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ABSTRACT

Gassmann’s equation is a relationship commonly used in theoretical pore fluid 

substitution. In the last 40 years this equation has been used to predict changes in rock bulk 

modulus. The shear modulus is assumed independent of the pore fluid. However, 

experimental verification of this equation, particularly at seismic frequencies, is still an 

open issue. In the present study, rock bulk and shear moduli were measured under different 

saturation conditions and compared to predicted values o f Gassmann. Then, the 

implications were examined resulting from violating the fundamental assumptions, on 

which Gassmann’s equation is built: pore pressure equilibrium, homogeneity, isotropy, and 

no chemical rock fluid reactions.

Cores from three different fields were used, the majority with very high porosity 

and permeability. After sample characterization and description two types of elastic 

“wave” measurements were conducted: low frequency (5 - 2000 Hz) and ultrasonic (-500 

kHz). Measurements were made under both diy and saturated conditions with various pore 

fluids, to quantify fluid substitution and dispersion effects.

Two different mechanical fluid-rock interaction mechanisms can be distinguished: 

one where the pore fluid is in relaxed conditions, and one where the fluid pressure is 

unrelaxed. The difference between these states is controlled by the capability of the fluid to 

move in and out of the pores. This fluid mobility is strongly dependent on the rock 

permeability and the fluid viscosity. If  the fluid mobility is large enough, the pore fluid can 

be in equilibrium and Gassmann’s equation is directly applicable. However, if  there is a 

compressible gas phase or flow boundary present, pore pressure will not change with 

passage of an elastic wave and thus the rock will not have a higher bulk modulus (and 

higher velocity). Shales have a very low permeability so the fluid pressure will be in 

unrelaxed conditions over the whole frequency range. In contrast, sandstones can fall in



either range: with high fluid mobility they are in the relaxed, low frequency limit; with low 

mobility, they will be in the unrelaxed, high frequency domain.

The fundamental assumptions of Gassmann’s equation are strict, and rock or 

experimental conditions violated them more than once. In particular, the assumption of 

homogeneity o f a monomineralic rock, non interacting with the pore fluid is at the base of 

much of the mismatch between theoretical and experimental measurements. Differences 

between ultrasonic and low frequency measurements are partially explained by breaking 

the assumption of pore fluid equilibrium. During ultrasonic measurements, frequencies are 

too high for the fluid to equilibrate within the pore space.

Applying Gassmann’s equation requires four different variables: mineral bulk 

modulus, fluid modulus, dry bulk modulus, and porosity. However, these variables are 

often unknown. For example, the effective mineral modulus of a multi-component rock 

somehow must be calculated. Similarly, a single effective fluid modulus for multiphase 

pore fluids must be estimated. With increasing use of seismic data directly to explore for or 

monitor pore fluids, resolving these issues with Gassmann’s equation becomes increasingly 

critical.
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1

Chapter 1 

INTRODUCTION

The effects o f pore fluids on elastic properties of rocks is the focus o f this thesis. 

Velocity dispersion from seismic to ultrasonic frequencies is directly observed in porous 

reservoir rocks. To investigate validity and utility o f the Gassmann model (1951), dynamic 

elastic properties between 5 and 500 kHz have been measured, focusing on the behavior of 

high porosity and permeability sediments. The magnitude and frequency range of 

dispersion is dependent on the permeability o f the rock and on the viscosity and modulus 

o f the fluid. In this chapter, objectives and motivation for this project are set, then existing 

relationships are reviewed from a theoretical and experimental stand point.
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1.1 Objective

Seismic data are now being used to directly identify pore fluids and time lapse 

seismic is becoming an important tool for reservoir monitoring and development. With 

increasing resolution, it is possible to observe subtle changes within the zone of interest. 

Understanding these observed changes requires a thorough understanding of the behavior 

o f the rock-fluid system. Figure 1-1 shows an example of a time-lapse survey, at Vacuum 

field. New Mexico (courtesy of Duranti, 2000). Compressional wave images of base and 

repeated surveys are shown as well as the difference image between these two 

measurements. Changes in amplitude and travel time become apparent in the difference 

image. The question remains: what caused these observed changes in the seismic section? 

Three different mechanisms could have caused this change (assuming no changes in 

acquisition and processing): altered reservoir conditions (changes in effective stress due to 

pore pressure changes), changes o f fluid - rock interaction, and fluid saturation changes.

Changes in reservoir conditions and in fluid saturation can be difficult to detect. 

Fluid pressure changes can be caused by production or injection of fluids. Typical 

complexities were encountered in the Vacuum field case. Through the early history of this 

field, only oil was produced (primary depletion). Many years o f water injection (secondary 

recovery) followed. Currently, carbon dioxide is injected to increase oil production 

primarily by decreasing oil viscosity. CO2 was injected in the right (CVU194) and left 

(CVU200) wells in Figure 1-1 and oil was produced by the central well (CVU97). The 

question remains o f how much o f the observed amplitude changes are due to changes in 

saturation and fluid properties, and how much are due to variations of reservoir pressure. 

Gassmann’s equation provides a tool to calculate the change in bulk modulus o f a rock with 

changing fluid saturation. But Gassmann’s equation requires numerous assumptions, which 

can have a strong impact on the calculations, and interpretation.
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The purpose of this thesis is to verify this equation and its required assumptions. 

The second chapter will focus on the derivation of Gassmann’s equation and detail the need 

and impact o f the various assumptions. Then, in the third chapter, elastic property 

measurement principles are described (low frequency as well as ultrasonic frequency). A 

special focus will be placed on the errors in the experimental methods. Sample description 

is the focus o f chapter four, since homogeneity and isotropy are critical assumptions of 

Gassmann’s equation. Samples must be characterized to ascertain to what extend they 

fulfill these requirements. Not surprisingly, most samples are not homogenous and 

isotropic, thus immediately breaking Gassmann’s assumptions. Chapter five will present 

and discuss the results o f the measurements. In chapter six, the input parameters for 

Gassmann’s equation are discussed: mineral moduli, fluid moduli, dry moduli, and 

porosity. Also the results o f the experimental measurements will be compared with the 

calculated fluid responses, using dry experimental measurements. This approach is also 

applied to one related set o f well logs. Finally, in the last chapter the conclusions and 

recommendations for further work are outlined.
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P-waves
CVU200 CVU97 CVU194

difference

Figure 1-1 : P-wave time lapse section from Vacuum field. New Mexico. Base line, 
repeated line, and difference plot between 600 and 700 ms. Reservoir top is at 650 ms, 
reservoir bottom at 700 ms (images from Duranti, 2000).
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1.2 Prior Work

Fluid effects on velocities are commonly observed and discussed in geophysical 

literature. A distinction can be made between frequency independent and frequency 

dependent theories. Wood's equation (1955) is a simple formula to average fluid and rock 

properties, and was one of the first attempts to estimate fluid effects on seismic properties. 

Gassmann (1951) used linear elasticity to improve the calculations of fluid effects. 

However, numerous assumptions are involved: elasticity, isotropy, and homogeneity. Real 

reservoir rocks depart from most o f these assumptions. Brown & Korringa (1975) 

improved Gassmann’s equation allowing inhomogeneities and anisotropy by introducing a 

pore space compressibility term. All these models are frequency independent (low 

frequency limit) behavior.

An alternative is represented by numerous models describing dispersion effects. 

These models include Blot's (1956) inertial model, the crack model o f O'Connell and 

Budiansky (1977) and the squirt model o f Mavko and Nur (1978). Frequency dependent 

models are sometimes in contradiction, and the conditions of their validity have not yet 

been established. Fluid viscosity and rock permeability have an important influence on how 

dispersive the velocity of the rock-fluid system is, and at what frequency range the 

dispersion, or critical frequency, occurs.

Gassmann’s equation has been tested, but primarily in the ultrasonic frequency 

range. Han (1986), and Winkler (1982) showed that Gassmann’s equation is valid for fused 

glass and clean sandstones. But work done by Cardoret (1993), and Knight et al. (1990), 

show that inhomogeneities in the saturation distribution (the so called “patchy saturation”) 

have a large influence on the experimental results, and prediction for the bulk modulus with 

Gassmann’s equation will fail under these conditions. Only a few measurements have been 

done at low frequencies. Unfortunately, these important measurements suffered from 

boundary flow effects (Spencer, 1981).
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C hapter 2 

GASSMANN’S EQUATION

Gassmann’s equation is one of the most common tools used to compute and predict 

rock bulk modulus or velocity changes caused by fluid changes. To calculate the bulk 

modulus for the saturated rock we have to know only four variables: the dry bulk modulus 

of the rock, the mineral bulk modulus o f the rock, the bulk modulus o f the pore fill and the 

porosity o f the rock. But the assumptions and limitations of this simple equation must be 

understood. NOT considering these limitations and assumptions can lead to wrong results 

and misinterpretations.

Direct hydrocarbon indicators (DHI) as well as reservoir monitoring and 

characterization are obvious areas to apply Gassmann’s equation. Increasing importance is 

expected for these equations due to extreme expense of deep water exploration wells and 

the increase o f time lapse seismic studies. Careful sensitivity studies have to be conducted 

to ensure that the altered seismic response is caused by the change o f fluid properties and 

is within the resolution of the seismic data. The change of fluid properties is primarily 

caused by substituting one fluid with another or crossing phase boundaries. However, 

different seismic signatures may also arise from changes in rock properties caused by 

pressure changes. Both scenarios, fluid substitution and pressure changes, are present in 

most cases and modeling with Gassmann’s equation provides only a partial solution in the 

search for a proper interpretation.

The first part o f this chapter will give a short introduction to elasticity. The second 

part will be used to derive the Gassmann equation. The third part will discuss assumptions 

and limitations of this theory. In the third part, modification by Brown and Korringa (1975) 

is discussed. The chapter finishes with a simplification of Gassmann’s equation and some 

words about the constraints imposed by Han et al. (2000).
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2.1 Introduction - Hooke’s Law

The concept of Gassmann’s equation and low frequency measurements is based on 

the linear stress-strain relationship, known as Hooke's Law. In Figure 2-1 the general 

behavior of a material is shown. Only in the gray stippled area is where Hooke's law is 

strictly applicable. In the most general form:

G ij C ijklz kl (2-1)

Stress <7 Linear Elastic Zone

Breaking

Nonlinear Elastic Zone

BreakingHardening

Floating Zone

Strain ?.

Figure 2-1: Stress-strain diagram (after Stephani and Kluge, 1995).

Stress CTzy and strain G&/ are related by the elastic stiffness tensor C ^/, with i,j,k,l = 

1,2,3. In the general case, under consideration of symmetry criteria and requiring unique 

strain energy potential, this tensor has twenty-one independent constants. Derivations are 

shown by Stephani and Kluge (1995) as well as Brekhovskikh and Goncharov (1994). The 

number of constants will be reduced to two independent constants for an isotropic and 

homogeneous material. The stiffness tensor can be rewritten in the following form:

C ijkl =  y ^ i f î k l  +  0 ô /ytô /7 +  ^ i f i j k  (2 “2 )



8

where 8 y is the Kronecker delta function. Under the symmetry conditions o f the tensor Cy^ 

= Cjiiy = Cyifa it can be shown that 6 = Ç and the stress- strain relation is further simplified:

cr,y = X6ljzll + 2ii z lj. (2-3)

From these two constants (Lame's constants). Young’s, bulk, P-wave, and shear modulus 

as well as the Poisson’s ratio (E, K, M, \i, v) can be derived.

In our experiments Poisson’s ratio (v) and Young’s modulus (E) o f the rock are 

measured, so it is possible to calculate all the other elastic properties, shear modulus (p), 

bulk modulus (K) and Lame’s constant (X):

= 2(T + v )  ( 2 "4 )

^ = 3 ( T f e )  (2-5)

X - ( l + v ) 0 - 2 v ) - ( 2 "6 )

The phase velocities o f compressional and shear wave (vp  v5) can be derived from bulk and 

shear modulus (K, p), and the density (p):

=  v f  ( 2 - 7 )

v* = (2 "8 )

The measurements o f two elastic constants (E and v) are sufficient to describe an isotropic 

medium. If the medium is more complex, two variables are not sufficient anymore and 

more variables have to be measured to define the properties o f the medium.
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2.2 Derivation

Gassmann’s original paper was published 1951 in German. His derivation will be 

followed very closely, since many of the previous published translations contain errors. 

Both notations, used in the original paper and in this paper are shown in the next table 

(Table 2.1):

Concept Notation after Gassmann 
(1951)

Notation in this paper

solid material (mineral)

skeleton = solid + pores (dry)

pore saturant (fluid) Xf
system = skeleton + saturant (saturated) no index ^sat
shear wave velocity wsat V5
compressional wave velocity vsat VP

Table 2.1 : Notation of the original Gassmann paper and notaiion used in this paper.

First the different variables must be defined. Compare with the original Gassmann 

(1951) paper section III.

Vsat is the volume of a small representative piece of the system, whose dimensions 

are large compared to those of the pores, yet smaller than any imposed seismic wave. The 

volume o f the saturated rock Vsat can be defined by the sum of volume of the mineral 

contained in Vsat, Vm plus the volume of connected pore space, Vf.

vsat = v m+ Vf . (2-9)

Porosity o f the system can be derived by the ratio o f the known volume of the pore 

space Ff and volume of the mineral material Vm
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Vf
♦ ~~ 77 "̂ (2 - 10)

sat

The total mass o f the rock - fluid system within this representative volume, msah is 

the sum of the mineral mass, mm, plus the mass of the pore fluid, m.f.

m s a t = m m J r m f  ( 2 - H )

Knowing the mass and the volume, we can derive the densities o f the different 

compounds. Four different densities can be derived, bulk density of the system, psah 

density o f the mineral compound, pm, density o f the pore fluid, pf, and the density of the 

dry porous rock, p^:

Psat ~
Vsat

(2-12)

Pm =
mm
Vm

(2-13)

P/ =
mf
Vf

(2-14)

Psat =
^sat
Vr sat

(2-15)

All these four densities can be interrelated by the following two equations:

Pd = (1 -<I>)P„ (2-16)

Psa, = Pd + $P f (2-17)

After these definitions we proceed to calculate the stress inside the system (compare 

with the original Gassmann (1951) paper section IV).
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Consider a small volume Vsai in the system, rock frame saturated with fluid, with 

dimension relatively large in comparison to the grain and pore size, but small enough for 

an uniform hydrostatic pressure /y  of the fluid inside the connected pore space (low 

frequency limit). For a surface Asai cutting through this Volume Vsat, there is a unit vector 

eN and the normal vector N  perpendicular to the plane. The area is o f the surface Asat can 

be divided into two parts: the area occupied by the solid or mineral matter, Am, and the area 

o f the fluid, Aj.

A sat = A m + A f

A m = O  -< t>H al

(2-18)

(2-19)

Forces acting on the surface Asat, F^at, can be divided into forces across the area of the 

mineral, , and the forces applied to the pore fluid /y  . The force on the pore fluid is 

defined as:

(2-20)

Knowing these definitions, we can formulate the following relation:

A !a t = A L  + Aj P f N (2-21)

The force applied to the mineral compound can be divided into two parts, one due the 

hydrostatic fluid pressure and one on the rock frame, F j  . It can be written in the following 

form:

AL  = I\ l + A mPfN- (2-22)

Next, Equation 2-21 can be rewritten:
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^sat ^satPj^N ' (2-23)

Normalizing the forces by the areas will transform the equation:

a L /  “  a d + Pyel  for i=l, 2,..., 6 (2-24)

which relates the stress o f the saturated rock, Glsat, with the differential stress on the rock 

frame, <jld , and hydrostatic pressure, p^e*, for all six directions. In tensor form, the system 

can be written in the following form:

°sat ~

1 6 5
^sat ®sat ®sat

6 2 4
^ sat ^ sat ® sat

5 4 3
®sat ® sat ^sat

(2-25)

Using Equation 2-24, we can define a differential pressure Pdiffi acting on the 

mineral. This differential pressure is the difference between the confining pressure p conf  

and the fluid pressure / y  inside the pores, similar to in Equation 2-23 :

Pdiff ~ Pconf-Pf (2-26)

A change in confining pressure kpconfW\W result in a change in fluid pressure A/y 

and in the differential pressure ^Pdiff

(2-27)

The ratio between volume change AV  and applied pressure Ap change, normalized to the 

volume V is defined as compressibility c, which is the inverse of the bulk modulus K:

AST: :c-: L'\
COLG'/./iJO OF MINES
GOLDEN, CO d J 4 0 1
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c
K
1 (2-28)

For an “open” system we can derive several relationships. An open system means 

that the pore fluid can move in and out o f the volume, but the flow must be so slow, that no 

friction occurs between the pores and the fluid or inside the fluid itself.

The mineral modulus can be defined as the change of the normalized mineral volume 

change (mineral volume change over the total mineral volume) and the change of the fluid 

pressure under the assumption o f constant differential pressure:

constant and the normalized mineral volume change will equal the normalized total volume 

change. Hence &Vm/ V m = A V /V  .

However, an interesting side effect is that for this condition the porosity stays constant. 

Instead to keep the differential pressure constant we will now vary it and keep the pore 

pressure constant:

(2-29)

Since a hydrostatic pressure is applied to the whole frame, the shape o f the frame will stay

AV
V

AP; (2-30)

(2-31)

In this case a change in porosity can be derived:
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A<f> ~ (2-32)
m d

All of these derivations have been done for the case of an open system. Now, we switch to 

a closed system and do not allow any fluid flow across the boundaries o f the system. We 

can derive the response of the rock for a closed system if an additional confining pressure 

is applied. This pressure change can be split into pressure components after Equation 

Equation 2-26. The bulk modulus o f the saturated system is defined by (Equation 2-28):

sa t  _  ^ P c o n f  / - )

T --------------- Jc ' (  33)sa t sa t

The bulk modulus of the fluid can be defined by:

AÏA

Vf K
(2-34)

y

Using the results from Equation 2-29 and Equation 2-30 we derive the change o f the frame:

AE.sa t = * P f  ^ d i f f

V s a t K m K d
(2-35)

The compression o f the mineral compounds can be derived using Equation 2-29 and the 

definition of porosity, Vm = ( 1 -  <|>) Vsat :

^  = - ( 1 - * ) ^ - ^ .  (2-36)
s a t  m m
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Under the assumption o f a closed system, the change of the total volume is the change of 

the saturated volume and the change of the mineral volume:

+ (2-37)

Using Equation 2-33 to Equation 2-37 we eliminate the volume changes and the pressure 

changes and we can calculate the bulk modulus of the saturated closed system in the 

following form:

6  ■  <2-38)

It is useful to inspect the results o f the equation under "end" conditions. For the 

special case of a very compressible pore fluid, K ^ O ,  the saturated bulk modulus will be 

the same like the dry bulk modulus, Ksat = Kd .

In the opposite case, if the compressibility o f the mineral component is negligible in 

comparison to the pore fluid / y  ~ oo , then Ksat = Kd + K j / (j) .

If  porosity is zero, <}) = 0 then the saturated bulk modulus is equal to the mineral bulk 

modulus Ksat = K m . Finally, assuming same compressibility for the fluid and the 

mineral component, the calculated saturated compressibility will all be equal 

Ksat = K m = Kf  .

A critical remark must be made here. Gassmann’s equation is a mathematical 

description, or better, a mathematical model o f elastic behavior o f a rock or porous 

material. It must be realized, that this mathematical description is limited. Measured 

properties of real materials, like rocks, will always differ from this description to some 

extent because o f limited resolution, inhomogeneity, anisotropy, etc. These errors can make 

the mathematical solution unstable and give an unreasonable result.



Over the years other forms of Equation 2-38 have been established. I will describe 

some of them for comparison and a better understanding.

f ^ ( K m- K d)2
(2-39)

This form of Gassmann’s equation is interesting; it shows that the bulk modulus for 

the saturated rock, Ksat, is the sum of the bulk modulus of the dry modulus, Kd, and an term 

which includes the fluid effect, the bulk modulus o f the fluid, Kf, as well as the porosity, <|>. 

