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GENERAL INTRODUCTION 

 

 

 

Petroacoustics, or more commonly Rock Acoustics, is the study of mechanical wave propagation in 
rocks. It is one of the most prolific branches of 'Rock Physics', aiming itself to make the link between 
the rock response to remote physical solicitations (often by wave methods or by potential methods) 
and the physical properties of rocks (such as mineralogy, porosity, permeability, fluid content…). 
Rock physics is a very active field, which has early evolved from a sophisticated curiosity for 
specialists to a mainstream research topic leading to practical tools now routinely integrated in oil 
exploration and exploitation. On the leading edge of this wave, volunteering groups of specialists of 
Rock Physics constituting a global community meet during the International Workshop on Rock 
Physics (IWRP), involving both industry and academia, and not associated with any formal 
organisation or institution, as documented on their website http://www.rockphysicists.org/Home.  

 

After this website, many references on petroacoustics are already available for decades. For the 
1990s numerous experimental and theoretical works have accumulated and new books have been 
published, for instance 'The Rock Physics Handbook' of Gary Mavko, Tapan Mukerji and Jack Dvorkin, 
among the most recommended. So one could fairly ask why a new book in the field? 

 

This book can be considered as a natural continuation of the book entitled 'Acoustics of Porous 
Media', co-authored by Thierry Bourbié, Olivier Coussy and Bernard Zinszner, and issued by our 
laboratory in 1986 for the French version, and in 1987 for the English version. 

However, here the clear guideline is experimentation. In contrast to previous books, all the 
techniques, from the most conventional (using piezoelectric transducers) to the most recent space-
age methods (as laser ultrasonics) are detailed. Furthermore the book is mainly based on 
experimental data allowing to select the most appropriate theories for describing elastic wave 
propagation in rocks. Emphasis on Nonlinear elasticity and Seismic anisotropy are also originality of 
the book. A part of the book also focuses on the history of the different sub-fields dealt with, having 
in mind that the knowledge of the history of a field contributes to understanding the field itself. For 
instance, in spite of the clear anteriority of their work the names of the Persian mathematician, 
physicist and optics engineer Ibn Sahl, and of the English astronomer and mathematician Thomas 
Harriot are unfairly not, or rarely, associated with the law of refraction, compared to the names of 
the Dutch astronomer and mathematician Willebrord Snell van Royen, known as Snellius, and of the 
French philosopher and writer René Descartes, as detailed in the first chapter.  

 

 

 

 

http://www.rockphysicists.org/Home
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The book is divided into eight chapters.  

 

The first chapter deals with what we call some more or less basic notions that will be used in the 
following chapters. Some notions described in this chapter are well know and/or straightforward and 
can be found in any classical textbook on Continuum Mechanics or on Acoustics. Some other notions 
are unfortunately not commonly appreciated and need to be introduced for studying physics in 
geological media. The chapter is divided into three sections. First we introduce Petroacoustics, or 
more commonly Rock acoustics, and Geoacoustics, that is to say acoustics of geological media, as 
particular branches of Acoustics (section 1.1). Then we give the basics of classical Mechanics in 
Continuous Media, including the description of stress, strain and elastic wave propagation, together 
with the main deviations from the ideal homogeneous isotropic linearly elastic behaviour, that is to 

say heterogeneity, dispersion, attenuation, anisotropy, and nonlinearity possibly with the presence of 

hysteresis (section 1.2). Last, because natural media are all but continuous media at many scales, we 
describe in section 1.3 the way to adapt the previous descriptions to the case of discontinuous media 
with hierarchal structure, such as geological media, with the introduction of fundamental notions 
such as Representative Elementary Volume and Continuum Representation in such media. These are 
precisely the less obvious notions that are referred to in the title of this chapter. 

 

In Chapter 2, we describe the most common techniques for performing acoustic experiments on 
rocks in the laboratory. The chapter is divided into three sections. First we discuss the reliability of 
petroacoustic measurements, we introduce the main petrophysical parameters (porosity, 
permeability), and we emphasize various experimental cautions (damage, saturation process…) 
(section 2.1). Then we introduce the two main types of experiments performed in petroacoustic 
laboratories, characterized by contrasted aims. The first type experiment, described in section 2.2,  
aims to measure the acoustic properties of geological materials. In this case it is important that the 
measured sample is representative of the studied geological formation. Another important aspect is 
the physical state of the rock sample. Obviously altered and/or damaged samples must be avoided. 
Finally the pressure and temperature state have to be as close as possible to the in-situ condition. 
Section 2.3 deals with the second type of experiments in rocks, aiming to better understand physical 
phenomena involved in elastic wave propagation, or to study wave propagation on scaled-down 
physical models in the laboratory. In this case, temperature and pressure condition, have less 
importance, unless these parameters are precisely in the central parameters of the study. The 
chosen materials, possibly artificial materials (such as sintered glass beads), can be chosen according 
to the purpose of the physical study.  

 

 

Chapter 3 addresses the dependence of the acoustic parameters (mainly velocity and attenuation) of 
geomaterials on their lithologic nature (mineralogy, porosity) and on physical parameters (fluid 
saturation, pressure, and temperature). All these relationships are obviously at the height of 
applications of petroacoustics to the interpretation of seismic data in a broad sense (i.e., 
seismological data, applied seismic data, acoustic logs data…). As a matter of fact, it is from the 
quantitative knowledge of these relationships that we can hope to extract information such as 
porosity or saturation state of underground formations.  
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In chapter 4 we discuss elastic anisotropy under different points of view but, as in the other chapters, 
always more or less in relation with experimental aspects. The chapter is divided into seven sections. 
In the first section (4.1), we summarize the history of seismic anisotropy. Section 4.2 introduces the 
symmetry principles in physical phenomena, due to the great scientist Pierre Curie, and the way they 
can simplify the description of elastic anisotropy. In the next section 4.3 we introduce the classical 
theory of static and dynamic elasticity in anisotropic media, and we describe and illustrate the main 
manifestations of elastic anisotropy in rock (i.e. directional dependence of the elastic wave velocities, 
shear-wave splitting of shear-wave birefringence, and the fact that the seismic rays are generally not 
normal to the wavefronts). Because rocks generally exhibit moderate to weak anisotropy strength it 
is possible to use perturbation theories to simplify the exact theoretical derivation as described in the 
next section (4.4).  This is followed by a description of the main causes of elastic anisotropy and the 
corresponding rock physics models (section 4.5). In addition to elastic anisotropy,  experimental 
studies have unambiguously other  robust results, namely porous nature (poroelasticity), frequency 
dependence (viscoelasticity), or the dependence on stress-strain level (nonlinearity) which lead to 
use more sophisticated models as pointed out in the next part (section 4.6). The last section (4.7)  
explains how elastic anisotropy alters the seismic response and necessitates the adaptation of 
existing seismic processing tools to take into account the anisotropic case. Conversely it also explains 
how seismic response can be analyzed in order to characterize the studied rocks. 

 

The dependence of the mechanical properties of geological media with respect to frequency, or 
equivalently with wavelength, is illustrated by countless examples at various scales and is discussed 
in Chapter 5. This chapter also describes and details the main causes of this dependence. The chapter 
is divided into five sections. We start (section 5.1) by distinguishing the geometry-induced, or 
extrinsic, frequency/wavelength dependence from the intrinsic one, due to the property of the rock 
itself. The rest of the chapter is focused on intrinsic frequency/wavelength dependence. Next we 
describe the main causes of intrinsic frequency/wavelength dependence in rocks, which can be 
summarized in two words, namely fluids and heterogeneities. In the third section we describe the 
frequency/wavelength dependence due to the presence of fluid. It is essentially an anelastic 
mechanism (see Chapter 1 section 1.2.3.5), where the energy dissipation (conversion of wave energy 
to heat) is due to the viscosity of the saturating fluid. In contrast, the  frequency/wavelength 
dependence due to the presence of  heterogeneities described in section 4 is not due to energy 
dissipation but, rather, to energy redistribution from the first arriving coherent waves to the later 
chaotic arrivals, or codas, the total wave-field energy being conserved. Finally, instead of specifying 
the physical mechanisms involved in the frequency/wavelength dependence, an alternative way is to 
phenomenologically describe the mechanical behaviour of rock as done in the last section, by 
studying the empirical relation between the applied stress and the resulting strain. We shall see that, 
among the large class of phenomenological models, the sub-class of linear viscoelastic models can 
closely mimic the behaviour of a broad class of dissipative processes, resulting from rapid and small-
amplitude variations in strain due to waves that propagate in rocks. 

 

Chapter 6 deals with the poroelastic description of rock behaviour. In other words the chapter 
describes the elasticity of rocks considered as porous media. The chapter is divided into four 
sections. First we introduce the general field of Poromechanics, that is to say Mechanics in porous 
media, including the sub-fields of Poroelasticity and Poroacoustics, that is to say, respectively, 
Elasticity and Acoustics of porous media (section 6.1).  Then we give the basics of the classical theory 
of poroelasticity, including the description of the stresses and the strains in porous media, of the 
static couplings (i.e., change of fluid pressure or mass due to applied stress, or change of porous frame 

volume due to fluid pressure or mass change]) and of the dynamic couplings (i.e., viscous and inertial 
couplings). The section ends with wave propagation (section 6.2), emphasizing the influence of the 
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presence of macroscopic mechanical discontinuities, that is to say interfaces, and of fluid transfer 

through these interfaces on the observed wavefields. The next section (section 6.3) describes the 
various sophistications of the initial model imposed by experimental reality, mainly the necessity of 
integrating viscoelasticity [mainly due to the presence of compliant features (e.g., cracks, micro 
fractures)] and/or anisotropy into the poroelastic model. This leads to a new classification of wave 

propagation regimes in fluid-saturated porous media distinguishing four regimes represented in a   

(crack density)- Sk (interface permeability) diagram [ Sk  characterizing the fluid exchange through the 

macroscopic mechanical discontinuities (or interfaces)]. The last section explains how poroelastic 
signature of rocks can be used to characterize fluid substitution in different context of underground 
exploitation (section 6.4).  

 

The perfect linear relation between stress and strain is often a convenient simplification in most real 
media, but does not reflect experimental reality. In fact, nonlinear elasticity is a pervasive 
characteristic of rocks, mainly due to the presence of compliant porosity (e.g., cracks, 
microfractures), but not only, and is addressed in Chapter 7. The chapter is divided into six parts. 
First we introduce the multiple aspects of nonlinear science and briefly introduce the history of 
nonlinear elasticity (section 7.1). Then we give the basics of nonlinear elasticity. This include the 
description of stresses in the presence of finite deformations, that is to say Cauchy stress relative to 
the present configuration and Piola-Kirchhoff stress relative to the reference configuration.  

The classical third order nonlinear elasticity (implying expansion of the elastic deformation energy to 
the third power of the strain components) is detailed in the static case and in the dynamic case, 
especially wave propagation (section 7.2).  Section 3 describes the main experimental manifestations 
of nonlinear elasticity, namely the stress-dependence of the velocities/moduli, the generation of 
harmonic frequency not present in the source frequency spectrum, and wave-to-wave interaction 
(section 7.3).  Then we detail the two main fields of nonlinear elasticity in rocks (section 7.4), namely 
nonlinear acoustics (i.e., the study of wave of finite amplitude) and acoustoelasticity (i.e., the study 
perturbative waves in statically pre-stressed media). In the next section we introduce the most used 
sophistications of the nonlinear elastic model, namely the higher order nonlinear models and 
nonlinear hysteretic models of Preisach type. Associated to Kelvin's description in eigenstresses and 
eigenstrains, the last approach demonstrates that there seems to be no limit in the sophistication of 
the models with media exhibiting simultaneously dispersion/attenuation, anisotropy, and 
nonlinearity possibly with the presence of hysteresis (section 7.5). In the last section (section 7.6) we 
illustrate how the multiple ramifications of nonlinear response of rocks may affect various areas of 
research in Geosciences. These include Rock mechanics, and more generally speaking material 
science, where the nonlinear response of material may be used for characterization purposes, and 
Seismology, where the spectral distorsion of seismic waves has to be considered. The 
characterization of material property change by monitoring the nonlinear response may be valuable 
(e.g., changes due to fluid saturation, to stress variations or to damage induced by fatigue…).     

 

Finally, in Chapter 8, we describe some case histories showing practical applications of each of the 

theories introduced in the previous chapters. The chapter is divided into four sections.  In the first part 

(section 8.1) we deal with fracture characterization from the analysis of seismic anisotropy. Section 
8.2 illustrates the application of Poroelasticity theory to seismic monitoring of subsurface 
exploitation with Hydrocarbon Reservoir monitoring and CO2 geological storage. This will be 
followed in the section 8.3 by the exploitation of the scattered seismic wavefields for the 
characterization of heterogeneity in the subsurface. The last section (8.4) illustrates by field examples 
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how the principle of nonlinear elasticity can be exploited for inverting the stress state in the 
subsurface. 

 

 

Lastly, we wrote the book as if it were the book we wished we had available on our shelf at the time 
we were newcomers in the field. That is why we make it freely downloadable on the internet in order 
to facilitate sharing our experimental and theoretical expertise of these last decades with the 
community, and above all to encourage young newcomers to the fascinating field of Petroacoustics. 
We hope that some readers will actually experience as much pleasure as we experienced when 
writing this book.  

 

 

Rueil-Malmaison, April 2014 

Patrick Rasolofosaon and Bernard Zinszner 
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NOMENCLATURE 
 

Symbols 
 

The nomenclature below does not include the multiple constants used in the text. These are 

generally represented by the Characters A, B, C... a, b, c...etc.  

 

A                       age (geology)  

A                    amplitude 

a                 attenuation 
C, D              distance, dimension, diameter 

Cal                (subscript) calculated 

D                      depth 

d                   diameter (e.g. grain) 

E                   extensionnal wave symbol 

E, Est, Edy    Young modulus, static, dynamic 

f                      frequency 

g                    (subscript) gas 

H                    Elastic modulus (generic) 

h                     height (fluid column, etc.) 

h, hP, hS,           hertz coefficient 

K                    bulk modulus   

K
(dr)

, K
(u)

, K
(gr)

, K
(fl)

  bulk moduli used in Biot-Gassmann formula (open or dry,saturated or 

closed, grain, fluid, respectively)  

K
(vac)   

              bulk modulus under vacuum 

K
(W)

), K
(O)             

water, oil bulk modulus 

K                      intrinsic permeability 

k                          hydraulic conductivity 

k                      wave number 

l                      (subscript) for liquid (e.g. Kl)  

L, l                  length (plug, sample, etc.)  

Lab                  (subscript) laboratory conditions 

meas                (subscript) measured 

M                      parametre used in Biot's theory 

M                     elastic modulus 

p  pdiff  pconf     pressure,  differential, confinement (pw , Po, Pg in water, oil gas) 

P                      (subscript) P-wave symbol 

P2                    slow P wave, Biot's theory 

P1, P2, etc        identification of a particular P-wave, subscript without any physical 

                        significance 

pc                     capillary pressure 

Q                    quality factor 

QP                   P wave quality factor 

QS                   S wave quality factor  
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QSt                           Stoneley wave quality factor 

QR                    Rayleigh wave quality factor 

QP
visco

, QS
visco  

  viscoelastic part of the quality factors (P-wave, S-wave) 

S                      (cap, subscript) shear wave symbol 

  

Sw , So, Sg,   saturation (water, oil, gas) 

Sor, Sgr, Sgi, Sli  saturation (residual oil, residual gas, initial gas, initial liquid) 

Swi                                  initial or irreducible water saturation  

S  surface  

t                            time 

tseis, tson, tS,  tP, t
(ma)

, t
(fl)

      transit time (travel time); seismic, S-wave, P-wave, mineral, fluid 

TK  absolute temperature 

TC                                   celsius temperature 

U                          displacement 

V  velocity    

VP P wave velocity  

VS  S wave velocity 

VSt                                  Stoneley wave velocity 

VR                        Rayleigh wave velocity 

V
(ma)

                    matrix velocity (althouth equivalenrt to V
(gr)

 this expression  has been kept  in 

                                  accordance to petrophysic convention) 
VP

(u)
, 

 
VP

(d)
         P wave velocity ; saturated, dry state 

VS
(u)

,  VS
(dr)

        S wave velocity ; saturated, dry state 

V
ph  

                   phase velocity 

V
e  

                    energy transport velocity 

V                          volume   

Vsh                       clay minerals volume fraction 

w  (subscript) water, brine 

W  mass (sometimes weight) 

Wsat, Wdr                sample mass, saturated sample , dry 

x                         acoustic formation factor exponent 

z  depth   
Z  impedance 

 

 
  indicates a difference e.g.P 

   Biot's coefficient 

 strain 

  acceleration    

p   gravity acceleration 

 
(fl) 


(Lamb)
 wavelength 

 Lamé's parameter 

 porosity 

c                        critical porosity   

t                        total porosity 

e                        effective porosity 
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phase 

                        shear modulus 


(dr)

, 
(u)

, 
(gr)      

shear moduli (open or dry,saturated or closed, grain, respectively)  

                        viscosity 

density 


(gr)

                    grain density 


(fl)

                   fluid density 

  stress,     diff , eff , conf   differential, effective, confining

shear stress  

                         angle  (of incidence   etc(wettability, X-ray diffraction) 

                        pulsation (angular frequency) 

 

  

 

 

 

 

Acronyms 

 

 

AVO                Amplitude Versus Offset 

BSR                 Bottom Simulating Reflectors"  

CQ                   Constant Q model 

EOR                Enhanced Oil Recovery 

NCQ                Nearly Constant Q model 

REV                Representative Elementary Volume 

SAGD             Steam assisted gravity drainage 

SPI                  Secondary Porosity Index 

TOC                Total Organic Carbon 

VSP                 Vertical seismic profiling 
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3 ELASTIC WAVES IN isotropic, homogeneous ROCKS 

3.1 General remarks 

In this chapter we will address the relationships between geological materials' acoustic 

characteristics (velocity, attenuation) and their lithological nature (mineralogy, porosity) or 

physical state (saturation, confinement). These relationships are at the core of petroacoustic 

applications in geophysical interpretation (seismics, well logging) because it is from a 

quantitative knowledge of these relationships that we may hope to extract information from 

seismic profiles on the porosity and state of saturation of the reservoir layers. 

Ideally, both wave velocities and intrinsic attenuation should be addressed (the latter 

involving dispersion, of major importance in extrapolating results at frequency bands that are 

different from those used for acquisition of information). For attenuation, however, 

knowledge is so limited that we will be reduced to mention it only occasionally, except in the 

case of permeability, where it plays a decisive role. However, we repeat that practical 

applications primarily concern seismic waves (decahertz frequency) and, to a lesser extent, 

sonic waves (kilohertz frequency) while the main acquisitions in the laboratory are in the 

ultrasonic field (millimetric or centimetric waves). This laboratory work is justified by the 

facts, clearly shown (§3.5.2), that rocks under confining pressure have low intrinsic 

attenuation and therefore low dispersion. 

3.1.1 Note on the concept of terminal value (velocity, attenuation) 

Acoustic properties may vary strongly with differential pressure (Pdiff, §3.5). It is therefore 

difficult (and, in theory, impossible) to characterise the velocity or attenuation of a material 

by a single value. The relationship between the acoustic property and the Pdiff is often a power 

law for which the exponent is known as the Hertz coefficient when it is a velocity or a 

modulus (§3.5.1). It should therefore be possible to characterise a rock by the Hertz 

coefficient and the velocity at a given Pdiff but this rigorous approach considerably increases 

the size of databases and significantly complicates the study of the relationships that are the 

subject of this chapter. 

To simplify this problem, one often uses the concept of "terminal value", namely the value 

measured at "high" Pdiff.  A  Pdiff of 40 MPa (or 5000 PSI) is acceptable to define the terminal 

value of porous rocks and 70 MPa (or 10000 PSI) is acceptable for fissured rocks with low 

porosity. Although at these states of confinement, the acoustic properties vary little according 

to Pdiff, this concept appears imprecise (and it is!).  

In petrophysics, we find a similar problem concerning irreducible water saturation (Swi) in 

reservoirs (§2.1.2.2). Given the imprecision of this concept, the tendency in petrophysics is to 

use the term water saturation (Sw) at maximum capillary pressure (Sw@Pcmax). Perhaps it would 

be desirable, in petroacoustics, to use the expression "velocity or modulus at maximum 

differential pressure". 



PETROACOUSTICS – CHAPTER 3 

 

ELASTIC WAVES IN isotropic, homogeneous ROCKS   3.1-2 

 

With occasional exceptions, the most notable of which is, of course, the paragraph concerning 

the influence of stresses (§3.5), all the results exposed in this chapter concern rocks under 

high differential pressure. 

 

3.1.2 Elastic modulus or velocity? 

One problem recurs: the choice of parameters to be used to express the elastic constants in 

their relationships with the characteristics of the rock. Would it be better to use moduli or 

velocities (or even the ratio VP/VS)? There is no simple answer to the question because 

physical simplicity (modulus) is often opposed to pragmatic ease of use and applications 

(velocity). 

There are cases where we cannot use moduli when, for example, we only know a single 

velocity (P wave) or where the density of the material is not specified. Sometimes, the use of 

VP and VP/VS presents a real simplification of empirical relationships (e. g. the Pickett 

diagram, fig. 3.2.1-4). We must, of course, continue this use. 

There are cases where the use of moduli is necessary, such as for everything related to 

Gassmann's formula (§3.4.1). Concerning this aspect, it is clear that the ideal petroacoustic 

parameters would be moduli: shear modulus  and drained bulk K
(dr)

. Unfortunately, the K
(dr)

 

measurement assumes validation of Gassmann's formula (which is hardly in doubt) or the 

velocity measurements in states of saturation in various liquids. K
(dr)

 is therefore not very 

often used as a parameter in petrophysics. We will use it as often as possible. 

Some authors (e.g., Goodway [2001]; Berryman et al. [2000] stress the advantages that using 

the Lamé parameters  and  (§1.2.1.3) and the corresponding impedances ( and ) 

would provide in work tending to highlight variations of content in fluid during seismic 

interpretations. 

In all cases, we will try to use the parameters that are best adapted to the applications 

concerned, which will doubtless lead us to use the "velocity" parameters more often than 

would be desirable for a more theoretical explanation. 

Lastly, note that, appropriating Thomsen's famous declaration: "Poisson was not a 

geophysicist" [Thomsen, 1990], we never use the Poisson ratio in this chapter, as the VP/VS 

ratio is far better adapted to applications. 

3.1.3 Static and dynamic properties; Dispersion: experimental aspect, 

In this work, numerous times and from various aspects, we deal with the problem of the 

frequency dependence of the mechanical properties of rocks (e.g. Chapter 5). Here, we will 

limit ourselves to a pragmatic approach by mentioning two subjects of obvious interest for 

applications: the comparisons between static and dynamic moduli and the drift that could be 

observed between velocities measured in sonic logging (kilohertz frequencies) and seismic 

prospecting (decahertz). It is important to properly highlight the different nature of these two 

subjects. In the first case, the problem relates above all to the difference between the large 

strains that come into play in the static tests of rock mechanics and the small strains caused by 

wave propagation. In the second case, it is much more clearly a frequency dependence 

comparable to dispersion that can be modelled by a viscoelastic theory, for example. 
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3.1.3.1 Static and dynamic moduli 

3.1.3.1.1 The problem. 

Considering the theory of elasticity (Chapter 1), a pure shear experiment and an experiment of 

ultrasonic S-wave propagation are exactly the same thing. In the first, the time for gradually 

coming under stress is spread over several minutes (or hours…) and the frequency 

corresponding to this disturbance tends towards zero. We speak of a static experiment (or 

measurement or modulus). In the case of wave propagation, the disruptive cycle only lasts 

several fractions of a second (a frequency of deca to mega hertz). We therefore speak of a 

dynamic experiment (or measurement or modulus). 

In the laboratory, a measurement of dynamic elasticity is several orders of magnitude faster 

(and less expensive) than a static measurement. In the field it is relatively easy to measure 

velocities and, from them, to deduce the values of the dynamic elastic moduli. It is static 

moduli that address geo-mechanical modelling, however. There is therefore an obvious 

interest in comparing static moduli and dynamic moduli to seek any empirical relationships. 

In perfectly elastic mediums, of which aluminium is the most common example, concordance 

is very good between moduli measured in a mechanical experiment and those deduced from 

measuring wave propagation velocity. We find a quite similar situation in crystals which, 

mostly, have excellent elasticity. Also, it is from measurements of wave velocity that most 

values for elastic moduli existing in works on crystallography were established. These are 

"dynamic" moduli, but in this case the distinction is not required. 

 

In rocks, the situation is no longer the same. We may observe significant differences between 

static moduli and dynamic moduli. Rocks are not perfectly elastic. The primary cause of 

differences between static and dynamic properties is, above all, in a strain value effect. In 

wave propagation, this is most often below 10
-8

 and experimenters in the field of elastic non-

linearity (see Chapter 2 and Chapter 7) have the greatest difficulty in obtaining strain greater 

than 10
-6

. In static tests, the situation is reversed because the technological constraints on 

measuring displacements make it difficult to measure strain below 10
-4

. Resolving these 

problems of the relationship between static and dynamic moduli will probably involve the 

development of experimental systems for filling this technological gap in the field of 

intermediate strains. 

