled results for the elastic data underestimate velocities significantly (Figure A.10). 

However, the electrical resistivity modeled results fits well the data and the porosity prediction 

also looks reasonable, showing a porosity decrease of 1.5% porosity (Figure A.11).  

 

 

Figure A.10 Electrical resistivity and ultrasonic velocities measurements results are shown as the 

points in the plots. The inversion results are shown as the red line. These are the results for Berea 

Case One. The electrical resistivity model fits the data well. The velocities predicted by the 

model underestimate the velocities by a large margin. 
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Figure A.11 Inversion results for porosity and aspect ratio changes with pressure for Berea Case 

One. The porosity decreases by 1.5% with increasing pressure. 

A.8.4. Berea Case Two Results 

After evaluating the first modeled result and observing the mismatch of the elastic data, a 

second inversion was executed. In this case the input electrical data was modified. The main 

reason for this modification was to avoid any surface effects to play a role in the results. In other 

words, the first case uses a fluid conductivity of 0.1 S/m, this fluid conductivity was too small 

and surface effects contribute to the resistivity results. The model used does not take this effect 

in consideration. To avoid this problem the fluid was substituted by a higher salinity fluid and 

one measurement was taken at 500 psi. The results for the other pressures were extrapolated 

based on the data recorded from the low conductivity fluid experimental results. 

The modeled results in this case are not ideal, but they do predict results close to the data. In 

this case the fluid fraction assumption was 39%, and now this value is a reasonable assumption 

for a sandstone critical porosity. The results still show a match in the resistivity data and a 

underestimation on the velocities; however, in this case the velocity underestimation is due to the 

model inaccuracy in predicting the change in velocity with pressure (Figure A.12). The porosity 

it does change about 2% (Figure A.13). 
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Figure A.12 Electrical resistivity and ultrasonic velocities measurements results are shown as the 

points in the plots. The inversion results are shown as the red line. These are the results for Berea 

Case Two. The electrical resistivity model fits the data well. The velocities predicted by the 

model underestimate the velocities by a large margin. 

 

Figure A.13 Inversion results for porosity and aspect ratio changes with pressure for Berea Case 

Two. The porosity decreases by 2% with increasing pressure. 

A.9. Discussion 

In this study, the application of a joint elastic-electrical effective medium inversion is 

performed on simultaneous elastic-electrical measurements under confining pressure. This 

process allows a better understanding of the effect of pressure on the rock microstructure. The 

observed changes were characterized with porosity and aspect ratio. So far two samples were 
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tested. Both samples went through the inversion process and the results were separeted into four 

cases. 

Glass Beads Case One shows that with realistic assumptions the electrical resistivity data was 

matched and the porosity prediction was reliable, showing no pressure dependency. However, 

the ultrasonic velocities were underestimated, and the pore aspect ratio did not behave as 

expected, increasing with pressure. In the Glass Beads Case Two, the assumptions made for the 

cement bulk and shear modulus were increased to unrealistic values. This change allowed the 

electrical resistivity and the ultrasonic velocity to have a better match to the measured data; 

however, the ultrasonic velocities had deviations from the measured data. The porosity results 

did not change significantly, showing no pressure dependancy, and the aspect ratio still increased 

with pressure.  

On both Glass Beads cases the ultrasonic velocities model appeared to do not match the data. 

The main reason for the behavior observed is the sample charactheristics. The sample is 

constructed from fused grains. Without the presence of any cement material, the sample has no 

pressure sensitivity, has high porosity (31%), and high ultrasonic velocities. In other words, the 

sample’s behavior is approaching the model’s boundaries. In this case to compensate for this 

properties the model needs unreasonable inputs to be able to match the data recorded. 

When evaluating the results from the sandstone sample, on case one the elastic model again 

does not fit the data. One of the possible reasons for this result to be seen was because of the 

values used for the fluid fraction ( ). In case one, the fluid fraction used was 63%, which is 

unreasonable. It is important to say that the fluid fraction is one of the main controlers of the 

porosity result and the electrical resistivity model. Keeping that in mind, the mismatch between 

the elastic data and model, could be caused by the results seen on the electrical measurements. In 
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this case, the results measurements could be suffering with the influence of surface effects due to 

the low fluid conductivity. To avoid this problem, on case two the electrical data used was 

extrapolated from the measured data. The results from case two show that the model indeed fits 

the data better that the first case. However, the results still show a underestimation on the elastic 

data, meaning the model has not beed successful on predicting the change in velocity with 

pressure, even though the initial condicions are matched. The porosity change it is overestimated, 

and maybe this could be caused by the fact that the data used was extrapolated and not measured. 

More measurements will be performed to allow a better evaluation of the model and its 

modification if nescessary.  
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APPENDIX B ELECTRONIC FILES 

The experimental data generated during this work has been compailed into three files. 

 Elastic_Data.xlsx – Contains all the velocities measured for dry and saturated cycles 

 Complex_Conductivity.xlsx – Contains all the results from the SIP measurements 

 NMR.xlsx – Contains all the NMR results 

 Porosity_Permeability.xlsx – Contains all the porosity and permeability results 