For well log applications Murphy et al. (1991) derived a form, using shear and 

compressional velocities:

Mavko et al. (1998) give an number o f different forms o f Gassmann’s equation e.g.:

À —  ---------------------------------------------------------------

P j>_ + 1 -(J> _ Kd

Psat (2-40)

(2-41)

(2-42)

One form calculates the change in the saturated bulk modulus, Ksat2> with a new 

fluid bulk modulus. Ko, knowing the initial fluid, Kyi, and saturated, Ksali, bulk modulus, 

the mineral bulk modulus, Km. and porosity, <|>.
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This equation makes it possible to calculate the change in the bulk modulus AKsatj /2 

without knowing K^.

Some difficulties with Gassmann’s equation can be seen if  we apply certain terms 

and conditions. Using Equation 2-39, it can be shown that the solution becomes unstable if:

.2(K m- K dy

This criteria can not be reached under Gassmann’s initial assumptions. However, 

measurement errors and real conditions have to be considered. For example, well log data 

can be biassed by invasion, dispersion, inhomogeneity, and anisotropy effects. Therefore it 

would be useful to check the input variables and the result by Hashin - Shtrikman bounds 

(Hashin and Shtrikman (1963), Berryman (1995)). Results outside the boundaries are not 

reasonable.
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2.3 Assumptions and Limitations

As with every other theory, Gassmann’s equation should be used only with the 

knowledge of the limitation and assumptions involved in the model. Here are the 

assumptions o f Gassmann’s equation with explanations and commentary listed.

For a porous system, the following assumptions restrict the equation:

1. pore pressure is always in equilibrium (low frequency limit).

2. the system consists o f a porous frame of solid material.

3. pores should be:

• in flow communication

• filled frictionless

homogeneously filled with non viscous fluid.

4. it is a closed system, pores are closed at the surface.

5. pore fluid should NOT chemically influence the elastic properties of the mineral.

First, Gassmann’s equation requires pressure equilibrium. This is often stated as 

requiring very low frequency. This means the system is under quasi-static conditions. For 

very low frequencies the assumption is probably true. However, this depends on the rock 

permeability and the fluid viscosity. The “characteristic” frequency, which separates the 

low and high frequency behavior, can occur within different frequency ranges, depending 

on the mobility o f the fluid. The low frequency behavior is the state when the fluid in the 

rock is “relaxed”. Relaxed means, that the frequency is so low, that the fluid can equilibrate 

within the rock; it can move in and out o f the pore space. Opposite to this, at high 

frequencies, in the unrelaxed state, fluid can not move in and out o f the pore space fast 

enough and is not able to equilibrate. Critical or characteristic frequency describes the 

range where the largest change in elastic property with frequency occurs. Biot (1956a and 

b) produced a more general model with an extended frequency range. For Biot’s relation,
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at constant fluid viscosity, an increasing permeability will shift the low frequency limit to 

lower frequencies, and decreasing permeability will shift it to higher frequencies. For a low 

permeability rock, the low or “Zero” frequency limit can be below the seismic frequency 

range. For a highly permeable rock, considerable dispersion effects may be seen in the 

seismic frequency range, Batzle et al. (1999).

Assumption 2 is largely a definition of the system. Assumptions 3 pertain to the 

pore system. The pores have to be communicating and filled homogeneously with a 

frictionless fluid. This means no isolated pores exist. In technical terms, this means that the 

total porosity is equal to the “effective” porosity. Effective porosity is defined as the inter

connected pore space and all pore fluids can be contacted. Often in carbonate rocks this 

assumption will fail since, ineffective porosity or vuggy porosity can be a large portion of 

the total porosity. The saturation in these unconnected pores can be different from the 

surrounding pore space. This will introduce inhomogeneities. An underlying requirement 

is that the pore fill is homogenous. This implies that gravitional effects caused by density 

differences o f the pore fluids do not exist. In some special cases, the gravitational force acts 

like the capillary forces. To summarize: since the pore fill has to be frictionless and 

homogenous, rock types with a large variety o f grain sizes and vuggy porosities will not be 

very good candidates for fluid substitution calculations using Gassmann’s equation.

The next point in the list o f assumptions is that o f a closed porous system. No mass 

transport is possible beyond the limits o f the defined volume. Volume and density o f the 

fluid can change but total mass is constant.

Assumption 5 is that the pore fluid will not influence the elastic properties o f the 

mineral or effective dry rock frame. In other words, it will not interact chemically with the 

surface of the grains.

(2-45)
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This point is very important. It requires that all the changes of the porous system 

occur only for the bulk modulus and density. The rigidity of the system will remain 

unchanged. This point is result of the requirement of Gassmann’s equation. Given in 

Appendix A is the derivation of the constant shear modulus (Berryman 1999). Most 

laboratory data confirms this assumption on clay poor rocks. However, most o f those 

measurements were at sonic and ultrasonic frequencies (5 kHz to 5 MHz). More 

investigations are required to verify this statement. Hence, any changes in the shear wave 

velocity are assumed only due to the change o f the density o f the system. This is also known 

as the “density effect”.

In addition to the assumptions for the porous system, more assumptions for the 

skeleton exist. The skeleton is macroscopically homogenous and isotropic. It consists of 

solid material or unconsolidated grains, which are:

A. Elastic

B. Homogenous

C. Isotropic

D. Mono mineralic

To summarize the most important assumptions:

1. Zero frequency limit (pore pressure is in equilibrium)

2. Porous material is isotropic, homogenous and elastic

3. Closed system, fluid mass is constant

4. Shear modulus is constant
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2.4 Modification - Brown and Korringa

Assumptions for Gassmann's equation are very strict. The requirements o f 

microhomogeneity and microisotropy are rarely fulfilled in nature. All sedimentary rocks 

do not satisfy these assumptions to some degree. Brown and Korringa (1975) used 

Gassmann's idea and derived a more general equation. This equation is not restricted to 

microisotropy, microhomogeneity nor macrohomogeneity. A second effective 

compressibility was introduced: pore space compressibility and Gassmann's equation can 

be rewritten:

Ksat = Kd + —  Km (Km ~ K j)-------------  . (2-46)
K m<<K m  -  K d )  +  < K  1  / * / -  1  / * > )

It is remarkable that only one term must be changed to make the equation more 

general. Pore space bulk modulus, is defined as the ratio between the change in pore 

fluid pressure, dpf, and the change in pore volume, dV ^  normalized to pore volume under 

the condition that the differential pressure, is constant:

A point has to made here since other definitions o f the pore space compressibility 

exist. An example is dry pore space stiffness, K ^ pp (Mavko 1998):

= - v *{-§p-) ■ (2-48>
<t> dry

This is the ratio o f externally applied hydrostatic stress, da, to the pore space, dV^. 

This stiffness can be measured more easily. These alternate measurements describe the
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change of porosity with changes in hydrostatic pressure. This K^app is NOT the pore space 

compressibility used in Brown and Korringa (1975).

Even if  the equation of the pore space compressibility looks very simple, 

measurements are rarely done and are difficult. Green and Wang (1986) and Berge (1993) 

have shown relations to obtain pore space bulk modulus from other terms.

This equation shows a way to calculate pore space modulus knowing the following 

input parameters: the pore fluid bulk modulus, Kf, dry bulk modulus, Kj, the Skempton 

(1954) coefficient, B, and the Biot-Willis (1957) coefficient, a . Biot coefficient and 

Skempton parameter are defined as:

It is shown that Biot - Willis's coefficient can be obtained by measuring the mineral 

bulk modulus, Km, and the dry bulk modulus, Kj. Skempton's coefficient is the ratio 

between the change of the pore fluid pressure, dpfOYer the change of confining pressure, 

dpc, under the restriction that the fluid mass, m f stays constant. This restriction is equal to 

Gassmann's assumption, that the system must be closed. Brown and Korringa's equation 

can be rewritten using the Biot-Willis coefficient:

(2-49)

(2-50)

(2-51)

2a (2-52)
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After Green and Wang (1986) this equation can be even more "simplified", using 

Skempton's coefficient:

( 2 - 5 3 )

Skempton's coefficient is also known as the pressure buildup coefficient. Green and Wang 

(1986) measured the confining and fluid pressure changes for several rocks. The setup is 

shown in Figure 2-2.

ROCK
SAMPLE

xxxx.x
MPa

Digital
Readout

A

Figure 2-2: Schematic measurement setup (Green and Wang, 1986).

In Figure 2-3 results are shown for four different rocks, three sandstones and one 

dolomite. The pore pressure is plotted against the confining pressure. The dashed line 

would indicated a value for the Skempton coefficient o f 5  = 1.
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conditions (Green and Wang, 1986).
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Figure 2-4: Skempton’s coefficient B as a function o f differential pressure Pc-Pfîor (a) 
Berea sandstone, (b) Massillon Sandstone, (c) Jordan Dolomite, and (d) Tunnel City 
sandstone (Green and Wang, 1986).
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Skempton coefficient, B, and the differential pressure, Pc-Pfi 316 shown in Figure 2-

4. A general trend can be observed: decrease o f B  with increasing differential pressure. 

Differences in the behavior o f different rocks can be due to the rock fabric and due to the 

geometry of the pore space. B will have a strong dependence on pore aspect ratio and 

fracture density.

Using the equations o f Green and Wang (1986), pore space compressibility can be 

calculated from more easily measured parameters.

(2-54)

The result for a Berea sandstone sample is shown in Figure 2-5. Pore space, fluid and 

mineral compressibilities are plotted as a function of the differential pressure.
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Figure 2-5: Pore space compressibility (fL), fluid compressibility (py), and mineral 
compressibility (pM) as a function of differential pressure Pc-PfïoY Berea sandstone 
(Green and Wang, 1986).
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For low effective pressure, the pore space compressibility can be very large in 

comparison to the compressibility of the mineral. Results which emphasize this effect were 

published by Berge (1998). Some values for pore space moduli are given in Table 2.2

Rock Porosity Pressure Range Dry M odulus Kd Pore M odulus
Type [%] [MPa] [GPa] [GPa]

Berea SS 19 0 - 7 5 .6 - 7 .6 2 .4  - 16.0

Kay enta SS 20 75 - 240 9.5 6.6 - 17.0

Indiana LS 13 2 - 10 2 2 .0 - 2 3 .0 3 .0 - 4 .6

Table 2.2: Values for pore space moduli (after Berge, 1998)

The values show a large difference between the mineral modulus typically used in 

Gassmann's equation (38 GPa) and the pore space modulus for the equation after Brown 

and Korringa. The dependency of saturated bulk modulus Ksat on the pore space modulus 

is shown in the next picture. Figure 2-6.
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Figure 2-6: Saturated bulk modulus Ksat as a function of pore space modulus
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The modeled data was Berea sandstone from Berge (1998). The pore space modulus 

acts like an amplifier o f the fluid effect. For a pore space modulus equal to the fluid 

modulus the saturated modulus is equal to the mineral modulus. If  the pore modulus is 

equal to the mineral modulus, we get well known the results o f Gassmann's equation 

(1951).
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2.5 Modification - Han

Han et. al (2000) moved in the opposite direction o f Brown & Korringa. Instead of 

introducing a new variable to make the equation more complicated but more accurate, Han 

et. al assume that in a field, not all input variables are known: “However, derivation o f the 

rock and fluid input parameters often remains ambiguous.” They proceed to simplify 

Gassmann’s equation. In an earlier paper, Han (1986) showed how the rock parameters 

control fluid saturation effect. Using an intercept porosity (<|>r) introduce by Mavko (1995), 

the bulk modulus change, with change fluid properties can be written as:

AKsat~$-AK f  (2-55)

But this term intercept porosity (<|>r) has no clear physical meaning. Thus, beginning with 

the original Gassmann equation, further simplifications are introduced:

■ K sat = Kd + AK  (2-56)

A f  = (Km ~ ^ d) (2-57)

This allows definition o f a frame structure function, which is the normalized ratio 

between dry and mineral modulus (Kd/ K m). This frame structure function is dependent on 

the rock textures, such as porosity, pore geometry, clay content, and cementation, as well 

as the reservoir conditions, such as pressure and temperature. For a constant lithology, this 

function is primarily a function of porosity and can be obtained by measurements or 

theoretically and can be written in a general form:
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^  = / = / ( f )  (2-58)
m

Using this equation and substituting into Gassmann’s equation (Equation 2-57), the bulk 

modulus change AK  can be expressed:

AK  = Km^  — . (2-59)

1 -  <t> - /O )  + & Kf

For most rocks (j)—  » 1 -  <|> -/(<|>) and the equation can be further simplified.

If  the saturation gain function G(<|>) is defined by:

G(((,) = O - A f r »  ; (2-60)
*

the bulk modulus change AK  can approximated as:

A K < G ($)K f . (2-61)

The second part o f the paper by Han et. al (2000) focused on the physical constrains of 

Gassmann’s equation:

• for the upper bound we can assume a Voigt material, also known as isostrain 

conditions. In this case, we can define the dry rock modulus as:

Kd = K (  \ -<(») (2-62)

and substitute into equation Equation 2-57. The result can be written as:
Ksat = -<|>) + ipKf (2-63)
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we know, that the fluid bulk modulus is positive, so we can state ihaXKsat > Kd and 
since under reservoir conditions it can be assumed that Km » Kj- the next constraint is:

Km -  Ksat > Kd (2-64)

• Using as lower bound the Reuss average, isostress conditions, it can shown that:

Ksat = AK = K r (2-65)

The isostress boundary, or Reuss bound AK  is the highest predicted saturation effect 
from Gassmann’s equation.
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Chapter 3 

MEASUREMENTS

In this chapter, the general stress-strain method is discussed and how this idea is 

used to make the measurements with the Low Frequency Device. An important part o f the 

chapter focuses on a critical review o f sources of error. It is shown that low frequency 

measurements have great potential for calibration of seismic and well log data.
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3.1 Low Frequency Device

3.1.1 Concept

Figure 3-1 and Figure 3-2 show the measurement assembly and the sample configuration.

Sample,

Shaker1

Pressure Vessel

Figure 3-1: Measurement setup.

The sample is subdivided into three pieces as seen in Figure 3-2.

Aluminum

Standard

Aluminum

Pore Fluid 

Line

Figure 3-2: Sample setup.
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Two end caps are glued to the ends of the rock cylinder. Typically four pairs of 

strain gauges are glued to the rock (two vertical and two horizontal), and two pairs to the 

aluminum standard (vertical). A schematic of the mechanical system is drawn in Figure 3-

3. The sample assembly is mounted in the stress frame and fluid lines are connected to the 

pore fluid sytem.
VESSEL UD

TOP VALVE ALUMINUM STAM3ARD

STRAIN GAGES

SAMPLE

ULTRASONIC XDUCERS

CHECK VALVE

SHAKER

Figure 3-3: Schematic sample holder setup

A uniaxial sinusoidal stress at discrete frequencies is applied by a shaker on the 

bottom of the sample. The stress deforms the sample a small amount, which is measured by 

strain gauges on the sample. Rock sample strain is compared to the response from the strain 

gauges on the aluminum standard. We assume that the stress distribution is homogeneous 

over the whole sample column. However, gauges on the rock are placed at the sample 

middle to avoid any end effects.

As seen in Figure 3-3 the strain gauges cover a very small area in comparison to the 

rock sample. In light of this fact, strain measurements have to be critically examined. 

Discrepancies between the ultrasonic and low frequency measurements might be explained 

by this difference in the sampled area versus volume. The low frequency data are basically 

point measurements on the outside of the rock cylinder. In contrast, ultrasonic 

measurements propagate a wave through the whole rock. These waves give average 

properties o f the rock. Batzle (2000) showed that rock damaged on the outside (heated at
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45OC) can remain undamaged inside. The issue of inhomogeneity is discussed in more 

detail in Chapter 4: Sample Characterization. The applied stress field causes a strain field 

in the aluminum and the rock, which is measured by two vertical pairs of gauges on the 

aluminum and the rock, and a horizontal pair of gauges on the rock.

Since a sinusoidal stress is applied, the deformation is also sinusoidal. The response of the

is shown in Figure 3-4.

oung's G auge - Rock

-Young's GM|uge - Alum inum

Poisson’s Gauge - Rock

TIME

Figure 3-4: Averaged waveforms for aluminum (blue), and rock (red, green) gauges, 
true relative amplitudes. Young’s gauges are parallel to sample axis, Poisson’s gauges 
are perpendicular to axis.

The figure shows the true, relative amplitude response of the gauge on aluminum versus 

those on the rock. Since the stiffness o f the aluminum is usually higher than for rocks, the 

aluminum strain is smaller than that for the rock. This plot demonstrates the expected 

response, the amplitude for the vertical strain gauge for the aluminum (blue line) is smaller 

than for the vertical gauge of the rock (red line).

Figure 3-5 shows the schematic sketch of the change of shape of a rod under a stress 

field, caused by an applied force. Horizontal and vertical strain gauges on the rock show a 

phase shift of n radians if perfectly elastic when an uniaxial stress is applied and the 

horizontal and vertical strain is measured.
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<F=\

_  —

Force

Force

Figure 3-5: Deformation and relative length changes of a rod

Amplitude responses from the strain gauges attached to the rock are plotted in 

Figure 3-6. Data quality is enhanced significantly by averaging or “stacking” waveforms. 

A comparison between the raw waveforms (thin line) and stacked waveforms (thick line) 

is shown. It is obvious that data quality is different between the two channels.

■Young’s Gauge - Rock

a.

oisson’s Gauge - Rock

TIME

Figure 3-6: Raw and averaged waveform data
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3.1.2 Calculation of Strain and Elastic Properties

Each pair o f strain gauges is connected to a Wheatstone bridge. This bridge is powered by 

a stable power supply U. From the ratio of the output voltage U0 of the balanced bridge

Figure 3-7: Wheatstone bridge 

and the bridge supply (U), the strain can be (s) calculated (Measurements Group, 1982):

U Fe
U,o 2 + FslO

Ur

-6

S = 2 u

(3-1)

(3-2)

The gauge factor {F) is provided by the manufacturer for each type. Gauge factor is 

strongly dependent on the kind of gauge. Metal foil gauges have a gauge factor of 2.08 ± 

0.5%, while semi conductor gauges have a factor of 155 ± 5%. Semi conductor gauges are 

more sensitive than the foil gauges but they cover a smaller area and the mounting is 

difficult in comparison to the foil gauges. On the other hand, low resolution is the major 

disadvantage o f the foil gauges. Especially for stiff materials, the low amplitude data 

quality is not very good.
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Using the results of the last chapter. Chapter 3.1.2, we can define Young’s modulus

(E) as the ratio o f the extensional stress (o jj)  to the extensional strain {£33). The Poisson’s 

ratio ( v) is the negative ratio between lateral strain (£77) and axial strain {£33)'.

<*33 =  £ e 33 (3 -3 )

V = (3-4)
£ 33

Stress is not measured, but under the assumption o f a homogenous distribution in 

the column (<xa/ = <Jrx), the amplitude ratio between the axial strain of the aluminum (<s’ti/)

and the rock (£rx) and the known Young’s modulus of aluminum (Eai) can be used to

calculate Young’s modulus o f the rock (E^), see also Figure 3-4.

^ r x ^ r x  ® rx  ®  a l  ^ a E a l  ( 3 - ^ )

= E J ?  (3-6)
^rx

for our assumed isotropic rocks, compressional and shear velocities can be calculated from 

these elastic properties, as shown in the previous chapter.
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3.1.3 Assumptions and sources of Error

Sample homogeneity and isotropy are emphasized in the previous chapter as major 

assumptions. Another assumption, as mentioned above, is the uniformity of the applied 

stress field on the sample. This can be true, only if  the wavelength is very large in 

comparison to the sample length.