 

3.1.3.1.2 Experimental results. 

There are numerous publications on this subject, which, moreover, often come from engineers 

specialised in rock mechanics. It is very difficult to establish a synthesis (e.g., Stacey [1976]; 

Lama and Vutukuri [1978]; Eissa and Kazi [1988]; Al Shayea and Khan [2001]) because the 

published results often lack precision concerning the experimental conditions. And yet, it is 

absolutely necessary to properly know the state of saturation and confinement, the way that 

the static modulus is calculated (e.g. tangent modulus at 50% of the rupture limit), etc. Very 

accurate articles are unfortunately rare. 

To be able to make proper comparisons, the static and dynamic parameters must be 

equivalent. For example, if we work on liquid saturated samples, it must be specified whether 

the static experiment concerns a drained (invariant pore pressure when stress is applied) or 

non-drained state. In the first case, we must compare to a drained dynamic modulus (K
(dr)

) 
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and correct the experimental dynamic data (still "non-drained") using Gassmann's formula 

(§3.4.1) (e.g., Montmayeur and Graves [1986]). 

Note also that most static experiments concern simple compression tests for which only the 

Young's modulus (Est static), is measured, but Edy must still be calculated from the velocity 

VP and VS and not from VP alone, with an estimate of VP/VS as is sometimes the case. 

Keeping these difficulties in mind, we propose a very simplified summary of what may 

represent a consensus concerning this comparison: 

- At a low differential pressure, the comparisons make little sense (variations of a factor 

of 4 between Est and Edy are not exceptional). In practice, these conditions of 

differential pressure do not concern geophysical applications. But in geotechnical 

applications (surface structures) this raises complex problems of interpretation (e.g., 

Barton [2006]). When the differential pressure increases, the Est/Edy ratio is close to 

1. 

- Micro-cracks play a major role in the difference between the two types of modulus 

[Simmons and Brace, 1965; Walsh, 1965; King, 1969; Cheng and Johnston, 1981]. 

This hypothesis is entirely consistent with the previous comment: closing the 

microfissures under the effect of the differential pressure reduces the difference 

between the two types of modulus. These same micro-cracks play an important role in 

the variation of seismic velocities under the effect of differential pressure (Hertz 

coefficient, §3-5). It is probable that empirical relationships exist between Hertz 

coefficients and Est, Edy relationships. We have no knowledge of information on this 

subject in the public literature.  

- The static modulus is always less than or equal to the dynamic modulus. Numerous 

relationships have been proposed to estimate Est from Edy. We give some graphical 

examples of them in fig. 3.1.2-1: 

Est = 1.26Edy -29.5 [King, 1983] 

Est = 0.72Edy + 10.81 (D&M 66) [Deere and Miller, 1966] 

Est = 0.74Edy - 0.82 (E&S 88) [Eissa and Kazi, 1988] 

      Est = 0.59Edy +1.6 (A&W 72) [Avedissian and Wood, 1972] 

It is not certain that these empirical relationships are, in the details, more useful to 

applications than a "rule of thumb" of the type Est = 3/4Edy, or in any case, they are no less 

imprecise. 
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Figure 3.1.2-1: Example of relationships Est, Edy proposed in the literature. See the references 

in the text. 

 

3.1.3.2 Seismic–sonic-ultrasonic drifts 

3.1.3.2.1 The seismic – sonic drift 

This is a subject of less general interest than the previous one but which raises a problem for 

the geophysicist: it concerns the difference between seismic velocity and sonic velocity 

measured in the same well [Gretener, 1961]. The "check shot" methods or their more 

sophisticated variants of VSP (vertical seismic profiling) consist of recording, at different 

depths in a well, decahertz waves propagated from a seismic source on the surface. This 

technique accurately measures propagation velocity. In the same way, sonic logging can 

measure velocity (mainly P but also S if this velocity is greater than that of the mud or if a 

dipolar system is used to take advantage of torsional propagation mode). The frequencies that 

come into play correspond to the kilohertz band. 

The drift is calculated from the seismic transit time (t, transit time, inverse of velocity) (tseis) 

and sonic (tson) 

Drift = tseis – tson 

A positive drift (tseis > tson) therefore corresponds to a seismic velocity that is smaller than the 

sonic velocity. This case (corresponding to what is conventionally call "inverse dispersion" cf. 

Chapter 5) is generally observed in rocks. 
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Bias or systematic measurement errors, both seismic and in logging, are a primary cause of 

drift [Goetz et al., 1979]. Beyond instrumental causes, the specifics of the formation studied 

must be taken into account (relative angle of dip of the layers in relation to the axis of the 

well, pronounced damaging of the borehole wall, etc.). After having eliminated the most 

obvious causes of error, we can establish a drift profile for a well (fig. 3.1.3-1). In a 

sedimentary basin, these profiles are often characteristic of a given geological zone and we 

can sometimes use typical profiles to directly calibrate the sonic log with seismic velocity 

data 

. 

 

 

 

 

Figure 3.1.3-1: Example of seismic/sonic drift profile 

according to Goetz et al. [1979] 

 

 

 

 

 

 

 

 

 

 

In the zones close to the surface, the drift is often negative. The poor quality of the sonic log 

in large-diameter wells, as well as damaged borehole is mentioned as the main cause of this 

drift. But beyond 1000 m of depth, the drift is positive in most cases. The dispersion of 

velocity (inverse dispersion in rocks) is the most probable cause and the one most generally 

mentioned [Strick, 1971]. 

 

3.1.3.2.2 Sonic-ultrasonic drift 

Between the sonic and ultrasonic frequency bands, we also observe systematic differences 

between measurements of velocity. Unlike the previous case, where we were mainly 

concerned with measurements taken in the same well, here we must consider two 

experimental cases: 

3.1.3.2.2.1 Ultrasonic measures in the laboratory vs. sonic well logging 

 

Ultrasonic measurements are made on a core sample and this raises an important problem: the 

depth location of a core sample or more precisely, in our case, its location on a well log, is 

always imprecise, whatever the care taken in depth matching. We must have a statistical 
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approach based on a parameter that is easily measurable on a core, such as porosity [Zinszner 

and Pellerin, 2007]. The results can only be compared after a comprehensive depth matching. 

Reliable comparisons are rarer than we may think and are often disappointing. When the 

confinement conditions are complied with and the laboratory measurements are of good 

quality (e.g. phase velocity cf. Chapter 2 §2.2.1.2.3), we generally see a statistical inequality 

between ultrasonic and sonic measurements. In limestone formations, routine measurements 

by first break often lead to a measurement in excess for the ultrasonic velocity (path 

dispersion, cf. Chapter 2 §2.2.1.2). We may think that this imprecision is one of the causes of 

the difficulties encountered in establishing reliable relationships between velocity and 

porosity in carbonate series;  

3.1.3.2.2.2 Sonic and ultrasonic measurement in the laboratory: experimental approach to 

velocity dispersion 

It is the easiest case to rigorously deal with because we compare results acquired from 

adjacent samples using ultrasound (VP, VS) and resonant bar (VE, VS). The calculation of 

ultrasonic VE is not much influenced by experimental uncertainty (unlike sonic VP – Chapter 

2 §2.2.2.2). But to obtain reliable results, measurements must be performed under 

confinement and experimental data are rare, especially if we are seeking for a significant 

number of samples. Such a series of data is supplied in the Lucet' thesis [1989]. We 

summarize the results: 

A first general observation is that the difference is particularly notable at low differential 

pressures and tends to diminish under high confinement until it disappears in the sandstone. 

The behaviour is similar in limestone, but at very high confinement, the differences often 

remain significant. 

 

 

Figure 3.1.3-2: Lucet's diagram. Experimental verification of velocity dispersion between 

sonic (resonant bar) and ultrasonic (first break velocity) bands.  [Lucet, 1989].  

a) Vosges sandstone;  b) Crinoïdal limestone (Euville) 

 

a
)

b
)
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The innovative and interesting representation used by Lucet [1989] on fig.3.1.3-2 provides an 

experimental approach to dispersion. The attenuation value used is that supplied by the 

resonant bar, a measurement considered by far the most reliable. The dispersion is quantified 

by the ratio between the resonant bar velocity and the ultrasonic velocity. For longitudinal 

waves, VE was chosen, as explained above. The parameter for varying the attenuation is the 

differential pressure (at roughly one transformation, the x axis is that of attenuation or 

pressure). 

 On the graph, two parameters should be considered: 

- the Y-intercept which represents "dispersion" at vanishing attenuation. Theoretically, 

the ratio should be equal to 1, and this is what we observe for sandstone. For 

limestone, this value is often below 1 and clearly so in certain cases, as for sample b in 

fig.3.1.3-2. The ultrasonic velocity is highly overestimated. This is a measurement by 

first break picking. This "pseudo-spreading" is experimental evidence of the 

significance of path dispersion in limestone rocks [Lucet and Zinszner, 1992]. 

Measurements in phase velocity would very probably give ratios much closer to 1. 

- The gradient of the regression line. Often, the experimental points approximately align 

themselves, as would theoretically be the case if dispersion followed a NCQ model 

and even a CQ model for attenuations that are not too high (see chapter 5). In certain 

cases, the experimental results follow a gradient close to these models (e.g. fig. 3.1.3-

2b) but most of the time, the experimental gradients are higher (fig. 3.1.3-2a), and 

sometimes very much higher. In the representation used, the variation in attenuation is 

obtained by a variation of pressure and it is the sonic attenuation that is affected in 

relation to velocities. The Attenuation vs. Pressure relationship may be very different 

in the sonic and ultrasonic bands (see §3.5.2). Therefore, for a given pressure, in some 

rocks, the sonic and ultrasonic Q factors may be very different. This is another way of 

stating that the rock does not follow a constant Q model! 
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3.2 Waves and lithology (mineralogy and porosity)  

3.2.1 Impact of lithology on velocity 

In this chapter, we will cover the vast subject of the relationships between the nature of rocks 

and the velocities of waves that propagate within them. Note that, in this discussion, we use 

data acquired in the three frequency bands (seismic, well logging and laboratory ultrasonic) 

but the most detailed data comes from measurements under high differential pressure, in the 

laboratory, and may be extrapolated to other frequency bands due to the low dispersion in the 

rocks under this state of confinement (§3.5.1). Our observations are organised around the 

effect of two major parameters: mineralogy (nature of the components of the rock) and 

porosity. 

3.2.1.1 Impact of mineralogy  

Firstly, we must separate the case of clay minerals posing very difficult practical problems, 

which we will deal with subsequently. 

3.2.1.1.1 Non-clay minerals  

They have been the subject of a great deal of work (crystallography) and their elastic 

properties are quite well-known. In the context that interests us (applied petroacoustics) we 

may consider that most minerals are non-attenuating (Q>>1000) and therefore non-dispersive. 

The results of measurements taken at high frequency (> MHz) may be legitimately 

extrapolated to seismic elastic parameters (and even to static parameters, see 3.1.3.1). Nearly 

all the moduli supplied in the literature are measured using propagating ultrasonic waves. 

Minerals generally exhibit a notable and sometimes very strong elastic anisotropy (see 

Chapter 1 and Chapter 4). In petroacoustic applications, one most often consider that the 

directions of the crystalline axes of rock forming minerals are distributed at random. We 

therefore use the average value of elastic parameters and, knowing the anisotropic tensor, 

there are several methods to calculate this average value.  

 

 kg/m
3
 GPa GPa Values calculated from K and 

  K  VP VS VP/VS 

Anhydrite 2980 60 31 5830 3220 1.81 

Quartz 2650 37 45 6050 4120 1.47 

Calcite 2710 70 30 6370 3330 1.91 

Dolomite 2870 80 50 7150 4170 1.71 

Rock Salt (Halite) 2160 25 15 4560 2630 1.73 

Siderite 3960 120 50 6870 3550 1.94 

Clay Estimations 2750 25 9 3670 1810 2.03 

 

Table 3.2.1-1: Average values of bulk and shear moduli of the main minerals forming 

sedimentary rocks and corresponding P and S velocities. These average values are 

sufficient for practical applications. Detailed data can be found in Mavko et al. [2003] 
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There is abundant crystallographic documentation presenting the elastic constants of minerals. 

For petroacoustics applications, simplified compilations such as that of Mavko et al., [2003] 

are quite sufficient. From this compilation, in table 3.2.1-1, we present a summary of the 

values most frequently cited for the usual minerals.  

It should be noted that, apart from quartz, for which there is a consensus in the moduli 

(doubtless due to the great deal of work related to the use of quartz crystals in physics), we 

may observe notable variations in the results from different authors, even for a mineral as 

common as calcite and for which we can hardly blame mineralogical variations, as in the case 

of feldspars. This uncertainty may be problematic (see Gassmann's formula, §3.4.1.1.D) and 

we have no satisfactory explanation to offer. We cannot blame uncertainties in the calculation 

of average values from the elastic tensor because (cf. Chapter 4), although several methods 

exist, they all should lead to the same result. 

 

3.2.1.1.2 Clay minerals 

The situation is very different. We have practically no reliable modulus value for clay 

minerals. The explanation is simple: it is very difficult to obtain clay minerals of sufficient 

size to allow wave propagation measurements. Also, the properties of minerals depend very 

strongly on their state of hydration. This is an additional cause of difficulty.  

This absence of data is very problematic for certain applications, particularly concerning 

Gassmann's formula. Incidentally, using this formula, perhaps there will be a way of offering 

"realistic petroacoustics" values for the clay fraction of reservoir rocks (see §3.4.1.1.4) 

 

3.2.1.2 Impact of porosity  

We will firstly deal with the case of consolidated rocks, for which we have numerous data, 

then that of shale, substituting sometimes the concept of density for that of porosity. We will 

then deal with the case of unconsolidated sediments. Because reliable laboratory 

measurements are difficult to perform, we would have to use a different presentation. We 

cannot overemphasise the sometimes very important effect of differential pressure (Pdiff) on 

the propagation velocities of seismic waves. All of the velocities dealt with in this paragraph 

are terminal velocities (see §3.1.1) 

 

3.2.1.2.1 Consolidated rocks  

There are abundant data concerning P waves. The case of S waves is more easily addressed 

using the ratio VP/VS 

3.2.1.2.1.1 Velocity P 

  ain empirical formulas connecting VP and 

3.2.1.2.1.1.1.1 The Wyllie formula 

The Wyllie formula (e.g. Wyllie et al., [1958]) is the oldest and the most well-known of the 

empirical relationships VP vs. . It is sometimes known as the time-average formula because it 

is based on the weighted average transit time (t) in the solid (t(ma)
) and the fluid (t(fl)): 
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t = (1-)t(ma)
 +t(fl) 

 

The values of the transit time to be used are summarised in table 3.2.1-2 

 

  Matrix (V
(ma)

) 

or fluid (V
(fl)

) Velocity 

Transit time in the solid (t(ma)
)  

or in the fluid (t(fl)) 

 Metric (m/s) US (ft/s) Metric (s/m) US (s/ft) 

Sandstone 5500 - 6000 18000 - 19500 182 – 168 55.5 – 51.3 

Limestone 6400 - 7000 21000 - 23000 156 – 143 47.6 – 43.5 

Dolomite 7000 - 7900 23000 - 26000 143 – 126  43.5 – 38.5 

Fresh water 1520 5000 660 200 

Water sludge 1615 5300 620 190 

 

Table 3.2.1-2: Values of matrix and fluid velocity for the use of the Wyllie formula, 

[Schlumberger Co, 1989]. The metric correspondences have been quite roughly 

rounded with no consequences for the results (see below). 

 

We may notice significant differences between the "matrix" velocities of table 3.2.1-2 and the 

corresponding velocities of table 3.2.1-1 which correspond more to the reality of compact 

rocks. This observation means nothing in particular because the Wyllie formula is admirable 

in the sense of being, at the same time, "absolutely" physically false (it would only be valid if 

the wavelength were smaller than the dimension of the pores) and to summarize experimental 

values rather well. It should be considered as an empirical formula for which the coefficient 

t(fl), by coincidence, corresponds quite well to the unitary transit time in water. 

Wyllie et al. were aware of the ambiguity of the formulation. Here is a quotation of the 1958 

article: "We would note, however, that we are not unaware of certain obvious objections to 

our speculations. Thus, the concept of a pulse whose principal Fourier components have 

apparent wavelength several orders of magnitude greater than the characteristic dimension in 

our media, and yet able to follow essentially microscopic paths, is naturally repugnant to the 

classical physicist. We can only assert that, experimentally, we have found such a concept, 

anomalous as it may seem, singularly fruitful." 

We may pragmatically show the limits and the ambiguity of the Wyllie formula by comparing 

the values obtained for various liquids to those supplied by Gassmann's formula, of which the 

validity is not in doubt (§3.4.1). In the example of figure 3.2.1-1 the "Wyllie" values for a 

sandstone of V
(ma)

 = 5750 are calculated for water, hexane, kerosene and glycerine, with the 

values from table 3.2.1-3. The values of K
(dr)

 (See chapter 6) necessary for calculating 

Gassmann's formula are derived from the "Wyllie" values in a state of water saturation. The 

Raymer and "field transform" formulas have been added for comparison 
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 Water Kerosene Hexane Glycerine 

Bulk modulus (GPa) 2.2 1.4 0.9 4.8 

Density (kg/m3 1000 804 675 1263 

VP 1484 1320 1155 1950 

t metric (ms/m) 674 758 866 513 

 

Table 3.2.1-3: Values of elastic moduli and density used for the calculations in fig. 3.2.1-1 

 

We notice on this figure how the "Wyllie" values move away from reality (Gassmann) as 

soon as the t(fl) moves away from the values 650-750 s/m. We stress the fact that all these 

comments do not detract from the empirical value of the formula that was proposed from the 

study of very numerous laboratory measurements. The 1958 article is of exceptional quality. 

It even includes data on the effect of wettability. The Wyllie formula, which is very easy to 

memorise, remains an effective means of fixing the order of magnitude of VP in a rock 

saturated with water. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.1-1: Comparison of the results of the Wyllie formula with Gassmann's formula for 

various states of saturation 

 

3.2.1.2.1.1.1.2 Pickett's formula 

Attributed to Pickett [1963] by Domenico [1984] (the formula is not explicitly shown in the 

1963 article) this linear relationship  
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t = A+B  

is close to the Wyllie formula because we can put them into equivalence with A= t(ma)
 and B= 

t(fl) - t(ma)
   

This formula is used only infrequently. 

3.2.1.2.1.1.1.3 The Raymer et al. formula (RGH) 

This formula [Raymer et al., 1980] uses the parameters of the Wyllie formula in a different 

form. It is proposed for non-shaly rocks of porosity less than 0.37: 

V= (1-)
2 

V
(ma)

+  V
(fl)

  

3.2.1.2.1.1.1.4 "Field observation transform" 

Also known as the Schlumberger empirical "field observation transform" formula, this 

relationship is calculated from a large number of field observations (well logging) 

[Schlumberger Co, 1989] using a unique constant C= 0.7 (or C= 0.67) and a unique matrix 

velocity value V
(ma) 

for a fixed lithology, these values are given in table 3-2C. 

 

V = V
(ma)

 (C-)/C 

 

 Matrix (grain) velocity V
(ma)

 Matrix (grain) transit time t(ma)
 

Metric (m/s) US (ft/s) Metric (s/m) US (s/ft) 

Sandstone 5450 17850 184 56 

Limestone 6250 20500 160 49 

Dolomite 6950 22750 144 44 

Table 3.2.1-4: Matrix (grain) velocity values to be used for the empirical "field transform" 

formula 

 

We note that for the porosities most frequently encountered (0.05-0.3) the results (fig. 3.2.1-2) 

are very close to those given by the Wyllie and Raymer et al. formulas. 

3.2.1.2.1.1.1.5 Faust's formula (compaction effect) 

The relationship VP-Compaction is mainly used for sediments with low consolidation (see 

§3.2.1.2). It is less studied for consolidated rocks but it can sometimes be useful, for very 

rough estimates of the seismic velocity, to consider this relationship for consolidated rocks. 

Faust [1951] proposes an empirical relationship from 500 "seismic cores" (check shot, see § 

3.1.3.2) in shaly-sandstone series in North America. 

VP = B(DA)
1/6 

where B is a constant equal to 46.6 for the series in question, D the depth in metres and A, the 

age of the sediment in years. A graphical representation of this formula is given in fig. 3.2.1-3 
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3.2.1.2.1.1.1.6 Acoustic formation factor exponent 

By analogy with the electrical formation factor, Raiga-Clemenceau et al. [1988] suggested to 

use an "acoustic formation factor exponent (X)" with the following formula for  vs. t: 

= 1-(t(ma)/t)1/X 

With t the transit time in the rock of porosity  and t(ma)
 the transit time in the rock matrix 

(grain).  

Presently, this formula seems to be rarely used. 

 

 

 

Figure 3.2.1-2: Comparison of empirical formulas linking VP to porosity, in sandstone. 
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Figure 3.2.1-3: Graphical representation of Faust's formula 

 

3.2.1.2.1.2 S-Wave velocity  and VP/VS ratio 

3.2.1.2.1.2.1  VP/VS Ratio in consolidated rocks saturated with water 

We will study the effect of porosity and lithology on S-waves velocity through the ratio VP/VS 

which allows real simplification, because the relationships between S-wave and porosity are 

very similar to those described for P-waves. The data concerning S velocity are significantly 

less numerous because the generalisation of S velocity well logging is more recent and the 

results of on-site measurements are more rarely available in the public literature. We have 

much data on the ultrasonic ratios VP/VS but it must be kept in mind that measurements of VS 

in the laboratory are more delicate and therefore often less accurate.  

Remember that VP and VS depend on the fluid content (see §3.4). The presence of gas in the 

pores tends to a reduction of VP (preponderance of the compressibility effect) and always to 

an increase in VS (effect of density alone). The presence of gas therefore always causes a 

reduction in the ratio VP/VS. Numerous authors have proposed applications for analysing the 

ratio VP/VS as an indicator of fluid content. The principle is very useful in applications, but as 

one can compute this effect accurately and easily using Gassmann's formula (§3.4.1), we 

think it is simpler to limit the analysis to the case of water saturated rocks in order to establish 

general rules allowing, via Gassmann, the consideration of each particular saturation case.  

Faust formula
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3.2.1.2.1.2.1.1 Generalities: the Pickett diagram and the empirical approach 

Pickett [1963], using a diagram VS vs. VP (in fact tS vs. tP in the article), established a general 

rule, which is most often confirmed, as follows: VP/VS depends essentially on the lithology 

and secondarily on the porosity fig. 3.2.1-4). 

 

 

Figure 3.2.1-4: The Pickett diagram, Relation tP (1/VP) vs. tS (1/VS). [Pickett, 1963] 

 

The table 3.2.1-5 using Pickett's values as well as other data from the public literature, gives 

several values for this ratio. They are averages that are quite rough, but quite sufficient for 

estimates. 

 

 

 

Rock Very clean 

sandst. 

Clean 

sandst. 

Shaly 

sandstone 

Compact 

shales 

Limestone Dolomite Salt Anhydrite 

VP/VS 1.55 1.6 1.65 – 1.7 1.6 – 1.8 1.9 1.8 1.75 1.85 

 

Table 3.2.1-5: Ratio VP/VS according to the lithology. Rough average values  

 

The "mudrocks line" from Castagna et al. 

For clastic clay rocks (mudrocks), including shale, Castagna et al. [1985] make an interesting 

observation: in a Pickett diagram, the values of VP/VS align quite remarkably on an equation 

line VP = 1.16VS +1.36. The authors explain this quite astonishing singularity by the fact that, 

on the Pickett diagram, the value of the "clay" pole (as calculated by Tosaya [1982]) is 
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located on the line connecting the "water" point to the "quartz" point. It is a coincidence 

without any apparent physical reason. 

 

Figure 3.2.1-5  Castagna "mudrock line"  [Castagna et al.1985] 

 

 

3.2.1.2.1.2.1.2 Theoretical comments on the ratio VP/VS. 

 

Numerous authors have studied the ratio VP/VS from the point of view of elastic calculation. 

If we look at it from the perspective of practical applications, the results sometimes appear 

disappointing. We give a brief summary, referring the reader to the references for more 

details. Using the model from Kuster and Toksöz[1974], Tatham  [1982] concludes that the 

ratio VP/VS depends much more on the geometry of the pores (aspect ratio) than  on the 

matrix and therefore we must attribute the differences in VP/VS related to the lithology 

explained above to differences in pore geometry … 

In the same idea of relative stability of VP/VS, Palciauskas [1985] calculated that in dry media 

formed of grains with rough contacts playing a predominant role, the ratio VP/VS, close to 

1.55-1.6, is not very dependent on the porosity, the differential pressure and the ratio VP/VS of 

the mineral forming the grains.  

The study by Brie [2001] seems to offer us a useful summary. From the Kuster Toksöz model, 

and using three types of inclusion of contrasting aspect ratios (e = 1, spherical pores; 0.22, 

common pore; 0.01, fissures) and variable concentrations in the medium, he proposes curves 

that fit rather well the experimental results in limestone and clay sandstone.  

 

3.2.1.2.1.2.1.3 Conclusions on the VP/VS ratio 

In practice, Pickett's conclusions remain valid and we can undoubtedly limit ourselves to this 

in numerous cases. Actually, concerning the VP/VS ratio, we have to be aware of the possible 
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uncertainty of the experimental results because they are generally obtained by ultrasonic 

measurements in the laboratory and these measurements can sometimes be rather impacted by 

heterogeneity effects see Chapter 2). We report, on figure 3.2.1-6, the results of several 

hundred ultrasonic measurements from the public literature and from an IFP database. We 

may therefore have an idea of the dispersion of results.  