Relative
Deformation

-  0  +

I
£
I
<

Ii Node8-

HighLow
Frequency Frequency

Figure 3-8: Calculated deformation along sample for applied stress from low (left) to 
high (right) frequencies (Smith and Batzle 1989)

In Figure 3-8 is a schematic deformation profile shown for low stressing 

frequencies and high stressing frequencies. The low frequency graph shows an 

approximately linear deformation over the entire profile. A linear deformation results in a 

constant stress distribution. In the far right sketch, the behavior is shown for high 

frequency. The stress distribution is not constant anymore and the results would be strongly 

dependent on the point o f measurement. For example: the critical frequency for a sample 

with a velocity of 4000 m/s and a length of 8 cm would be 50 kHz. At this frequency a 

deformation “node” appears. The driving frequency should be much smaller than this 

critical frequency. Our limits on the driving frequencies are 1 Hz at the low end, (due to 

electronic cross talk and problems with the capacitors) and at 3000 Hz at the high end (due
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to internal resonances o f the mechanical system). Under these conditions, the measured 

frequencies are much smaller than the critical frequency. Hence, it can be assumed that the 

strain distribution over the sample (aluminum caps and rock) is uniform.

The applied deformations have to be small enough that our first general assumption 

of linearity (Chapter 3.1) is still valid. Our calculations are only valid if the stress strain 

relation is linear. For different rock types, different strain limits exist where the behavior 

can not be described by the linear Hooke’s law.

‘ oo

5

1

2

-H-

s5z

8.00
- 5 .S -S -3 - 2 . 5 -2 -1  .5

iQ S ie  ( S in g le  A m p litu d e  Sheen S t r a in )

Figure 3-9: Normalized shear modulus versus, strain for sand (from Iwasaki et al., 
1978)

Figure 3-9 and Figure 3-10 show static shear modulus measurements for sand 

(Iwasaki 1978) and granite (Bonner 1991), respectively. The plots show normalized shear 

modulus against strain. The strain amplitudes vary from 10"6 to 10"2. The sand data shows 

the non-negligible non-linearity trend for strains larger than 10"5. While it ranges from 10" 

6 to 10"4 for the fractured granite. The modulus varies for the granite over 10"5. Based on 

this data, the low frequency measurements are done below a strain amplitude of 10'6. This 

low strain amplitude is also important if the measurements are used to calibrate seismic
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velocities. The strain level of a seismic wave can be assumed between 10"7 and 10"6 at the 

depth o f a typical reservoir.

1 .0 0

0 . 9 0

; 0 80 
:
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Figure 3-10: Normalized shear modulus versus strain for granite (from Bonner et al., 
1991)

To estimate the quality of measurements, sources o f error are listed below, in order of 

importance.

Sample inhomogeneity is a large problem. It has been shown (Batzle 1999) that for 

a clean and homogeneous rock, like Berea sandstone, the position of the strain gauges is 

not a concern. However, if  the sample gets more inhomogenous this can be a problem, since 

our measurements are not sampling the whole sample, but only a small portion. In Chapter 

4, Sample Characterization, a detailed discussion on this topic is given. Figure 3-11 

illustrates these important features for sample Y 19. It shows a porosity distribution 

obtained by a CT scan of sample Y 19: blue low porosity (0%) to purple high porosity 

(25%). The sample shows laminations o f varying porosities. The average porosity 

measured by a core lab was 14.2%. Plots o f density and atomic number are showing the 

same pattern

10*0=17 MPa



Figure 3-11: Porosity distribution of sample Y 19 - obtained by CT-scan

Porosity can be related to the stiffness o f the rock. Ignoring variations in pore shape, 

in general increasing porosity decreases the stiffness of the rock. (Han, 1986, and Murphy 

et al., 1993)

«H 40

S 20" 20-

eu 03 0.1 02
Porosity

03 04

Figure 3-12: Porosity Dependency of Bulk a.) and Shear Modulus b.) of Sand (after 
Murphy et al., 1993)

Figure 3-12 illustrates this decrease with increasing porosity measured by Murphy et al. 

(1993), for bulk modulus (a) as well as for shear modulus (b) for a clean sand. At zero 

porosity the moduli are ~ 40 GPa. Both moduli dropped to a few GPa at 40 percent porosity.
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This porosity dependence can directly affect our measurements. It becomes 

important where we place the strain gauges: on a portion of the rock with high porosity 

versus a portion with low porosity. Consequently, the same sample could act as a very stiff 

or as a soft rock. To sum up, the ultrasonic wave propagation technique measures an 

averaged property, while the Low Frequency Device is measuring a property at a point. 

This is just one important reason why results of these two measurements can disagree 

substantially for inhomogenous samples.

The second largest error is the mounting of the gauges themselves. Especially for 

small semi conductor gauges the mounting has an important influence. The gauge factor

(F) in Equation 3-1 is used to calculate the strain from the output voltage (Uq) of the 

Wheatstone bridge. For a small sample diameter, the horizontal gauge or Poisson's gauge 

has to be bent around the perimeter. Figure 3-13 shows a simple illustration. Gauge factors 

for semiconductor gauges are sensitive to deformation. The gauge factor will be changed 

by bending around the sample. Therefore, a portion of the rock should be flattened to glue 

on the gauge without bending.

Rock Sample
\  Strain Gauge

Figure 3-13: Horizontal gauge mounting
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Another factor, influencing the gauge factor is temperature. Changes in temperature 

will result in changes of the resistivity o f the gauge. Both issues, temperature and pressure 

changes, are visible in Figure 3-14. It shows a static measurement of deformation of an 

aluminum standard. Increasing confining pressure causes a decrease in volume. The 

compressibility of the aluminum standard can be calculated by the negative ratio of volume 

change over confining pressure change, shown in Equation 3-7. Equation 3-7 show the 

connection between volume change (Æ/7), compressibility {J3) and bulk modulus {K). 

Volume change can be calculated from the relative length change, which is equal to the 

strain O).

* - 5 - -<S)dVJ

(3-7)

(3-8)

1.0E-04

Pressure Change
OE-05

6.0E-05
Temperature Change

OE-05

Foil Gauge
=  2.0E-05

O.OE+OO

Semi Conductor

22:30 22:45 23:00 23:15 23:30 23:45 0:00 0:15 0:30 0:45 1:00

Time
o Foil G auge Young A Foil G auge Poisson
o  Semi C onducto r G auge P o is s o n  P ress. DifT. [M Pa]

□ Semi C onducto r G auge Young 
 Tem p. DifT. [C]

Figure 3-14: Time dependent measurements of strain changes for aluminum. Different 
symbol colors show the different types of gauges: blue - semi conductor gauges, green 
- foil gauges.
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Figure 3-14 shows the pressure change (black line), temperature change (red line) 

and the measured strain (blue, green symbols) over time. The detailed behavior o f the 

pressure and temperature can be explained with fundamental thermodynamics (Joos, 1953 

and 1986). Since the volume is constant inside the vessel, an increase of pressure (black 

line) results in a positive temperature change (red line). The strain response shows the 

resulting temperature sensitivity. A large temperature change results in major errors in 

strain measurements. Errors in the strain readings translate into errors of calculated bulk 

modulus (Figure 3-15).
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Figure 3-15: Time dependent measurements o f bulk moduli changes for aluminum.

Note that the strain response still changes even after no temperature change is 

observed, especially for the strain measured by the semi conductor gauges. Measurements 

continued more than half an hour after temperatures became constant. Figure 3-14 and 

Figure 3-15 make it clear that a longer time must pass, before taking new measurements. 

This different strain response of semi conductor and foil gauges can be explained in part by 

difference in the mounting (Chapter 3.4, Sample Preparation). Semi conductor gauges are 

glued on the rock with a layer o f epoxy. A pressure change can alter the properties of this
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epoxy and it needs time to re-equilibrate. As a result the response shows creep. In contrast 

to semi conductor gauges foil gauges are glued on with cyanoacrylate (superglue). The glue 

thickness is much thinner than for the semi conductor gauges, so the effect is much smaller. 

Figure 3-14 and Figure 3-15 show a comparison of the gauges, and it is shown that the 

equilibration o f foil gauges (green) is much faster than for the semi conductor gauges 

(blue).

Figure 3-14 shows also another important and critical aspect of the measurements. 

While both vertical and horizontal pairs o f foil gauges (Young's and Poisson's gauge) give 

a very consistent reading, the measurements for the horizontal semi conductor gauge 

(Poisson’s gauge) scatter widely. The vertical semi conductor gauge is as stable as the foil 

gauges. These two figures also indicate that the mounting of gauges has an influence on 

results (see Figure 3-13).

The accuracy of the foil gauges differs from the accuracy o f the semi conductor 

gauges. The gauge factor for the semi conductor is 155 ± 5%., where as the gauge factor 

for the foil gauge 2.08 ± 0.5%. Calculated errors bars are plotted in Figure 3-14. Errors bars 

are much smaller for the foil gauges (green symbol) than for the semi conductor gauges 

(blue symbols)

Another source o f errors is temperature dependence of the gauge resistance. This 

change in resistance will change the output voltage, which is directly related to the strain 

measurement (Equation 3-1). Previous two figures (Figure 3-14 and Figure 3-15) showed 

a coupled pressure - temperature effect. To isolate the influence of temperature, 

measurements were conducted where pressure was maintained constant and gauges were 

heated from 30 C to 60 C. The results are shown in Figure 3-16. Both pairs o f foil and semi 

conductor gauges overlay each other. Horizontal and vertical gauges give the same values. 

They are effected in the same way by the temperature change.
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Figure 3-16: Observed strain change by heating the strain gauges (foil - green, semi 
conductor - blue, temperature - red).

Differences in the behavior between Figure 3-14 and Figure 3-16 are caused mostly 

by the influence of pressure. One reasonable explanation is due to different mounting of the 

semi conductor in vertical and horizontal direction. It seems the bent gauge (horizontal) is 

more sensitive to pressure changes than the vertical gauge. Amplitude differences are 

observed between the foil and semi conductor gauges. Semi conductor gauges have a 

higher gauge factor, this means they are much more sensitive to small strain changes. On 

the other side, if only the Wheatstone bridges are heated (Figure 3-17), the effect is larger 

for foil gauges in comparison to semi conductor gauges.
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Figure 3-17: Observed strain change by heating the Wheatstone bridge (foil - green, 
semi conductor - blue, temperature - red.

Other potential sources o f error are the amplifiers. Every pair o f gauges is measured 

by a separate channel. Each channel has a driven shield to avoid electric crosstalk and 

reduce external noise. Since every channel is independent, changes of individual amplifier 

have to be expected. Figure 3-18 shows the output of the amplifier normalized to the output 

o f channel 1 as function of the frequency. This figure shows that the ratio between channels 

2 to 8 and channel 1 are nearly constant over the measured frequency range. Resonance 

effects are noticeable in the frequency range between 500 and 1000 Hz. These effects are 

caused by the mechanical properties of the measurement system and shift to lower 

frequencies if the aluminum sample is substituted by a less stiff material like the rock 

samples. These observed values are used as a calibration for each channel to normalize the 

output.
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Figure 3-18: Normalization of channel output.

Input voltage, gauge factor, and output voltage are the three variables used to 

calculate strain (Equation 3-1). So far, the discussion of the error have focused on the 

output voltage and gauge factor. Monitoring of the voltage showed a change of ± 0.02%. 

Input voltage was measured as very stable and is not considered as a source of error.

Figure 3-19 shows a repeatability test o f Sample X 2. Sample X 2 is an clastic 

sediment with a porosity o f 29.1%. Three repeated sets of measurements were acquired 

under the same conditions. Effective pressure was kept at 6.9 MPa (1000 psi). The sample 

was connected to a vacuum pump to ensure dry pore conditions. The graph (Figure 3-19) 

shows the measured compressional and shear velocities (vp and vs) depend on the 

frequency. As seen in Figure 3-19 the curves overlay each other for both P-wave velocities 

as well as for the S-wave velocities.
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Figure 3-19: Repeatability of measurements sample X 2, P- and S-wave velocities, dry, 
effective pressure 6.9 MPa (1000 psi), three runs. P-wave velocities are represented by 
diamonds, while the S-wave velocities are plotted as rectangles. Different colors 
indicate different runs: white - first run, red - second run, and green - third run.

Another way to check our low frequency data set is to compare the results of the dry 

measurements with the dry ultrasonic measurements. Under the assumption of 

homogeneity and dry condition the calculated velocities should be the same, because 

dispersion effects are expected to be very small in comparison to measurements done on 

fluid filled rock.
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3.2 Ultrasonic Setup

3.2.1 Concept

Ultrasonic measurements have been used to calibrate borehole and seismic data 

since before 1950 (Peselnick, L. and Zietz, L, 1959, Wyllie, M. R. J., Gregory, A. R. and 

Gardner, G. H. F., 1958). These kind of measurements are not only used in geophysics. 

Major steps in developing this technique were done in material science, especially in 

metallurgy and solid state physics to detect fractures and characterize materials by their 

elastic properties.

We use the pulse transmission method. A generator produces a high voltage pulse, 

which is transformed by the piezoelectric transducer into a mechanical impulse or 

deformation. This mechanical pulse is transmitted along the axis o f the rock. At the receiver 

the deformation is transformed back into an electrical pulse, which is recorded on the 

oscilloscope.
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Figure 3-20: Recorded ultrasonic signal for sample glass.
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Figure 3-20 shows the recorded ultrasonic signal for congressional and shear 

waves for the glass sample under dry conditions and at a confining pressure of 13.8 MPa 

(2000 psi). The travel time is measured between the trigger pulse and the first arrival of the 

P and S-wave. The record of the S-wave shows also a small amount of repressed P-wave 

energy. The velocity, v, is the ratio of distance, s, and travel time, t:

V = 5 .  (3-9)

The characteristics of the transmitted pulse are dependent on the transducer and 

receiver properties, as well as from the amplitude of the output voltage of the pulse 

generator. A frequency analysis showed that the main or dominating frequency in our 

measurements is about 500 kHz.
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3.2.2 Assumptions and Sources of Error

While the low frequency measurements are measurements at a point, ultrasonic 

measurements provide a measurement o f the average properties o f the core.

Since the velocities are calculated using a length and a time measurement, errors 

can be much better defined than for the low frequency measurements. The errors in the 

length measurement are smaller than ±  0.05 mm. However, with increasing effective 

pressure the sample will change its volume and length. Higher pressure will result in a 

shorter sample, especially for very poorly consolidated samples. Our strain measurements 

show that this effect is usually negligible in comparison to the measurement error.

Errors in travel time are primarily dependent on the resolution of signal digitizing 

and the picking of the first arrival. Both effects limit the accuracy o f the travel time picking 

to ± 0.05 ps. Using these values, a largest absolute error can be calculated by:

À V  — dv Af + dv As = s tst + 1

dt ds ? t

The travel time through a 0.07 m rock sample with a velocity o f3500 m/s would be 

20 ps. Using these values the highest expected error can be calculated: (3500 ± 23) m/s. 

This shows that the error o f the ultrasonic measurements (less than 1 %) is much smaller 

than for the low frequency measurements.

Other sources o f errors include changes in the pulse shape, and bad coupling 

between transducer and the rock. These coupling effects were observed especially for 

poorly consolidated samples at low confining pressures. The pressure does not impact 

travel time measurements as much as amplitude and frequency spectra o f the acquired 

waveform. Attenuation is much higher at lower pressures. Pressure increases will increase 

the contact area between the rock and transducer, resulting in more energy being 

transmitted through the rock.
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3.3 Low Frequency Method vs. Ultrasonic Method

Both types of measurements have been described independently in this chapter. 

However, to make a statement about the frequency dependence of the elastic properties 

both measurements have to be combined.

Since the low frequency and ultrasonic data are acquired at the same time, the same 

pressure and temperature conditions apply to both measurements. Under the assumption of 

isotropy and homogeneity a vacuum dry rock should show no dispersion effect (Spencer 

1981). This means that the velocity for low frequencies should be the same as for ultrasonic 

frequencies. This is not the case for sample Z 13 (see Figure 3-21).
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Figure 3-21: Shear and compressional velocities and Poisson’s ratio for Z 13 at 13.8 
MPa (2000 psi), Dry

Sample Z 13 has a low porosity and, more importantly, a very low permeability. 

Although the sample has been dried, permeability for sample Z 13 is so low that bound 

water is still present and affects measurements. The ultrasonic data points have a higher 

velocity for compressional and shear waves in comparison to the low frequency points. The 

difference between both measurements can be observed, looking at the plot of Poisson’s 

ratio. While for the low frequencies the ratio is 0.15, it drops to 0.05 for the ultrasonic 

frequency range.

e
©

vP 0 o ® 0© e e e GEHSPgp̂  %
Q

A Poisson’s Ratio
A A à nAAA AA & A A

Vs 0 0 0 00 □ □ ■ raiDce^tEta o
A



56

The amount of bound water must be very small, below 1 %, to effect these measurements,

as seen in Figure 3-22 (Murphy, W.F., 1982).
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Figure 3-22: E- and ^-velocities versus water saturation (0 -0 .1 ) for Massilon 
sandstone (Murphy, 1982)

Anisotropy and inhomogeneity must also be emphasized. While the ultrasonic 

measurements are averaging properties between transducer and receiver, low frequency 

measurements are essentially sampling the specific point, covered by the strain gauge.

Since the samples are often not isotropic and homogeneous, it can not be expected 

that the measurements give isotropic and homogeneous results. Thus, two major processes 

interfere with each other to give discrepancies between low and ultrasonic frequency 

results: the frequency dependency of the rock properties and the sample inhomogeneity 

caused by mineral composition, mineral and pore distribution and the fluid distribution in 

the rock.
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3.4 Sample Preparation

Sample preparation involves all the steps o f getting the sample mounted into the 

sample holder. At first, the sample had to be shaped into a cylinder and the ends ground 

parallel. This process was very different between well and poorly consolidated samples. 

Well consolidated sample were shaped easily. On the other hand, poorly consolidated 

samples had to be coated with epoxy to avoid sample disintegration. Since the layer of 

epoxy was very thin, the effect on the rock modulus was expected to be negligible. 

Figure 3-23 and Figure 3-24 show the Voigt and Reuss bound for a rock epoxy mixture, 

assuming that Young’s modulus for the rock is 6 GPa and 20 GPa for epoxy. Clearly for a 

small volume fraction of epoxy the rock properties will be not change dramatically. 

Assuming a volume fraction of 1% the Voigt average gives us a modulus, 4 % higher than 

the rock modulus of 6  GPa. This is the upper bound. Using a Reuss average gives the lower 

bound and the modulus of the rock and epoxy is 1 % higher in this case.
25
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Figure 3-23: Effective Young’s modulus for Voigt and Reuss average between rock and 
Epoxy for volume fraction Epoxy from 0.0 to 1.0
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Figure 3-24: Effective Young’s modulus for Voigt and Reuss average between rock and 
Epoxy for volume fraction Epoxy from 0.0 to 0.01

After shaping the sample, both endpieces were attached. These endpieces were 

aluminum and used as standards to compare the strain amplitudes with the rock. Two pairs 

of vertical strain gauges are attached. The endcaps also include the ultrasonic transducers. 

The setup is shown in Figure 3-25:
Transdi ’o re  Fluid Line

Aluminum
S tandard

V ertical 
S tra in  Gauges

p  R o ck  S am ple Jp

Epoxy

K e p to n

Flexible
Epoxy

'  H orizontal 
S tra in  Gauges

Aluminum
S tandard

P ore Fluid LineUltrasonic
T ransducer

Figure 3-25: Setup of a low frequency sample - schematic.
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A layer of Kapton is then glued to the circumference sample. This prevents pore 

fluid leakage and protects the pore space from gas diffusion. (Nitrogen gas is used as the 

confining medium.)

The rock strain gauges are mounted to the Kapton layer. Depending on the 

consolidation o f the sample, semi conductor or foil gauges are used. Two pairs o f vertical 

gauges (also referred to as Young’s gauge) are mounted in the middle o f the sample. To 

avoid problems with misalignment, these gauges have been mounted in line with the 

vertical gauges on the aluminum. Othogonal to the gauges on the rock, two pairs of 

horizontal gauges (Poisson’s gauge) are mounted to the sample.