 

 

 

 

 

Figure 3.2.1-6: VP/VS ratio in consolidated rocks saturated with water. 

Ultrasonic measurements, compiled from data in the public literature and IFP data. 

 

3.2.1.2.1.3 Discrepancy with empirical formulas: Impact of clay and of the microstructure 

Numerous authors have proposed formulas for calculating the elastic moduli of materials 

formed from mixtures of bodies of known characteristics (a porous material can always be 

considered as a mixture of minerals and fluids). For identical elastic characteristics and 

proportions, the result depends strongly on the geometrical distribution of the various phases 

(for example, see the effect of micro fissures, - §3.5.1.2, or §3.1.3.1-). These formulas are 

presented in Chapter 5. We only mention them here to stress how great is the difference 

between the extreme values supplied by these models (Voigt, Reuss, Hashin-Shtrikman etc.) 

for a given porosity value. From this we can therefore deduce that it would not be 

theoretically surprising for the relationship V vs.  to be rather dispersed and that, on the 

contrary, we may hope to get information on the microstructure of a rock from knowledge of 

its acoustic velocity (porosity is a value that is quite easily and precisely measured using well 

logging). Abundant documentation on this subject exists in the public literature. 
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It seems preferable to separate the case of sandstones, for which the clay content plays the 

major role, from that of limestone rocks where the microstructure has to be taken into 

consideration. 

3.2.1.2.1.3.1 Impact of the clay content on wave velocity in sandstones  

3.2.1.2.1.3.1.1 Preliminary comments 

The presence of clay minerals in the sandstones certainly has an influence on the velocity of 

elastic waves. Before addressing this point, several comments need to be made: 

- The clay content of a sandstone is often expressed as a volumic fraction (Vsh) 

corresponding to the volume occupied by the clay phase, meaning the clay minerals 

plus the microporosity that is always present between these minerals. Vsh is less easy to 

measure than one may believe. The analytical methods (X diffraction, X fluorescence) 

are either imprecise or costly. In practice, we mainly use point counting on a thin or 

polished section. We must therefore not be surprised if the estimate is imprecise, 

particularly for low values (Vsh < 0.02). 

- The parameter Vsh is not sufficient to characterise the clay content of a rock because 

the clay phase may occupy different positions in relation to the grains and pores. 

Conventionally, one defines three types of clay locations, summarised in figure 3.2.1-

7, and for which the petrophysics response may be different. For a complete 

definition, the nature of the minerals must be specified (e.g. kaolinite, illite, etc.). On 

all of these points, one may consult Zinszner and Pellerin, [2007]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.1-7: Forms of shale sorted by manner of distribution in the rock formation and 

their volumic representations [Schlumberger Co, 1989]. 

 

- The water is an essential intrinsic component of clays and dehydration modifies the 

very nature of the clay phase. For example, the shear modulus of a clay medium 

increases considerably during drying (as an extreme, we could say that a ceramic, 



PETROACOUSTICS – CHAPTER 3 

 

ELASTIC WAVES IN isotropic, homogeneous ROCKS   3.2-20 

 

which is just a particularly dehydrated clay, has a very high modulus). So the "dry" 

values (see Chapter 2, §2.1.3.2) and saturated values of clay rock must never be 

compared. For applications of Gassmann's formula, one has to use as K
(dr) 

the modulus 

of the rock for which the clay phase has retained its water saturation. Here we see an 

example of the regrettable consequences caused by confusion between "dry modulus" 

and "drained modulus" (see Chapter 6). We only consider the case of saturated rocks. 

 

3.2.1.2.1.3.1.2 Effect of clay content on VP in consolidated shaly sandstones 

Quite a large number of results of ultrasonic velocity in consolidated sandstones ( < 0.3) are 

proposed in the literature, but they mostly concern a limited number of samples. Most often, 

the effects of clay content and porosity are presented in the form of a linear relationship of the 

type VP = A+B +C Vsh and VS = a+b +c Vsh   

Table 3.2.1-6 shows the values proposed in the three publications that are most often cited, 

and the values for Fontainebleau sandstone which contain no clay. On figure 3.2.1-8, we can 

graphically compare the Han values (corresponding to the largest sampling) for threeVsh , the 

Wyllie formula and experimental values for Fontainebleau sandstone. 

   VP     VS   

 A B C a b c 

[Tosaya, 1982] 5.8 -8.6 -2.4  -  -  - 

[Han et al., 1986] 5.59 -6.93 -2.18 3.52 -4.91 -1.89 

[Castagna et al., 1985] 5.81 -9.42 -2.21 3.89 -7.07 -2.04 

Average 5.7 -8.31 -2.26 3.7 6 1.96 

Fontainebleau Sdst 6 -7.2 - - - - 

 

Table 3.2.1-6: Parameters of the linear relationship V vs.  and Vsh for clay sandstones and for 

the experimental values in Fontainebleau sandstones (see fig. 3.2.1-8) 

 

The graphical comparison of fig. 3.2.1-8 gives rise to several comments associated with the 

relationship V vs. Vsh: 

- The clay-content effect is clearly less important than the porosity effect (by around a 

factor of 3 if we consider the coefficients of linear relationships). Of the first order, the 

Wyllie formula, which only uses porosity, gives a quite good account of experimental 

results in the intermediate porosity zone (0.1, 0.3) representing most sandstone 

reservoirs. 

- However, one point undermines this conclusion: the Y- intercept in the case of very 

low clay content (Vsh = 0.01) is clearly below the value of VP in quartz (6 km/s). The 

comparison between Fontainebleau sandstone and the line Vsh =0.01 clearly shows that 

traces of clay can have a significant effect. It would therefore be more accurate to say 

that the effect of clay content, once the first percent of vsh has been taken into account, 

is clearly less significant than the effect of porosity. 

- This "relativisation" should also extend to conclusions that are often featured, 

according to which the location of clays in the rock and the nature of clay minerals, 

have little effect on velocities. These conclusions, which are quite surprising when we 
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compare them to observations taken in another area of the petrophysics of clays (e.g. 

permeability), are explained above all by the fluctuation in experimental values 

 

 

 

Figure 3.2.1-8: Graphical comparison of the results of the Han formula for 3 values of Vsh, the 

Wyllie formula and for Fontainebleau sandstone. 

 

 

3.2.1.2.1.3.1.3 Effect of clay content on the VP/VS ratio 

To study the effect of clay content on the VP/VS ratio we can start by making direct use of the 

formulas in table 3.2.1-6 (fig. 3.2.1-9 a). The increase in clay content, in correlation with the 

increase in porosity, is marked by a notable increase in VP/VS. In the case of Han's values the 

difference with Fontainebleau sandstone, for which the VP/VS ratio varies little, is very 

marked. For low clay contents, we again see a "shift" effect of the same type as that observed 

for VP. In the case of the Castagna values, the comparison with Fontainebleau is much better, 

even though the VP/VS ratio is significantly greater for higher clay contents and even for low 

clay contents.  

The observation of experimental values [Han, 1987] allows us to assess the dispersion of the 

experimental points and to put the conclusions into perspective. We note that for high values 

of Vsh (> 0.2) the trend is different (marked increase in VP/VS from the low porosities). These 

are really "mudrocks", which justify another approach (see fig 3.2.1-5). 
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Figure 3.2.1-9: Effect of clay content on the VP/VS ratio. 

a) Curve calculated from the formulas in table 3.2.1-6, comparison with Fontainebleau 

sandstone 

b) Experimental points from Han [1987] 

 

 Conclusion on the effects of clay content on sandstones; 

This effect is real. If we consider the very low threshold on Vsh which seems to validate the 

comparison with clean sandstones (Fontainebleau), this effect even becomes significant, 

especially, and paradoxically, for low clay content. The independence of this effect in relation 

to the location and nature of the clay seems more debatable: it would be more correct to say 

that the order of magnitude of this effect is comparable to that of the measurement 

uncertainty. The uncertainty is, in reality, often greater than announced, particularly due to the 

sometimes significant attenuation in saturated clay sandstones or due to disturbances caused 

to rock samples by drying/saturation operations, which are sometimes poorly controlled. 

It seems realistic to moderate the assertions of some authors, who appear confident that it is 

possible to separate the effects of clay from the effects of porosity. Apart from this 

reservation, it is the VP/VS ratio that seems the most promising parameter.  

3.2.1.2.1.3.2 Impact of the microstructure of limestone rocks. 

Before covering the case of limestone rocks, we should note that often, in petroacoustics, the 

general term "carbonate rock" (i.e. limestone + dolomite) is wrongly used, because the 

dolomite rocks, most often composed of individual rhombohedral crystals, are more sensitive 

to the effects of "inter-crystalline joints" and have behaviour different to that of limestone. 

The petroacoustics of dolomites is quite poorly known. 

The specifics of the relationship VP vs.  in limestone drew the attention of petrophysicists 

very early on. 

3.2.1.2.1.3.2.1 Secondary porosity (secondary porosity index - SPI) 

We do not know the exact origin of the term (perhaps in an edition of "log interpretation 

principles" from Schlumberger prior to 1972) but the concept is very well explained by 
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Wyllie et al.  [1958]. In vuggy rocks, the velocity of the P waves is sometimes significantly 

higher than that predicted by the usual relationships proposed above. This concept of 

"secondary porosity" has had a notable influence on studies dealing with the acoustic 

properties of limestone. Firstly, let us isolate a source of terminological confusion. The 

qualifier "secondary" is associated with the porosity in several very different senses. In 

acoustics, it is an objective definition: it is the difference (SPI) between the effective porosity 

values (porosity deduced from neutron/density well logging) and the porosity value derived 

from VP. But in petrology, "secondary porosity" characterises the porous spaces created after 

a first phase of sediment consolidation. For example, the partial dissolution of limestone by 

meteoric waters creates "secondary petrological porosity". We may sometimes observe certain 

correlations between this and "acoustic secondary porosity" but we can draw no conclusions 

from this. Nevertheless, the identification SPI = "petrological secondary porosity" has often 

been implicitly accepted, leading to significant errors. 

The "secondary porosity" of limestone rocks may, in certain cases, be related to specific 

microstructures, as described below. However, it is often a heterogeneity effect comparable in 

its principle to the path dispersion described in Chapter 2 (§2.2.1.2) and in Chapter 5. We 

think that, for practical applications, this concept should be put aside and that an objective 

approach with no apparent interpretation should be used. The concept of deviation from the 

average law or "deviation log" (see fig. 3.2.1-10) is preferable. 

 

3.2.1.2.1.3.2.2 Second-order relationships (after filtering the porosity effect) between acoustic 

properties and microstructure in limestone rocks 

3.2.1.2.1.3.2.2.1 General remarks 

Limestone rocks are known for the diversity of the microstructures in their porous spaces. 

This diversity is related to the geochemical mobility of the calcite, leading to patterns of 

cementation/dissolution that are sometimes complicated. Also, limestone rocks are usually 

formed of elements (allochems) having their own porous structure. All this contributes to 

causing a tendency towards heterogeneity in limestone:  

- trivial heterogeneity (visible in the first analysis: large allochems, vugs, etc.). In this case, 

the samples must be not be used for any petroacoustics analysis. The basic principle must 

be complied with: the REV (representative elementary volume, see Chapter 1) of the 

acoustic parameter in question (e.g. impedance) must be much smaller than the 

wavelength. 

- subtle heterogeneity, when there is impedance heterogeneity greater than the petrological 

heterogeneity (causing the path dispersion).  

This diversity is expressed in particular in the relationship Permeability vs. Porosity (see 

[Zinszner and Pellerin, 2007]). We can therefore see the advantages that there would be in 

obtaining information on the microstructure through an analysis of acoustic signals (seismic 

or well logging). A great deal of work has been devoted to this problem (e. g., Baechle et al.  

[2008]; Eberli et al. [2003]. Abundant bibliographic references can be found in Anselmetti 

and Eberli [1993].  

We must first emphasise the fact that experimental studies in this field constantly run the risk 

of transgressing the harmonisation rules between the wavelength and the REV dimension of 

the microstructure, because experiments are almost exclusively conducted with ultrasound of 
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centimetric wavelength and the REV of limestone rocks may be of a multi-millimetric 

dimension (vugs, fossils, etc.), even in rock that appears quite homogeneous.  

We must also emphasise the risks of methodological confusion. By simplifying to the 

extreme, we may distinguish two types of approach: a strictly pragmatic approach aiming to 

distinguish various "facies" of a given reservoir in a process of "Rock Typing" (e.g., Zinszner 

and Pellerin, 2007] and a much more systematic approach aiming to establish general rules. 

In the first case (e.g., Tsuneyama et al.  [2003]), it is legitimate to apply relationships of little 

physical nature to the particular case in question. The secondary porosity index and the 

"velocity deviation log" [Anselmetti and Eberli, 1999] equivalent to the SPI, expressed as a 

difference in velocity, correspond to this type of approach. 

However, in the second case, we have a duty to be much more rigorous and avoid drawing 

extravagant conclusions such as claiming that a relationship can exist between VP or the ratio 

VP/VS and permeability. By taking a general point of view, it is easy to show that such 

assumptions are false: if the homogeneity condition is complied with (i.e., if the REV is much 

smaller than the wavelength, the velocities of two homothetic mediums are identical while 

their permeability varies as the square of the characteristic dimension of the capillaries 

(Chapter 2, §2.1.2.3.2).  

If we want the conclusions of a laboratory study to be applicable to well-logging or seismic 

interpretation, the results must be able to be extrapolated to wavelengths of several orders of 

magnitude greater than those used for the experiment and therefore we must consider only 

homogeneous mediums for which the "physical" validation of conclusions is impeccable. 

Non-compliance with this rule, in numerous publications, greatly harms the credibility of 

results.   

 

3.2.1.2.1.3.2.2.2 The example of the PACS database 

To illustrate the advantages and limits of studying "microstructure/elastic velocity" 

relationships, we can consider the measurement results obtained by a rigorous experimental 

procedure (sample homogeneity verification by tomography, phase velocity measurement, 

several saturating fluids, etc.) during the PACS project (cooperative study).  

We may limit ourselves to a well-defined petrological type, the grainstones of the Dunham 

classification [Dunham, 1962]. On fig. 3.2.1-10 a we notice that the relationship VP vs. is, 

on average, quite regular and well described by the Wyllie formula, but that it also has several 

spectacular deviations discussed below. Concerning the ratio VP/VS we observe the same type 

of tendency for limestone of porosity lower than 30% to group clearly around the values 

between 1.8 and 1.9. For very porous limestone, the difficulties inherent in accurately 

measuring S waves make it difficult to achieve a reliable conclusion.  

To study the relationships between the elastic characteristics and a parameter other than 

porosity, it is desirable to "subtract" the major effect of the latter by considering the deviation 

from the average relationship according to . Therefore, on fig. 3.2.1-10 c and d, we can see 

that there is no relationship, in these grainstones, between VP and VP/VS and permeability. 

This conclusion is even more valid as it concerns a given petrological type. It may be 

extended to all limestone types. 
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Figure 3.2.1-10: 

 - Relationship VP (a) and VP/VS (b) vs. Concerning S-wave, the red triangles represent 

measurement points of mediocre quality (very porous limestone).  

-  Relationship between permeability and deviation from the regression VP vs.  (c) and VP/VS 

vs.  (d) 

 



PETROACOUSTICS – CHAPTER 3 

 

ELASTIC WAVES IN isotropic, homogeneous ROCKS   3.2-26 

 

 

                  = 0.42                                          = 0.4 

                VP = 3900 m/s                                        VP = 2940 m/s 

                VS= 2060 m/s                                         VS = 1650 m/s 

Figure 3.2.1-11: Example of oomoldic limestone samples of same porosity exhibiting very 

different petroacoustical properties. Top: thin section, bottom: micro-scanner (cone beam 

scanner) images. Diameter 5 mm, same scale for all panels.   

 

Figure 3.2.1-11 is a qualitative illustration of the difficulty that there may be in establishing 

general relationships between velocity and microstructure in limestone. The two samples in 

question are oolitic limestone of the same porosity value and where the dominant type of 

porosity is the same (moldic). They are therefore "petrologically" close and yet their 

velocities are very different.  

 

3.2.1.2.1.3.2.2.3 Conclusions on limestone rocks 

In spite of the numerous works published since, the conclusions of Rafavich et al. [1984], 

based upon  numerous experiments, retain their value: although a combined study of P and S 

waves can often distinguish between the effect of lithology (limestone, dolomite) and 

porosity, it is not possible to generally deduce information on the "petrographic fabric" of 

carbonate rocks. 
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This negative conclusion does not detract from the advantages that there may be in using 

acoustic data for "rock typing" operations, but these are empirical operations performed case-

by-case, for which the conclusions must not be generalised.  

3.2.1.2.2 Shale  

Although shale represents a majority of the sedimentary series (80% -90%?), information on 

the relationship between lithology and seismic properties is less abundant than in the case of 

sandstone and limestone that were historically seen as potential reservoir rocks. Until the 

development of "shale gas" shale rocks were considered of minor interest for petroleum 

applications and almost never cored. It appeared very difficult to estimate their potential as 

"source rock" from their seismic characteristics. Until the development of "shale gas" 

operations, the only practical interest in shale seismic surveying appeared to be in the 

detection of over pressurized layers that pose particularly difficult drilling problems. 

 

3.2.1.2.2.1 Shale particularities: 

3.2.1.2.2.1.1 Constitutive role of water in clay minerals, experimental consequences 

Shale contains a significant fraction of silica in the form of very fine quartz grains (much 

more rarely in amorphous form opal, chalcedony). Shale also often contains a very significant 

carbonate fraction. These are the clay minerals that give shale its special character. In Chapter 

2§ 2.1.3.1 we reported the predominant role played by water in the structure of these 

minerals. The water is found present in various forms (bound water, free water, cf. Chapter 2 

Fig. 2.1.3-1). This has many consequences, among others: 

- Experimental difficulties: We reported the particular problems posed by shale regarding, 

samples storage, rapid damage when exposed to air and difficulty in controlling saturation. 

For example shale cannot be dried without altering irremediably (brick is a carefully 

dehydrated shale!). 

- Relativization of the concept of porosity. In sandstone or limestone the definition of porosity 

is easy (Chapter § 2.1.3.1): This is the "void" fraction of the rock, that is to say, the fraction 

containing fluids easy to evacuate. The situation is different in shale. A portion of the water is 

closely related to minerals and this volume of water cannot be considered as constitutive of 

"porosity ". Sometimes in the literature, authors consider the porosity to be equivalent to the 

total of the water present as the main investigative tool is the "neutron log" which measures 

all existing hydrogen atoms in the rock. This could be misleading. One associates implicitly, 

"porosity" to the porous volume allowing fluids circulation. This is not the case in shale. If the 

neutron log is used, it is better to speak of "neutron porosity " or " water content ". The 

definition is complicated when dealing with shale rich in organic matter (high TOC). Some 

authors (e.g. Lang [1994] use the concept of "solidity" that is to say, the complement to the 

porosity corresponding to the free water. This approach only shifts the problem. 

 

3.2.1.2.2.1.2 Low permeability and duration of equilibrium time. 

The permeability of shale is very low (one can also question the validity of Darcy flow 

assumption in this context). One often gives, as an order of magnitude, 10
-20

 m
2
, 10 

nanoDarcy. This very low permeability has severe experimental consequences. In the 
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laboratory it is rather difficult to reach equilibrium of pressure / saturation in the measured 

sample (e.g. experiments with duration of several months). 

 

3.2.1.2.2.1.3 Anisotropy. 

Another specific feature of shale is its strong acoustic anisotropy. In most cases, due to the 

preferential orientation of clay minerals and the presence of micro-beddings shale exhibits a 

very marked transverse isotropy with vertical axis (perpendicular to the vertical sediment 

dip).. This is of major importance for the interpretation of seismic profiles and is developed in 

Chapter 4. We limit ourselves here to the consequences of inadequate consideration of the 

anisotropy in the experiments.  

 

All these difficulties lead us to recommend extreme caution when reviewing laboratory 

results. Advising particularly careful critique of experimental protocols is not meant as abuse 

for those conducting experiments! Values, in any case, must be considered as semi-

quantitative results. In this context, we will only present some data on shale formations useful 

for applications. 

3.2.1.2.2.2 Relationships  seismic velocity/" porosity"/depth: compaction curves. 

3.2.1.2.2.2.1 Compaction curves 

These relationships are very useful for seismic modeling and the detection of over pressurized 

zones. Conversely, if one may say so, these relationships have been used at the origins of 

geological modeling (e.g. Perrier and Quiblier [1974]). Of course these relationships make 

sense for a given basin and it is at the "basin scale" that these applications are made. The 

geothermal gradient plays an important role in compaction. Geothermal gradient values are 

reported in the legend to Figure 3.2.1-12. For geophysical applications (impedance 

calculation) it would be very useful to have density profiles, but the use of a "density log" 

outside the areas of interest for reservoir sections has long been limited. 

Compactions relations exhibit a tendency toward linearity when expressed as a function of the 

inverse of seismic velocity. Thus the usual variable is the transit time, t. Note also that the 

logging results correspond to vertical wells and thus propagations statistically close to the axis 

of transverse isotropy. (minimum velocity) 

Figures 3.2.1-12 , and 3.2.1-13, from the literature, give an idea of the relationships between 

"porosity" and tP vs. depth for shale with low organic matter content.  
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Figure 3.2.1-12: Example of compaction gradient for seven basins [Lang, 1994]. 

From top line (higher gradient) to bottom line (lower gradient) : Salton Sea geothermal field 

(21.9°C/100m ) onshore Santa Maria (3.1°C/100m ) North slope (3.8°C/100m ) East 

Kalimantan (2.7°C/100m ) Upper Cook Inlet (1.8°C/100m ) Ventura Basin ( 2.6°C/100m ) 

Gulf of Alaska ( 1.6 ° C/100m ) 
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Figure 3.2.1-13:  Comparison porosity vs. transit time regression line of Beaufort Mackenzie 

Basin with other published data. [Issler 1992].  

 

3.2.1.2.2.2.2 Overpressurized shale 

The previous examples are dealing with geological formations in which the saturating fluids 

were evacuated to the outside (ratio permeability/burial rate high enough). In that case, the 

pore pressure is quite similar to the one existing in a column of brine. But it is quite common 

in thick series and in areas where the sedimentation rate was very high (e.g. deltas) that this 

balance cannot be achieved. The "drainage" of the rock could not be normally achieved and 

the pore pressure increases to approach the lithostatic pressure, part of the lithostatic stress is 

transferred to the fluid. Compaction is «blocked", the porosity stays abnormally high for the 

considered depth and the differential pressure is low. Seismic velocities are low or very low 

(Fig. 3.2.1 -14). These over pressurized (or under compacted) areas pose formidable problems 

to drilling engineers. In order to counteract the pore pressure and prevent collapse of the 

borehole, drillers are forced to increase the mud weight, increasing the risk of causing mud 

losses in less pressurized layers. Mud losses could be catastrophic in areas rich in gas. The 

detection of over pressurized layers on seismic sections an important issue (Fig. 3.2.1 -14). 

The low velocity anomaly facilitates this detection. 
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Figure 3.2.1-14. [Sayers et al. 2002] 

Left: Tomography computed P-wave velocity vs. depth. The normal trend line corresponds 

roughly to onshore Santa Maria line on figure 3.2.1-12.  

Right: Pore-pressure prediction using Eaton’s method [1975]. Red dots are actual mud 

weights during drilling 

 

 

3.2.1.2.2.3 Oil Shale: Impact of TOC (Total Organic Carbon) on the acoustic properties. 

Until recently, the exploitation of oil shale was limited to the layers close to the surface, and 

thus easy to sample. Therefore the interpretation of acoustic properties in terms of TOC 

seemed of little benefit in practical applications, hence the subject was rarely studied. 

Presently a significant change is observed linked to a renewed interest in these rocks. 

The presence of organic matter (kerogen) has two main consequences: A decrease in bulk 

density and a decrease in wave velocity. 

Lower density, due to the contrast between the matrix mineral density (> 2.5) and the density 

of the kerogen (< =1) is used, after calibration in a given area, as a mean to estimate TOC. 

The decrease in wave velocities is shown in Figure 3.2.1-15 [Mraz et al. 1983]. They are 

ultrasonic measurements in the direction perpendicular to the dip and therefore almost parallel 

to the axis of transverse isotropy (minimum velocity). The samples are from the Green River 

Formation. Organic carbon content is expressed in liters of equivalent heavy oil per ton of 

shale, as is the usual method for oil shale. 
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Figure 3.2.1-15: Relationship VP, VS vs. shale organic content. [Mraz et al. 1983]. 

 

3.2.1.2.3 Unconsolidated sediments 

3.2.1.2.3.1 The concept of critical porosity  

In the study of acoustic properties, the limit between rock and unconsolidated sediment is 

sometimes considered as corresponding to the critical porosity. In fact this concept, which can 

indeed apply to this situation, is not limited to the case of sediments. The critical porosity 

from Nur and associates [Nur, 1992] is a simple and seductive interpretation of the general 

form of Velocity-Porosity relationships, considered over a wide range of porosity (therefore 

including unconsolidated zones). We think this interpretation is much more interesting 

because it may lead to consideration of the structure of rocks, rather than because of its real 

utility in estimating velocities.  