A second layer of flexible epoxy is then painted on the sample. Tests have shown 

that the Kapton layer was an effective barrier against fluid flow but was not good in 

preventing gas diffusion into the sample. The modulus of the flexible epoxy is too low to 

have any influence on the measurement results.

The pore fluid lines had to be drilled into the sample to ensure that a fluid 

substitution is possible. After this the sample is mounted in the stress frame, shown in 

Figure 3-3.
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Chapter 4 

SAMPLE CHARACTERISATION

Sample characterization was an important part o f this rock physics study. The 

question had to be answered: What material are we measuring? What is the rock made of? 

At first, petrophysical properties were obtained from a commercial core lab. Porosity, 

mineral density, and air permeability were measured. Han (2000a) also provided values for 

the mineral modulus, but the measurements of low consolidated samples (high porosity) 

were biased. Next, a mineralogical description was done, using X-ray diffraction methods 

and point counts o f micro photographs. Then, scanning electron microscope (SEM) 

pictures were taken to have a qualitative measure of the mineral and pore structures. Two 

methods have been used to quantify inhomogeneities: computer tomography and ultrasonic 

measurements. Computer tomography is a powerful tool to quantify small scale 

inhomogeneities and has a higher resolution in comparison to the ultrasonic profiling. This 

characterization has not been well implemented and incorporated with our measurement 

results. The reason is the gain o f knowledge in this area and the increased importance 

within the progress o f the project. Future work should focus more on this aspect and have 

a more consistent approach.
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4.1 Petrophysical Description

Porosity and permeability measurements were done partially at the Houston 

Advanced Research Center (HARC) and a service lab. The porosity was determined 

directly from the measured bulk volume and grain volume. The method to measure 

permeability was a steady state air permeability performed at a confining pressure of 2 .8  

MPa (400 psi). Permeability, porosity, and grain density for all samples are plotted in 

Figure 4-1 to Figure 4-3.

Porosity as a function o f grain density for all three wells is plotted in Figure 4-1. 

Well Y and Z have a veiy limited range of grain density, close to the density of pure quartz. 

The porosity range for Well Z is very limited, ranging from 30 % to 35%. The range for 

Well Y is larger, from 10 % to 30 %. One explanation can be the difference of stress and 

compaction with respect to depth: reservoir Z is shallower than reservoir Y. The other 

explanation is the lack of cementation in reservoir Z. Cementation decreases the porosity. 

Figure 4-2 shows the plug permeability as a function of grain density. The mineralogical 

composition is not as important as the depositional environment, cementation and 

compaction. The samples o f Well X show larger scatter in the grain density and 

permeability that is caused by depositional shale (Davies, 2000). While grain density and 

permeability show no correlation, porosity and permeability are strongly dependent, high 

porosity results in high permeability, shown in Figure 4-3.

In Table 4.1, the petrophysical values are shown for all samples measured with the 

low frequency device. The service companies did not provide any error estimations for the 

measured properties, but from experience, the grain density estimations and porosity values 

are more reliable than the permeability measurements. Errors up to 50 % in permeability 

are not uncommon. Except for two samples from Well Y, all samples have very high 

porosity and permeability. The measured grain density is a good indication for the mineral
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composition of the samples. Pure quartz has a density of 2.65 g/cm3 and the comparison 

with the obtained values indicates that most o f the samples are veiy clean sands.
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Figure 4-1: Measured plug porosity as a function of grain density for all three wells
(Well X - circles. Well Y - squares. Well Z - diamonds).
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Figure 4-2: Measured plug permeability as a function o f grain density for all three wells
(Well X - circles. Well Y - squares. Well Z - diamonds).
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Sample Porosity Permeability
[mD]

Grain Density 

[g/cm3]
Glass 0.297 912 2.25
XI 0.291 3591 2.607
X 5 0.294 825 2.619
Y 5 0.171 26.6 2.648

Y 13 0.140 0.93 2.648
Y 25 0.297 4370 2.646
Z 1 0.349 8750 2.636

Z 19 0.343 8010 2.642
Z 39 0.336 2900 2.639

Table 4. Measured plug porosity, air permeability, and grain density for
samples used in low frequency measurements. (mD = 0.987x10"11 cm2)
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4.2 Mineralogical Description 

4.2.1 Point Count

The point count was done by Davis K. Davies & Associates, Inc. (2000). Thin 

sections were used to determine grain size and composition. For every thin section, 300 

points were used to analyze the properties. Figure 4-4 shows a ternary diagram to classify 

sandstones. It can be seen that all samples are subarkosic. This means that they consist 

mostly o f quartz and less feldspars in comparison to an arkose. All the samples consist 

predominantly o f monocrystalline quartz grains with smaller amounts of plagioclase and 

K-feldspar. Not more than 5 % pore lining clay are present as cement in all sample. 

Additional minerals, which are found are: biotite, and muscovite. Samples from Well X 

also consist of pyrite and in one sample from Well Z, 5 % o f pore filling bitumen have been 

found. Sorting of the grains is poor to moderate for Well X and Z, and moderate to well for 

samples from Well Y.

Figure 4-5 shows a comparison between the measured plug porosity and the 

reported total and primary porosity obtained by point count. The total porosity is the sum 

of primary, secondary and micro porosity. Primary porosity is defined as the large 

intergranular macropores. Secondary porosity is also named as dissolution porosity and is 

created by leaching of unstable grains, mostly feldspars. This type of porosity has to be 

considered as ineffective porosity. The measured porosity and total porosity obtained by 

the point count show very good correlation. The point count results shows large differences 

between the measured and primary porosity.

In Figure 4-6 and Figure 4-7 the relation are plotted between obtained grain size 

and porosity and permeability. No clear trends can be observed. It would not be expected 

for the porosity versus grain size, since porosity depends on sorting and not on the diameter 

of the grains, but permeability should increase with increased grain size.
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Figure 4-4: Sandstone classification using a ternary diagram for samples from all three 
wells (Davies, 2000). Q - quartz, F - feldspar, L - litharenite
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Figure 4-5: Comparison between measured porosity and total and primary porosity for 
all point counted samples.
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Figure 4-6: Correlation between mean grain size and measured plug porosity.
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4.2.2 X-Ray Diffraction Method

This work was done in the Geology Department at the Colorado School of Mines 

(Harrison, 2000). The powder of thirteen rock samples have been analyzed to extract 

mineralogical information. The idea is to compare X-rays diffracted from the atoms of 

minerals (Figure 4-8) with known diffraction pattern. By changing the angle of the incident 

X-rays, the intensity of the reflected rays will depend on the structure of atoms in the 

mineral.

Figure 4-8: Principle of diffraction from a atoms, 1 and 2 are incident rays, 1 ’ and 2’ are 
diffracted rays. R is the plane row of atoms which cause the diffraction. (Moore 1997)

Figure 4-9 shows the intensity of the diffracted rays as a function of incident angle 

for sample Y 5. Peaks occur at characteristic angles for certain mineral structures. Quartz 

and muscovite could be obtained from this figure as well as small amounts o f albite. 

Without calibration, no quantitative measure is possible. Table 4.2 shows the result of the 

XRD measurements for all thirteen samples. Quartz, microcline, muscovite are the most 

common minerals. Chlorite and kaolinite, as well as albite and pyrite are present in some 

samples. These results confirm the point count measurements. Since no barite was
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observed for the point counts, the traces o f barite in the XRD can be explained by the used 

drilling fluids.
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Figure 4-9: Sample Y 5, interpreted results of X-ray diffraction analysis, intensity in 
CPS as a function o f scanning angle (Harrison, 2000).
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Sample Major Minor Uncertain
X 1 Quartz, Microcline, Musco

vite, Chlorite or Kaolinite
Albite

X 2 Quartz, Microcline, Musco
vite, Chlorite or Kaolinite

Albite

X 3 Quartz, Microcline, Musco
vite, Chlorite or Kaolinite

Albite, Barite

X 6 Quartz, Microcline, Musco
vite, Chlorite or Kaolinite

Albite

X 4 Quartz, Microcline, Musco
vite, Chlorite or Kaolinite

Albite, Barite Pyrite

X 7 Quartz, Microcline, Musco
vite

Albite, Chlorite or Kaolinite

X 5 Quartz, Microcline, Musco
vite

Albite, Chlorite or Kaolinite Pyrite

Y 5 Quartz, Microcline, Musco
vite

Chlorite or Kaolinite, Albite

Z 39 Quartz, Microcline, Musco
vite

Z 40 Quartz, Microcline, Musco
vite

Z 41 Quartz, Microcline, Musco
vite

Albite

Z 42 Quartz, Microcline, Musco
vite

Albite

Z 48 Quartz, Microcline, Musco
vite

Albite

Table 4.2 Results o f XRD measurements
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4.3 Scanning Electron Microscopy

Microfractures, grain contact areas, and pore structures can be examined in detail 

using scanning electron microscopy (SEM). The size of an electron beam is very small 

compared to the typical X-ray and ultrasonic beams, so much smaller structural features can 

be imaged. Thus, the SEM is a tool used to understand the influence of microstructure on 

elastic properties. Elemental analysis is also possible. Our investigation emphasized 

structure elements and not chemical composition.

We examined the polished surfaces o f rock thin sections. The thin section was 

coated with carbon to enhance the conductivity of the sample and reduce charging. Dark 

areas in the SEM picture will be pore space, high absorption of electrons, while lighter gray 

colors indicate more heavier elements and so mineral surfaces. Examined features from 

SEM pictures have to be interpreted carefully. Damage due to core cutting, sample 

preparation, and thin section polishing can lead to misinterpretations. Figure 4-10 to 

Figure 4-15 shows six acquired SEM pictures. To compare them, all have been taken at the 

same length scale, five at a magnification of 50 x, one at 45 x.

Figure 4-10 and Figure 4-11 show samples X 4 and X 7 from Well X. Sample X 4 

shows many interesting features. A general observation is that multiple minerals are present 

as wells as much ineffective porosity. The light gray colors (1) indicate that heavy minerals 

are present. The XRD measurements verify this observation, barite and pyrite have been 

identified. Pore space filled with rock fragments a clay / shale (2 ) decreases the effective 

porosity and permeability. The presence o f clays between the grain to grain contacts 

decreases the compressibility of the rock and its shear strength.

The next two figures show two samples from Well Y. Figure 4-12 shows sample Y 

13. In comparison with the samples from Well X and Z, sample Y 13 is less porous and more 

compacted. Small isolated pores can be seen that probably will not contribute to fluid flow, 

and will have little influence on the permeability. This sample had a low measured porosity
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and permeability (compare with Table 4.1). In Figure 4-13, sample Y 22 is shown. Again, 

low porosity and small amount o f clays can be observed (3). Numerous micas are present 

(1), which have a deformed layered structure and alter to clay (2). The contacts between the 

grains are developed very well, which result in a stiff rock frame with high P- and S-wave 

velocities.

Images o f sample Z 39 and Z 40 are plotted in Figure 4-14 and Figure 4-15. Both 

samples have a very high porosity (over 30 %) and they are very clean sandstones with 

significant permeability (3000 mD). Small amounts o f micas are present (1) only in sample 

Z 40,. Also, this observation was verified by the XRD (Table 4.2) measurements. The lack 

o f cementation between the grains and high porosity result in low elastic moduli.
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Figure 4-10: Sample X 4, SEM picture at magnification of 5Ox. 1 - Heavy minerals,
like barite, 2 - pore filling clay, 3 - quartz overgrowth.
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Figure 4-11: Sample X 7, SEM picture at magnification of 50x.
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Figure 4-12: Sample Y 13, SEM picture at magnification of 5Ox.
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Figure 4-13: Sample Y 22, SEM picture at magnification of 45x. 1 - mica, 2 -
diagenetic mica, 3 - pore filling clay.
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Figure 4-14: Sample Z 39, SEM picture at magnification of 5Ox.
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Figure 4-15: Sample Z 40, SEM picture at magnification of 50x. 1 - bend mica.
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4.4 Computer Tomography

Computer tomography or CT-scan is a commonly used tool in medical imaging. We 

used this technique to investigate sample inhomogeneities and porosity distribution. The 

distribution o f atomic number, density, or porosity is reconstructed from X-rays, which are 

absorbed and attenuated by traveling through a material. Especially, the higher resolution 

o f these measurements (Lucas, 2000) in comparison to ultrasonic profiling provided a very 

helpful tool to characterize sample inhomogeneities. Results o f four samples are shown in 

Figure 4-16 to Figure 4-19. For each sample, a vertical slice o f the porosity distribution 

through the core is shown. High porosities are indicated by red colors, low porosities are 

displayed with blue.

Sample X 1, Figure 4-16, shows a homogeneous distribution o f porosity. A local 

area o f lower porosity can be observed in the upper left comer of the image (1). The average 

porosity o f sample obtained by CT-scan is between 20 % and 25 %. The measured porosity 

of the core plug is 30 %. More calibration would be needed to improve the quantitative 

measure o f porosity distributions. Figure 4-17 images the porosity distribution of Sample 

X 4. This sample also has high porosity but layers o f lower porosity are observed. This 

bedding is not parallel to the axis o f the plug (1). The orientation of the bedding suggests a 

deviations of the well or stratigraphie dip, which is important for anisotropy considerations. 

Although this sample has bedding, it has little effect on the permeability o f the sample 

(3500 mD, measured in direction of sample axis). In comparison, there are stronger 

inhomogeneities obvious in sample Y 19 (Figure 4-18,1). The average porosity is 14 % but 

the permeability o f this sample is only 0.2 mD. A very low porosity layer (0 % to 10 %) in 

the middle of the sample is acting as a fluid flow barrier. For sample Y 25 (Figure 4-19) the 

inhomogeneities can be seen by eye. One the other hand, sample Z 25 is veiy homogeneous. 

No indications o f changes o f porosity, within the sample were observed. However, the 

measured plug porosity (28 %) is higher than the CT-scan estimated porosity (20 % - 25 %).
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Figure 4-16: Sample X 1, 2-D porosity distribution obtained by CT-scan (1 - low 
porosity area).
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Figure 4-17: Sample X 4, 2-D porosity distribution obtained by CT-scan (1 - bedding).



Figure 4-18: Sample Y 19,2-D porosity distribution obtained by CT-scan (low porosity 
layer - permeability barrier).
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Figure 4-19: Sample Z 25, 2-D porosity distribution obtained by CT-scan.
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4.5 Ultrasonic Profiling

To further characterize sample inhomogeneity, we used transmitted ultrasonic 

waves to profile the sample. Measurements were done with transmission perpendicular to 

the cylinder axis, with a sampling spacing o f 5 mm. Panametrics transducers were used, 

which transmitted a compressional wave with a dominant frequency of 2.5 MHz. In 

Figure 4-20, the result o f the profiling is shown, with P-wave velocity and diameter o f the 

core sample plotted. Within 6 cm along the sample axis, velocity changes from 3.5 km/s to

4.2 km/s. Figure 4-21 shows a image of sample Y 19 with indicated transducer positions. 

A comparison with the photograph shows that wave velocities match changes in lithology. 

On the right, the porosity is larger, resulting in lower velocities compared to the left side 

with lower porosity. A comparison with the CT-scan, Figure 4-18, verifies the observation.

These measurements point out that the selection process o f core samples is very 

important in order to provide a representative plug from the zone o f interest. Large changes 

are observed within the centimeter-range and poor or unrepresentative sample selection can 

lead to mischaracterize the reservoir behavior. These measurements give an indication of 

the mechanical structure o f the sample, but the resolution o f this method is not good enough 

to completely characterize sample inhomogeneities
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Figure 4-20: Sample Y 19, ultrasonic profiling P-wave velocity (red diamonds) and 
diameter (blue squares) of the core plug as a function of position.

Figure 4-21: Sample Y 19 image showing core sample and transducer position. Left 
side has higher porosity in comparison to the right sample side.
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Chapter 5 

MEASUREMENT RESULTS

In this chapter, the results o f the low frequency stress-strain measurements are 

discussed. First, the boundary flow problem and its implications for relaxed and unrelaxed 

conditions are discussed. The results o f an artificial sintered glass beads sample are shown. 

In comparison to glass samples known from the literature, the grain to grain contacts in this 

sample are well developed and fused together. The presents o f small fractures and 

secondary, ineffective porosity could explain the differences between ultrasonic and low 

frequency measurements. Then, three types o f samples are presented from Well X, Y, and 

Z. The samples from Well X are characterized by high porosity and permeability, whereas 

the samples from Well Y show low permeability. For Well Y, an attempt was made to 

measure one high permeability sample. However, due to experimental issues, the 

measurements could not be completed. The three samples for Well Z are very clean and 

poorly consolidated sandstones with high porosity and permeability. Only two samples are 

measure successfully with different pore fluids, while one sample had only the dry 

measurements completed.
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5.1 Relaxed versus Unrelaxed Conditions

Boundary conditions are very important for comparing laboratory measurements 

with field measurements. Measurements with the low frequency device (Parker 1997) 

showed interesting effects due to boundary fluid flow and the mobility o f the fluid in the 

rock sample. Figure 5-1 shows P- and S-wave velocities as a function of frequency for a 

berea sample. The rock was fully saturated with brine at a pore pressure of 3.4 MPa (500 

psi) and an effective pressure of 3.4 MPa (500 psi). Figure 5-1 a) shows a dramatic change 

in P-wave velocity at 100 Hz but no change in S-wave velocity. P-wave velocity is 

increasing rapidly from 3.1 km/s to 3.8 km/s. P-wave velocity above 100 Hz is the same for 

the low frequency measurements and the ultrasonic measurements. Boundary flow can 

explain this behavior.

In Figure 5-2, the schematic measurement setup is shown. The core is connected 

with pore fluid lines to allow fluid substitution. For low frequencies, below 100 Hz, the 

fluid can flow through the pore tubing to sustain a pore pressure equilibrium with the 

exterior pore fluid system. The pore fluid is in a relaxed condition, and the fluid has time 

to move in and out through the pores and fluid lines. Increased frequency transforms the 

system into unrelaxed conditions. This means, that the fluid can not move in and out the 

pores and lines fast enough due to the high frequencies. As a consequence o f this unrelaxed 

condition, the fluid increase the stiffness of the rock. The pore fluid is in unrelaxed 

conditions over the whole measured frequency range, when the valves on the sample are 

closed, as presented in Figure 5-2. Closed valves stop the boundaiy flow and the pore fluid 

inside the rock is in unrelaxed condition even at low frequencies, as shown in Figure 5-1 

b). The velocity over the whole frequency range is constant at 3.8 km/s. Changes in P-wave 

velocities and not in S-wave velocities indicate that the shear modulus is not sensitive to 

fluid content or movement, while the bulk modulus is very sensitive to pore fluids.
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A schematic plot o f elastic modulus versus frequency is shown in Figure 5-3. Low 

elastic modulus occurs at low frequencies for relaxed conditions, while high elastic 

properties are for high frequencies and unrelaxed conditions. Instead of the frequency 

domain, the elastic properties can be transformed into the “mobility” domain. Mobility is 

defined as the ratio between permeability o f the rock and the viscosity o f the fluid and 

indicates how easily a fluid can move inside the rock. As an example, high mobility can be 

obtained with a high permeable rock and a low viscous fluid. A rock with low permeability 

and saturated with a high viscosity fluid has low mobility. When in relaxed conditions, the 

fluid can move in the rock easily, faster than the period o f the seismic signal. Note that 

individual fluid molecules do not to move an entire wavelength, fluids need only move a 

small amount, enough to produce pressure equilibrium. Unrelaxed conditions are obtained 

in case of low mobility, when the fluid is not able to move rapidly. Shales are an example 

o f rocks with very low mobility due to their low permeability. The fluid can not move very 

easily, independent o f the fluid viscosity, and shales are in unrelaxed conditions over the 

whole frequency range, from seismic to ultrasonic frequencies. On the other hand, the 

behavior o f sandstones is very difficult to predict. Relaxed and unrelaxed conditions 

depend on the rock permeability and fluid viscosity (Figure 5-3). At seismic frequencies, 

measurements are performed under relaxed conditions, while the same rock measured at 

sonic or ultrasonic frequencies is under unrelaxed conditions.
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Figure 5-1 : P- and S-wave velocities as a function of frequency for a brine saturated 
Berea sandstone sample. The pore pressure of the brine is at 3.4 MPa and the effective 
pressure is 3.4 MPa. Response for a open valve system (a) and a closed valve system 
(b) (Batzle, 1999) are plotted.
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Figure 5-3: Model for the relation between mobility and elastic properties.
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5.2 Glass Sample

This glass sample was selected since it more closely matched the assumptions of a 

“Gassmann” rock (see Chapter 2). This porous sample was made out o f sintered glass 

beads. (A bead-pack was heated until the bead contacts fuse together to form an artificial 

rock.) Figure 5-4 shows a micro photograph o f this sample. The sample is very well fused, 

and isolated spheres are not present anymore. Even small fractures can be observed in this 

picture, which influence the elastic measurements, due to local flow and scattering. The 

qualitative measure o f "very good fused sample” can be verified by the petrophysical 

properties of the sample. The measured porosity is 29.7 % and the gas permeability is 900 

mD. Thus, flow paths are cut and permeability dropped.

Shear and Bulk moduli (squares and diamonds) for the dry glass sample are plotted 

as a function of frequency and effective pressure in Figure 5-5. Only a small pressure 

dependence can be observed increasing the effective pressure from 6.9 MPa (1000 psi) to

20.7 MPa (3000 psi). This indicates that the rock is well bonded and the grain to grain 

contacts of the sample are very strong and verifies the qualitative observation using the 

photograph (Figure 5-4). The room dry low frequency measurements show no change of 

bulk or shear moduli over the frequency range from 3 Hz to 3000 Hz. No significant 

dispersion effect is seen. However, differences between the low frequency and ultrasonic 

frequency measurements (500 kHz) can be observed. The shear modulus increases from 6.7 

GPa for low frequencies to 8.1 GPa at ultrasonic frequencies, while the bulk modulus 

increases from 8 .6  GPa to 9.5 GPa. The large scatter o f data point at 1000 Hz can be 

explained by mechanical resonance effects caused by measurements system.

After the dry measurements, the sample was saturated with carbon dioxide (CO2) 

at various pore fluid pressures but at constant effective pressure of 6.9 MPa (1000 psi). For 

the low frequency measurements only a minor increase of the bulk modulus can be 

observed in Figure 5-6. The shear modulus remains constant. This can be explained by the
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fluid modulus o f CO2. The carbon dioxide behaves like a gas instead as a fluid. In the next 

figure, Figure 5-7, bulk and shear modulus are plotted for the sample saturated with butane. 

Again, there is no fluid dependency of the shear modulus, it remains unchanged. On the 

other hand, the bulk modulus depends on the butane saturation. The relative high fluid 

modulus o f butane over C 0 2 impacts the response and a significant increase of the saturated 

bulk modulus can be seen.

Fluid flow effects were tested by changing the pore boundaiy conditions. Two 

measurement sequences were conducted at the same fluid pressure: 13.8 MPa, with the 

valve on top of the sample opened and closed. The difference can be seen by comparing the 

high and low frequency regimes. If  the valve is closed, fluid can not flow and the pore 

pressure is unrelaxed over the entire frequency range. This stiffens the rock matrix. If the 

valves is opened, the fluid is unrelaxed only at higher frequencies. At lower frequencies, 

fluid can flow and the pore pressure is relaxed and does not stiffen the matrix. This 

transition zone from relaxed to unrelaxed is around 50 Hz for the butane saturated sample. 

The effect is more obvious in Figure 5-8, where the glass was sample saturated with water. 

Due to the higher water bulk modulus in comparison to butane, the effect is intensified. The 

results for diy measurements and for the sample saturated with water at 13.8 MPa fluid 

pressure for constant effective pressure (6.9 MPa) are plotted. If  the water inside the rock 

is in relaxed conditions, below 100 Hz, the bulk modulus of the glass sample is equal to the 

dry bulk modulus, while in unrelaxed conditions the bulk modulus has doubled.
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squares) as a function of fluid pressure at constant effective pressure.
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5.3 Well X

5.3.1 Sample X 2

Sample X 2 has 29.1 % porosity and very high permeability (3500 mD). In 

Figure 5-9, the bulk and shear modulus are shown as a function of effective pressure: 3.4 

MPa, 6.9 MPa, 13.9 MPa, and 20.7 MPa. For this sample, only low frequency 

measurements were acquired, since the ultrasonic transducers were damaged. In 

comparison to the glass sample (Figure 5-5), a strong pressure dependency is observed. 

This can be explained by the pore structure and the grain contacts o f this real rock sample. 

With increasing effective pressure, more micro fractures are closed and the number and 

stiffness o f contacts between grains are increasing, so the rock frame gets “stiffer” . Note, 

that at low pressures the shear and bulk modulus are very similar. With increasing pressure, 

the difference between bulk and shear moduli increases.

After the dry measurements, the rock was saturated with carbon dioxide in liquid 

phase. In comparison to the glass sample, an increase of the bulk modulus was measured 

between the dry conditions and at high C 0 2 fluid pressure, 13.8 MPa. Since the rock frame 

is weak in comparison to the glass, a larger fluid effect can be observed. Differences 

between the measurements with opened and closed valve can be observed, at 10 Hz. 

However, due to low fluid modulus, the effect o f carbon dioxide is very small. For 

comparison. Figure 5-11 and Figure 5-12 show the results using butane as a saturant. 

Figure 5-11 shows the bulk and shear moduli as a function of fluid pressure with the valves 

opened, while Figure 5-12 shows measurements at the fluid pressures with closed valves. 

In comparison to the C 0 2 measurements, the step between relaxed and unrelaxed 

conditions shifted to higher frequencies (30 Hz). The shear modulus is constant for all these 

measurements. For low fluid pressures, 0.14 and 1.4 MPa, no differences in the bulk moduli 

can be observed, even if the phase boundary from gas to liquid crossed at 0.3 MPa.



103

Increasing the fluid pressure also increases the fluid modulus and increase the rock 

modulus, butane at 3.5 MPa and 6.9 MPa.
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Figure 5-9: Sample X 2, bulk and shear moduli room dry (diamonds and squares) as a 
function of effective pressure.
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5.3.2 Sample X 7

Compressional and shear wave velocities for sample X 7 are plotted in Figure 5-13 

to Figure 5-16. The first figure shows the effective pressure dependency on compressional 

and shear velocities for the diy sample, ranging from 3.5 MPa to 20.7 MPa. The P-wave 

velocity changes from 2.3 km/s to 3.1 km/s for the low frequency range and from 2.6 

km/s to 3.2 km/s for the ultrasonic measurements. The shear wave velocity changes from

1.4 km/s to 1.8 km/s for low frequencies, and 1.6 km/s to 1.9 km/s for ultrasonic 

frequencies. The sample has a high porosity and permeability, respectively 29.4 % and 900 

mD. The change in velocity can be explained by the closure of fractures with increasing 

effective pressure as well as with stiffening the frame due to better grain contacts. But the 

large difference between the measurements at 3.5 MPa and 6.9 MPa can be caused by a bad 

coupling between the gauges and the rock. I think these measurements can be biased by this 

bonding.

Figure 5-14 shows the results for the sample saturated with hexane. The open 

diamonds and squares are measurements for an effective pressure o f 13.8 MPa, while all 

other measurements were done at an effective pressure o f 6.9 MPa. First, a higher effective 

pressure results in higher P- and S-wave velocities. Second, for constant effective pressure, 

the velocities increase with increasing fluid pressure, due to an increase of its fluid 

modulus. In this example, the fluid pressure increases from 6.9 MPa to 20.7 MPa. The shear 

wave velocity is increasing with increasing fluid pressure at constant effective pressure. 

The opposite behavior is expected. We would expect with increasing fluid pressure that the 

fluid density increases and finally the shear wave velocity is dropping. But the results show 

the opposite behavior. Increase fluid pressure results in increased velocity. An explanation 

is not found yet. However, an hypothesis is that the change o f rock properties are due to 

chemical interactions between the fluid and rock building minerals. Especially, the 

interaction with clay minerals can cause changes.
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Saturation measurements (Figure 5-15 and Figure 5-16) underline this results. The 

expected changes in shear velocity should be small and an increasing shear velocity at 100 

% saturation is not expected. Again, these results are an indication that the measurements 

can be biased by the gauge mounting. However, difference between the low frequency 

range and ultrasonic range are observed and can be explained by the fluid rock interaction. 

For the ultrasonic frequencies, the liquid has only local flow pattern, which results in a 

stiffer pore, while at low frequencies, the global flow dominates and due to fluid 

equilibrium, the stiffness o f the rock increases at the final saturation step. Fluid viscosity 

should influence local and global flow and should be a focus for further investigations.
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Figure 5-13: Sample X 7, P- and S-wave velocities (diamonds and squares), room dry 
as a function of effective pressure.
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Figure 5-14: Sample X 7, P- and S-wave velocities (diamonds and squares), saturated 
with hexane as a function of fluid pressure at two different effective pressures.
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Figure 5-15: Sample X 7, P-wave velocity as a function of brine saturation for constant 
effective pressure for five different frequency ranges
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Figure 5-16: Sample X 7, S-wave velocity as a function o f brine saturation for constant 
effective pressure for five different frequency ranges
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5.4 Well Y 

5.4.1 Sample Y 5

This rock sample has very low porosity and permeability in comparison to the other 

measured samples. The permeability is 27 mD and the porosity is 17 %. Figure 5-17 and 

Figure 5-18 show an overview about the measurements under room dry and brine saturated 

conditions for four frequency ranges. P- and S-wave velocities are plotted as a function of 

effective pressure, for the increasing, 3.4 MPa to 20.7 MPa, and decreasing, 20.7 MPa to

3.4 MPa, pressure cycle. In Figure 5-17, the dry measurements are plotted and dispersion 

effects can be observed. Compressional and shear wave velocities in Figure 5-19 and 

Figure 5-20 show this more explicitly. Ultrasonic results have a higher P- and S-wave 

velocities compared to the low frequency measurements. Sample inhomogeneity can 

explain this effect. However, bounded water can effect the elastic properties. Since the 

permeability was low, drying the sample under room conditions has not removed the water 

totally. Also this sample had pore filling clays (Davies 2000), which absorb water.

Results for the saturated rock are shown in Figure 5-21 and Figure 5-22. The rock 

was saturated with brine and the fluid pressure was kept constant at 3.5 MPa. The 

difference between low frequency measurements and ultrasonic frequency measurements 

increases more. Dispersion effect can be observed for the measurements at 6.9 MPa and 

13.8 MPa even at the low frequency range around 1000 Hz. This effect is decreased for the 

measurements at 20.7 MPa effective pressure. This behavior can be caused by the closing 

of fractures at higher effective pressure.

Young’s modulus for the brine saturated sample at 6.9 MPa effective pressure was 

used to calculate quality factor, g , applying the Cole-Cole (Cole 1941) equation to fit the 

data. The result is presented in Figure 5-23. Measured Young’s modulus, calculated 

Young’s modulus and the inverse quality factor, 1/Q, are plotted. Two fitting parameters
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have to be found for the Cole-Cole equation: a characteristic relaxation time, x, and a 

distribution coefficient, 9 . I f  the distribution coefficient equals one, 9  = 1, it is an normal 

distribution. For this sample, the following coefficients have been used to calculate the 

quality factor in Figure 5-23: 9  = 0.51 and x = 0.0001. The inverse quality factor is a 

measure o f attenuation, this means that high inverse quality factor relates to high 

attenuation. The highest attenuation occurs at 6000 Hz.
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Figure 5-17: Sample Y 5, P- and S-wave velocities versus effective pressure, room dry 
for different frequency ranges.
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Figure 5-18: Sample Y 5, P- and S-wave velocities versus effective pressure, 100 %
water saturated at fluid pressure 3.4 MPa (500 psi) for different frequency ranges.
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Figure 5-19: Sample Y 5, P-wave velocity versus frequency, room dry, for different 
effective pressures.

x x xx  x x  x

Log. Frequency [Hz]
♦  6.9 MPa (1000 PSI) up 
A 13.8 MPa (2000 PSI) down

113.8 MPa (2000 PSI) up 
16.9 MPa (1000 PSI) down

X  20.7 MPa (3000 PSI) up

Figure 5-20: Sample Y 5, S-wave velocity versus frequency, room dry, for different 
effective pressures.
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Figure 5-22: Sample Y 5, S-wave velocity versus frequency, 100 % water saturated at
fluid pressure 3.4 MPa (500 PSI) for different effective pressures.
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5.4.2 Sample Y 13

This sample had the lowest porosity, <|>, and permeability, k, of all measured rock 

samples, § = 14.0 % and k  = 0.9 mD. In Figure 5-24 to Figure 5-29 are shear and 

compressional velocities plotted as a function o f effective pressure for the dry and brine 

saturated conditions. The first two figures. Figure 5-24 and Figure 5-25 show a summary 

of the measurements. For four frequency ranges, compressional and shear velocities are 

plotted as a function of effective pressure. The frequency ranges are: 7-21 Hz, 51-201 Hz, 

301-2000 Hz, and 500000 Hz. Differences between the P- and S-wave velocities for dry 

measurements can be observed. As mentioned before, this could have two main causes, the 

existence o f bounded clay water and the incomplete drying due to the low sample 

permeability, 0.9 mD. For the dry measurements dispersion effects can be measured, at

20.7 MPa effective pressure the P-wave velocity changes from 3.6 km/s to 3.7 km/s from 

the 7-21 Hz to the 301-2000 Hz frequency range. This change is still marginal in 

comparison to the increase to 3.9 km/s at the ultrasonic frequency range. This velocity 

dispersion increases for the water saturated sample, shown in Figure 5-25. The changes 

between the 7-21 Hz and 301-2000 Hz frequency range are from 3.8 km/s to 4.0 km/s and 

increase to 4.3 km/s for ultrasonic measurements.

Young’s modulus, calculated Young’s modulus, and quality factor are plotted in 

Figure 5-30. The following coefficients have been used to calculate the quality factor: 

cp = 0.65 and t = 0.0001. The highest attenuation occurs at 6000 Hz similar to sample Y 5, 

but comparing Figure 5-30 with Figure 5-23 shows that the attenuation for sample Y 13 is 

smaller than for sample Y 5. This can be explained by the lower permeability o f sample Y 

13 in comparison to sample Y 5.
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Figure 5-24: Sample Y 13, P- and S-wave velocities versus effective pressure, room dry 
for different frequency ranges.
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Figure 5-25: Sample Y 13, P- and S-wave velocities versus effective pressure, 100 %
water saturated at fluid pressure 3.4 MPa (500 psi) for different frequency ranges.
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Figure 5-26: Sample Y 13, P-wave velocity versus frequency, room dry, for different 
effective pressures.
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Figure 5-27: Sample Y 13, S-wave velocity versus frequency, room dry for different
effective pressures.
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Figure 5-28: Sample Y 13, P-wave velocity versus frequency, 100 % water saturated at 
fluid pressure 3.4 MPa (500 PSI) for different effective pressures.
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Figure 5-29: Sample Y 13, S-wave velocity versus frequency, 100 % water saturated at
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5.4.3 Sample Y 25

For sample Y 25, only the dry pressure cycle was measured. A mechanical barrier 

prevented opening the valve system and by the decrease of confining pressure, the sample 

was hydro-fractured. This sample has a high porosity, 29.7 %, and a very high permeability, 

4300 mD. Bulk and shear moduli are plotted in Figure 5-31, a very pressure dependency 

can be observed. The bulk modulus increases from 4.4 GPa at 6.9 MPa effective pressure 

to 8 GPa at 27.6 MPa effective pressure. In the same pressure range the shear modulus 

increased from 4.4 GPa to 7.2 GPa. At low effective pressure, shear and bulk moduli are 

nearly equal but increasing pressure increases the bulk modulus more than the shear 

modulus.
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Figure 5-31 : Sample Y 25, bulk and shear moduli room dry (diamonds and squares) as
a function of effective pressure.
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5.5 Well Z

5.5.1 Sample Z 1

Sample Z 1 is one o f the highest porosity and permeability samples in this 

investigation. The sample has a porosity of 35 % and its gas permeability was nearly 9000 

mD. The sample was homogenous and made o f very clean quartz. Figure 5-32 shows the 

room dry bulk and shear moduli as a function of frequency and confining pressure. No 

dispersion effects can be observed for both moduli. Shear as well as bulk moduli show 

interesting behavior as a function o f effective pressure. A large change in moduli occurs, 

increasing the effective pressure from 6.9 MPa to 13.8 MPa, the bulk modulus changes 

from 5.5 GPa to 7.1 GPa and the shear modulus changes from 3.2 GPa to 4.6 GPa. 

Increasing the pressure from 13.8 MPa to 20.6 MPa results in a smaller change in moduli, 

the bulk modulus changes from 7.1 GPa to 7.8 GPa and the shear modulus from 4.6 GPa to

5.0 GPa. This can be explained by the pore and grain structure of this high porosity sample. 

In order to have such a high porosity for a clastic sediment the grains have to be well 

rounded, well sorted and the grain size distribution has to be very narrow. Since the grain 

to grain contacts change, the rock shows no large pressure sensitivity.

Figure 5-33 shows the bulk and shear moduli for the rock saturated with an hexane 

- methane mixture. The mixture was used to simulated a live oil situation. The methane 

comes out o f solution below 3.4 MPa fluid pressure. Above this pressure the methane is in 

solution with hexane and only one phase is present. The dry moduli (open symbols) are 

plotted as a comparison to the saturated moduli. One measurement (red symbols) was done 

below the bubble point as methane came out o f solution (2.1 MPa fluid pressure) and two 

measurements above the bubble point (13.8 MPa). One o f the high fluid pressure 

measurements have been with opened valves (green symbols) at 13.8 MPa fluid pressure 

and one with closed (blue symbols) at the same pressure. The first observation is the shear 

modulus for this sample is not constant. It changes from 3.8 GPa to 3.4 GPa for the low
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frequency measurements after saturation. For the ultrasonic measurements, the shear 

modulus increased from 3.8 GPa to 4.3 GPa. So, two different mechanisms are present at 

these frequency ranges. The lowering of the shear modulus can be explained by changes in 

the surface properties o f the rock due to the injected fluid. The increase for ultrasonic 

measurements is caused by a local flow mechanism, like a squirt flow.

At low fluid pressure, two separated phases are present: methane and hexane. The 

measurement response for the ultrasonic frequency range is dominated by the fluid 

properties o f the liquid phase, high fluid modulus, while for low frequencies the response 

is dominated by the low modulus, high compressibility of the gas phase, since low 

frequencies make a pressure equilibrium of the fluid phase possible. In Figure 5-33 the 

results are shown. The bulk modulus is dropping for low frequency measurements in 

comparison to the dry modulus (surface properties), 5.5 GPa to 5.0 GPa, the ultrasonic 

measurements increase from 5.5 GPa to 8.2 GPa. At higher fluid pressure, 13.8 MPa, only 

one fluid phase is present and the fluid has an high modulus. Boundary flow in form of an 

open valve has an important influence on the results. With an open valve the two domains, 

relaxed and unrelaxed conditions, can be observed around 100 Hz, while with a closed 

valve this separation is not observed.

Figure 5-34 and Figure 5-35 show the results o f the saturation measurements. The 

sample was measured at room dry conditions and after this, brine was injected to increase 

saturation. Then, low frequency and ultrasonic frequency measurements were done. The 

question should be answered: What is the fluid distribution inside the rock? No possibility 

existed to monitor the fluid distribution. Consequently, only the imbibition cycle was 

measured but no drainage. Previous measurements showed differences between the 

imbibition and drainage cycle (Han 2000a), and for future experiments both measurements 

should be conducted. Figure 5-34 shows the P-wave velocity as a function of saturation for 

five different frequency ranges. Two fundamentally different behaviors can be observed. 