The concept of critical porosity is based on the observation of two contrasting areas of 

acoustic behaviour. For low porosities, the relationship V vs.  is roughly a decreasing line. 

For higher porosities, meaning in reality mud or suspension in which only the liquid phase 

provides mechanical continuity, the velocity is not much dependent on the porosity. It is nil if 

we consider the S wave, and low (liquid) in the case of P wave. The limit between these two 

areas corresponds to the critical porosity. 

It is, of course, difficult in practice to measure the change to V vs.  in areas that concern both 

consolidated sediments and suspensions – a possible case for experimentation is that of clean 

sandstones and suspensions of sand-. However, we can still extrapolate the experimental 

curves from the consolidated area to estimate this critical porosity.  
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On figure 3.2.1-16, (schematic transposition of the data given by Mavko et al.  [2003]), we 

see that the value of the critical porosity (c) can vary widely. It is less than 0.4 for sandstones 

and exceeds 0.6 for lava with a bubble structure (pumice). In the case of fissured crystalline 

rocks, the value of the critical porosity seems to be very low (0.05). Actually, this observation 

is only valid for very low differential pressures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.1-16: Concept of critical porosity [Nur, 1992]. Relationship VP or VS vs. for 

various types of rocks; diagram from data supplied by Mavko et al. [2003] The definition of 

critical porosity (change of acoustic behaviour) is well exposed during transition from 

sandstone to sand suspension. 

 

Concerning the modelling of relationship V vs. , the critical porosity separates two 

contrasting areas. For porosities lower than c the best results are obtained by a weighted 

average of the moduli, which corresponds to Voigt's function (see Chapter 5). For > c it is 

an isostress model (Reuss, weighted average of the inverses of moduli) that is the most 

appropriate. We can find experimental examples in Blangy et al. [1993]. 

The concept of critical porosity confirms that, to study mechanical characteristics, it is 

necessary to separate the case of consolidated rocks from that of sediments that are little or 

moderately consolidated 
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Dealing with unconsolidated media, from a practical applications point of view, one has to 

consider several cases 

 

3.2.1.2.3.2  Unconsolidated sand reservoir  

Unconsolidated sand is a reservoir rock rather frequently encountered (in deltaic environment 

for instance) and consequently is the subject of important documentation (e.g. Domenico 

[1977]; Zimmer et al. [2007].  The dependence of velocity on differential pressure and fluid 

content is extremely high but as soon as a minimum differential pressure exists (as it is always 

the case in reservoir) the acoustic behavior of these rocks corresponds to porous consolidated 

sandstone. Differential pressure induces a variation in porosity (effective rock 

compressibility, cf. §2.1.3.2.3). From zero differential pressure to a few MPa differential 

pressure, the variation in porosity is quantitatively low but is equivalent to the change toward 

critical porosity defined above. (Of course it is not the value of porosity which has an impact 

but the drastic modification in grain contact structure) 

 

3.2.1.2.3.3 Soils and alluvium  

In the domain of applications in civil engineering and earthquake-proof building, there are 

numerous studies dealing with the relationships between seismic properties and the 

mechanical properties of such unconsolidated soils. For instance, S-wave velocities, although 

very slow (e.g. VS <200 m/s; Fig.3.2.1-17) can be fairly well correlated with geotechnical 

parameters (e.g. through the comparison with result of the Standard Penetration Test). 

 

Figure 3.2.1-17: Relationship between S-wave velocities and solidity or density. Solidity is 

the ratio of VS (solid volume) over VT (total volume). Solidity is the complement of porosity to 

1, also used for shale (e.g. §3.2.1.2.2. supra). Data from Inazaki [2006].  

 

3.2.1.2.3.4 Shallow unconsolidated marine sediment 

Very shallow marine sediments exhibit very high (> 0.4) porosity and correlatively very low 

P velocity (VP≈1500 m/s) nearly equal to VP in water (Fig. 3.2.1-18). Due to a density effect, 
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VP could even be lower than VP in water. A few meters burial is sufficient to induce a notable 

compaction increasing the P velocity. Examples of VP vs. porosity relationships are given on 

Fig. 3.2.1-19 and Fig. 3.2.1-20. 

 

 

Figure 3.2.1-18: Velocity vs. Porosity in ocean bottom sediments. Velocity data from 

Hamilton et al [1956] and Shumway [1960] and DSDP. Wood's equation for suspension of 

quartz particles in sea water (20°C, 35 per thousandth salinity, 1 bar).  From Marion [1990]. 

 

Figure 3.2.1-19: Velocity and Porosity data in marine (mostly shallow) sediments. Data from 

DSDP [Nobes et al 1986]. Much of the observed scatter in the data may be attributed to clay 

content and compaction. From Marion [1990]. 
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Figure 3.2.1-20: P-Velocity vs. Porosity (derived from density) in shallow marine sediments. 

Well logging data from Krishna-Godavari (KG) and Mahanadi basins. Depth 0-350m below 

sea bottom. Data from Dewangan et al. [2009]. 

 

3.2.1.2.3.5 The ratio VP/VS in unconsolidated sediments saturated with water 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.1-21: Values of the ratio VP/VS (as a function of VP) in poorly-consolidated 

sediments. Trend curves from the data of Brie et al. [1995]. 
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The velocity S tends towards zero in sediments that are totally unconsolidated (mud), so the 

ratio VP/VS increases strongly in these formations. To estimate this ratio, we suggest using the 

trend curves extracted from the data from Brie et al., [1995] (fig. 3.2.1-21). These are results 

drawn from well logging values (dipolar sonic tool) and this ratio is given according to the 

velocity P (or its inverse, tP, the transit time, according to well-logging practice). 

 

3.2.2 Impact of lithology on attenuation 

 

It is not possible to deal with velocity and attenuation in the same way because the 

understanding of the phenomena concerning this last parameter is much less developed. 

Attenuation, in the broad sense, meaning the loss of amplitude of a wave during its 

propagation, corresponds to the addition of some very different phenomena. This point is 

explained in depth in chapter 5. 

The attenuation that interests us here is the characteristic attenuation of a medium (we often 

use the adjective "intrinsic", but this is ambiguous, see Chapter 5), related exclusively to the 

nature of the medium and not the geometry of propagation. But we implicitly add a condition 

that is even more restrictive: the measured attenuation must be sufficiently independent from 

the frequency used (or the frequency dependence law is known) for us to be able to 

extrapolate the laboratory results, as we did for velocity. In Chapter 5, we see just how 

difficult it is to do this, because the measurement of attenuation is very inaccurate in the 

ultrasonic band (semi-quantitative measurement only). And in the sonic band, in the 

laboratory, the resonant bar measurement is reliable (§2.2.2) but quite costly under confining 

pressure and therefore not much practised. What is more, the difficulties in machining bars 

limit their use to consolidated rocks. Any laboratory measurement intended for applications 

must be carried out in the frequency band of the envisaged application. There is, perhaps, an 

exception to this rule: when we consider the attenuation assumed to be independent of the 

permeability effect (§3.3), a very low "intrinsic" attenuation measured in the laboratory can 

probably be extrapolated towards a frequency band that is lower than that used for the 

measurement. 

We will repeat these reservations each time that we cover attenuation in this chapter.  

We already notice that attenuation is very sensitive to fluid content (§3.4.4) and to the 

differential pressure (§3.5.3): This last point is important. Even more so than in the case of 

velocities, for everything related to applications, we must only consider measurements under 

confinement (which reduces the range of results available). 

One can find numerous results concerning attenuation in Bourbié et al. [1987] or Mavko et al. 

[2003]. Unfortunately, few of these measurements stand up to a critical analysis if we are 

seeking data usable in applications. 

Below, we will therefore only briefly mention results concerning rocks that are saturated 

(partially or totally) with water and under high differential pressure. 

 

We must first state that numerous measurements carried out by mineralogists or global 

geophysicists, sometimes at very high or very low frequencies (with the torsion pendulum, for 
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example) show that the attenuation of mechanical waves in minerals (monocrystals) is very 

low. We may even say that it is "nil" when we compare it with the attenuation values used in 

surface geophysical applications.  

So we may say that unlike the observations taken for velocities (see table 3.2.1-1), there is no 

physical reason to believe that attenuation can directly provide lithological information in 

surface geophysics. 

 

3.2.2.1.1 Ultrasonic frequency band: 

In the ultrasonic band, in spite of the abundance of publications, there is little information that 

we can validate for these applications.  

The relationships between attenuation and granulometry are interesting in several points: 

- The well-known results from Winkler [1983] on Massillon sandstone (fig.3.2.2-1) 

illustrate a clear scattering phenomenon. Unlike the path dispersion mentioned in the case 

of limestone, for sandstone, the relationship between sedimentological granulometry and 

physical granulometry (impedance) is unambiguous, but the physical phenomenon is the 

same: the acoustic signal undergoes a loss of focus over time that becomes more marked 

as the frequency increases, so that the high frequencies tend to "disappear" from the main 

packet of acoustic energy, as would be the case in a real viscoelastic medium (see Chapter 

5). We therefore measure very high attenuation.  

This example leads us to review the sometimes abusive use that we can make of the 

adjective "intrinsic". The attenuations presented on fig. 3.2.2-1 (accepting that they were 

measured according to best practice) are independent of the geometry of the sample and 

the propagation path. They rigorously correspond to the definition of "intrinsic" 

attenuation. Yet, in common language, attenuation related to scattering is frequently 

qualified as "extrinsic" because it is highly dependent on the measurement frequency and 

may under no circumstances be extrapolated to different frequencies, even those that are 

close. 

- In corollary with this scattering effect in sandstones, we most often observe very low 

attenuation in fine-grained rocks (very fine sandstone, siltstone) and even in limestone of 

a mudstone texture. The compact argillites (shale) tend to follow this rule, because for 

wave propagating in the main anisotropy directions, the attenuation is quite low (Q> 50, 

[Zinszner et al., 2002].  
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Figure 3.2.2-1: Relationship between attenuation and ultrasonic frequency in Massillon 

sandstone. [Winkler, 1983]. 

 

 

3.2.2.1.2 Sonic frequency band: 

The sonic logs represent a considerable mass of data but it is very difficult to extract low 

"intrinsic" attenuation measurements from it. The various phenomena that affect wave 

propagation in the borehole wall (refraction, reflection, P-S conversion) are such that the 

"extrinsic" causes of attenuation largely predominate. The attenuation measured on the logs is 

much higher than that measured in the sonic band in the laboratory on the corresponding core 

samples [Goldberg and Zinszner, 1989]. Here we see that even if attenuation were a 

significant characteristic of rocks, it would be very difficult to take advantage of it in 

applications.  

As we stated in the chapter on velocities, laboratory measurements in the sonic band and 

under high confining pressure on saturated rocks are rare and are limited to consolidated rocks 

(sandstone, limestone). Here, we use the results from Lucet [1989]. 
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Figure 3.2.2-2: Relationships between petrophysical parameters and sonic attenuation 

(resonant bar technique, water saturated, Pdiff= 45 PMa). After Lucet [1989]. 

The quality factor Q is always greater than 50 and generally greater than 100. In the set of 

samples shown on fig 3.2.2-2, QS is always greater then QE but the general behaviour of QS is 

equivalent to QE. The "intrinsic" attenuation of these rocks is indeed lower than the 

attenuation one can reasonably hope to measure with present logging devices 

Intrinsic attenuation is indisputably non dependent on velocity (b), porosity (c), and at least 

for carbonate rocks, permeability (d). For sandstone one can detect an inverse correlation 

between permeability and attenuation (fig d). As a matter of fact, the actual correlation seems 

to be between attenuation and clay content. Less permeable sandstones have higher clay 

content. 

3.2.2.1.3 Seismic frequency band: 

The compilations of Carmichael [1984] give field seismic attenuation values that are often 

quite low (Q>100) and they are most often imperfectly corrected for extrinsic effects. 
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Laboratory measurements (§ 2.2.3) under confining pressure are few in number and confirm, 

again, that intrinsic attenuation is low. 

 

Thus, all the observations seem to converge on the fact that intrinsic attenuation under field 

conditions (confinement) is always low and relatively independent of the lithological nature, 

with the exception of the clay content in sandstones, the argillites (shale) themselves having 

relatively low attenuation.  

 

3.2.3 Conclusion on wave and lithology 

 

Focusing on possible applications to geophysical interpretation (logging, reflection seismic) 

when observing the effect of lithology on acoustic properties, we can note the following 

points: 

 

- Two major parameters contribute to characterize the lithology: the mineralogical nature of 

the rock and its porosity. Each of these parameters significantly impacts the P and S velocities 

and the relationship between wave velocity and each of these parameters, when considered 

separately, is well understood. When the nature of the saturating fluid is known, in case of 

high differential pressure, for a given mineralogy, there are many formulas for estimating 

velocity from porosity and vice versa. By consequence, the single velocity data does not allow 

any conclusion if both parameters mineralogy/porosity are unknown. 

- However, if there are two velocity data sets (i.e. VP and VS), the ratio VP/VS appears a 

positive indicator of mineralogy, regardless of porosity. This ratio is also used in the 

geophysical effort to identify the saturating fluid. 

- If we consider the two classes of parameters: those measurable through geophysics 

experiments: VP, VS, VP/VS (actually two independent parameters) and those sought for 

reservoir characterization: mineralogy, porosity, saturating fluid, we understand easily from 

previous conclusions that if none of the parameters in the second list is known, we cannot get 

information from the parameters in the first. 

- Fortunately, in practice we have much more information. Either very accurate, but of limited 

geometric extension (well data) or much less precise but of high spatial extension (geology 

data). Combining this information with data from seismic, geophysicists often reach 

impressive results. Great progress has been made in this area. Such modeling methods are of 

great practical interest, however, to avoid disappointment, it is always necessary to properly 

identify the true nature of the information which is the basis of the interpretation. 

- Regarding attenuation, the intrinsic (see Chapter 5) attenuation related to lithology, is most 

likely very low in the sedimentary sequences because the differential pressure is always 

important. The hope to use attenuation data as a parameter for acoustic characterization 

appears vain. 
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3.3 Waves and permeability 

   With the porosity and the fluid saturation, the permeability is the third fundamental 

parameter of the reservoir and is also the most poorly inferred from seismic data. More 

precisely, laws or empirical formulas linking for instance P-wave velocity and porosity (e.g., 

Wyllie's time average equation, see sub-section 3-2) or fluid saturation (e.g., fluid substitution 

equation of Biot-Gassmann, see §3.4.1 and Chapter 6) are well-known and commonly used. 

Except Biot's theory, of limited use in practice outside its quasi-static limit known as Biot-

Gassmann's theory as will be detailed in Chapter 6, similar convenient equations linking 

permeability and the elastic waves response do not exist. In fact we shall point out that 

permeability effects are important in particular situations, more precisely only when the 

elastic wavefronts encounter physical boundaries between different media of propagation and 

when there is a free fluid exchange through these discontinuities. In other words seismic 

waves are not sensitive in the first place to bulk permeability of the tested formations but to 

the interface permeability of the macroscopic boundary between the layers, as described in the 

next sub-sections 

 

3.3.1 Lack of clear correlation between permeability and elastic waves 

                     in the absence of macroscopic boundaries 

 

Figure 3.3.1-1 simply illustrates the poor correlation between bulk permeability and P-wave 

velocity on 76 sedimentary rock samples of various types (i.e., sandstone, dolomite, 

limestone, and dolomitic limestone) studied by Rasolofosaon and Zinszner [2009]. Note that 

all these rock samples also closely verify Biot-Gassmann's velocity law of fluid substitution 

(detailed in §3.4.1 and Chapter 6). Except in the dolomite samples the velocity-permeability 

correlation can be considered as quite loose. An optimistic interpreter would possibly guess a 

rough trend of velocity decrease with increasing permeability. However, in detail, sandstone 

samples of P-wave velocity ranging from 3500m/s to 4000m/s have permeability varying by 

nearly two orders of magnitude. As another example, limestone samples of moderate 

permeability, say a few millidarcies, can have velocities doubled, roughly from 2500m/s to 

5000m/s.  

 

Very similar results have been found by Best et al. [1994] in sandstone reservoir with no 

significant relationship between velocity and permeability. Such a lack of clear correlation 

between permeability and seismic velocity can be related to the absence of a theoretical basis 

for such a universal relationship, as pointed out for instance by Pride [2005]. However, note 

that, in a more sophisticated approach, a more acceptable link between velocity and 

permeability can be re-established within rather specific hydraulic units as detailed by Prasad, 

[2003]. 
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Figure 3.3.1-1: Crossplot between P-wave velocity and Permeability in 76 rock samples of 

various types (same rock samples as in Rasolofosaon and Zinszner [2009]) 

 

3.3.2 Permeability effects in the presence of macroscopic boundaries 

 

Although bulk permeability is not directly linked to the elastic wave response we emphasize 

here the importance of interface permeability of the macroscopic boundaries between porous 

media or between a fluid and a porous medium on the wave responses in different geometries 

of propagation.  

 

3.3.2.1 Importance of fluid transfer at the interfaces 

 

The importance of macroscopic discontinuities on the propagation of elastic waves in 

porous/permeable media have been pointed out theoretically by many authors in specific 

geometries of propagations as described in Chapter 6.  

 

However a unified physical description of the effect of permeability, and more generally of 

poroelasticity, as described in chapter 6, with special emphasis on the importance of the 

presence of macroscopic discontinuities and of the fluid transfer through these interfaces has 

been developed by Rasolofosaon [1987a].  

 

In summary, as sketched by Fig. 3.3.2-1, the permeability effects, and more generally 

poroelastic effects as described in Chapter 6, are important when the elastic wave fronts 

encounter macroscopic discontinuities, as is the case for transmitted/reflected waves, 

surface/interface waves or guided waves and when the fluid transfer is free through these 
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interfaces (open interfaces), the characteristics of each specific geometry of propagation 

playing a relatively minor role.  
 

 
Figure 3.3.2-1: Sketch summarizing the acoustic behaviour of rocks in the presence of 

macroscopic interfaces (after Rasolofosaon [1991a]). 
 

 

This will be illustrated by some experimental examples in the following sub-sections. In the 

case the fluid exchange through the interfaces is prevented (sealed interface) the main specific 

manifestations of the poroelastic effects are strongly reduced and often practically not 

measurable. In other words the medium apparently behaves as a non-porous medium.  
 

 

3.3.2.2  Reflected and transmitted waves  

 

We have seen in Chapter 1 that two waves can propagate in a classical non-porous 

isotropic homogeneous linearly elastic solid, namely a longitudinal wave and a transverse 

wave. As will be detailed in Chapter 6 on waves in porous media, the propagation of a second 

longitudinal wave, or  P2-wave, which was experimentally corroborated by Plona [1980], in 

addition to the other ordinary waves is the most fundamental prediction of the well known 

Biot’s dynamic poroelastic theory [Biot, 1956a; 1956b]. The P2-wave is also called the slow 

wave because its velocity is smaller than the velocities of the other ordinary waves, and even 

smaller than the wave velocity in the saturating fluid.  

Plona's experiment of ultrasonic pulse transmission through porous plates immersed in 

water was duplicated by Rasolofosaon [1988a] but by slightly changing the hydraulic 

condition at the rock/fluid plane interfaces as sketched by Figure 3.3.2-2 and detailed in 

Chapter 6. More precisely, in the reference experiment the hydraulic transfer is free through 

the water/rock plate boundary (open interface), as in Plona's original experiment. In the 
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alternate experiment the water/rock plate boundary is sealed off with a thin paint coating 

which impedes any fluid exchange through the interface (sealed interface). 

 

 

 
 

Figure 3.3.2-2: Contrasted boundary flow conditions at the interfaces between the porous 

plate and water: 

(top) open interface with free water exchange at the water/plate boundary, and 

(bottom) sealed interface, the end caps of the water-saturated porous plates are sealed off  

with a thin coating of paint.    

 

 

When the interface is sealed, the P2-wave is no more, or at the most, very weakly generated. 

This has been experimentally corroborated in the last reference, and the reflection and 

transmission coefficients of the other waves are very close to the elastic ones.  Fig. 3.3.2-3 

shows the results of a complementary experiment with the same experimental set-up as in 

Plona's original experiment. It consists in a reflection experiment at normal incidence between 

water and the water-saturated rock plate. When the interface is sealed (fig 3.3.2-3b), the 

waveforms are quite similar to waveforms expected in a standard elastic media. The arrivals I 

and J correspond to the waves reflected respectively at the front interface and at the back 

interface, and the arrivals K and L are multiples as shown on Fig. 3.3.2-3c. 

When the interface is open (fig. 3.3.2-3a), an additional arrival N is observed. It corresponds 

to the converted P2-wave. So when the interface is hydraulically "opened", coincident with the 

generation of the P2-wave, the energy of the other ordinary waves diminishes strongly 

(arrivals I and J on Fig.3.3.2-3a and Fig.3.3.2-3b), which is in agreement with the theoretical 

predictions of poroelastic theory as detailed in Chapter 6. 

This simple experiment unambiguously demonstrates the importance of the hydraulic transfer 

through the interfaces, characterized by the interface permeability [Deresiewicz and Skalak, 

1963; Rasolofosaon, 1987; Gurewicz and Schoenberg, 1999], on the transmitted/reflected 

wave fields.  
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The phenomena are observable in the configuration of reflexion/transmission at macroscopic 

discontinuities, but are even heightened when the reflexions are "reiterated" a great number of 

times as in the case of guided waves, as will be illustrated in the next sub-section. 

 

 
Figure 3.3.2-3: Reflection experiment at normal incidence (= 0°) between water and a 

water-saturated rock plate: 

a. recorded ultrasonic signal corresponding to a free hydraulic transfer at the 

boundaries between the rock plate and the surrounding water (open interface) 

b. recorded ultrasonic signal corresponding to no fluid transfer through the 

rock/water boundaries (sealed interface).  

c. arrivals identification with the P-wave multiples I, J, K, L and the fast-

compressional wave to slow-compressional converted wave N. 

All the acquisition parameters (especially the signal amplification) are kept unchanged for the 

two experiments in order to allow direct amplitude comparison (modified after Rasolofosaon 

and Zinszner [1989]). 

 

3.3.2.3 Interface waves 

 

The theory of interface waves propagating at a plane interface between a liquid and an elastic 

solid is well documented. Three such waves exist, namely the critically refracted P-wave and 

S-wave (conical or head waves), the pseudo-Rayleigh wave and the Stoneley wave.   

The laboratory experimental example of interface waves propagating at the plane boundary 

between a fluid and a rock sample is taken from Rasolofosaon [1987a; 1988b]. The work is 

focused on the link between the attenuation of the different waves and permeability. A 

schematic diagram of the experimental set-up is shown on Figure 3.3.2-4. 
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Figure 3.3.2-4: Sketch of the experimental set-up for analyzing interface waves propagation 

at the plane boundary between water and a water-saturated rock sample (after Rasolofosaon 

[1988]). 

 

The experiment is conducted in a water tank. The emitter is a standard piezoelectric broad 

band transducer of 500 kHz central frequency and 2.54cm diameter. The receiver is needle 

hydrophone of small diameter (≈0.5mm) allowing the recording of the acoustic signal very 

close to the rock/water boundary.  

Typical dimensions of the rock slabs are roughly 50cm×50cm×20cm.The rock studied are 

water-saturated and include a marble (labelled M) oolitic limestone (labelled B9. C3. Dl, D3 

and W) and bioclastic limestone (labelled B3 and B5) covering a wide range of permeability 

(approximately from 0.1 millidarcy to 1000 millidarcy). The sealed interface is materialized 

by thin paint coating on the rock surface. 

Typical recorded signals are shown on Figure 3.3.2-5. The signal on the top figure 

corresponds to the receiver hydrophone positioned very close to the rock/water plane 

boundary, however without touching it. For signal on the bottom figure the receiver was 

moved away from the rock/water plane boundary to a distance of approximately 5mm.  

On both figures the first arrival (labelled P) corresponds to a P-wave emitted in the water, 

critically refracted P-wave (head wave) at the water/rock interface and radiated as a P-wave in 

the water. The second arrivals (labelled S+R) is a mix of two waves, namely a critically 

refracted S-wave (more precisely, a P-wave emitted in the water, critically refracted as a S- 
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wave at the water/rock interface and radiated as a P-wave in the water) and pseudo-Rayleigh 

wave (more precisely, a P-wave emitted in the water, generating a pseudo-Rayleigh wave at 

the water/rock interface and radiated as a P-wave in the water). The last arrival is a mix of the 

weak direct P-wave arrival in the fluid without interacting with the rock sample (labelled D) 

followed by the Stoneley wave (more precisely, a P-wave emitted in the water and generating 

a Stoneley wave at the water/rock interface), labelled St. 

 

Box 3.3.2-1: Surface waves 

 

The existence of a true surface wave propagating at the free surface of a 

semi-infinite elastic solid was first predicted by Rayleigh [1885]. "True" 

surface wave means that the amplitude of the wave exponentially decays as 

we move away from the free surface in the interior of the solid (absence of 

energy radiation at large distances from the interface). In other words, the 

energy of the so-called Rayleigh wave is concentrated in the vicinity of the 

free surface of the solid, and its velocity is slightly smaller than the S-wave 

velocity in the solid (e.g., Viktorov [1967]).  

 

If the surface of the solid is no longer free but in contact with a semi-

infinite fluid the previous surface wave still exists, but it is no longer a true 

surface wave. The characteristics of the wave in the solid is very similar to 

those of the Rayleigh wave but it radiates energy in the fluid. Because the 

condition of absence of radiation at large distances from the interface is not 

fulfilled the wave is called a "pseudo-surface" wave (e.g., Lim and Farnell 

[1969]), more specifically a pseudo-Rayleigh wave in the case considered 

here. In addition to this wave a true surface wave, characterized by an 

amplitude decay both in the fluid and in the solid and no-radiation far from 

the interface, can propagate at the plane interface between a fluid and a 

solid (e.g., Stoneley [1924]; Scholte [1947]). This wave, called the 

Stoneley-Scholte wave, propagates with a velocity slightly smaller than the 

P-wave velocity in the fluid. 

 

 Lastly in the presence of a source in the fluid for instance, two additional 

waves can be generated, namely the interface P-wave and the interface S-

wave. More precisely  these waves correspond to a P-wave emitted by the 

source in the fluid and critically refracted either as a P-wave or as an S-

wave at the fluid/solid interface, as first theoretically described by Louis 

Cagniard (e.g., Cagniard [1939]; Cerveny and Ravindra [1970]. 
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Figure 3.3.2-5: Typical recorded signals corresponding to interface waves experiment on a 

limestone slab showing the critically refracted P-wave (labelled P) and S-wave (labelled S), 

the pseudo-Rayleigh wave (labelled R), the direct P-wave in the water (labelled D) and the 

Stoneley wave (labelled St), 

- (top figure) with the  hydrophone receiver close to the rock/water interface, and 

- (bottom figure) with the hydrophone receiver slightly removed from the rock/water 

interface, roughly at a distance of 5mm. 

 

The most impressive result is the demonstration of the surface wave nature of the Stoneley 

waves clearly illustrated by the drastic decrease of the amplitude of this wave when the 

receiver is moved from the rock/water plane boundary (compare bottom sub-figure and top 

sub-figure of Figure 3.3.2-5). Note also that the direct P arrival in the fluid, and all the other 

waves do not exhibit substantial change.  

 

As previously said, the study mainly focuses on the attenuation of the waves. A correct 

quantification of the wave attenuation is usually done by spectral analysis of the 
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corresponding signals, as described in Chapter 2. In the experimental configuration on the 

present sub-section a major problem impeded the correct spectral analysis of the recorded 

signals: the Pseudo-Rayleigh wave and critically refracted S-wave separation problem, 

illustrated by Figure 3.3.2-6. The rock studied is marble. One can notice the separation of 

these waves due to the slight difference between their velocity of propagation. Unfortunately 

in ordinary reservoir rocks, which obviously exhibit much stronger attenuation than marble, 

the propagation time difference is partly compensated for by the time-spreading of the 

corresponding signals due to attenuation. So, usually these two waves are always mixed 

together as illustrated by Figure 3.3.2-5.  

 

Figure 3.3.2-6: Example of separation of the critically refracted S-wave and of the pseudo-

Rayleigh wave propagating at the plane boundary between water and a marble slab. The 

emitter and the receiver are located at 10cm from the interface. The emitter-receiver offset 

increases from the top figure to the bottom figure, taking the successive values 19cm (top 

figure), 23cm (middle figure) and 27 cm (bottom figure).  
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Spectral analyses of such signals lead to abnormally high apparent attenuation values 

explained by experimental bias. Although the critically refracted S-wave is interesting with 

respect to the correlation between permeability and wave attenuation, as theoretically shown 

by Rosenbaum [1974], in practice it was quite impossible to correctly analyze both the 

critically refracted S-wave and the pseudo-Rayleigh wave.  

The problem is much less critical for the Stoneley wave and the direct P-wave. This is due to 

two reasons. First, the energy of the Stoneley wave is much stronger than the energy of the 

direct P-wave which tends to limit the artefacts in the spectral analysis of the Stoneley wave 

signal due to the contamination brought by the direct P-wave signal. Furthermore the direct P-

wave in water exhibits a much weaker attenuation than all the other waves, as a consequence 

the small time-spreading of the corresponding signal due to attenuation does not substantially 

contribute to wave mixing. As a consequence the study was focused on the critically refracted 

P-wave and on the Stoneley wave. 

The two next figures analyze the correlation between permeability and wave attenuation.  In 

addition to the experiments on interface P-wave and Stoneley wave, standard pulse 

transmission experiments with P-wave were done on the same rock samples following the 

classical experimental procedure described in Chapter 2. This allowed to compare the 

attenuation of bulk P-wave with the attenuations of the critically refracted P-wave and of the 

Stoneley wave.  

Figure 3.3.2-7 shows the attenuation (in terms of 1000/Q) of the bulk P-wave as a function of 

the permeability in log scale on the different rock samples.  

 

Figure 3.3.2-7: Attenuation (in terms of 1000/QP, spectral ratio technique) of the bulk P-wave 

as a function of the permeability in log scale on the different rock samples. 

 

The rock label, as previously defined, followed by one of the letters "x", "y" or "z" is 

indicated beside each data point. The last letter following the rock label indicates the 

orientation of the axis of the sample on which bulk permeability and bulk P-wave attenuation 

have been measured. For instance the label "B3y" refers to the rock sample B3, namely a 
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bioclastic limestone, with a plug axis parallel to the y-axis (see Chapter 2 Box 2.2.1-1). This 

also allowed to examine the rock anisotropy with respect to permeability and attenuation. This 

will not be detailed here for reason of conciseness. The z-axis has been chosen perpendicular 

to visible stratification and the remaining axis arbitrarily such that the trihedron xyz is direct. 

That is why the plugs oriented along the z-axis are often, but not always less permeable (see 

the weakly permeable and weakly anisotropic oolitic limestone D3).  

As it was the case for the velocity of the bulk P-wave (see Figure 3.3.1-1 in sub-section 

3.3.1), there is no evident correlation between P-bulk wave attenuation and permeability. For 

instance among the rocks with low permeability (typically millidarcyk 10 ) that is to say 

samples D3 and D4 respectively exhibit small attenuation  ( 100PQ ) and large attenuation   

( 10PQ ). As another example, attenuating limestone sample, exhibiting for instance

20PQ  (such as samples D4, D1, B3, B5 and B9) can have permeability  varying by more 

than two orders of magnitude, from a few  millidarcies to nearly a Darcy. 

 

On the other hand the influence of permeability on the interface waves attenuation is clear and 

selective as illustrated by Figure 3.3.2-8. As detailed in Chapter 6, poroelastic effects 

(including permeability/porosity effects) are not the only cause of wave 

attenuation/dispersion. Many other causes of additional attenuation/dispersion make it 

necessary to introduce a synthesis between the viscoelastic model and the poroelastic model, 

as proposed by Stoll [1977] in marine sediments and by Rasolofosaon [1987a; 1991a; 1991b] 

in rocks. The synthesis model initially proposed by Biot [1956c] is also called the 

poroviscoelastic model and will be described in Chapter 6.   

Thus in order to eliminate the influence of the viscoelastic part of the attenuation, the 

differential attenuation of the interface waves, that is to say the attenuation corresponding to 

an open interface minus the attenuation corresponding to a sealed interface, has been plotted 

as function of the permeability. The top figure corresponds to the critically refracted P-wave 

and the bottom figure to the Stoneley wave.  

If we neglect the attenuation induced by the presence of the paint coating (which was verified 

on non-porous reference materials such as Plexiglas - Lucite) the measured differential 

attenuation is only due to poroelastic effect at the interface. We note that the differential 

attenuation of the P-interface wave (top figure) is independent of the permeability and rather 

small. In contrast, the differential attenuation of the Stoneley wave exhibits strong 

permeability dependence with a maximum differential attenuation for intermediate 

permeability (around a few millidarcy100 ). 

The lack of obvious correlation between the bulk permeability and P-bulk wave attenuation is 

in agreement with theoretical predictions. Indeed Biot permeability-related attenuation of bulk 

waves is negligible compared to standard viscoelastic attenuation, gathering all the remaining 

causes of attenuation, as illustrated in Chapter 6. Furthermore the experimental results 

regarding the attenuations of the critically refracted P-wave and of Stoneley wave are also in 

overall agreement with the numerical computations of Rosenbaum [1974]. Indeed no 

correlation has been found between permeability and the attenuation of the P-interface wave. 

The very small value of the differential attenuation shows that the interface hydraulic 

condition also has no substantial effect on the attenuation of the P-interface wave. Some rock 
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samples (e.g., M, C3, D4, Dl...) exhibit a small  negative differential attenuation probably due 

to the slight attenuation induced by the presence of the thin paint coating at the surface of the 

rock slabs in the case of a sealed interface. 

 

 

Figure 3.3.2-8: Differential attenuation (1000/Q) vs. rock permeability in log scale. The 

differential attenuation is the attenuation corresponding to an open interface minus the 

attenuation corresponding to a sealed interface. 

-  (top figure) Critically refracted P-wave  

-  (bottom figure) Stoneley wave. 

 The rock label is indicated beside each data point followed by the corresponding porosity in 

per cent, between parentheses. 

 

In contrast Stoneley wave is sensitive to permeability, more precisely to interface 

permeability (open or sealed interface). Indeed, the influence of the interface hydraulic 
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transfer is demonstrated by the fact that the differential attenuation of Stoneley wave is not 

negligible. Furthermore the differential attenuation also exhibits a dependence on the bulk 

permeability. Rosenbaum [1974] predicted that the higher the permeability the higher 

Stoneley wave attenuation. In fact this holds only for “low” frequencies (roughly for 

frequencies smaller than kHz10  in typical reservoir rocks, as detailed in Chapter 6). For 

higher frequencies, because of inertial effects the dependence of Stoneley wave attenuation on 

permeability is no longer monotonic [Rasolofosaon, 1987a; 1988b]. On the bottom sub-figure 

of Figure 2.3.2-8 the theoretical curves corresponding to a typical limestone saturated with 

water. Additional parameters are the porosity ( %25%;20%;15%;10 ; 30%) and frequency 

( kHzf 500 , that is to say the central frequency of the emitter transducer). More details can 

be found in the two previous references. At first sight the agreement between experiment and 

theory is rather satisfactory because they both exhibit maximum attenuation for intermediate 

permeability. But in detail the experimental attenuation peak is centered around a higher 

permeability than the theoretical peak. Two types of explanations can be given. First, the 

frequency chosen for all the theoretical curves has been kept constant for clarity of the plot, 

even though the central frequencies of the transmitted signals are obviously variable because 

of the variability of wave attenuation from a rock sample to another one. On the other hand, 

some parameters of the model (mainly the inertial parameters) may have been incorrectly 

estimated, or more simply the theoretical model itself may provide only a rough description of 

experimental reality... In spite of this last slight discrepancy, the agreement between 

experiment and theory regarding the influence of permeability on the attenuations of the P-

bulk wave, the critically refracted P-wave and Stoneley wave is good. 

 

3.3.2.4 Guided waves 

3.3.2.4.1 Waves in a borehole on scaled models in the laboratory 

The guided waves in a fluid-filled cylindrical hole contained in an elastic solid are a physical 

phenomenon of great interest in the field of oil industry, especially in the field of acoustic 

logging (sonic log) in boreholes (e.g., Desbrandes [1985]; Mari [1996]; Tang and Cheng 

[2004]) for obvious reason. The guided modes in fluid-filled cylindrical hole are rather similar 

to guided waves in a bar (see resonant bar technique in section 2.2.2).  

Due to their relative simple properties, the longitudinal modes have been much more studied 

in the literature. They are of two types (e.g., Cheng and Toksöz [1981] : 

- The mode 0, commonly and abusively called Stoneley mode or Stoneley wave in the applied 

geophysics literature, is a weakly dispersive mode with a slight phase velocity increase with 

frequency. The associated particle displacement is finite and in phase for all the points at the 

same depth in the fluid and roughly exponentially decreases at increasing radial distance from 

the borehole axis. At high frequencies, the corresponding wavelength becomes much smaller 

than the borehole radius. The borehole wall curvature is "ignored" by the wave and the wave 

behaves as a true Stoneley-Scholte wave propagating at the plane interface between a fluid 

and a solid (e.g., Stoneley [1924]; Scholte [1947]). 

- The higher order modes (1, 2, 3...) are commonly called pseudo-Rayleigh modes [Tsang and 

Rader, 1979; Cheng and Toksöz, 1981], reflected conical waves [Biot, 1952], reflected waves 

[Peterson, 1974] or normal modes [Paillet and White, 1982]. They are very dispersive with a 

strong phase velocity decrease with frequency and all exhibit a cut-off frequency. All these 
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modes are non-attenuating at all frequencies except for frequencies smaller than the cut-off 

frequency. In these cases the mode is attenuated by energy radiation far from the borehole. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Box 3.3.2-2: Guided modes in a fluid-filled borehole 

 

 

To our knowledge the first publications on guided modes in a fluid-filled borehole 

are due to Biot [1952] and Somers [1953], who restricted their analysis to the 

longitudinal modes, described below. In general, there are two families of modes: 

 

- The first group is composed of longitudinal modes, which correspond to guided 

modes of which the associated particle displacement have only axial and radial 

non-zero components. There are an infinite number of such modes, all of them 

being very dispersive and exhibiting cut-off frequency except the mode 0. All 

these modes are non-attenuating at all frequencies except for frequencies smaller 

than the cut-off frequency for which the wave is attenuated by energy radiation 

far from the borehole. These guided modes are rather similar to extensional 

modes in a resonant bar (see section 2.2.2).  

- The second group corresponds to circumferential or flexural modes, which 

correspond to guided modes of which all the associated particle displacement 

have non-zero components.  These guided modes are rather similar to flexural 

modes in a resonant bar (see section 2.2.2).  

 

Flexural modes are excited as long as the axial symmetry of the physical causes of 

the phenomenon is broken, either by the positioning of the emitter or the receiver off 

the axis of the borehole (e.g., Forristall and Ingram [1969]; Roever et al. [1974] or in 

the case where the radiation diagram of the acoustic source in the borehole is not 

axially symmetric (case of multipolar sources, e.g., Roever et al. [1974]; Winbow, 

[1985]; Kurkjian and Chang [1986]). 
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.  
Figure 3.3.2-9: Sketch of the experimental set-up for modeling borehole logging in the 

laboratory (Winkler et al., [1989]) 

 

The  laboratory experimental example of guided waves in a borehole is taken from Winkler et 

al. [1989], who were interested by the effect of permeability on guided waves (especially 

mode 0 or Stoneley mode) in a cylindrical borehole with potential practical application to the 

interpretation of sonic logging in terms of permeability.  The experimental set-up sketched by 

Figure 3.3.2-9 consists of a cylindrical rock sample 15.2 or 21.6 cm in diameter and 

approximately 25 cm long with a 0.95 cm diameter hole drilled along its axis.  
 

The sample is saturated with a liquid and placed in a tank of the same liquid. An ultrasonic 

transducer, acting as a transmitter, is positioned in a fixed location at the base of the borehole. 

A miniature hydrophone receiver is located inside the borehole at the opposite side of the 

cylindrical hole. The receiver can scan up and down the borehole to record waveforms at any 

vertical position.  The waveforms are processed using the technique proposed by Lang et al. 

[1987] in order to yield slowness and attenuation as functions of frequency as illustrated by 

Figure 3.3.2-10. Here again, the effect of preventing fluid transfer at the borehole wall by 

sealing off the interface permeability with an epoxy coating is to considerably reduce the 

velocity dispersion and the attenuation of the guided mode. Only the case of a highly 

permeable rock is show with an "open interface" and a "sealed interface" but the effect is 

qualitatively similar in less permeable rock. The larger the bulk permeability of the rock, the 

larger the difference between the corresponding curves for an "open interface" and a "sealed 

interface". The small attenuation/dispersion observed for the case of a "sealed interface" is 

practically similar with the behaviour of a virtually non-porous but attenuating medium, as 

commented in sub-section 3.3.2.1 and illustrated by Figure 3.3.2-1. 
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Figure 3.3.2-10: Experimental results on modelling borehole logging in the laboratory: (top 

figure) phase slowness, and (bottom figure) attenuation (in terms of 1/Q) of the longitudinal 

guided mode of order 0, or Stoneley mode, as functions of the frequency (in kHz). Two rock 

permeabilities are considered, namely mDk 1300  and  mDk 300 . Only the highly 

permeable rock sample is analyzed with an "open interface" and a "sealed interface" at the 

borehole wall. The rock with medium permeability has been studied only with "open 

interface". (after Winkler et al. [1989]). 
 

In contrast, in the case of an "open interface" the associated attenuation/dispersion is large and 

cannot be predicted by a simple viscoelastic model of the solid (e.g., Burns et al. [1988]), 

especially if the fluid is weakly attenuating, which is often the case in practice. The larger the 
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bulk permeability of the rock, the larger the associated dispersion/attenuation when hydraulic 

transfer is free at the borehole wall ("open interface"). 
 

This is in agreement with Figure 3.3.2-11 showing the theoretical predictions of the variations 

of  the phase velocity (top figure)  and the  attenuation (bottom figure) of the longitudinal 

guided  mode of order 0, or Stoneley mode, as functions of the frequency (in kHz) computed 

by Cheng et al. [1987]. The same trends can be observed. 

 
 

Figure 3.3.2-11: Theoretical   modelling of borehole logging in the laboratory: (top figure) 

normalized velocity, and (bottom figure) attenuation (in terms of 1/Q) of the longitudinal 

guided mode of order 0, or Stoneley mode, as functions of the frequency (in kHz). Three rock 

permeabilities are considered, namely mDk 1000 (curves in red), mDk 100 (curves in 

blue)   and mDk 10  (curves in green). Curves corresponding to an "open interface" are in 

solid lines and those corresponding to the "sealed interface" in dashed lines (after Cheng et al. 

[1987]). 

Note that in the case of "sealed interface" (dashed curves) the deviations due to variations in 

bulk permeability are practically of the same order of magnitude as the experimental error 

bars materialized by the scattering of the experimental points about an average decreasing 

curve observed on the experimental data of Figure 3.3.2-10. 
 

 



PETROACOUSTICS – CHAPTER 3 

 

ELASTIC WAVES IN isotropic, homogeneous ROCKS   3.3-59 

 

 From another regard, although the considered frequencies are smaller than for the 

experimental data, the theoretically predicted attenuation/dispersion are smaller than those 

observed experimentally because only the poroelastic part of the model, that is to say that 

related to the porous nature of the medium, is taken into account. Additional 

dispersion/attenuation linked to the lacking viscoelastic part of the model should be added, as 

recommended in sub-section 3.3.2.1 and as illustrated by Figure 3.3.2-1. 

Similar theoretical results in porous media can be found in other works (e.g., Rosenbaum 

[1974]; Welsh [1978]; Hsui et al. [1985]). 

3.3.2.4.2 Guided waves in rock plates 

The guided waves in plates, known as Lamb's modes
§
, are rather similar to guided waves in a 

bar (see resonant bar technique in section 2.2.2), only the geometry of propagation is 

different. There are two families of modes. The first group is composed of the symmetric or 

longitudinal modes, which correspond to guided modes of which the associated plate 

deformation is symmetric with respect to the median plane of the plate. In other words, the 

associated field of particle displacement is antisymmetrical with respect to the median plane 

of the plate. The second group corresponds to antisymmetrical or flexural modes, which 

correspond to guided modes of which the associated plate deformation is antisymmetrical 

with respect to the median plane of the plate. In other words, the associated field of particle 

displacement is symmetrical with respect to the median plane of the plate. 

A typical experimental set-up is illustrated by Fig. Figure 3.3.2-12 [Rasolofosaon, 1987a; 

1987b].  

 

                                                 
§
 The conditions of existence of the solutions of the dispersion equation of guided waves in elastic 

plates have been studied by Rayleigh [1889] and Lamb [1917] who showed the existence of an infinite 

number of guided modes in plates. In fact, some other authors showed the existence of real, imaginary 

or complex solutions (e.g., Lyon [1955]; Sherwood [1958]; Mindlin [1960]). Here we mainly focus on 

real solutions corresponding to modes propagating without attenuation in elastic media. Compared to 

the other modes these modes are the most studied and are known in the acoustic literature as Lamb's 

modes (see Meeker and Meitzler [1964] for a review). All these previous modes correspond to a free 

plate in the vacuum. If the plate is immersed in water the dispersion equations are slightly more 

complicate but the modes basically keep the same properties (e.g., Osborne and Hart [1945]) 
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Figure 3.3.2-12: Experimental set-up for exciting guided modes in a rock plate by angular 

resonance (after Rasolofosaon [1987]) 

 

The experiment is performed in a water tank. The emitter and receiver are piezoelectric 

transducers. The emitted signal is a sine function of finite duration to avoid undesirable 

echoes on the sides of the tank. Two signals are compared: the first one is the direct wave 

from the emitter to the receiver (no plate in the tank), the second one is the wave passing 

through the immersed plate for a given angle of incidence. The ratio T of the amplitude A2 of 

the second wave to the amplitude Al of the first one is the transmission coefficient of the 

plate.  

 

Without entering details, there are two ways to resonate Lamb's modes in a plate (e.g., Flax et 

al. [1976]) 

- either by keeping the angle of incidence   of the wave constant and varying the 

frequency of the incident wave (one talks of "frequency resonance") 

- or by keeping the frequency of the incident wave constant and varying the angle of 

incidence   of the wave (one talks of "angular resonance"). 

 

A resonance occurs only when the projection  
(fl)

 /sinR on the plate surface of the ultrasonic 

wavelength 
(fl)

  in the fluid  is exactly equal to the wavelength of an excited Lamb's 

mode
(Lamb)

, which corresponds to IHSD (Snell-Descartes) refraction condition as explained 

by Sanders [1939] and illustrated by Figure 3.3.2-13. 
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Figure 3.3.2-13: Experimental set-up for exciting guided modes in a rock plate by angular 

resonance (modified after Sanders [1939]). 

In the following the central frequencies of both transducers are either 500 kHz or 1 MHz, and 

only angular resonances are considered. Figure 3.3.2-14 shows a typical experimental result 

obtained with a non-porous and non-attenuating material. This is an aluminium plate of 8mm 

thickness with a fixed excitation frequency of 1MHz. The transmission coefficient as function 

of the angle of incidence exhibits strong thin angular resonance peak quite expected for such a 

material. Each resonance mode is identified by a letter, identifying the mode type (namely 

"A" for antisymmetrical or flexural modes, and "S" for symmetrical or longitudinal modes), 

followed by number in index designating the rank of the mode.    
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Figure 3.3.2-14: Typical experimental result of angular resonance in an aluminium plate of 8 

mm thickness with 1MHz emitter and receiver [Rasolofosaon, 1987]. 

 

The numbers  SN   of symmetrical modes and AN   of antisymmetrical modes propagating in 

a plate of given thickness d  made of a given material are fixed and given by Viktorov 

[1967]: 

 

3.3.2-1  
1 ( / ) (1/ 2 / )

1 ( / ) (1/ 2 / )

S S P

A P S

N INT d INT d

N INT d INT d

     


     
 

 

where (.)INT  designates the integer part of the considered quantity, d  the plate thickness 

and  P and  S the P-wavelength and S-wavelength in the material constituting the plate 

(with smVP /6400  and smVS /3400 , which correspond to P ≈ 6.4 mm  and S ≈ 3.4 

mm   for an excitation frequency of MHz1 ).  For a plate thickness mmd 8 , the previous 

equations lead to 4SN  and 5AN , which is in perfect agreement with the number of 

symmetrical and antisymmetrical modes observed on Figure 3.3.2-14.  

Furthermore, the theoretical curve computed with smV fluid /1500  for water as the 

surrounding fluid and a weakly attenuating viscoelastic medium ( smVP /6400 , 

smVS /3400  and 1000 PP QQ ) for the aluminium plate, is in a good agreement with 

the experimental data. The slight mismatch in amplitude between the experimental data and 
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the theoretical prediction can be attributed either to the weak angular resolution of the 

experimental set-up or simply to the fact that theory only imperfectly describes the 

experimental reality...    

Also let us note the good agreement with the wavelengths/phase velocities obtained 

experimentally by Worlton [1961] on comparable aluminium plates.  

In order to demonstrate the influence of the hydraulic transfer at the interfaces we modified 

the interface permeability of the different rock plates by sealing off the water/rock plate 

boundary with a thin paint coating, as in the pulse reflection/transmission experiments of sub-

section 3.3.2.2.   

However the first thing was to check if the presence of the thin paint coat on the plate surface 

did not modify noticeably the angular resonance of the plate. This was demonstrated and 

illustrated by Figure 3.3.2-15 in a Plexiglas (Lucite) plate of 7.4mm thickness with an 

excitation frequency of 1MHz. Top sub-figure shows the raw data, that is to say the angular 

resonance curves as obtained directly on the plate without coating ("open interface") and on 

the same plate coated on both sides by a paint film ("sealed interface"). Note that both curves 

have the same shape and are practically superimposed when normalized by their respective 

maximum value (see sub-figure on the right). Physically this normalization operation, which 

will always be performed on further data, is necessary to balance the reflectivity change 

induced by the paint coating. 

As for resonant bar experiments (Chapter 2, section 2.2.2) and as expected the effect of the 

attenuation in Plexiglas (Lucite) is to smooth the resonance peaks (Figure 3.3.2-14 in 

aluminium compared with Figure 3.3.2-15 in Plexiglas (Lucite)). As expected too, no 

“interface effect” has been noted on the non-porous medium provided the normalization of the 

data (bottom Figure 3.3.2-15). 