The low frequency response decreases for increasing saturation to 95 %. Over the
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saturation of 95 % the P-wave velocity increases rapidly. In contrast, the ultrasonic 

frequencies increase smoothly with increasing saturation. The decrease for the low 

frequency measurements can be explained by an unchanged bulk modulus and shear 

modulus and increased density with increased saturation, also known as the “density 

effect”. The same behavior can be observed for the shear wave velocity in Figure 5-35. The 

shear modulus is constant for the low frequency measurements and the decrease in velocity 

is due to the increase o f the density of the saturated rock. In comparison to the low 

frequency measurements, ultrasonic measurements show a different behavior due to the 

influence o f local flow. Changes in shear moduli can also be caused by non-zero viscosity 

o f the fluid that transforms energy into shear loss.
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Figure 5-32: Sample Z 1, bulk and shear moduli room dry (diamonds and squares) as a 
function of effective pressure.
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Figure 5-33: Sample Z 1, bulk and shear moduli saturated with live hexane (diamonds
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Figure 5-34: Sample Z 1, P-wave velocity as a function of brine saturation at constant 
effective pressure for five different frequency ranges.
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Figure 5-35: Sample Z 1, S-wave velocity as a function o f brine saturation at constant
effective pressure for five different frequency ranges.
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5.5.2 Sample Z 19

Porosity and permeability are very high for this sample, the porosity is 34.3 % and 

the permeability is 8000 mD. Figure 5-36 to Figure 5-38 show the measured velocities, 

measured dry, saturated with carbon dioxide and brine. The dry measurements have been 

done ranging from 6.9 MPa to 27.6 MPa effective pressure. The carbon dioxide saturated 

rock (Figure 5-37) was measured under an effective pressure of 6.9 MPa but with changing 

fluid pressure, 3.4 MPa (g), 4.8 MPa (g), 6.2 MPa (1), and 9.6 MPa (1). Carbon dioxide was 

in the liquid phase for the two highest fluid pressures, while at low fluid pressures CO2 

remained a gas. The different fluid phases can be seen in the measured elastic properties. 

Figure 5-38 shows the results for the diy measurements, saturated with CO2 in the gas 

phase (3.4 MPa) and liquid phase (13.8 MPa), and saturated with brine (6 .6  MPa) at the 

same effective pressure (6.9 MPa). The brine measurements were done with open valves, 

which can be seen in the relaxed and unrelaxed conditions. The change occurs at 80 Hz. For 

C 0 2 as a gas, the measured results are similar to the dry measurements, but if  the fluid 

pressure increases and the C 0 2 is in the liquid phase, both shear and compressional wave 

velocity drop below the dry measurements. This can be explained by the high 

compressibility o f the liquid C 0 2 and high density. Although it is a liquid, it does not 

increase the stiffness o f the pore since the fluid modulus is very low but the high density 

decreases the velocities.
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Figure 5-36: Sample Z 19, P- and S-wave velocities (diamonds and squares), room dry 
as a function of effective pressure.
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Figure 5-37: Sample Z 19, P- and S-wave velocities (diamonds and squares), C 0 2
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Figure 5-38: Sample Z 19, P- and S-wave velocities (diamonds and squares), C02 and 
brine saturated as a function of fluid pressure for constant effective pressure.
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5.5.3 Sample Z 25

Figure 5-39 shows compressional and shear wave velocities as a function of 

effective pressure under room dry conditions. Saturation measurements were not conducted 

due to failure of the sample. No dispersion effects were observed for dry measurements. 

The use of foil gauges decreased the accuracy of the measurements. The porosity was 33.6 

% and the permeability was 2900 mD.
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Figure 5-39: Sample Z 39, P- and S-wave velocities (diamonds and squares), room dry 
as a function of effective pressure.
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C hapter 6 

FLUID SUBSTITUTION

We measured the dry and saturated elastic properties for our rock samples in order 

to compare the experimental data with the modeled Gassmann response. First, we define 

the input variables required to use Gassmann’s equation: mineral bulk modulus, dry bulk 

modulus, fluid modulus and the porosity. We determine the sensitivity o f each input 

component to see which input requires the most accuracy to make a good prediction of the 

saturated properties. Then, our low frequency measurements are compared with 

Gassmann’s prediction. Differences between the low frequency results, the ultrasonic 

measurements and the predictions are examined. Finally we investigate saturation effects 

on well log data. Many unknown factors, such as accurate saturations, make log 

applications difficult.
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6.1 Input Variables for Gassmann’s Equation

6.1.1 Mineral Modulus

Gassmann’s equation is derived for a homogeneous and mono-mineralic rock. In 

reality, a rock is composed of different minerals such as quartz, mica, clays, and feldspar 

(see Sample Characterization). Although measured elastic properties from many single 

minerals are well documented, simple measurements of quartz for instance give different 

results. The average bulk modulus ranges from 36.5 GPa (Anderson et al. 1966) to 37.9 

GPa (McSkimin et al. 1965). This difference can be partially explained by anisotropy of 

quartz minerals, which have a triganol crystal structure. In addition inhomogeneities and 

small defects in mineral structure will change the moduli.

Mineral anisotropy may be a major issue. For fused glass, an isotropic form with 

the same composition as the quartz mineral, Carmichael (1984) gives values ranging from 

36.05 GPa to 37.12 GPa, depending on the measurement types at room conditions. Since 

the normal crystal form of quartz is trigonal, an average elastic property has to be 

calculated. For alpha quartz, the published values ranges from 37.65 GPa to 37.71 GPa 

(Carmichael 1984). Depending on the direction o f wave propagation and displacement, the 

measured velocity varies as a function of the crystal structure. McSkimin et al. (1965) 

presented a variation in compressional velocity from 5.749 km/s to 6.319 km/s, with a 

weighted average of 6.05 km/s. Alternatively, bulk volume strain could be calculated for a 

hydrostatic stress, and this is used to calculate K.

Clays are among the most common minerals on the earth’s surface, yet their 

properties and effects are still poorly understood. Han (1986) showed that small amounts 

o f clay minerals can change the shear modulus dramatically, decreasing from 45 GPa for 

pure quartz, to 33 GPa for quartz with a small amounts of clay. The bulk modulus remains 

nearly constant, due to only small changes in the effective compressibility o f the system.
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However, small amounts o f clays can contaminate the grain to grain contacts and change 

the rock rigidity. While most o f the common minerals with large well-formed crystals are 

well described by measurements, reliable values for clay minerals are rare. Indeed, recent 

published papers disagree greatly in their results. Estimations done by Katahara (1996) for 

illite and kaolinite, 5.8 km/s and 6.2 km/s, are within 20 % in comparison to Wang et al. 

(1998), 5.9 km/s and 5.6 km/s. However, the values for chlorite show large differences. 

While Wang et al.(1998) publishes values o f the p-wave velocity over 9 km/s, Katahara 

(1996) shows velocity of 6  km/s. The difference can be explained by the structure o f 

chlorite and type o f measurement. Mineral structures o f clays are very complex and can 

vary significantly. And so, the chlorite in Katahara’s (1996) study may be greatly different 

from the measured chlorite examined by Wang’s (1998). Wang (1998) also suggest that the 

difference can be caused by small pores in the sample and small sample size by Alexandrov 

and Ryzhova (1961) used in Katahara’s (1996) study. In contrast, Mavko (1998) reported 

values for kaolinite based on a paper by Woeber et al. (1963) that gives the bulk and shear 

modulus of 1.5 GPa and 1.4 GPa. This wide range in values rises interesting questions: Do 

we have to consider an effective mineral modulus, which takes the ineffective porosity into 

account as a part o f the mineral? Do we have to consider unremovable water as a part of 

the matrix? This is particularly important for shales, which are composed largely o f clays 

with bound water. Consequently, if  we calculate an effective mineral modulus o f a mixture 

of shale and quartz, we have to take the bound, unremovable water into account. I will 

consider this idea with the current data, but more measurements should be acquired. The 

question remains, how do we calculate the effective moduli?

Starting with the most simple case, a material with two mineral components is 

examined. The effective modulus of the material depends on the volumetric fraction and 

the elastic properties o f both single mineral phases. Figure 6-1 shows two extreme applied 

forces on the system. One is an isostrain system, shown on the left side o f Figure 6-1, where
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both constituents have the same amount o f strain. The other extreme is where isostress

conditions are applied, shown at the right side of Figure 6-1.

Isostrain and isostress behaviors are also known as Voigt (1928) and Reuss (1929) average. 

Mathematically, the Voigt average is an arithmetic average, which can be written:

N

M y = Y f i M i- (6-1)
i

The effective Voigt modulus, M v , is the sum of the product o f volume fraction, , and the 

modulus, , over all phases, z.

On the other hand, Reuss average M R is the geometric average of all phases, z.

h K = £ m , '  ( 6 "2 )i

The Hill (1952) average, MH , is the arithmetic average o f Voigt and Reuss average:

Mh  = M v * M* (6-3)

Which average algorithm that should be used, depends on the materials and applied 

conditions. Voigt and Reuss averages give respectively the upper and lower boundaries of 

the elastic properties for an isotropic material. However, Reuss average is usually used to 

calculate the effective modulus of fluids. The Voigt average provides only the upper 

boundary of a system with different phases.

Figure 6-2 shows a schematic plot of the effective elastic properties using Voigt (upper 

bound), Reuss (lower bound), and Hill average algorithms for two compounds as a function 

o f their volume fractions.
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6.1.2 Fluid Modulus

Another important input parameter is the fluid modulus, Kf. All the fluid effects will 

be dominate by this parameter. For an inert sample, mineral modulus, dry modulus and 

porosity do not change under various saturations. Like the mineral modulus, fluids in 

reservoirs can not to be considered one single compound. Mixtures o f fluids, gas, brine, and 

oil (with dissolved gas) are very common. To calculate fluid modulus, we must estimate 

the composition and miscibilities of the fluid mixture. Our knowledge o f the fluid mixture 

is usually incomplete. Resistivity logs are often used to calculate the water saturation, 5^, 

in a reservoir. The water saturation can be also extracted by measuring a fluid sample or by 

running extensive core measurements. Sonic log measurements provide the answer if free 

gas exist within the reservoir.

If  the fluid composition is known, we can calculate the modulus, Kp by using the 

Reuss average (Equation 6-2), also known as Wood’s equation. For only two compounds 

with known brine and hydrocarbon properties, Kw and respectively, and saturation

s hc ~ 1

( M )K f k w Khc

The brine or water properties depend on its salinity. Figure 6-3 shows the density 

dependency of pure water (blue) and brine (red) with a salinity o f50,000 ppm as a function 

o f pressure. Flag 3 .1 ,a program based on empirical relations compiled by Batzle and Wang 

(1992), was used to calculate properties o f brine. The increased amount of dissolved salt 

increases the density of the brine and pure water by 2  %, over the pressure range of 60 MPa.
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Figure 6-3: Brine density (50,000ppm) as a function of fluid pressure in comparison to 
pure water (FLAG 3.1).
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Figure 6-4: Brine fluid modulus (50,000ppm) as a function of fluid pressure in 
comparison to pure water (FLAG 3.1).
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Figure 6-5: Brine density and fluid modulus as a function of salinity ranging from 0 to
100,000 ppm (FLAG 3.1).

A larger difference in modulus can be observed comparing brine and pure water, as 

shown in Figure 6-4. For pure water (solid), the modulus changes only of 2.5 % with 

increasing pressure from 0 to 60 MPa. The modulus change is larger for the 50,000 ppm 

brine (dash). The change is 15 % from 2600 MPa to 3000 MPa. Figure 6-5 shows density 

(blue) and modulus (red) changes as a function o f the brine salinity, ranging from 0 ppm to

100,000 ppm. Since, the density change (7 %) is smaller than the modulus change (28 %) 

the fluid velocity increases with salinity (1 0  %).

Hydrocarbon properties are depend on composition, temperature, and pressure. 

These parameters define which state the fluid will be in: gas or liquid. Since our 

measurements are conducted with butane (C4H 10), I will focus on its properties. Under 

room conditions (25 °C, 0.1 MPa), butane is a gas. A slight increase of pressure condenses 

the butane into the liquid phase. Figure 6-6  and Figure 6-7 show the pressure dependence 

for three temperatures, 0 °C, 25 °C, and 50 °C, calculated by Supertrapp (NIST, 1998).

Bnne Properties as Function of Salinity

-----------

—■ — F lu id  M odulus 
D ensity
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Increased temperatures shift the phase boundary (boiling point) to higher pressures. 

Comparatively small density changes are seen for temperatures ranging from 0 °C to 50 °C 

(Figure 6 -6 ), while the modulus has a larger dynamic range (780 MPa at 0 °C to 450 MPa 

at 50 °C) (Figure 6-7). Plots of density and modulus as a function of temperature for butane 

are shown in Figure 6 -8  and Figure 6-9. Here the fluid temperature ranges from 273 K to 

373 K (0 °C to 100 °C) and the behavior according to three pressures is plotted (0.3 MPa,

2.0 MPa, 7.5 MPa). In Figure 6 -8 , the temperature dependency of the fluid density is 

shown. The temperate sensitivity of the density is small compared to the temperature 

sensitivity of the fluid modulus, as long as the fluid stays in the liquid phase. The density 

changes 20 % from 273 K to 373 K at the pressure of 7.5 MPa, while the modulus decreases 

75 % in the same temperature range. Density and modulus decrease dramatically at the 

phase transition from a liquid to a gas. This transition is shown for the graph of constant 

fluid pressure at 0.3 MPa. At elevated pressures, the liquid-gas phase boundary is not 

encountered in our experiments, where the density and modulus decrease to nearly zero.

Figure 6-10 and Figure 6-11 show properties of carbon dioxide (C 02) as a function 

of pressure. This fluid was selected due its unique acoustic properties. Looking at the 

density plot (Figure 6-10), C 0 2 in the liquid phase (above 6  MPa at 25 °C) has higher 

density values compared to butane, but its modulus is very low (Figure 6-11). Properties 

for brine, butane and C 0 2 are summarized in Figure 6-12 and Figure 6-13. A comparison 

of all three fluids in the liquid phase (above 6 MPa) shows that brine behaves like a stiff 

liquid, whereas butane behaves like a soft liquid. In comparison to this, C 0 2 is more like a 

heavy gas, due to its high compressibility and high density.
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Butane Properties as a Function of Pressure
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Figure 6 -6 : Fluid density of butane as a function of pressure for different temperatures 
(0 °C - dotted, 25 °C - dashed, 50 °C - solid).
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Figure 6-7: Fluid modulus o f butane as a function of pressure for different temperatures
(0 °C - dotted, 25 °C - dashed, 50 "C - solid).
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Butane Properties as a Function of Temperature
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Figure 6 -8 : Fluid density of butane as a function of temperature for different pressures 
(0.3 MPa - dotted, 2.0 MPa - dashed, 7.5 MPa - solid).
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Figure 6-9: Fluid modulus of butane as a function of temperature for different pressures
(0.3 MPa - dotted, 2.0 MPa - dashed, 7.5 MPa - solid)
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Carbon Dioxide Properties as a Function of Pressure
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Figure 6-10: Fluid density of carbon dioxide as a function of pressure for different 
temperatures (0 °C - dotted, 25 °C - dashed, 50 °C - solid).
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Figure 6-11: Fluid modulus of carbon dioxide as a function of pressure for different
temperatures (0 °C - dotted, 25 °C - dashed, 50 °C - solid).
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Fluid Properties as a Function of Pressure
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Figure 6-12: Fluid density as a function of pressure for different fluids (Butane - dotted, 
Carbon Dioxide - dashed. Brine - solid) at room temperature.
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Figure 6-13: Fluid modulus as a function of pressure for different fluids (Butane -
dotted. Carbon Dioxide - dashed. Brine - solid) at room temperature.
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Properties o f reservoir oil are more complex than brine or single phase hydrocarbon 

properties. If gas is dissolved in the oil, properties can change dramatically. Oil with no gas 

dissolved is termed “dead oil”. Oil with dissolved gas is termed “live oil”. The density of 

the oil or API number (without gas dissolved) has a large influence on the properties of a 

reservoir oil. Density of the dead oil is a good substitute for composition of the oil and for 

physical property calculations. Figure 6-14 shows a schematic plot of the pressure and 

temperature behavior o f a live oil. Temperature and pressure of the mixture control where 

gas comes out o f the HC-solution, and if one or two phases are present. In the liquid-like 

region, at high pressures, the mixture is one single phase, with a homogeneous 

composition. Lowering the pressure and crossing the bubble point line transforms the 

single phase fluid into a two phase fluid with gas coming out of solution.

RETROGRADE DRY GAS 
CONDESATE

CRITICAL P O IN T

Two Phase 
Region

Gas-Like
Behavior

TEMPERATURE

Figure 6-14: Phase behavior of a live oil, pressure and temperature dependency (Batzle 
1999)
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The mixture o f two phases has substantially different acoustic properties than the 

single phase fluid. Density and modulus strongly depend on the amount o f gas in the 

system. From Figure 6-15 to Figure 6-18, fluid density and fluid mixture modulus are 

shown according to the four most important parameters: pressure, temperature, density of 

the dead oil, and gas oil ratio (GOR). The example parameters to calculate the fluid 

properties using FLAG 3.1 are described on Table 6.1.

Parameter Value
Fluid Pressure [MPa] 30
Temperature [C] 75
Density o f the Dead Oil [g/cc] 0.88
Gas Oil Ratio (GOR) [1/1] 100
Gas Gravity 0.6

Table 6.1 Initial fluid parameters to calcu ate live oil properties give in Table 6.2.

Using the program FLAG 3.1, we can calculate the acoustic properties o f the live oil using 

the initial properties given in Table 6.1.

Parameter Calculation
Velocity [km/s] 1.194
Density [g/cc] 0.754
Fluid Modulus [MPa] 1075.2
Bubble Point Pressure (BPP) [MPa] 22.18

Table 6.2 Calculated live oil properties using FLAG 3.1.

Table 6.2 shows the acoustic properties o f the live oil. Large differences between brine and 

oil properties are noticeable (compare Figure 6-5). The fluid modulus o f oil is less than half 

o f the brine, but due to the lower oil density the velocity o f oil and brine can be similar.

In the following sequence o f figures, using the initial oil properties, input 

parameters are changed, one at the time, holding the other three parameters constant.
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Figure 6-15 shows the pressure dependency of the live oil. Density and fluid modulus are 

plotted as solid and dashed lines respectively as a function of the fluid pressure from 0 to 

60 MPa. At low pressures, the live oil shows a behavior similar to a gas, with low density 

and very high compressibility (low modulus). As pressure increases, the density increases 

faster than the modulus, assuming a constant system composition. This behavior is reversed 

at 20 MPa fluid pressure. The modulus now increases faster than the density. This effect is 

explained by crossing the bubble point pressure (BPP) at 22 MPa. Below the BPP, the fluid 

exists as a two phase fluid mixture with gas and oil. The density mostly depends on the oil 

(liquid) density o f the mixture, while the compressibility or modulus is dominated by the 

free gas phase. Above the bubble point, only one single phase is present and both properties 

are dominated by the oil properties. The modulus jumps from nearly 0 MPa at 10 MPa fluid 

pressure (below BPP) to over 1000 MPa at 30 MPa fluid pressure (above BPP), while the 

density changes from 500 kg/m3 to 750 kg/m3. Figure 6-16 shows the same fluid density 

and modulus (solid and dashed) as a function of temperature. Both density and modulus 

decrease with increasing temperature. Nevertheless, the modulus decreases faster than the 

density.

Under some conditions, we would expect at high temperatures a similar behavior to 

that at pressure: gas would come out o f solution as the bubble point is crossed. However, 

under our imposed pressure (30 MPa) conditions this is not possible, since the bubble point 

pressure (BPP) is around 22 MPa. A phase transition is not possible (compare with 

Figure 6-14). Acoustic properties as a function o f the amount o f gas in the oil (GOR) are 

shown in Figure 6-17. The rapid decrease of the modulus is explained by the crossing of 

the bubble point at 1201/1 gas oil ratio (GOR). Reference oil (dead oil) density will increase 

the modulus more than the density of the live oil, shown in Figure 6-18.
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Figure 6-15: Fluid density and modulus for a live oil as a function of fluid pressure 
(Flag 3.1). A phase boundary is encountered around 30 MPa.
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Figure 6-16: Fluid density and modulus for a live oil as a function of temperature
(Flag 3.1).
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Figure 6-17: Fluid density and modulus for a live oil as a function o f gas oil ratio 
(GOR) (FlagS.l). A phase boundary is encountered around GOR = 120 1/1.
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Figure 6-18: Fluid density and modulus for a live oil as a function o f dead oil density 
(FlagS.l)
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6.1.3 Dry Modulus

In our investigation the dry modulus was measured directly. The porosity 

dependency o f the dry bulk moduli are shown in Figure 6-20 to Figure 6-22 for our 

samples. The data was acquired under vacuum dry conditions and at various effective 

pressures for the ultrasonic frequency range. For comparison to the measured data, five 

different empirical relations are plotted, which predict the dry bulk moduli. Basically, all 

these equations relate porosity to the dry bulk modulus. Dry modulus, K^, derived with 

Geertsman’s (1961) relation is a function of porosity and mineral modulus, <|> and Km. It is 

an modified Reuss average of the mineral with the pore space:

_L = ( 1 + 5 0 * )  
Kd Km

(6-5)

The suggested porosity range to use this equation is between 0 and 0.3. This formula can

be seen as a lower bound, which might be useful for shale and sand mixtures.

Han (1986) investigated compressional and shear wave velocity as a function of 

clay volume, C, and porosity, (|), for different effective pressures. This data was acquired 

from core samples from Gulf o f Mexico wells. Han (1986) found the following empirical 

relation for dry sandstones at 40 MPa effective pressure:

vp = 5.41 — 6.35<|> — 2.87C (6 -6 )

vs = 3.57-4.57<|>-1.83C (6-7)

This sample suite had a porosity range between 0.03 to 0.3. In Figure 6-20 to Figure 6-22 

these two equations are used, but without any clay content, thus modelling a clean 

sandstone.
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The Krief et al. (1990) approach is derived by an empirical relation between the 

mineral modulus and the dry bulk modulus, K j  and Km, using the Biot-Willis coefficient, 

a , as a scaling factor:

This scaling factor, Biot-Willis coefficient, is related to porosity, but the dependency is still 

in question. Empirical relation derived by Raymer et. al (1980), are based on a measured 

data set o f porosity and p-wave slowness, was used by Krief et al. to establish this relation 

between the Biot-Willis coefficient and the porosity:

The function m itself is a function o f porosity, <|), and by fitting Raymer’s data set, the 

following expression can be found:

m O ) = , ,  3 (6- 10 )
(1 - 4 0

“Critical porosity”, (|)c, is a rock model parameter by Nur et al. (1995) that separates 

the behavior into two domains. One domain, for high porosities, is dominated by the 

influence of the fluid phase. Here the rock is very weak, due to the lack of grain to grain 

contacts and the effective modulus is a Reuss average of the mineral and the fluid. This 

domain is termed the suspension domain. The other and more important domain is the load- 

bearing domain. In this zone the modulus linearly depends on porosity:

Kd = Km{\ - a ) . (6-8)

(6-9)

(6- 11)

At zero porosity, the moduli are the same as the mineral moduli. At the critical porosity, <|)c, 

the bulk modulus o f the saturated rock will be the modulus of the suspension, which is
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equivalent to the Reuss average between the mineral and the fluid. Note that for a dry 

suspension the bulk modulus would be zero at and above critical porosity. Critical porosity 

is a function of the rock type and composition. This porosity ranges from 5 % for cracked 

igneous rocks to 80 % for Pumice. Sandstones typically have a critical porosity of 40 % 

(Mavko 1998). The grain packing and grain contact are the dominate factors controlling the 

critical porosity.

Batzle (2001) modified a relation by Eberhart-Phillips (1989), which is a regression 

based on Han’s (1986) measurements. The advantage of this equation is the explicit 

dependence on the effective pressure, Pejj. Especially for weak sandstones, the pressure is 

an important factor controlling frame stiffness. Higher effective pressure results in a stiffer 

frame.

(6-12)
(6-13) 
(6-14)

The coefficients A and B  can be used as calibration mechanism for different sample suites. 

This pressure dependency is shown in Figure 6-19. The diy bulk modulus for four different 

pressures (3.4 MPa, 6.9 MPa, 13.8 MPa and 20.7 MPa, respectively, 500 psi, 1000 psi, 

2000 psi and 3000 psi) are plotted. Increasing effective pressure will increase the dry bulk 

modulus, due to the compression of compliant pores (fractures) and the increase of grain to 

grain contacts. Changing reservoir fluid pressure, will alter the effective pressure and 

consequently the dry bulk modulus. (Note that inconsistent results at 1000 Hz are due to 

resonance of the measurements apparatus.)

Kd = A P ef/ + B  with
A = 3.1 -5 .75+
B = 26 — 656
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Dry Bulk Moduli as Function of Confining Pressure and Frequency
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Figure 6-19: Measured dry bulk modulus a s function o f effective pressure (3.4 MPa, 
6.9 MPa, 13.8 MPa and 20.7 MPa) at the frequency range between 5 Hz to 500 kHz. At 
1000 Hz, system resonance causes an inconsistent drop in the measured modulus.
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Figure 6-20 to Figure 6-22 show the measured dry bulk moduli (Han 2000) for the 

three different fields (X, Y, and Z) as a function of porosity. These data are compared to 

the four different models, previously described. All models are for a clean sandstone, so the 

input parameters are for the mineral modulus, Km = 37, and the clay content 0  = 0. Batzle 

(2 0 0 1 ) approximation was calculated for the same effective pressures, as under 

measurement conditions.

Figure 6-20 shows the acquired data and the models for well X. Nine samples have 

been measured in a porosity range of 20 % to 30 %. Two effective pressures (35 MPa and 

6.9 MPa, respectively 5000 psi and 1000 psi) are plotted (low pressure - diamonds, high 

pressure - squares). Note the larger change o f bulk moduli for rocks in the lower porosity 

range in comparison to higher porosities. This might be explained by the change of the 

grain to grain contacts and the sorting, which must be very good for such high porosity 

rocks in this field. In contrast to this, sorting for lower porosity samples is not as good and 

changes in pressure will result in altering the number of contacts between the grains. This 

can also explain, why for low effective pressures, the bulk modulus is less dependent on 

porosity. None o f the models outlined above fit the measured sample data well. All models 

overpredict the modulus, (except for Geertsma’s model (1961), which is a lower bound) 

especially for low confining pressure. One explanation might be the small amount o f clay, 

reported for these wells by Davis (2000). More important is the fact, that the samples are 

poorly sorted.

The dry bulk moduli for 16 core plugs of Well Y are shown in Figure 6-21, with the 

porosity ranging from 10% to 30%. Again, all models beside Geertsma (1961) over predict 

the dry measurements (27 MPa and 6.9 MPa, respectively 4000 psi and 1000 psi). It is 

interesting that for the porosity range of 15 % to 23 % most of the dry measurements have 

an almost constant frame stiffness. None o f the models predict this behavior.

Figure 6-22 shows the dry modulus for Well Z. The sample porosity range was very 

limited. Five out o f six samples have values between 30 % and 35 %. These samples must
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be considered as clean sandstones. Davis (2000) reported only small amounts o f pore lining 

clays. The samples for the high pressure following very well the prediction by Han (1986), 

while the low pressure measurements are better described by the equations by Krief (1990). 

The predicted pressure effect, Batzle (2001), is too small for valid comparison to the 

measurements.

In Figure 6-23 the ratio between the dry modulus at high pressure and low pressure 

are plotted. There is considerable scatter about the mean value of approximately 1.3. The 

regression line shows a general trend that for increasing porosity this ratio decreases. We 

would expect this kind o f behavior as the rock contains less fracture-like pores and is 

dominated more by spherical contacts. Pressure effects will be smaller for higher porosity.
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D ry B ulk  M oduli as Function o f  Porosity for D ifferent Em pirical R elations and M odels  
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Figure 6-20: Dry bulk modulus as a function of porosity for two effective pressures 35
MPa and 6.9 MPa (squares and diamonds) for Well X compared to empirical relations.
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D ry B u lk  M oduli as Function  o f  Porosity for D ifferent Em pirical R elations and M od els
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Figure 6-21: Dry bulk modulus as a function of porosity for two effective pressures 27
MPa and 6.9 MPa (squares and diamonds) for Well Y compared to empirical relations.
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Dry Bulk Moduli as Function of Porosity for Different Empirical Relations and Models 
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Figure 6-22: Dry bulk modulus as a function of porosity for two effective pressures 25
MPa and 6.9 MPa (squares and diamonds) for Well Z compared to empirical relations.
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Figure 6-23: Dry bulk modulus ratio (high effective pressure divided by low pressure) 
as a function of porosity for three different wells (circles - core measurements, solid 
line - regression).
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6.1.4 Porosity

The pore space is probably the most important factor controlling rock properties. 

Camichael (1984) defines total porosity as: “a measure of all void space in a porous 

material whether the voids are isolated or interconnected” . This definition has two 

important points. First it defines porosity, but more importantly it distinguishes between 

total, isolated, and interconnected porosity. The total porosity, <|>h also termed void space, 

is defined as ratio between the volume of the mineral grains, jzw, and the bulk volume, V .̂

= ^  (6-15)
Vb total

Porosity can be classified in several ways, depending on texture, rock type, and 

diagenesis. Carbonates are a good example. In carbonates the pore types can be separated 

into five main groups: interparticle, intercrystalline, moldic, intraframe and microporosity 

(Palaz and Marfurt, 1997). For sandstone or clastic sediments, we can start with the 

primarily types of porosity: effective or interconnected porosity, and ineffective or 

isolated porosity. Kobranova (1989) provides a different definition: the total pore volume, 

Vpor t, is the sum o f the volume o f the open pores, Vpor op, and the closed pores, Vpor ci.

Vpor,t ~  V p o ^ o p ^  ^por,cl (6-16)

The open pore volume is that which is interconnected. No connections exist 

between the voids of the closed pore space. The effective pore volume, Vpor eff, is an 

important and useful parameter. This parameter indicates, what portion of the fluid can be 

substituted. It will be a portion of the open pore volume. If  the rock is water wet, (water is 

the wetting phase) an amount o f this water can not be removed from the rock, due to 

capillary pressure, surface forces, and “traps”. This volume of water is the residual water 

volume, Vw res, or irreducable water volume or bound water and is the product o f the open
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pore volume, Vpor op, and the residual water saturation, Sw res, (irreducable water 

saturation):

v  = s  V (6-17)r w, res ^w, res por, op' \  /

The effective pore volume, Vpor eff, is defined here as the difference between open pore

volume, Vporop, and residual pore volume, Vw res:

Vpor,eff ^por, op ~ ^w, res ' (6-18)

Combining equation 6-16 and 6-18 results in:

V por, t  =  Vp o r , e f f  +  V w, res  +  Vp o r , c l ’ ( 6 ' 1 9 )

and the following relations can be established:

Vpor, e f f ^  Vpor, op ~  Vpor, t (6 -2 0 )

This distinction is very important, especially for applications such as sensitivity studies of 

time lapse (4-D) prospects. Using the total porosity instead of the effective porosity can 

increase the fluid effect, which is not realistic and can give misleading results.

The amount o f clay is often the most important parameter in clastic sediments 

controlling, which portion of the void space is effective porosity and which is ineffective. 

Free charges exist on the surface of clay minerals, due to their structure and electrochemical 

bindings. These react with polar fluids like water or brine and create so called electrical 

double layers (EDL). A schematic drawing (Kobranova, 1989) is shown in Figure 6-24.



Figure 6-24: Structure of orientational type o f an electric double layer (EDL) (S - 
solution, S.ph - solid phase of the rock), Kobranova (1989).

Figure 6-25: Structure o f an electric double layer near a clay particle (1 - particle 
boundary with EDL, 2 , 3 -  exchange cations, 4 - water molecules, 5 , 6 -  anions of 
crystal lattice), Kobranova (1989).
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Figure 6-25 shows the complexity o f the a clay - water system. The water molecules 

interact with the charged cations and anions and will be bound by electrochemical forces. 

These chemical bonds are typically much stronger than forces due to a pressure gradient 

and so this water can not be removed.

Effective porosity log was provided for Well X and is shown in Figure 6-26. The 

color indicates the gamma ray log (in API), which is a clay / shale indicator. High gamma 

ray (red) means high shale volume, low gamma ray (blue) means high sand volume. The 

figure illustrates that with higher shale volume we get lower effective porosity. Figure 6 - 

26 also shows that the total porosity is generally higher for shale rich rocks in comparison 

to shale-poor elastics.

For the two other wells, Well Y and Z, no effective porosity log was provided, so as an 

approximation the following empirical relation between total porosity, <|)r, and shale 

volume, Vsha, was used to calculate effective porosity, §ejf.

§ e f f = $ t - ® - 7 V s h a  (6-21)

Figure 6-27 shows an example o f the estimated effective porosity versus shale 

volume using this equation, for a total porosity of 0.36. If  the amount o f shale is larger than 

0.5, the effective porosity is assumed zero. Increased shale volume will plug interpore 

connections and decrease the permeability, which results in lower effective porosity. 

However, this is an approximate empirical relation. Extensive lab measurements must be 

done to extract a more accurate estimation of the effective porosity and irreducible water 

saturation. Such lab measurements could include nuclear magnetic resonance (NMR), 

capillary pressure, absorption and centrifuge extractions.

Shale and sand volume was calculated for each well using gamma ray log. By 

applying equation 6-21 the effective porosity was calculated. The results are shown in 

Figure 6-28 to Figure 6-34 and will be used to calculated the fluid substitution.
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Total Porosity

GR

Figure 6-26: Comparison between measured total porosity (neutron porosity - NPHI)
with effective porosity as a function o f shale content (blue - low GR, red - high GR) for
Well X.
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Figure 6-27: Empirical relation between shale content and effective porosity
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Figure 6-28: Volumetric composition (quartz, clay, effective porosity, and ineffective
porosity) as fraction of one for Well X (4450 m - 4800 m). Vsha + Vsand = 1, Vsha =
Vclay + Vineff, Vsand = Vqtz + Veff;
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Figure 6-29: Comparison between measured total porosity (neutron porosity - NPHI)
and calculated effective porosity as a function of shale content (blue - low GR, red -
high GR) for Well X.
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Figure 6-30: Comparison between effective porosity provided by logging company
(PHIT) and effective porosity calculated as a function of shale content (blue - low GR,
red - high GR) for Well X
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Figure 6-31 : Volumetric composition (quartz, clay, effective porosity, and ineffective
porosity) as fraction of one for Well Y (4600 m - 5000 m). Vsha + Vsand = 1, Vsha =
Vclay + Vineff, Vsand = Vqtz + Veff;
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Figure 6-32: Comparison between measured total porosity (neutron porosity - NPHI)
with calculated effective porosity as a function of shale content (blue - low GR, red -
high GR) for Well Y.
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Figure 6-33: Volumetric composition (quartz, clay, effective porosity, and ineffective
porosity) as fraction of one for Well Z (1700 m - 2000 m). Vsha + Vsand = 1, Vsha =
Vclay + Vineff, Vsand = Vqtz + Veff;
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Figure 6-34: Comparison between measured total porosity (neutron porosity - NPHI)
with calculated effective porosity as a function of shale content (blue - low GR, red -
high GR) for Well Z.
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6.1.5 Sensitivity

In this section I would like to discuss the sensitivity of Gassmann’s equation. This 

analysis was presented by Sengupta (1999). P-wave velocity, vp2, o f the rock, saturated 

with the second fluid will depend on nine different input parameters: p-wave and s-wave 

velocities o f rock, saturated with the first, initial saturant, from the saturated density, 

mineral modulus, porosity, fluid properties o f the first and second saturant, respectively 

Vph ^sb P/> Km-, (J), Kflb Pjlb Kfl2> P/72*

vp2 = / ( vpl. vsV  Pi- K m’ «I*- K/ l l ’ P/ll- k /!2' P/n) • (6-22)

The partial derivatives of the velocity with the second saturant, vp2, are derived with respect 

to each input parameter, pi, i = To calculated the sensitivity, the partial derivative of 

vp2 must be multiplied with the input parameter error, bpj, i = 1 ...9:

5,vp2 = d- ÿ ' à Pl i = 1-9. (6-23)

Sengupta (1999) calculated the new corresponding shear wave velocity by using Han’s 

(1986) relation for sandstone. The error of the predicted velocity relative to the predicted 

velocity can be calculated in the following form:

ô v ^  = ô v ^ p ^ p ,  = %  , = 1 9

vp l dPi vp2 P i P i

Table 6.3 shows the result o f these computations. For each input parameter, the predicted 

relative error is tabulated. One percent input error of the fluid modulus o f water, Kw, will 

result in 0.1 to 0.5 % error o f the predicted velocity. P-wave velocities are the most sensi

tive parameter, an error in this input parameter will result in an error up to five times as
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large. The results are very insensitive to the fluid properties, especially the gas properties

(Kgas? Pgas)-

Input
Variable

Input 
Error [%]

Predicted 
Error [%]

V X l.Ox - 5.Ox

v s l X

£dXd

P i X O.lx - 0.3x

X O.lx - 0.4x

4>/ X O.lx - 0.5x

Kw X O.lx - 0.5x

Pw X O.Ox - 0.4x

K oil X O.lx - 0.5x

Poil X O.Ox - 0.4x

Kgas X O.Ox - 10'8x

Pgas X O.Ox - 10"6x

Table 6.3 Sensitivity o f Gassmann’s fluid substitution as a function 
of different input parameters (after Sengupta, 1999)

One problem with these calculations is, that all parameters are calculated as independent. 

This is generally not the case, since physical parameters are coupled. For example, 

velocities are dependent on porosities, densities are a function of porosities. So an error in 

porosity will effect the velocities as well as the densities. The sensitivity study was a first 

order, and second order dependencies have not yet be taking into account, and may be 

strong. The ratio o f vp to porosity determines the overall frame stiffness. Mismatched ty-vp 

pairs will result in non-linear errors.
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6.2 Well Log Data - Well Z

Well Z was used to apply Gassmann’s equation to well log data taking into account 

two schemes. For the first case, a conventional calculation of the dry bulk modulus was 

done, using the mineral modulus o f quartz as the input parameter. Using measured P-wave 

and S-wave slowness, densities, porosities, and water saturations, it was possible to 

calculate the dry bulk moduli for every depth interval. Additional to these informations, the 

shale volume was known. In the second scheme, an effective mineral modulus was 

calculated using the Voigt average algorithm. The effective mineral modulus o f shale was 

assumed as 10 GPa. Using the same information like in scheme one, a second dry bulk 

modulus was calculated. Both dry bulk moduli are shown in Figure 6-35. Especially, for 

low effective mineral moduli in scheme 2, differences can be observed.

The use o f the single mineral moduli o f quartz makes the calculations unstable and 

the values for the dry moduli are not reasonable. Between depths of 1880 m and 1900 m, 

this effect can be observed. The calculated dry bulk moduli show unexplained low positive 

to negative moduli. The use o f effective mineral moduli provides a better answer. Below a 

depth o f 1930 m, the dry moduli are larger than the mineral moduli. This is an indication 

that at this depth, the measurements are biased. Looking at the well logs, it can be shown 

that, with a large probability, the error is caused be a too low measured shear wave 

slowness. More work should pursued to improve fluid substitution algorithms for well logs. 