 

In contrast, rocks do not exhibit the same behaviour as non-porous media as illustrated by 

Figure 3.3.2-16.  The most spectacular effect is the systematic difference between the angular 

resonance curves on the plate without coating ("open interface") and on the same plate coated 

on both sides by a paint film ("sealed interface"), which was not observed on non-porous 

plates. Furthermore the higher the permeability the stronger the effect, that is to say the larger 

the difference between the resonance curve for open interface and the resonance curve for 

sealed interface.  In other words, the influence of bulk and interface permeability is clear 

despite of the normalization process.   
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Figure 3.3.2-15: Effect of coating on angular resonance on a non-porous plate  

- (top)  raw data 

- (bottom) normalized curves 
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Figure 3.3.2-16: Experimental results of the influence of bulk permeability and  interface 

permeability (open interface and sealed interface) on ultrasonic angular resonance in three 

rock samples of comparable porosity   but contrasted bulk permeability (k on the figure), 

namely from left to right the low permeability Palatinat arkose (K = 12 mD;  = 0.19), the 

medium permeability Meule sandstone (K = 230 mD;  = 0.22), and the high permeability 

Vosges sandstone (K = 3000 mD;  = 0.21). Excitation frequency is 0.5MHz. 

 

As suggested by Rasolofosaon [1987b], physically the effect of the presence of the paint 

coating is to considerably reduce the global macroscopic flow (Biot attenuation mechanism 

described in Chapter 6) between the permeable plate and the surrounding liquid. 

Consequently by eliminating this attenuation mechanism one gets sharper resonance peaks. A 

simplified diagram of the hydraulic interconnection between the permeable plate and the 

water is proposed on Figure 3.3.2-17 for rocks of low and high permeability. Rocks with high 

permeability contain statistically more channels with larger cross-section than less permeable 

ones. So the dissipation due to the macroscopic fluid flow across an open interface (Biot 

mechanism) is higher in rock with high permeability. The higher the permeability, the larger 

the macroscopic flow compared in sealed and open interface configuration, as a result the 

larger the difference between the resonance curves corresponding to the 2 different interface 

conditions (Figure 3.3.2-16). 
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Figure 3.3.2-17: Physical interpretation of the influence of the interface permeability ("open 

interface" on the left, and "sealed interface" on the right) on the attenuation observed on 

angular resonance curves. Case of a low-permeability rock on top figures and a high-

permeability rock on bottom figures (modified after Rasolofosaon [1987b]). 

 

Another result is that the resonance peaks observed on rock plates are much smoother than 

those observed on non-porous attenuating media, such as Plexiglas. This means that 

attenuation phenomena in water-saturated rocks are substantially larger in rocks than in 

Plexiglas for instance. This last phenomenon and the effect of the interface permeability 

cannot be explained only by a simple poroelastic Biot model as that described in Chapter 6, 

but by a synthesis between the viscoelastic model and the poroelastic model, called the 

poroviscoelastic model, as initially proposed by Biot [1956c] and exploited by Stoll [1977] in 

marine sediments and by Rasolofosaon [1987a; 1991a; 1991b] in rocks, as also described in 

Chapter 6. The prediction of the poroviscoelastic model is in a satisfying agreement with 

experimental data on angular resonance curves in rock plates as shown by Figure 3.3.2-16. 

Apart from the independently measured porosity   and bulk permeability  K shown on this 

figure, the other main parameters of the model are: 

- for the Palatinat arkose:   9;/1450;/2650  visco

S

visco

P

saturated

S

saturated

P QQsmVsmV , 

- for the Meule sandstone:   15;/1475;/2810  visco

S

visco

P

saturated

S

saturated

P QQsmVsmV , 
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- for the Vosges sandstone:   15;/1475;/2750  visco

S

visco

P

saturated

S

saturated

P QQsmVsmV , 

where 
saturated

PV  and saturated

SV  are the P-wave and S-wave velocities in the water-saturated 

rock at the excitation frequency 0.5MHz, and 
visco

PQ  and visco

SQ  the viscoelastic part of the 

quality factors of the P-wave and of the S-wave. More details can be found in Rasolofosaon 

[1987a; 1987b). 

 

3.3.3 Conclusion on Waves and Permeability 

This last example once again clearly shows that permeability effect on the elastic waves is 

mainly due to the hydraulic exchange through the microscopic interfaces. If the fluid transfer 

is free through these interfaces (open interface), the characteristics of each specific geometry 

of propagation playing a relatively minor role, the permeability effects can be substantial. In 

these cases, and only in these cases the larger the bulk permeability of the rock the larger the 

observed effect. In the case the fluid exchange through the interfaces is prevented (sealed 

interface) the main specific manifestations of the permeability effect are strongly reduced and 

often practically not measurable. In other words the medium apparently behaves as a non-

porous viscoelastic medium.  

Because knowledge of permeability is an important task in reservoir characterization, 

conclusions derived from the study of the physics of the wave/permeability relationship are 

very important. We must distinguish two cases:  

 

- In the absence of significant hydraulic discontinuity, that is to say, in the most general case 

of sedimentary series (seismic reflection), one cannot expect to observe a real impact of the 

permeability on the propagation of seismic waves. Due to this, attempts to use seismic waves 

to characterize the permeability of a reservoir seem doomed to failure. For a particular 

reservoir one can certainly try to characterize "seismic facies" and derive empirically, from 

the knowledge of these facies, the permeability of a zone (e.g. Prasad [2003]). It is a process 

of "rock typing", very often used in applied petrophysics [Zinszner and Pellerin, 2007]. This 

type of empirical approach can be very useful in applications, provided any inappropriate 

generalizations are avoided. In each case it is necessary to carefully calibrate the method, 

from core observations or well tests. 

 

- In the presence of hydraulic discontinuity, the situation is quite different. In practice this 

situation is only possible at a borehole wall. Certainly there are cases of natural drains 

(fracture, "super-K") which could theoretically give rise to effects of permeability 

discontinuity in the mass of a reservoir layer and thus influence the seismic reflection, but the 

signal/noise ratio is most probably extremely low. We do not know any example reported in 

the public domain. The applications are therefore limited to the well. That is to say, to sonic 

logging and related only to attenuation. To measure this effect one must be able to identify it 

among the "noise" created by all causes of extrinsic attenuation (Chapter 5). In practice the 

estimation of the impact of wall-permeability can be made only for surface waves (Stoneley 

wave). Many theoretical as well as experimental works were conducted for this application 

[e.g. Cheng et al. 1987]. The results are a bit disappointing when compared to the 

expectations of reservoir engineers. Yes, one can detect permeable zones in a well, but it is 

more often only the most permeable zones. 
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3.4 Waves and saturating fluids (modulus and viscosity)    

The effect of fluids saturating a porous medium on the acoustic properties of that medium is a 

very important point for petroacoustics applications. This is the way in which we may hope to 

achieve the geophysical detection of the fluid content of a reservoir rock. The effect of two 

characteristics of the fluid will be studied:  

- the bulk modulus, which will contribute to the total modulus of the rock and therefore its 

compressional wave velocity. This effect will be presented through a formula that 

quantifies it very satisfactorily: Gassmann's formula  

- the viscosity, for which the mechanical causes of the effect on the velocity seem less 

obvious and that will be dealt with in a manner that is mainly experimental. 

 

As for the other paragraphs and for the same reasons (reliable measurements difficult and 

therefore rare) the attenuation will be dealt with in a manner that is much less developed. 

3.4.1  Impact of fluid Modulus: Gassmann's formula and its experimental 

               validation    

Gassmann's formula gives a quantitative prediction of the effect of the saturating fluid on the 

elastic moduli of a porous medium. It is of very great interest for calculations on feasibility 

and interpretation of repetitive seismic operations (4D seismic) for highlighting the 

movements of fluid in reservoirs. It is therefore of primary importance to validate this formula 

experimentally since it was established rigorously for an almost static stress and the 

geophysical applications concern dynamic experiments (seismic waves or acoustic well 

logging).  

Gassmann's formula has been the subject of a very large number of publications. But the 

reports of experimental validation are quite rare and often limited to a semi-quantitative 

comparison of the results obtained on samples, successively in the dry state and saturated with 

brine. We present numerous experimental results obtained by a rigorous method in the 

ultrasonic frequency band (phase velocity measurement, fluid substitution) and indisputably 

validating Gassmann's formula for rocks under sufficient differential pressure. 

  

3.4.1.1.1 Reminders concerning Gassmann's formula 

 

Gassmann's formula and its theoretical foundations are presented in Chapter 6. Here, we give 

a reminder of a few practical points. 

Gassmann proposed an explicit expression of the macroscopic Biot parameters, in terms of 

petrophysics parameters, that is of direct practical interest in calculating the effect of fluid on 

velocities. Having defined a representative elementary volume (REV) of the porous medium, 

it is customary to consider two different limit states for a porous medium saturated with fluid: 
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- the drained state, in which the average pressure of the saturating fluid remains unchanged in 

the REV during the mechanical load (the variations in the volume of fluid in the REV caused 

by deformation being "compensated" via the exterior of the REV) 

- the non-drained state, in which the average variations of fluid content in the REV are nil 

during the mechanical load. Part of the total stress in the REV is transferred in the form of a 

variation in pressure in the saturating fluid 

Gassmann calculated, for an almost-static load, the difference in the elastic modulus between 

a porous drained medium and this same medium that is not drained. This theory assumes a 

continuous and homogeneous porous medium, but does not imply any condition concerning 

the pore geometry.  

The application of Gassmann's formula to wave propagation (dynamic case) requires the 

frequency to be sufficiently low for the variation in the pressure of the saturating fluid, caused 

by the wave, to be considered as homogeneous in the REV of the porous medium (negligible 

pressure gradient). Knowing the porosity and permeability of the porous medium and the 

viscosity of the saturating fluid, the critical frequency from which this condition will not be 

fulfilled can be calculated [Biot, 1956]. On the other hand, to be able to consider that an 

element of a porous medium saturated with a liquid is in the non-drained state, even when the 

sample from which it is taken is open to the exterior, the period of mechanical load must be 

sufficiently short for there to be no exchange of fluid. We therefore see that the wave 

frequency must be sufficiently low to fulfil the "almost static" condition and sufficiently high 

to fulfil the assumption of a non-drained state. This only strengthens the requirement for 

experimental validation for wave propagation applications. 

 

Gassmann's formula: 

 Considers that the shear modulus is independent of the nature of the saturating fluid 

(when this is non-viscous): 
(u)

= 
(dr)

 

 Connects the bulk moduli, drained (K
(dr)

) and non-drained (K
(u)

), using parameters:  

- specific to the porous medium: porosity, Biot coefficient  and the bulk modulus of the 

mineral forming the grains (K
(gr)

). 

- specific to the saturating fluid: K
(fl)

, bulk modulus of the fluid. 

A usual expression of Gassmann's formula involves the  Biot coefficient [1941]: 

(3.4.1-1)        K
(u)

 = K
(dr)

 + 
2
M, with 

(3.4.1-2)         = 1 - (K
(dr)

/ K
(gr)

) 

(3.4.1-3)        and M
-1

 = [(-)/K
(gr)

 ]+ / K
(fl)

 

 

The experimental validation of this formula must therefore cover these two aspects: 

invariance of the shear modulus and the quantitative relationship between the drained (K
(dr)

) 

and non-drained (K
(u)

) moduli,   

 

3.4.1.1.2 Experimental approach for verifying the formula 

3.4.1.1.2.1 Measurements of shear and bulk moduli 
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To validate Gassmann's formula, it is very important to have high-quality experimental 

measurements. In contrast to numerous situations in rock physics where we may content 

ourselves with "relative" values, meaning those including a systematic error that is notable but 

constant, in the case which concerns us, as we wish to compare experimental results with 

calculations including precise constants (K
(fl)

or K
(gr)

, for example), it is necessary to have 

precise absolute values. Ignorance of this rule is doubtless at the origin of numerous 

difficulties. 

The petroacoustics parameters that are sought are the shear () and bulk (K) moduli in the 

various states of saturation. It is very easy to calculate these moduli from measurements of the 

velocity of the wave P (VP) and S (VS) by using well-known formulas (see Chapter 1,§1.2.2.1) 

(3.4.1-4)         =  VS
 2

 and K = ( VP
 2

 – 4/3 VS
 2
) 

where  is the density of the rock, easily calculated from the porosity, the densities of the 

grain and the saturating fluid. Remember the well-known remark:  only requires knowledge 

of the velocity S whereas for K, VP and VS are necessary. Error estimates must also be taken 

into account. 

The experimental values sought are therefore VP and VS that we measure, for various states of 

saturation, by the fluid substitution method (presented in Chapter 2, §2.1.4.2.2) 

 

3.4.1.1.2.2 Estimating the bulk modulus K
(dr)

 

 

For each state of saturation, we can directly calculate a shear modulus. On the other hand, 

concerning the drained bulk modulus K
(dr)

 (value of K
(u)

 when K
(fl)

 tends towards zero) we 

cannot do likewise because there is no experiment that directly gives access to K
(dr)

. Indeed, 

instead of K
(dr)

, we cannot use the bulk modulus of a sample saturated with air although the 

K
(fl)

 of the saturated fraction is close to zero. In a ground-level atmosphere, a "dry" rock 

always contains adsorbed water, which may have a considerable influence on the capillary 

forces at the joints of the grains (see §3.1.3.2). These capillary forces modify the rigidity of 

the rock in a way that is difficult to control and, what is more, in a way that absolutely cannot 

be incorporated in an approach of the Gassmann type. The effect is particularly important for 

low differential pressures.  

To minimise these particular capillary effects, the rock has to have sufficiently high water 

content (saturation of several percent?). To reach this stage, the sample may be stored for a 

long time in a 100% humidity chamber, at ambient temperature. We may, in the first analysis, 

consider that in doing this, the capillary effects mentioned above are minimised, but it would 

be imprudent to think that this would give us in any case a true value of K
(dr)

. 

We prefer to use the experimental curve K
(u)

 vs. K
(fl)

 (e.g. fig. 3.4.1-11). The experiment 

shows that it follows a straight line. For K
(dr)

 we take the Y-intercept of this curve, namely the 

value of K
(u)

 corresponding to an infinitely-compressible saturating fluid. We stress the fact 

that this observation is empirical and implies absolutely no theoretical modelling of the 

Gassmann type or any other. The parameter K
(dr)

 thus measured is therefore perfectly usable 

for experimental validation of Gassmann's formula.  
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3.4.1.1.2.3 Database 

 

For this verification, we use data obtained in the same way and coming from several groups 

of samples: sandstone from Fontainebleau (porosity mainly 0.2 but also 0.14 and 0.07); 

sandstone with low clay content (Vosges) or with medium clay content (Meule sandstone) 

having porosities around 0.2 to 0.25; limestone with low or medium porosity ( < 0.3). These 

limestone rocks (monomineral calcite) allow a statistical approach on materials that are 

sometimes considered as rather unfavourable for validating Gassmann's formula. 

Limestone rock with high porosity ( > 0.3) pose a major experimental problem: recording S 

wave signals of good quality is very difficult in them. Also, the results with them are much 

less precise than for other rocks. We must therefore consider them apart. 

 

3.4.1.1.3 Experimental validation of the hypothesis on the shear modulus: 

              Statistical verification of the invariability of  

 

The principle of validation for  is simple: just compare the results for different liquids of 

sufficiently low viscosity (e.g. <1 Pa/s), see §3.4.2). We saw above that it was not desirable to 

incorporate results in the "dry" state into this validation. The value used to estimate the 

variability of  is the coefficient of variation, equal to the standard deviation divided by the 

arithmetic mean. This coefficient is only calculated for liquid saturation states.

 

3.4.1.1.3.1 Case of limestone rocks 

 

For limestone rocks of medium porosity, which represent the most varied sample set, the 

invariability of  at high differential pressure is clear (fig. 3.4.1-1a). At 20MPa the modal 

value of the dispersion coefficient is around 3%, which is very low if we remember that it 

concerns moduli and therefore the measurement uncertainties are two times those 

corresponding to the velocity. 

 

It is interesting to note the improvement in the invariability of with the increase in 

differential pressure (fig. 3.4.1-1a). Two inter-dependent cases may contribute to this 

improvement (which we also see in the Fontainebleau sandstones, see below).  
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Figure 3.4.1-1: Histogram showing the distribution of coefficients of variation of shear 

moduli: 

 a) for limestone rocks of medium porosity (at 3 values of differential pressure). 

 b) for very porous limestone rocks. The values at 20MPa for limestone rocks of medium 

porosity have been transferred for comparison. 

The variation coefficient is equal to the standard deviation divided by the arithmetic mean. 

 

Firstly, the acoustic signal is of better quality under high differential pressure (reduced 

attenuation, better coupling), also the measurement of S velocities is more accurate. But we 

must also consider that the saturating fluid viscosity could slightly impact the shear modulus, 

although the low viscosity fluids (heptane, methanol, water) are a large majority in the results 

taken into account. If it was the case, we would have an illustration of the important influence 

of the differential pressure on the viscosity effect (developed §3.4.2.1, below). 

 

For very porous and fragile limestone rocks, we have limited the number of levels of 

differential pressure. Generally, we therefore only have one or two values between 5 and 20 

MPa that we have grouped in a single "pressure" column to draw the figure (fig. 3.4.1-1b). 

These variation coefficients are not, on average, so different from those observed in limestone 

of medium porosity (for which we have transferred the results at 20MPa, calculated over the 

same interval, on figure 3.4.1-1b, for comparison). Only three samples give aberrant results. 

From our point of view, it is more likely to be due to a serious measurement error on the very 

poor quality S signals, rather than really anomalous behaviour in the shear modulus.  

3.4.1.1.3.2 Case of sandstones  

 

The results for sandstones are summarised in table 3.4.1-1 (with the values for limestone of 

medium porosity for comparison). 
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Confining pressure 2 MPa  5 MPa  10 MPa  20 MPa  40MPa  

Fontainebleau 3.4 2 1.1 0.8 0.6 

Other sandstones 5.5 4 3 3 3 

Medium limestone   7 5 3.5   

 

Table 3.4.1-1: Average value of the coefficient of variation of, as a percentage, for various 

liquid saturations.  

 

Once again, we check the invariability of . The results are particularly clear concerning the 

Fontainebleau sandstone. At low differential pressure (2 MPa) the coefficient of variation is 

very satisfactory. It is exceptionally low at high differential pressure. In spite of low values, 

the dependency on pressure is clear (fig. 3.4.1-2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4.1-2: Effect of the differential pressure on the coefficient of variation of  in 

Fontainebleau sandstone. 

 

 The coefficient of variation approaches zero when the differential pressures reach 5 to 10 

MPa. A similar tendency to behaviour change is seen for attenuation and the Hertz coefficient 

(e.g. Rasolofosaon and Zinszner [2004a]). In this case, the change is attributed to the total 

closure of the grain joints (disappearance of "compliant porosity"), giving the Fontainebleau 

sandstones, thus confined, a mechanical behaviour comparable to that of a sintered material.  
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3.4.1.1.4 Quantitative experimental validation on the bulk modulus  

Validation principle 

 

Validation in the case of the bulk modulus is a little more complicated because it no longer 

concerns checking the invariability of a parameter, but estimating the deviation between an 

experimental measurement and the result of a calculation. Unfortunately, a method that is 

quite frustrating and inaccurate has too often been used. It consists of comparing the results of 

the measurement in the dry state and the saturated state (generally with water) and seeing 

whether Gassmann's formula accounts for the difference. We have stated (Chapter 2; §2.1.3.2) 

the extent to which "dry" measurements can be misleading. 

 

When we have much data, as in this case, it is possible to carry out a process of "generalised" 

inversion by fixing certain parameters and calculating the optimal values of the other 

parameters to compare them with known experimental values (K
(gr)

, K
(fl)

,  for example). We 

propose a simpler approach, by focusing the analysis successively on a single parameter.  

Five parameters are used in Gassmann's formula: , K
(u)

, K
(dr)

, K
(fl)

, K
(gr)

. The principle will 

therefore be to fix four of them (experimental results, tables of physical data, etc.), and 

calculate the fifth to compare it with the measured experimental value. We present the results 

on two "calculated" parameters: K
(u)

 and K
(gr)

. In a third approach, related to the impact of 

pore pressure, at § 3.5.1.2, we present results that also use K
(u)

 as a "calculated" parameter, 

but instead of substituting a "tangible" fluid, we use the same fluid for which the bulk 

modulus varies under the effect of pressure. 

 

Note on the confinement state 

We saw in the previous paragraph (viscosity effect) that the presence of "compliant porosity", 

highly sensitive to differential pressure, had significant consequences for validating the 

invariance condition of the shear modulus. It may be the same for the bulk modulus. To 

facilitate the explanation, we will first deal with the case of rocks under high differential 

pressure (corresponding to the most general situation in reservoirs). We will only mention the 

effect of differential pressure subsequently. 

 

3.4.1.1.4.1 Statistical verification on VP or VS, at high differential pressure. 

3.4.1.1.4.1.1 Direct comparison on VP  

It is the most direct means of verification, and generally the most interesting for geophysical 

applications, because, ultimately, the velocity is the parameter used. We know the 

experimental value of VP (or K
(u)

= (VP
(u)2

-4/3 VS
(u)2

)) in a given state of saturation (usually 

brine saturation). We also have the values of K
(dr)

and  resulting from the experiment 

(remember that the method of calculating K
(dr)

as the value at vertical axis intercept of K
(u) 

vs. 

K
(fl) 

is totally independent of any theoretical model of Gassmann or other type, and therefore 

the experimental value thus obtained may legitimately be used for a validation calculation). 

From K
(dr)

 and  it is easy to calculate the value of VP (or K
(u)

 for the state of saturation K
(fl)

 

in question and compare this result to the directly-measured value. The result of this 
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comparison, presented on fig.3.4.1-3, is particularly convincing: most of the values are 

positioned within the zone of difference +- 1%, with the exception of very porous limestone 

(>0.3) some of which deviate markedly from the +-1% zone. 

The high quality of the result of direct comparison of VP is facilitated (compared with the 

results of K
(u)

 for two reasons. Firstly, as the calculation of the moduli uses the square of the 

velocities, the experimental uncertainty is doubly passed on to the moduli. Lastly, the shear 

modulus, invariant as we have just seen, is used significantly in the calculation of Vp, 

contributing to the stability of this parameter.  

The statistical study on the result of K
(u)

 allows a more precise estimate. 

 

 

 

Figure 3.4.1-3: Comparison of P velocities measured and calculated using Gassmann's 

formula. Rocks saturated with water or brine. 

 

3.4.1.1.4.1.2 Statistics of the deviation between K(u) experimental and calculated values.  

3.4.1.1.4.1.2.1 Analysis of the average of deviations 

We can, for each state of pressure and saturation, calculate the difference between the 

measured value of K
(u) 

and the value of K
(u)

 calculated using Gassmann's formula from the 

values of K
(fl)

, K
(dr)

 (experimental) and K
(gr)

 (mineralogy). 
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The arithmetic mean of these differences gives us a first estimate of the validation of the 

formula. This estimate is optimistic as, clearly, this averaging effect can smooth deviations. 

The histograms of these averages, at maximum confinement pressure, are shown on figures 

3.4.1-4 and 3.4.1-5). We see excellent results (a few percent of deviation) for sandstones and 

limestone of medium porosity (fig. 3.4.1-4). Although the number of "sandstone" values is 

quite low, we note that the distribution of deviations appears to be centred on zero, while for 

limestone, the deviations are centred on + 2 or + 3% (experimental value statistically slightly 

greater than the theoretical value).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4.1-4: Deviation between the experimental values and the calculated values of K
(u)

. 

Limestone rocks of medium porosity and sandstones 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4.1-5: Deviation between the experimental values and the calculated values of K
(u)

. 

Very porous limestone 
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The K
(u)

 for the limestone were calculated using the value K
(gr)

 = 70GPa, the value most 

frequently cited for calcite (e. g. Mavko et al. [2003]). Actually, Mavko et al., [2003] give 5 

references between 64 and 75 Gpa, the average being and 70.7 and 72.5 when excluding the 

lower value. An example computation is given Chapter 4 § 4.6.1.1.2 with a result of 76 Gpa. 

The slight discrepancy in the deviation towards positive values prompts us to reconsider the 

value K
(gr)

 that was chosen. When calculating with K
(gr)

= 80 GPa we obtain a distribution 

practically focused on zero (fig. 3.4.1-6). We find this same observation again on the value of 

K
(gr)

 in the following paragraph. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4.1-6: Deviation between the experimental values and the calculated values of K
(u)

. 

Limestone of medium porosity. Calculation for two values of K
(gr)

 calcite. 

 

 

 

 

  

 

 

 

 

 

 

Figure 3.4.1-7: Pseudo-spreading of experimental deviations from Gassmann's formula for 

medium-porosity limestone (standard deviation increased by the absolute value of the average 

of the deviations from the theoretical value).   
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3.4.1.1.4.1.2.2 Analysis of the pseudo-spreading 

For any differential pressure level we have several saturating fluids and thus several values of 

deviation from Gassmann. The theoretical value of the "deviation from Gassmann" variable is 

zero, so the standard deviation should be sufficient to characterise its dispersion. In practice, 

we have seen that the experimental average was not always nil. By adding the value of this 

average (of deviations from the theoretical value) to the standard deviation, we therefore have 

a more sensitive empirical value to better judge the validity of the experimental verification. 

An example is given on fig. 3.4.1-7. In it, we can see how the deviations from the theoretical 

Gassmann value are low at maximum differential pressure, even if we use a very sensitive 

criterion, as is the case here.  

 

3.4.1.1.4.2 Verification, at high differential pressure, by the calculation of K
(gr)

 

3.4.1.1.4.2.1  Principle 

The bulk modulus of the mineral forming the grains (K
(gr)

) is, with K
(fl)

, K
(dr)

 and  one of the 

basic parameters in the Gassmann formula. Although this operation is not much practised, we 

can therefore, from the experimental values, calculate K
(gr)

 using the formula: 

 

(3.4.1-5)      
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K

gr

2

)( 
        with    

    





















acb

c

b

a

KKK
KKK

KKK

fldryu

udryfl

fldryu

4

11

)(

2

)()()(

)()()(

)()()(





 

 

This calculation is very useful in validating Gassmann's formula because we know K
(gr) 

for the 

usual minerals (table 3.2.1-1) and we can therefore directly compare the experimental result to 

the "theoretical" value 

 

Indeed, even in the case of very accurate mineralogy, the values of K
(gr)

 are less well-known 

than it would appear. Firstly, the basic values that we have correspond to the elastic tensor of 

the mineral. As the usual minerals that form rocks are very anisotropic, an average value has 

to be calculated that corresponds to a set of crystals whose axes are randomly distributed in 

space. However, the cause of the dispersion of values that can be seen in the compilations 

(e.g. Mavko et al. [2003]) should not be sought there. There are undoubtedly numerous 

causes. And it is not certain that all of the measurements were taken according to 

crystallographic best practice. We may summarise the situation as follows: apart from quartz, 

for which we have numerous and redundant measurements, no doubt due to the use of quartz 

in applied physics, the uncertainty concerning the values of the modulus of crystals is real. 

Concerning calcite and dolomite, the practical consequences of this imprecision for our 

validation study are not too significant. On the other hand, for clay minerals, we do not have 

reliable values (difficulty in obtaining measurable crystals, variation in the physical state, 

water content?) and clay rocks cannot be included in the proposed process.  
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For a given fluid substitution experiment, from the value of K
(dr)

derived from K
(u)

 vs. K
(fl)

, a 

value of K
(gr) 

is calculated for each liquid saturation. It is the arithmetic mean of these results 

that is used in the following paragraphs. 

The result of the calculation of K
(gr)

 is very sensitive to slight variations in the value of 

parameters. Without making a systematic analysis, we can give a very simple numerical 

example. Figure 3.4.1-8 shows the computed values for a non-clay sandstone and a limestone 

of porosity 0.2, saturated with water. The value of K
(dr)

is kept constant. We immediately see 

the effect of a variation of less than 10% in the value of K
(u) 

around the optimum value 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4.1-8: Variations in the result of the calculation of K
(gr)

 caused by variations in the 

value of K
(u)

, for "standard" sandstone and limestone of porosity 0.2 and of K
(dr)

 17 and 19 

GPa, respectively 

 

This sensitivity of the result of the formula is an additional advantage for our validation 

process. However, it must always be borne in mind: for example, this would allow us to very 

favourably interpret a result that may deviate by 10 to 20% from the theoretical value. 

3.4.1.1.4.2.2 Results for sandstones 

In Fontainebleau sandstone, the results are particularly good (table 3.4.1-2) because all of the 

values are very close to 37 GPa, the value that is conventionally proposed. We note that the 

result appears practically independent of the differential pressure  

We also note that in Meule sandstone (two sets of measurements), which has a certain clay 

content, the value found for K
(gr)

 is around 28.5 GPa (average of 10 values, standard deviation 

2.6; all pressures combined). Here, we see the effect of clay minerals for which the K
(gr)

 is 

poorly known (but in any case very low) 
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N° 2 MPa 5 MPa 10MPa 20MPa 40MPa 

G001 42 39 38 36 38 

G014 38 37 37 37 37 

G021 33 34 34 34 34 

G020 34 34 35 36 34 

 

Table 3.4.1-2: Fontainebleau sandstone. Value of K
(gr)

 (in GPa) calculated by Gassmann's 

formula, from experimental data. 

3.4.1.1.4.2.3 Results for limestone 

The results for medium-porosity limestone are excellent (fig. 3.4.1-9). We note that the modal 

value (80GPa) is greater than the theoretical value most often proposed for calcite (70GPa). 

We made a similar observation in the previous paragraph, where we stated that using a value 

of 80 GPa gave improved concordance between experiment and theory on K
(u)

.  

 

 

 

Figure 3.4.1-9: Values of K
(gr)

 

calculated by Gassmann's 

formula from experimental 

results. Medium porosity 

limestone rocks  

 

 

 

 

 

 

 

The few samples that most significantly deviate from the modal value correspond to cases 

where the signal S is slightly disrupted. The slight uncertainty resulting from this on  (and 

therefore on K
(u)

) is sufficient to cause significant deviation on K
(gr)

, as we stated above. 

The situation is very different for very porous limestone rocks ( > 0.3) for which the values 

of K
(gr)

 are aberrant: values very strongly negative or positive; fig. 3.4.1-10). We note that in 

the middle of these incoherent results (incoherence that is amplified by the sensitivity of the 

formula, we stress) we observe a few samples with a distribution centred on 100 GPa. 
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Figure 3.4.1-10: Values of K
(gr)

 calculated by Gassmann's formula from experimental results. 

Very porous limestone. 

 

It seems clear to us that, from these observations, we cannot draw conclusions concerning the 

non-applicability of Gassmann's formula to very porous limestones. In the first analysis, these 

results are directly related to the extreme difficulty of recording series of S waves of high 

quality in these limestone rocks. 

 

3.4.1.1.5 The calculation of K
(gr)

 as a quality control: 

                method of checking the quality of petroacoustics measurements 

In spite of their apparent ease (use of piezoelectric transducers), petroacoustics measurements 

under confining pressure, on core samples, can be difficult and checking their quality must be 

the user's constant concern. This quality check, often presented as tricky, may be greatly 

facilitated by using the criterion K
(gr)

. These petroacoustics experiments involve measuring VP 

and VS in at least two states of saturation, in order to calculate Kdr. We therefore have at least 

one set of data , K
(u)

 at K
(fl)

 and K
(dr)

. The mineralogy of a core sample is often known with a 

high degree of precision (direct measurements on the sample, well logging analysis), so, 

excluding the case of complex mineralogy (e.g. volcano-sedimentary) or shaly rock, it is 

possible to make a reasonable assumption concerning the value of K
(gr)

 and compare it to the 

result of the calculation.  

If we accept the applicability of Gassmann's formula, this process lets us very effectively 

judge the coherence of experimental data. In the case of measurements under strong confining 

pressure, it should always be applied, which would avoid numerous errors and the 

unnecessary discussions that they cause. 

3.4.1.1.6  Effect of differential pressure and Gassmann's formula: 

               "compliant porosity". 

 

We have just shown the excellent results in applying Gassmann's formula for rocks subject to 

high differential pressure. The situation may be different when we consider these same 

materials under low confinement.  
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A quick analysis shows that the deviation from Gassmann (and more exactly from its most 

sensitive expression, pseudo-spreading) is the variable that best highlights the effect of 

differential pressure. Note that very porous limestone rocks are not considered in this section. 

 

3.4.1.1.6.1  For medium porosity limestone  

For some limestone samples of medium porosity, we see a clear influence of differential 

pressure, as in the example in figure 3.4.1-11. The table shows the very significant reduction 

of the deviation from Gassmann for high differential pressures and we notice the effect of this 

pressure on the bulk modulus. It is a core sample.  

 

 

 

 

 

 

Figure 3.4.1-11: Example of the effect of differential pressure on the bulk modulus and the 

deviation from Gassmann's formula (table). We remind that what we call "deviation from 

Gassmann" or "pseudo-spreading", for a given experiment (several saturating liquids) is not 

equal only to the average quadratic error during comparison with the prediction from 

Gassmann's formula, but to the sum of it and the absolute value of the difference from zero of 

the average of these errors. 

 

 

 

Differential pressure 1MPa 2MPa 5MPa 10MPa 20MPa 

Pseudo spreading 26% 19% 12% 7% 6% 
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At low differential pressures, and for some medium porosity limestone samples, Gassmann's 

formula does not completely take into account the effect of the saturating fluid. The deviation 

from Gassmann's formula is especially sensitive in core samples that have undergone 

relaxation of the in situ stresses. This deviation is correlative to Hertz coefficients (§3.5.2.1) 

that are higher than normal. The probable cause is therefore the presence of micro cracks 

inducing "compliant porosity", for which we know the effect on Gassmann's formula ([e.g. 

Mavko and Jizba [1991]). It must nevertheless be put into perspective: this deviation is quite 

low (usually less than 10% on the modulus, representing half as much on the velocities) 

3.4.1.1.6.2 For sandstones 

The situation is different: 

For the Fontainebleau sandstones, the deviation from Gassmann is very low even at 2 MPa 

(less than 4% of pseudo-spreading on average). However, we note that with high pressures, 

this result improves still more (1.5% on average) so that we have behaviour quite similar (but 

less pronounced) to that of the variation coefficient of  on fig. 3.4.1-2. The cause could be 

the improvement in the precision of measurements with the increase in pdiff. 

It should nevertheless be noted that in the Fontainebleau sandstones, the effect of the 

differential pressure is especially sensitive for very low pressures (< 2 MPa). We have no data 

for these very low confinements. It is possible that the situation there is different. 

 

For the other sandstones studied, in which the precision of the measurements is less than for 

Fontainebleau, the situation is similar. The validation of Gassmann is good, almost 

independently of the differential pressure (at least for pdiff >= 5MPa). 

The interesting point is that the Hertz coefficients P are quite high there (centred on 50 10
-3

, 

see fig. 3.5.2-2). Therefore, in sandstones, Gassmann's formula is validated even when quite 

high Hertz coefficients let assume the presence of "compliant porosity". The explanation of 

this behaviour, which contrasts to that seen in limestone sample from core, can be sought in 

the contrasting behaviour of these rocks concerning shear and compression, as shown by 

changes to and K under differential pressure. This point is mentioned in §3.5.2.2. 

3.4.2  Impact of fluid viscosity  

The viscosity of the liquids found in the Earth's crust can vary from 1mPa/s (or 1 centipoises) 

for water at ambient temperature up to 10
3
 Pa/s (e.g. very heavy oil). The very high viscosities 

must be dealt with separately and we may wonder about the definition of the limit of the 

"liquid phase" (nil shear modulus?). 

 

Here, we will therefore present the effect of low and medium viscosities (possible application 

to conventional oils). We will mention the case of heavy or very heavy oils, for which the 

temperature effect is of the greatest importance, at the end of paragraph 3.6.  

 

3.4.2.1 Viscosity and shear modulus 

During a liquid-substitution experiment in porous media of medium permeability, it is 

relatively easy to consider a broad range of viscosity from 0.3 mPa/s (cP) (pentane at ambient 

temperature) up to 10
4
 mPa/s (refrigerated glycerol). 
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Examples of results are presented in figure 3.4.2-1 

The most obvious observation is that the relationship between the shear modulus and the 

viscosity of the saturating fluid depends primarily on the differential pressure. This is very 

clear for the Fontainebleau sandstone, for which we see a clear relationship  vs. viscosity at 1 

MPa of differential pressure, while there is no longer any effect at 10 MPa. 

In the case of sintered quartz, there is no effect, even at 1MPa, and in the limestone sample, 

the dependency is still seen at 40 MPa. 

 

Figure 3.4.2-1: Relationship between shear modulus and viscosity of saturating fluid for 

various differential pressures and various porous media: a) Fontainebleau sandstone, b) 

Crinoïdal limestone, c) sintered quartz. 

 

The simplest interpretation is to consider that the effect of viscosity is only expressed in the 

presence of "compliant porosity" (micro-fissure, grain joints, etc.). It is therefore interesting to 

compare the results for viscosity of the modulus vs. pdiff relationships (§3.5.2.2) which we 

know are very sensitive to the presence of mechanical micro-defaults. 
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For the two rocks shown on fig.3.4.2-1, the variation in K
(u)

  vs. Viscosity is low, probably 

close to the measurement uncertainty, and has not been shown on fig.3.4.2-1. It is a very 

general observation in clean sandstones, but less frequent in limestone.  

 

The simplest way of quantifying the dependency of the modulus   on differential pressure is 

to use the exponent of the power law relating  and Pdiff. Often known as the Hertz coefficient 

(see §3.5.2.1) this exponent is 0.33 for a mass of isodiametric elastic spheres, the case studied 

by H. Hertz. In order to easily calculate this exponent for each level of pressure in question, 

we have adjusted a polynomial law of order 2 on the log-log curve  vs. Pdiff (for sintered 

quartz, it is a straight line). In this way, from the value of the local gradient, we can 

characterise the effect of pressure. We can also adjust a straight line for each relationship  vs. 

viscosity. The gradient of this line can quantify the sensitivity of  to viscosity, for each level 

of differential pressure. 

 

 
Figure 3.4.2-2: Relationship between the Hertz coefficient for  and the viscosity of the 

saturating fluid  

a)- Polynomial approximation of the relationship  vs. pdiff 

b)- Relationship between the viscosity-impact coefficient (gradient of curves in fig. 3.4.2-1) 

and the Hertz coefficient for  

 
that way we can compare the dependency of the modulus respectively to the differential 

pressure and the viscosity (fig. 3.4.2-2b). We immediately see the correlation that exists 

between these two effects. 

For mediums of low Hertz coefficient (<0.05), meaning those without "compliant porosity", 

there is no viscosity effect in the viscosity range considered (<10
4
 cP). For Hertz coefficients 

greater than 0.1, the effect becomes significant and appears to be linearly related to the effect 

of Pdiff. 

 

It is therefore legitimate to conclude that the effect of viscosity and the effect of differential 

pressure have a common origin, to be sought in the "compliant porosity". As for our more 
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direct concern, in practice, the problem of viscosity will not arise in the cases of confined 

porous mediums, namely those subject to sufficiently high differential pressures (for example 

>10 MPa), at least in the viscosity range studied (< 10
 
Pa/s)  

 

3.4.3 Conclusion on the effect of saturating fluid on velocities 

 

The experimental results that we presented allow us to unambiguously conclude the validity 

of Gassmann's formula for reservoir rocks of medium porosity, both limestone and 

sandstones, when they are subject to a minimum differential pressure (typically >10 MPa) and 

saturated with fluid of viscosity lower than 1
 
Pa/s (limit of the viscosity range studied). 

The uncertainty on the experimental validation is in the limit of the accuracy of the 

measurement (several percent on the moduli, representing half of this for the velocities). This 

validation is performed by ultrasound propagation (500 kHz). The entire theoretical poro-

elastic approach of Gassmann shows that the situation can only improve concerning lower 

frequencies (seismic, sonic log, etc.). We can therefore conclude that we can use Gassmann's 

formula, in complete confidence, in repetitive seismic interpretation calculations. 

 

Let us return to a few specific points: 

 

- In the viscosity range studied (< 10
 
Pa/s), the effect of viscosity on the shear modulus  is 

negligible for medium confining pressures (>10-30 MPa). For low differential pressures, 

we can observe a viscosity effect of a magnitude that is correlated with the pressure effect 

on the modulus (Hertz coefficient). We can therefore seek a common cause in the 

"compliant porosity", corresponding particularly to the grain joints and micro-cracks. This 

effect appears significantly more marked in some limestone than in the sandstones, but we 

only have little data for making reliable statistics. 

- Very porous limestone rocks ( > 0.3) pose significant problems for laboratory 

measurement. The S wave signals are sometimes so attenuated, especially in the saturated 

state, that they become non-interpretable. So, for these rocks, we find it impossible to 

come to a completely rigorous conclusion. And yet, each time that we record interpretable 

S waves, the results tend to validate Gassmann. Therefore, although we can also defend 

the hypothesis of a significant change in the shear modulus under the effect of the 

saturating liquid, we consider that the validity of Gassmann in these mediums remains a 

reasonable approach. Significant work on the problem of S waves is highly desirable. 

- In some rocks, we can observe a differential pressure effect on the quality of the 

validation of Gassmann's formula for the bulk modulus K. These rocks, which have 

relatively high Hertz coefficients, are mostly limestone samples taken from borehole and 

that have therefore undergone the relaxation of the in situ stress, which generates 

mechanical micro-defaults. At low differential pressure, the result of the calculation on K 

is mediocre. The sandstones in our sample-set, although having, on average, higher Hertz 

coefficients, show practically no sign of this problem. The causes of this difference in 

behaviour can probably be found in the sharp contrast that we see between these two types 

of rocks concerning the sensitivity of K and of  in relation to the differential pressure. In 



PETROACOUSTICS – CHAPTER 3 

 

ELASTIC WAVES IN isotropic, homogeneous ROCKS   3.4-87 

 

the sandstones, K varies very little, while  is very sensitive to the differential pressure 

(see §3.5.2.2). 

 

3.4.4 Impact of saturating fluid on wave attenuation  

 

Many times we have noted the theoretical problems (Chapter 5) or experimental problems 

(Chapter 2) in measuring and interpreting attenuation. Here again we are confronted with the 

same difficulties, especially, at least as far as interpretation is concerned, as the subject of the 

effect of saturating fluids has been covered by numerous publications. We must unfortunately 

note that this abundance of information is not correlated with a better summary presentation 

of the understanding of the phenomena. Readers who are particularly interested in these 

problems will find good explanations in Mavko et al [2003] or Bourbié et al. [1987]. We have 

chosen a very simplified presentation based on the best established points or those that are the 

most interesting for applications. We should also note that applications in the field of 

attenuation interpretation have proved to be highly disappointing overall. 

To clarify the following notes, we must again return to the real significance of the orders of 

magnitude of Q for the experimenter or for the seismics geophysicist, because these values 

are not always easily assessed within their relative framework. The amplitude of a wave A is 

the parameter that is most directly perceptible for the observer and it is convenient to directly 

attach A and Q to its variation during propagation. We have seen that the attenuation a may be 

related to the amplitude A (for a propagation length l initial amplitude units) by the formula 

 A = e
-a

 

Since a=f/QV and normalising for , f and V we have:   A= e
-1/Q

 

 

Figure 3.4.4-1: Graphical representation of the relationship Wave Amplitude vs. Q or 1/Q 

 

The graphical representation of fig.3.4.4-1, although obvious, confirms to us that for these 

discussions, the parameter to use is 1/Q, but as it is often easier to use Q, we must in this case 

remain with a logarithmic representation 

Q must also be qualified according to the experimental field in question. For applications in 

economic geophysics (seismic, well logging), a Q factor of 100 represents a non-attenuating 

rock. It is only in specific laboratory experiments (such as those concerning "dry" rocks 
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below) or in global geophysical considerations, that the comparison of the relative values of Q 

in the 10
3
 band, has any meaning. 

 

3.4.4.1.1 The major effect of the confinement state.  

There is a well-established point: it is under the effect of a strong differential pressure that the 

effect of the saturating fluid fades and the attenuation becomes minimal. The Fontainebleau 

sandstone gives a good example of this. Without confining pressure, these dry sandstones 

have variable, but low, attenuations overall. In the "saturated with water" state, the attenuation 

is so strong in certain samples that it makes any measurement impossible, both in ultrasound 

and in resonant bar. These same saturated samples, under confinement of 50 MPa, attenuate 

very little (Q measured>250) 

This observation is very important, both from a practical and a theoretical point of view. 

- From a practical point of view, there is a great difference between applications at depth 

under strong differential pressure where the conclusions to be drawn from the study on 

attenuation risk being disappointing (nevertheless with a reservation for diphase liquid/gas 

saturation) because the effect of monophase fluid is in any case minor, and surface 

applications, where the effects may be marked. 

- From a theoretical point of view, in the search for causes of attenuation, priority should be 

given to phenomena involving zones of the porous space that are most sensitive to 

differential pressure ("compliant porosity"), meaning the grain joints, micro-cracks and 

mechanical micro-defects, which disappear by closing under high pressure.  

3.4.4.1.2 "Dry" rocks and the effect of the first traces of adsorbed fluid. 

We stated in Chapter 2 §2.1.3.2.1 how the adjective "dry" could be imprecise in 

characterising a sample. We have defined 4 types of "dry state" which entirely make sense in 

the study on attenuation. These considerations often concern samples without confinement (it 

should nevertheless be noted that the measurements from Tittmann et al. [1980], under 

confinement up to 50 MPa, show differences according to the "dry" state that are still 

detectable for this value). The work on the lunar samples in the 1970s contributed much to 

this field of research. If we take the 4 states presented in Chapter 2 §2.1.3.2.1, we find that 

concerning attenuation (mainly from resonant bar measurements:  

- "Moon dry" saturation (sample without adsorbed water): the attenuation is a very low, 

typically Q>2000 even on "micro-fissured" rocks 

- "Vacuum dry" saturation (under a "medium vacuum": the presence of traces of adsorbed 

fluid (water, ethanol, etc.), even in small quantities, is sufficient to cause a relative drop in 

attenuation (100<Q<1000) 

- "Room dry" saturation: the humidity of the ambient air is sufficient for water to be 

adsorbed in sufficient quantities (although hard to detect by weighing with ordinary 

equipment) to disrupt the value of the attenuation, which will greatly depend on the nature 

of the rock but which often corresponds to Q<50. This is the point of arrival of the "drying 

graphs" (e.g., [Murphy 1982]).  

- "Wet air" saturation: if the rock remains for a long time in equilibrium with the air at a 

high degree of humidity, the saturation may reach several percent. The attenuation is 

generally higher than in the previous state. In sandstones, one sometimes even observe a 
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mini-peak in attenuation, maybe related to the variation in resonance frequencies in this 

zone 

The previous description especially concerns rocks with "grain joints", such as sandstones or 

crystalline rocks. In limestone rocks, which very often do not have mechanical micro-defects 

and have attenuations that are much lower [Cadoret et al., 1998] these phenomena are much 

indistinct. 

Numerous mechanisms have been proposed to explain these high variations in attenuation 

(see Bourbié et al, [1987]; Mavko et al. [2003]) we may recall: 

- The dissipation of energy by friction between grains, with the relative thickness of the 

layers of molecules absorbed influencing the "lubricating" effect of this. The non-

dependency of the attenuation to the strain value, below the non-linearity threshold (10
-7

, 

10
-6

 see Chapter 7) tends to invalidate this hypothesis. 

- Breakage of chemical bonds. Tittmann et al. [1980] and Spencer [1981] suggested that 

part of the energy is dissipated by the breakage of hydrogen bonds between the surface 

hydroxyls and the water molecules. A strict interpretation of this hypothesis would lead to 

a close relationship between the specific surface of the body in question and the effect on 

attenuation. This does not seem to be verified experimentally. 

- Capillary forces. In the case of very low saturation with wetting fluid, the capillary forces 

may be very high (see Kelvin's formula, Chapter 2, §2.1.3.3.2) and their disruption when 

the wave passes may cause dissipation of energy. The capillary forces are much more 

dependent on the geometry of the pores (e.g. contact between grains, microfissures) than 

on the specific surface itself. 

The precise mechanisms still need to be described, requiring specific expertise in the physic-

chemistry of surfaces, because it is clear that the molecules adsorbed on the solid surface of 

the rock, and particularly in the grain joints and the micro-defects, play a predominant role.  

Nevertheless, as these phenomena no longer occur as soon as the rock contains a few percent 

of water, the advantages of this research for geophysical applications in the oil industry are 

quite limited 

3.4.4.1.3 Fully saturated rocks.  

This is the simplest case: the measurements under differential pressure are very easy 

(ultrasound) or "quite" easy (resonant bar, low-frequency press). Also, much "without 

confinement" data is available. The experimental results are clear: totally-saturated rocks have 

low attenuations sometimes even without differential pressure, for rocks without any 

mechanical micro-defects (limestone) or as soon as differential pressure is applied 

(sandstones, crystalline rocks) (see fig. §3.2.1-15). Experiments in which there is a real 

substitution of saturating fluid are very rare using resonant bar under differential pressure. On 

the other hand, the data is much more abundant in the ultrasonic band, where substitutions are 

carried out for "Gassmann" measurements (see table 2.1.4-1). In general, and excluding the 

case of rocks containing clay, on which certain liquids have disastrous effects (e.g. Ethylene 

glycol, glycerol) we may consider that, under confinement, changing the saturating fluid has 

no statistical effect greater than the measurement uncertainty (which is great!). 

Lastly, note that the effects of viscosity on attenuation have been reported (e.g., Vo Thanh, 

[1990]). These effects correspond to very great variations in viscosity, particularly in rocks 
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with little porosity [Nur and Simmons, 1969]. Concerning the lower variations (e.g. 10
-2

 à 1 

mPa/s) we may consider that the viscosity has no effect  

 

3.4.4.1.4 Partially-saturated porous rocks 

 

Reliable data is much rarer. Indeed, if we want to use ultrasound under differential pressure, 

the cell must be dismantled for each saturation state in order to check the way the fluid is put 

in place, which is a remark of major importance (see below). Using resonant bar under 

confinement, it is very difficult to vary the saturation. There is quite a lot of data under "room 

conditions" but a certain amount is made unusable because of lack of control of the Biot-

Gardner-White effect causing extrinsic attenuation (see §2.2.2.3.2). The most elegant 

experimental solution for investigating the effect of partial saturations consists of using bars 

of porous rock with little sensitivity to differential pressure (e.g. limestone) and carefully 

controlling the BGW effect by covering the largest part of the surface of the bar with 

impermeable paint. This is the solution chosen by Cadoret, whose results we use [Cadoret et 

al., 1998]. 