Uncertainties in input parameters like saturation, porosity and slowness have a large 

influence for predictions o f saturation changes.
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Figure 6-35: For Well Z, the calculated dry bulk modulus as a function of depth is 
shown. Two different schemes have been applied. The first scheme calculates Kd from 
a constant mineral bulk modulus (blue). The second uses an effective mineral modulus, 
calculated from by the Voigt average o f quartz and shale properties (green).
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6.3 Glass Sample

The glass sample has a high porosity, 29.7 %, and a high permeability, 900 mD. In 

our measurements, the sample was measured dry and saturated with carbon dioxide (C 02), 

butane (C4H jo), and water. Bulk and shear moduli as a function of water saturation are 

shown in Figure 6-36 to Figure 6-39. Figure 6-36 shows the saturated bulk moduli as a 

function of frequencies in comparison with the Gassmann’s predicted response. Low 

frequency measurements match the prediction well. The ultrasonic measurements show a 

large difference between the observed data and the Gassmann calculations. This effect can 

be explained by the differences in rock-fluid interaction mechanisms. Pore fluid 

equilibrium is not reached at high frequencies, which results in an increase of the stiffness 

o f the rock. The rapid change o f velocity at 500 kHz (between 85 % and 90 % water 

saturation) is explained by an error in the travel time measurements for the transmitted 

shear wave (Batzle 2001). Wrong travel time measurements directly affect the ultrasonic 

shear wave velocities and the calculated shear and bulk moduli.

The difference between the lab measurements and the Gassmann prediction as a 

function of saturation is shown in Figure 6-37. The mismatch between ultrasonic 

measurements and the prediction increases from -5 % to -40 % with increased saturation. 

Only for the final saturation step to 100 % this error drops to -8 %. The error in percent was 

calculated from the difference between Gassmann predicted and measured response. This 

error was normalized to the measured value. Over the entire saturation range, low 

frequency measurements match the prediction well. At 100 % saturation, this error is 

smaller than -5 %.

The shear moduli response is shown in Figure 6-38 and Figure 6-39. Low 

frequency response and Gassmann predicted response are nearly identical. However, the 

shear modulus measured by the ultrasonic method shows large differences in comparison 

to the prediction of pore fluid independent shear moduli. The difference plot (Figure 6-39)
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shows that the measured saturated shear modulus for the 500 kHz range is 15 % larger than 

predicted and measured with the low frequency method.

Figure 6-40 to Figure 6-44 show the elastic moduli as a function of different pore 

fluids. The dry rock was saturated with CO2, butane, and water at 6.9 MPa pore fluid 

pressure. Predicted saturated bulk moduli are plotted in Figure 6-40. Increased pore fluid 

modulus results in increased saturated bulk moduli. The comparison with the measured 

response (Figure 6-41) shows that Gassmann overpredicts for the C 0 2 and butane 

measurements but underpredicts for the water saturated sample. The difference plot 

(Figure 6-42) shows that the predictions are with within 5 %. No significant changes for the 

shear modulus can be observed at low frequencies. However, differences for ultrasonic 

frequencies are large. Figure 6-43 and Figure 6-44 show the measured saturated shear 

moduli and the difference plot between Gassmann predicted and measured data. The 

difference for the low frequency measurements are scattered around zero, while the values 

for water and C 0 2 saturated are larger than -10 %.

In conclusion, Gassmann’s equation works for low frequency measurements, the 

saturated bulk modulus can predicted within 5 % error and the shear modulus is not 

changing with different pore fluids at low frequencies. Fluid effect for the ultrasonic 

frequency range can not be predicted by Gassmann’s equation, because of the broken 

assumption of pore pressure equilibrium.
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Figure 6-36: Glass sample, measured saturated bulk modulus as a function of water
saturation and frequency range in comparison to Gassmann calculation.
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Figure 6-38: Glass sample, measured saturated shear modulus as a function of water 
saturation and frequency range in comparison to Gassmann calculation.
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Figure 6-40: Glass sample, Gassmann predicted saturated bulk modulus as a function 
o f frequency for different pore fluids.
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Figure 6-41: Glass sample. Measured saturated bulk modulus as a function of
frequency for different pore fluids.
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Figure 6-43: Glass sample. Measured saturated shear modulus as a function of
frequency for different pore fluids.
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6.4 Sample X 2

Figure 6-45 to Figure 6-49 show the result o f the Gassmann calculations for sample 

X 2. The Gassmann prediction for two different pore fluids is plotted in the first figure 

(Figure 6-45). No ultrasonic measurements exist for this sample; only low frequency 

measurements have been measured. The fluid effects are calculated for butane in the gas 

phase (0.13 MPa) and in liquid phase (13.7 MPa) as well as for carbon dioxide at 13.7 MPa 

fluid pressure. The rock sample filled with butane in the gas phase is not increasing the 

saturated bulk modulus, while for butane in liquid phase changes are predicted. In the 

difference plot (Figure 6-47) large disagreements are observed between the measured 

(Figure 6-46) and calculated (Figure 6-45) responses. Differences are as large as -15 to -20 

%. Two different possibilities exist to explain these effects. Over the time of the 

measurements, the sample compacted more and more. As a result, the elastic properties o f 

the rock frame changed as the rock became stiffer. This effect can also explain the changes 

in shear moduli, seen in Figure 6-48. The observed saturated shear moduli are 15 % to 20 

% larger than the dry moduli. Especially, no change is expected for the saturated shear 

moduli for butane in the gas phase, since the viscosity is too small to effect the 

measurements. Alteration of the surface properties due to chemical reactions could be the 

other explanation o f the results. Wettability and interaction between fluid and the grain 

surface influence the elastic properties. Further investigations have to be pursued to support 

this idea.
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Figure 6-45: Sample X 2, Gassmann predicted saturated bulk modulus as a function of
frequency for different pore fluids.
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Figure 6-46: Sample X 2, measured saturated bulk modulus as a function of frequency
for different pore fluids.
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Figure 6-47: Sample X 2, percent difference between Gassmann prediction and
measured saturated bulk modulus normalized to measured modulus as a function of
frequency for different pore fluids.
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Figure 6-48: Sample X 2, measured saturated shear modulus as a function o f frequency
for different pore fluids



192

-12

-13

n-14

-15

-16

5 -18

^  C02 Pfl= 13.7 MPa 
□  C4 Pfl=0.13 MPa 
O  C4 Pfl=13.7 MPa

-19

-20
10° 101 102 103 104

Frequency [Hz]

Figure 6-49: Sample X 2, percent difference between Gassmann prediction and
measured saturated shear modulus normalized to measured modulus as a function of
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6.5 Sample Y 13

Sample Y 13 is characterized by low porosity and low permeability with small 

amounts o f pore lining clay (Davies 2000). The sample has been measured under dry and 

brine saturated conditions, results are plotted in Figure 6-50 to Figure 6-52. Dry bulk 

moduli and Gassmann predicted saturated bulk moduli for three different effective 

pressures (6.9 MPa, 13.7 MPa, and 20.7 MPa) are shown in Figure 6-50. The measured dry 

bulk moduli for all three measurements are slightly higher than the dry ultrasonic bulk 

moduli. This effect can be explained by the sample inhomogeneities. Measured bulk 

moduli and Gassmann predicted bulk moduli (Figure 6-51) are very similar at frequencies 

below 20 Hz. The differences increase for frequencies above 20 Hz. The measured 

saturated bulk moduli show large dispersion effects above 100 Hz. Micro fractures and the 

clay can cause these effects. Davies (2000) reported that micro porosity and secondary 

porosity are larger than primary porosity. Local flow mechanisms can cause this frequency 

dependent response. Observed changes in shear moduli (Figure 6-52) at higher frequencies 

(above 100 Hz) can be caused by this mechanism. The shear moduli dropped for all three 

measurements at different effective pressures and at lower frequencies (below 100 Hz). 

Weakening o f grain to grain contacts due to water saturation can be an explanation.
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Figure 6-50: Sample Y 13, measured dry and brine saturated bulk modulus as a
function of frequency for different effective pressures at constant pore pressure (3.4
MPa).
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Figure 6-51: Sample Y 13, comparison between measured brine saturated bulk 
modulus (squares) and Gassmann predicted bulk modulus (diamonds) as a function of 
frequency for different effective pressures at constant pore pressure (3.4 MPa).
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Figure 6-52: Sample Y 13, comparison between measured brine saturated shear 
modulus (squares) and Gassmann predicted shear modulus (diamonds) as a function of 
frequency for different effective pressures at constant pore pressure (3.4 MPa).
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6.6 Sample Z 1

This sample from Well Z is a poorly cemented, very clean sandstone. The porosity 

is 35 % and the permeability is 9000 mD. At first, the response was measured as a function 

o f brine saturation. Figure 6-53 to Figure 6-56 show the results o f these measurements. The 

results are similar to the observation made for the glass sample. For low frequency 

measurements, the bulk moduli data match well with the Gassmann prediction (Figure 6- 

53). In comparison to all four frequency ranges of the low frequency measurements, 

Gassmann’s equation overpredicts the saturated bulk moduli, for brine saturation o f 20 % 

to 98 %, by up to 10 %. At fully saturation, Gassmann underpredicts by 20 %. Figure 6-54 

shows a comparison between low frequency measurements and the ultrasonic data. 

Increased saturation increases also the difference between bulk moduli derived from 

ultrasonic measurements and the Gassmann prediction. Differences are as large as -55 %. 

Shear moduli measurements for both methods are plotted in Figure 6-55 and Figure 6-56. 

The shear modulus drops to 10 % for the low frequency measurements. Changes in the 

grain contacts can cause this effect.

Figure 6-57 to Figure 6-61 show the results o f the measurements done saturated 

with brine and a hexane-methane mixture. In Figure 6-57, the Gassmann prediction is 

shown. At low pore pressures, a two phase fluid is present, methane in gas phase and 

hexane as a liquid are present, as a result, a large in crease of the saturated bulk moduli is 

not predicted. Increased pore pressure results in an increase o f the fluid moduli, since only 

one single liquid phase is present. Larger changes in bulk moduli should be observed. The 

difference plots o f bulk and shear moduli (Figure 6-59 and Figure 6-61) show large 

differences between observed and calculated responses. The error is -10 % in the shear 

moduli prediction. Differences in bulk moduli are as large as -30 % for the low frequency 

measurements. The reasons for this differences can be not explained yet and it is topic of 

ongoing research.
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Figure 6-53: Sample Z 1, measured saturated bulk modulus as a function of water
saturation and frequency range in comparison to Gassmann calculation.
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Figure 6-55: Sample Z 1, measured saturated shear modulus as a function of water
saturation and frequency range in comparison to Gassmann calculation.
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Figure 6-60: Sample Z 1, measured saturated shear modulus as a function o f  frequency
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C hapter 7

CONCLUSIONS AND RECOMMENDATIONS

In this chapter, the final conclusions are discussed and recommendations are made. 

Gassmann’s equations work well for high porosity, permeable sediments, if  the proper 

input parameters are known: fluid modulus, mineral bulk modulus, dry frame modulus, and 

porosity {Kj, Km, Kj, and <|)). In general, evaluating the overall results o f the techniques 

employed, ultrasonic measurements will fulfill the need for direct applications to the 

reservoir, while the low frequency measurements provide the data for a better 

understanding o f rock / fluid interaction. The investigation showed that the currently 

restricted low frequency data can not be applied to the pressure and temperature reservoir 

conditions. However, for future projects we have to use the experience gained with this 

study and improve our understanding between data and theory.
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7.1 Conclusions

Our measurements indicate that Gassmann’s equation works well considering all 

assumptions and limitations involved. For applications to real rock-fluid systems, the 

question to answer is: What are the input parameters to this equation? We know these 

parameters for ideal clean sandstone. But what are the values when, for example, clay is 

present in the rock?

Differences can be observed between the acquired data and the predicted data using 

Gassmann’s equation. These effects can be explained by breaking one or more assumptions 

o f this equation, which can be restated as:

1. Zero frequency limit (pore pressure is in equilibrium)

2. Porous material is isotropic, homogenous, elastic and monomineralic

3. Closed system, fluid mass is constant

4. Shear modulus is constant

It has been shown that substantial differences can exist between the seismic 

frequency measurements and ultrasonic measurements. Ongoing research gives us a better 

understanding of the driving mechanisms for dispersion and intrinsic attenuation. Fluid 

mobility (the ratio between permeability and viscosity) is the major factor controlling the 

frequency domain under which these mechanisms occur.

One o f the critical aspects o f Gassmann’s equation is the requirement for a constant 

shear modulus. It has been shown that this a direct result from Gassmann’s relation and can 

be assumed as true, if  no anisotropy due to fractures, and / or layering is present. Shear 

modulus depends strongly on the grain to grain contacts. Alterations of these contacts will
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change the rigidity of the rock. Changes in such surface properties as wettability and 

surface roughness will influence the shear modulus more than the bulk modulus. While 

compressibility is a property o f the volume, rigidity is a property o f the surfaces. Observed 

changes of shear modulus might be explained by alterations o f surface properties due to 

chemical reactions o f fluid and minerals.

Applying Gassmann’s equation to a reservoir involves numerous challenges:

What are the saturations and fluid distribution?

What is the effective pressure?

What is the rock composition?

What are the velocities o f the reservoir?

This list is not complete but, shows the complexity o f the problem. As an example, changes 

o f effective pressure, due to changes in fluid pressure (production, injection) will not just 

affect the fluid properties but can also alter the rock frame properties significantly. An 

increase o f effective pressure will make the rock stiffer, K^, will increase. A simple 

saturation change from fluid 1 to fluid 2  based on change in fluid modulus alone will not 

provide the right answer.
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7.2 Recommendations

This study could be considered the start of a more focused work on Gassmann’s 

equation. The experience derived from these experiments should be used to improve future 

investigations. From experimental considerations, future research should be focused on 

fewer rocks and a greater variety of fluids. A live fluid was substituted into just a few 

samples. Also a much more detailed and quantitative characterization of the samples can 

be done. Detailed considerations:

First, as mentioned before, equations are only as good as the input parameters. So, 

fundamental variables should be investigated such as effective mineral moduli. Few rock 

are composed o f one single mineral. The question of how to average and upscale multi 

mineral rock moduli is not answered. Reuss and Voigt averaging algorithms give the 

bounds o f the properties but not the precise effective modulus. This will depend on the 

mineral structure and distribution of the different mineral phases. Clay minerals and 

distribution of bounded water should be thoroughly investigated. Clays are the most 

abundant mineral in sedimentary rocks.

Differentiation between effective and ineffective porosity must be performed and 

taken into consideration. But the question remains - How? And what is the influence on the 

frame modulus? Different schemes can be suggested:

1. all pore space is effective pore space,

2 . ineffective pore space is part o f the clay, and so part o f the mineral structure,

3. ineffective pore space is part o f the clay, which is part o f the pore fill.

Approach two and three will have different results. Approach two will lower the calculated 

effective mineral modulus and so give a weaker response in comparison to the third 

approach. In approach three, the mineral modulus is high as well as the effective pore 

modulus, due to clay distribution as part o f the fluid.
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More work should be done in the investigation of the influence of pore space 

compressibility. Brown and Korringa (1975) showed that dropping the assumption of 

homogeneity will introduce a new variable, pore space compressibility. This pore space 

compressibility acts like an amplifier o f the fluid effect. Since most of the rocks are not 

monomineralic or homogenous, this fact has to be studied more intensively.

To quantify this effect, sample characterization is important. The following 

different methods should be applied. First, CT scan will quantify inhomogeneities and 

anisotropy. Scanning Electron Microscope (SEM) pictures should be used to investigate 

the clay distribution and quantify the geometry of the grains, such as sorting, grain size 

distribution, grain shape, grain contact, and surface area. X-Ray diffraction (XRD) should 

be used to characterize the mineral composition and structure. It should be focused on the 

characterization o f clay minerals. Point counts should be used to quantify the mineral 

composition and geometrical grain properties. SEM and point counts from microscopic 

pictures can also provide values for effective and ineffective porosities, but these 

measurements are under room pressure. To overcome this fact, centrifuge experiments 

should be done to calculate capillary pressure curves and pore size distribution, which 

relate to porosity distribution. The same results can be obtained by mercury injection but 

this makes the core unusable for further measurements. More analysis can be done, but 

those mentioned above are probably the most important related to the elastic properties of 

the rock-fluid system. To compare more sophisticated models with measurements, 

permeability and tortuosity should be measured. Relative permeabilities for two phase flow 

is also important.

One problem which was not discussed in sufficient detail in this thesis is the 

implementation of these measurements and comparison to well logs and seismic data. 

Using a different terminology, no “upscaling” has been done in this study. But 

implementing rock physics concepts to seismic data requires the upscaling process be 

understood. For future work, lab measurements, well logs, and seismic data, both VSP and
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surface seismic should be combined and the question of how to up- or downscale should be 

answered.
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APPENDIX 

Gassmann’s Equation and Shear Modulus

The condition o f a constant shear modulus is almost always applied when using 

Gassmann’s equation. This constancy is actually not an assumption, but a more fundamen

tal condition. Under the conditions o f homogeneity, isotropy, and monomineralogy we can 

show that the constant shear modulus is a direct result of Gassmann’s relation.

Berryman (1999) gives a general derivation o f Gassmann’s equation, which I will 

follow closely. When a pore fluid is present, the simple relation between stress ay and 

strain Sy can be rewritten in the following form:

e l l
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The constants (3 and y are parameters which contain the coupling between the fluid 

compliance and the compliance of the porous system. Change in fluid mass term is 

defined as Ç, and the pore equilibrated pressure is pf. Instead of stiffness, compliance 

used to derive the drained Lame constants and of an isotropic porous system. For an 

isotropic solid, two independent elastic properties are enough to define all elastic parame

ters. For example, you can write:

$ , , =  — = y - P '  = - L + - L  (A.2 )
Zd *Kd 3 ^
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where E j  is the Young’s modulus, is the bulk modulus and is the shear modulus, all 

under drained conditions. The off-diagonal component s j2 can be rewritten:

_  =  J _________L

E d 9 K d (,\xd

Under undrained condition we have to assume the mass o f the fluid will be constant, this 

means that the fluid source term Ç is equal to zero, Ç = 0. Assuming this, the pore pressure 

response can be written in the following form:

P f =  ~y(CH + CT22 + C?33) (A.4)

and the elimination o f Ç and /y  provides the stress-strain response o f the undrained porous 

system:
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(A.5)

The new compliance SÿSat includes the effect o f the fluid inside the porous system. 

Again, there are only two independent compliances, and the equation can be reduced to 

the diagonal component su  and the off-diagonal component S j 2 '.
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(A.7)

Knowing the saturated compliances we can define also the undrained bulk modu

lus and the undrained shear modulus, Ksat and psat, which depend on the dry bulk and 

shear moduli, K j  and juj.

- L _  + - L -  = - L  + - L - f  ( a .8)
9 K sat 3hm, 9 K d 3 ^  y

and

—  l—  = - L + - L - B !  (a .9 )
9 K Sat  à V s a t  9 K d  6 » d

Subtracting equation A.9 from A .8 shows that both shear moduli, drained and undrained 

are equal. This is an important result that comes directly out o f Gassmann’s equation.

Vsat = Pd (A. 10)

The change o f the bulk modulus can be written in the form:

(ATI)
K s a t  K d  J
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Variables p and y define the pore-pressure buildup coefficient also known as Skempton’s 

(1954) coefficient B:

5  = (A. 12)r

and the Biot-Willis coefficient (Biot and Willis 1957) a :

3(5 = £  (A. 13)

or using Km, the bulk modulus o f the mineral:

a  — 1 ——— (A. 14)
Km

Using Skempton’s coefficient and the Biot-Willis coefficient, Gassmann’s equation can be 

written in the form (Carroll 1980):

-  T ^ T b  ( a 1 5 )