According to the technique used to vary the saturation, the results for QE are different (fig. 

3.4.4-2), while they are identical for QS and correspond to low attenuation independently of 

the saturation. If we use drying that corresponds to a drainage (see Chapter 2 §2.1.3.3.1) the 

attenuation shows a marked peak for higher saturations (Sw>0.5) and takes a low value for 

Sw=1. If we use the depressurisation technique, which corresponds more to imbibition, the 

attenuation remains constantly low in the zone Sw>0.5. 

The explanation should be sought in the different locations of the fluids. This is illustrated on 

Chapter 1 figure 1.3.3-4 (in the precise case of the limestone presented in figure 3.4.4-2). In 

the case of drying/drainage, for high water saturations (drainage beginning) the air is in the 

form of clusters of centimetric dimensions (patchy saturation) and the attenuation might be 

caused by a form of the BGW effect at the limits of these clusters. In the case of 

depressurisation/imbibition, the air is in the form of micro-globules in the pores at a sub-

millimetre scale that is undetectable by CT scan. We can consider that the saturation is 

homogeneous and that the low measured attenuation may be related to a local flow 

phenomenon. 
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Figure 3.4.4-2: Relationship Attenuation vs. Saturation air/water for two modes of placing 

fluids. [Cadoret et al., 1998]. 

 

It should be noted that the notable attenuation seen in the case of patchy saturation (drainage) 

and which we interpret in terms of "global flow" between the mass highly saturated with air 

and the rest of the rock totally saturated with water, corresponds to an  intrinsic attenuation 

phenomenon because it is independent of the form of the sample and can therefore be seen in 

layers that have the same fluid distribution conditions (for example, at the front of a gas 

injection), while the same physical phenomenon localised at the bar/ambient air interface 

corresponds to attenuation that is clearly extrinsic. 

 

3.4.5 Conclusion on the impact of saturating fluids on attenuation: 

tentative summary of important points for applications. 

 

Concerning the impact of saturating fluids on wave attenuation one can schematically 

consider four situations:  

- In the complete absence of fluid, that is to say in the absence of adsorbed layers on mineral, 

the attenuation is extremely low, even with low differential pressure. This state of saturation 

can only be observed outside planet Earth. These considerations have application in 

planetology and showed their interest in the interpretation of lunar seismograms. 

- In the presence of fluids, even in small quantities (adsorbed layer) and low differential 

pressure, the attenuation can be very important in rocks containing compliant porosity (micro 

fractures or grain contacts – e.g. in sandstones). When measurements are made according to 

the rules of art (e.g. by controlling the BGW effect in resonant bar § 2.2.2) one may observe 

quantitative differences between P and S waves for a given sample, but this does not 

invalidate the general observation: P-wave and S-wave are, to first order, affected in the same 

way. 
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- Under high differential pressure and in the absence of gas. P and S attenuations are low. And 

there is no opportunity to try to differentiate the nature of saturating fluids from attenuation 

data (even if we could get quantitatively reliable attenuation measurements). 

- Under high differential pressure and in the presence of two-phase saturation (water/gas), 

especially at low to medium gas saturations (scale of saturation REV corresponding to the 

wavelength), one sometimes observes high P-wave attenuation (but no S wave attenuation) 

This P-wave attenuation is related to the energy loss associated with the liquid /gas relative 

motion allowed by the compressibility of the gas. This phenomenon is illustrated in Figure 

3.4.4-2 above. In the commentary we note that this attenuation ("global flow" at the boundary 

between the liquid and gas zones -patchy saturation-) corresponds to an intrinsic attenuation.  

 

 

Fig 3.4.5-1: Comparison between conventional P-wave 3-D and S-wave (horizontal 

component at the sea-floor). [Granli et al. 1999] 

This phenomenon could be observed at all scales of wavelength and therefore in seismic 

reflection. On seismic profiles, sometimes one can observe very strong P-wave attenuation in 

areas located above gas reservoir (but not necessarily inside the reservoir itself) or more 

generally in areas "rich" in gas (fig. 3.4.5-1). In these cases, the contrast between P and S 

waves is striking: S attenuation is not abnormally high and the reflectors are clearly visible. 

The interpretation in terms of global flow implies the existence of many water/gas boundaries 

at a scale of fractions of a wavelength. If the gas saturation is high (high capillary pressure 

Chapter 2 §2.1.3.3), such limits are hardly conceivable. However, if the capillary pressure is 

low (low to medium saturation) and this is the case if the masses of gas are relatively 

discontinuous (see Zinszner and Pellerin [2007] for the distribution of fluids) then the 

existence of these "borders" is conceivable and the interpretation of the contrast between P 

and S profiles is strengthened. 

P-Wave 

Conventional 3D 

S-Wave 

X-component 
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3.5  Waves and stress  

 

Considered in its broadest sense, acousto-elasticity (a particular area of non-linear elasticity 

defined in Chapter 7) consists of studying the effect of static stress on the dynamic elastic 

parameters of the material to which it is applied. So this definition seems to perfectly 

correspond to the heading of this paragraph 3.5. Nevertheless, we have not used this term in 

the title, preferring to conform to the custom of reserving the term "acousto-elasticity" for 

non-isotropic states of pre-stress, and because the overwhelming majority of the geophysical 

applications and routine measurements concern differential pressure. 

When a porous medium is subject to a variation in stress, the geometry of the porous space 

varies due to two main phenomena:  

- the rearrangements of the solid elements causing a bulk  strain of the skeleton (example of 

a sponge which is crushed)  

- the variation in the volume of the solid elements themselves under the effect of their own 

compressibility. This compressibility of the solid (corresponding to 1/ K
(gr)

of Chapter 6) is 

most often clearly smaller than that related to the previous rearrangement, especially in 

the case of rocks of medium or high porosity. 

The formalisation and quantification of these relative variations is an important area of 

poroelasticity (Chapter 6). 

In the same way as for the entire Chapter 3, the aim of this paragraph is essentially the 

presentation of experimental results and their empirical interpretation, with the primary 

concern being application to the interpretation of seismic records. The explanations and 

theoretical models are presented elsewhere and references are given wherever necessary. 

 

 

3.5.1 A single parameter is to be considered for pressures: differential pressure 

3.5.1.1  Confining, pore, differential and effective pressures  

A porous material may be subject to several types of stresses (or pressures): 

The confining stress which is transmitted by the solid phase. In the Earth's crust, this stress is 

the result of the combined action of the weight of the ground (lithostatic stress) and the 

tectonic stresses caused by the relative movement of the continental plates (compression, for 

example). In the most general case, it is a real state of stress (tensorial representation). 

The pore pressure: this is the pressure in the fluids saturating the porous space. In sediments, 

the value of the pore pressure is usually close to the value of the hydrostatic column, 

sometimes with significant exceptions in zones where hydraulic communications with the rest 

of the basin are reduced or non-existent. We are then in the "non-drained" case of soil 

mechanics and the pore pressure may "take on" a significant share of the tectonic and 

lithostatic stresses: these are over-pressurized zones (thick shale layers, gas reservoirs, etc.; cf. 

§3.2.1.2.2). 
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The "capillary" pressure (Chapter 2 §2.1.3.3) which can transmit itself to the solid phase. It 

becomes very important in soil mechanics in diphasic water/air conditions when water 

saturation is low ("heap of sand" effect). In the most general case, the effect of capillary 

pressure is only significant at low confinements.   

 

We intuitively see that the pore pressure is opposed to the confinement stress and that the 

important parameter for quantifying the mechanical state of a porous medium relates much to 

the difference between these two types of stress. We define the stress (diff ) or the differential 

pressure (pdiff) as their difference: diff = conf - ppore. This parameter was originally defined by 

Terzaghi [1943]. Biot's poromechanical theory [1941] shows another expression of the result 

of these two stresses: eff = conf - Ppore with  =1- K K
(dr)

/ K
(gr)

 (K
(dr)

and K
(gr)

 are the bulk 

moduli of the rock saturated with infinitely compressible fluid and mineral forming the 

grains).  is often called the Biot coefficient (see §3.4.1.1.1 andChapter 6). 

One point is often a source of confusion: in studies concerning the effect of stresses on 

petrophysics properties, Biot's and Terzaghi's "effective" stress expressions are sometimes 

wrongly opposed. 

Biot's approach considers a "solid + fluid" complex and can, for example, calculate the 

"distribution" between these two mediums of a variation in stress caused by exterior 

disturbance. So we use the Biot approach to estimate the variation in the incompressibility of 

a porous system (solid + fluid) according to the variation of the conditions at the limits (see 

the Biot-Gassmann formula §3.4.1and Chapter 6). 

On the other hand, Terzaghi's approach, using the concept of differential stress, can 

characterise the "geometric" state of a porous medium, independently of the characteristics 

(modulus, pressure) of the saturating fluid. Each differential pressure corresponds to a 

particular state of the form of porous rock (partial closure of the "compliant porosity": cracks, 

mechanical micro-defects, for example) in such a way that we can consider that at each 

change of differential pressure, we "change" porous networks and therefore rocks.  

It is the "Terzaghi" parameter that must be used to study the effect of stress on the properties 

depending on the geometry of the porous network.  

Elsewhere, we have shown, using a theoretical approach (see Chapter 6), that in the case of a 

homogeneous porous medium for which the solid phase is composed of a single isotropic 

element, the variation in pore pressure, influencing the compressibility of the solid, causes a 

homothetic variation in the geometry of the porous space. The "geometric structure" itself is 

only a function of the state of the differential stress. 

This point concerning the effect of differential pressure alone is sufficiently important (false 

considerations on effective pressure are still presently published) for it to be made clear from 

the interpretation of experimental results  

3.5.1.2 Interpretation of experimental results using Gassmann's formula. 

Numerous experimental results concerning the effects of pressure have long been published 

(e.g. Wyllie et al [1958]). Figure 3.5.1-1, based on high-quality data (measured by phase 

velocity) summarises the situation that is generally observed: at a constant differential 

pressure VS is practically insensitive to the variation in pore pressure (and therefore the 

concomitant confining pressure), while VP increases with the pore pressure. It is this variation 

in Vp that is at the origin of the discussions. Using Gassmann's formula, we can show that this 
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variation is due to the variation in the incompressibility of the liquid (K
(fl)

) under the effect of 

the variation in pore pressure  

 

 

Figure 3.5.1-1: Meule sandstone: Relationships between the P and S velocities and confining 

pressure for various pore pressures.  

 

Actually, the bulk  modulus of a liquid varies with the pressure to which it is subjected. It is 

the effect of elastic non-linearity, so important in some areas of acoustics (e. g. parametric 

antennas ). For liquids usually employed in fluid-substitution experiments, we can propose the 

following regressions (e. g. Anderson [1971]; Plantier et al. [2002]; Daridon et al [1999]; 

Tamura et al. [1994]): 

Brines 15 g/l         K
(fl)

 = 0.0063p +2.2667 

Methanol:            K
(fl)

 = 0.0108p + 0.9277 

Heptane:              K
(fl)

= 0.0114p + 0.92 

Where the moduli are expressed in GPa and the pressures (p) in MPa. These values are not 

very precise (for example, there is a temperature effect), but are sufficient for our 

interpretation. In particular, we observe that for methanol and heptane, the bulk modulus 

doubles between 0 and 80 MPa . 

 

We can therefore deduce that in experiments on confining and pore pressures, for a given 

differential pressure, as the increase in pore pressure causes an increase in the bulk modulus 

of the saturating liquid, we should observe a correlative increase in K
(u)

 that can be calculated 

using Gassmann's formula. On the other hand, the shear modulus should remain unchanged. 

We can verify these points experimentally, for example, on figure 3.5.1-2 where the results 

obtained from sintered quartz are presented. This is an artificial material (see photo fig. 3.5.2-

6a1) that is very porous (= 0.44) containing a high proportion of tridymite (monoclinic 

crystalline form of silica, formed at high temperature and low pressure) explaining the low 

K
(gr)

 (around 20 GPa) and matrix density (2410 kg/m3) of the material. Produced by sintering, 

this material has the advantage of being practically free of mechanical defects (no "compliant 

porosity").  
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A quantitative approach is possible by calculating the K
(u)

 provided by Gassmann's formula 

from K
(dr) 

deduced from a fluid-substitution experiment and K
(fl) 

as a function of the pore 

pressure. The results of figure 3.5.1-2 are particularly satisfactory.  

 

 

Figure 3.5.1-2: Elastic moduli as a function of the pore pressure at constant differential 

pressure. Sintered quartz. Comparison with Gassmann's formula. 

 

 

Figure 3.5.1-3: Comparison of the relationship K
(u)

 vs K
(fl)

for variations in K
(fl)

 caused by a 

change of fluid (empty circles) or a variation in the pressure of the heptane saturating the 

porous medium (full circles). Vuggy limestone. Note: on the graph Ksat stand for K
(u) 
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Similar results can be observed on rocks (see fig. 3.5.1-1). It has also been suggested 

[Rasolofosaon and Zinszner, 2004b] to use the pore pressure as a variation parameter for K
(fl)

 

thus avoiding a "tangible" fluid substitution. The comparison of experimental results is quite 

satisfactory (fig. 3.5.1-3). This method has the advantage of accelerating the measurements, 

especially in mediums for which fluid substitution by miscible displacement is very long, 

such as in vuggy mediums. 

 

In Fontainebleau sandstone [Rasolofosaon and Zinszner, 2003], it is possible to calculate an 

average bulk modulus of the mineral forming the grains (K
(gr)

) of between 35 and 40 GPa, 

which corresponds well with the value of pure quartz. On the Vosges sandstones, a slight 

discrepancy was observed between the values of K
(u)

 measured at different pore pressures and 

the values calculated by Gassmann's formula (the gradient of the lines relating these last with 

the pore pressures always being lower). 

 

We therefore have a very convincing body of evidence that the cause of the second-order 

effect of pore pressure on the modulus K
(u)

is indeed the variation in the bulk modulus of the 

saturating liquids, under the effect of this same pore pressure, and that Gassmann's formula 

gives a satisfactory quantitative account of this effect. It is also a particularly interesting 

additional experimental evidence (see §3.4.1.1) of the validity of this formula as it applies to 

the bulk modulus. 

 

For the shear modulus, in the first analysis, the pore pressure has no effect (fig. 3.5.1-1, 3.5.1-

2). Nevertheless, a fine analysis, made possible by high-quality measurements, highlights, for 

example for the Fontainebleau sandstones, a certain increase in the shear modulus with the 

confinement pressure (and therefore the pore pressure) at equal differential pressures (fig. 

3.5.1-4). We do not know the cause of this effect. Although very low, the differences 

observed are too great for them to result from geometric non-linearity in the common sense 

(sample shortening under the effect of stress, see Chapter 7). 

Apart from this comment, it therefore seems unquestionable that only the differential pressure 

should be taken into account to describe the effect of pressure on acoustic properties, in any 

case in the usual studies 
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Figure 3.5.1-4: Relationship between shear modulus and pore pressure at constant differential 

pressure. Fontainebleau sandstones 

3.5.2 Effects of the differential pressure on velocities 

We therefore only consider differential pressure. 

With this point clarified, a very important prior comment is necessary concerning the 

frequency dependence of the petroacoustics characteristics of rocks, which causes a particular 

problem concerning the relationship Velocity/pdiff. Although for other phenomena (e.g. the 

effect of the saturating fluid see §3.4.), we can assume non-dispersive conditions (strong 

confinement and low attenuation) and therefore confidently extrapolate the experimental 

results obtained from low frequencies to ultrasonic frequencies, this is clearly not the case 

here because we must also consider the material under various states of confinement and 

therefore different states of attenuation, in which the associated dispersion can play an 

important role. 

 

This problem of the impact of dispersion on the relationship Velocity vs. pdiff has serious 

consequences for practical applications. It is the subject of a specific paragraph (§3.5.2.3), 

after the experimental results are given for the ultrasonic and sonic frequency bands. 

Concerning the seismic frequency band ("low frequency", decahertz), experiments under 

differential pressure are long and difficult. It is therefore quite understandable that 

experimenters have focused their attention on studying physical phenomena (e.g. the impact 

of saturating fluids [Ronny Hofmann, 2006]) that only require a limited number of samples. 

The public literature does not contain sufficient data to draw statistically-representative 

conclusions. 
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3.5.2.1 Impact of  pdiff on ultrasonic and sonic velocity of liquid saturated  

              rocks: application to the characterisation of reservoir rocks. 

 The velocity dispersion has very important consequences. However, for obvious practical 

reasons, we can only envisage characterising rocks (due to the large number of measurements 

that it requires) from ultrasonic measurements, and to a much lesser extent, in the sonic band. 

We therefore have to limit the acquisition of general observations to this first frequency band. 

From the same perspective, we will concentrate especially on the case of rocks saturated with 

water.  

In petroacoustics studies, it is sometimes difficult to choose between the velocity and modulus 

parameters to describe the characteristics of a material. Here, we have an example of this 

situation. Firstly, we will use velocity for practical applications in characterising rocks. We 

will then consider the elastic modulus, which allow finer interpretation. 

 

3.5.2.1.1 Definition of the Hertz coefficient 

 

Experimentally, we observe that the relationship velocity (V) or modulus, as a function of the 

differential pressure (pdiff) is of the power function type (figure 3.5.2-1). We see on this figure 

that the formula V=kph 
is verified well for P waves in all of the samples (with the exception of 

certain Fontainebleau sandstones) and very satisfactorily for the S waves. We can attribute 

the slight fluctuations in the relationship for the S waves to uncertainties in the measurement 

of velocity. 

H. Hertz showed, by calculation, that in a stack of isodiametrial spheres, in elastic contact, 

the velocity varied with the pressure according to a power law, and that for P waves, the 

exponent was 1/6. The h exponent is also known as the "Hertz coefficient". 

In the laboratory, measuring the Hertz coefficient on samples, at ultrasonic frequencies, is 

particularly easy because it just requires measuring the variation in velocity under the effect 

of differential pressure and calculating the gradient of the linear relationship V vs. pdif in bi-

logarithmic axes (fig. 3.5.2-1b). What is important is to precisely measure a relative variation 

in velocity, which corresponds to the easiest case. We can use correlation velocity values 

calculated "in succession": 

We take the reference signal as that recorded at maximum differential pressure, meaning with 

the lowest attenuation and therefore the surest measurement of velocity. By correlation, we 

calculate the velocity for the pressure level immediately below, which serves as a reference in 

turn, and so on. Note that the only velocity introduced a priori is that at maximum pressure. 

We should nevertheless note that, in the case of media for which attenuation varies very 

strongly with the differential pressure, this "descending" method of correlation leads to an 

underestimation of velocities at low differential pressure (high attenuation) and therefore the 

ultrasonic Hertz coefficients are somewhat overestimated. For a first analysis, it is therefore 

always preferable to use the phase velocity method as far as possible. Dispersion in itself 

raises an important problem dealt with in §3.5.2.3 
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Figure 3.5.2-1: Relationships Velocity vs. Differential pressure in the ultrasonic and sonic 

bands. 
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3.5.2.1.2 Values of the ultrasonic Hertz coefficient in rocks 

3.5.2.1.2.1 General remarks 

Figure 3.5.2-1 shows the relationships V vs. Pdiff measured for samples from outcrops. Several 

main tendencies are summarised within them: 

- The Lavoux limestone illustrates the very clear tendency in outcropping limestone for 

the velocity (both P and S) to be almost insensitive to the variation in pdiff. 

- The sandstones, with the exception of the Fontainebleau sandstones, follow the power 

law on the pressure interval measured. We can sometimes detect a certain tendency 

towards stabilisation for the highest pressure (70 MPa). The gradients of the lines are 

very close, with the hP exponent of around 50 10
-3

 for the P waves. The exponent is 

significantly stronger for the S waves (hS of around 80 10
-3

). 

To clarify these comments on the values of the Hertz coefficient, we have gathered much data 

coming either from the literature or from the IFP laboratory (in this last case, it is mainly from 

core samples). The measurement precision is not the same for all of this data, likewise for the 

pressure interval covered by measurement of the Hertz coefficient (between 5 and 40 MPa in 

most cases). However, we can consider that the number of measurements statistically 

compensates for these weaknesses. This data is summarised in the form of histograms in fig. 

3.5.2-2. 

The first observation is the difference between samples from cores and those from outcrops. 

The core samples have Hertz coefficients that are statistically higher. We therefore study them 

separately  

 

Figure 3.5.2-2: Values of P and S ultrasonic Hertz coefficients in reservoir rocks. 
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3.5.2.1.2.2 The samples from outcrops 

 
The observations concerning the samples in fig. 3.5.2-1 are confirmed on the histograms in 

fig. 3.5.2-2. The limestone rocks have little sensitivity to pressure (hP of around 15 10
-3

, hS 25 

10
-3

). For the sandstones, the coefficients are very significantly higher, with modal values of 

around 40 10
-3

 for hP and 60 10
-3

 for hS.  

If we try to provide some clarification concerning the relationships that may exist between the 

ultrasonic Hertz coefficients and certain petrophysics parameters, the results are not very 

convincing. 

The relationship between porosity and the Hertz coefficients is vague (fig. 3.5.2-3). In the 

sandstones, there is a certain correlation, as shown by the regression lines with a gradient that 

is not very pronounced, both for the samples from outcrops and for cores. Porosity is not a 

very decisive factor, which seems understandable because the mechanical micro-defects make 

practically no contribution to the total porosity of reservoir rocks (the situation is obviously 

very different in the case of compact rocks). 

The micas seem to play a major role in certain sandstones. Even very small crystals, in low 

quantities, cause strong Hertz coefficients. Our observations mainly concerned core samples. 

It would be interesting to assess the real distortion/relaxation consequences of this mica effect 

using measurements on surface samples. 

 

3.5.2.1.2.3 The core samples. Effect of "in situ stress" relaxation 

During core drilling operations, the rock undergoes violent variations in stress (relaxation). 

The mechanical damage created in the rock when this happens may be increased by the 

changes in certain minerals (especially clay) under the effect of drying. It is therefore 

legitimate to doubt that cores are mechanically representative. We consider that reapplying 

differential pressure (sometimes at values greater than those occurring in the reservoir) can 

compensate this effect for velocity, for example. However, what about the Hertz coefficient, 

which is characterised precisely by sensitivity to the pressure? 

Some experimental work (e. g., Nes et al. [2000]) highlights this damage to samples. We have 

another illustration of this through the statistical comparison of Hertz coefficients measured 

on cores and samples from outcrops. The outcrop samples have undergone very slow 

decompression (at the scale of geological time) and have therefore been protected from this 

cause of damage. We can see on figure 3.5.2-2 that the Hertz coefficients are statistically 

clearly greater for the samples coming from cores compared to samples coming from 

outcrops, whether we consider P or S waves. This gives us a rather rough but not very 

questionable evidence of the effect of core damage on the Hertz coefficient. 
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Figure 3.5.2-3: Relationship between ultrasonic Hertz coefficient and Porosity 

We must emphasise a point that is not clearly shown on figure 3.5.2-2 but that we will explain 

in the following paragraph: concerning the effect of relaxation on the Hertz coefficients, 

limestone rocks may have contrasting behaviour: some are highly sensitive to relaxation, 

while others are not, meaning that certain core samples have Hertz coefficients that are as low 

as the outcrop samples. The cause of these differences can be found in the fine structure of the 

rock (see fig. 3.5.2-6).  

This mechanical damage to core samples is a major problem concerning laboratory 

measurements of mechanical properties. One approach to a solution is doubtless to seek to use 

similar surface rocks (rocks from outcrops equivalent to the reservoir rocks to be studied). 
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3.5.2.1.3 The Hertz coefficients at sonic frequencies (water saturation) 

 
In this frequency band, reliable data is rare. The only usual method is the resonant bar [Lucet 

et al. 1991]. Note that, for elastic moduli, data is even rarer than for attenuation, because 

experiments are often limited to a type of vibration (generally extension) that does not allow 

calculation of the bulk modulus.  

The only reliable representative data set that we know is the Lucet's thesis [1989] from which 

all of the data used here for this frequency band is drawn. In resonant bar, as direct 

measurement data, we obtain the velocities (VS and VE) for S and E waves (extension, Young's 

modulus). To facilitate the comparison, the results are expressed in S (direct) and P waves (VP 

calculated from VS and VE). The result of the calculation can vary significantly for low 

variations on E, particularly for higher Poisson ratio, which explains the rather fluctuating 

aspect of certain curves in fig. 3.5.2-4b, or 3.5.2-5e. We have checked, in the Lucet database, 

that the ultrasonic results were entirely comparable with the results on the same types of rocks 

presented in the previous paragraph. This strengthens the validity of the conclusions. The 

results (fig. 3.5.2-1) exhibit a clear contrast with the ultrasonic band:  

- the Hertz coefficients are notably higher in the sonic band (figs. 3.5.2-1c to f are 

drawn on the same scale). The values are included between 80 10
-3 

(Treves) and  

130 10
-3

 (Meule, Vosges) to be compared with the modal values of 40 (P) and 60 (S) 

10
-3

 observed in ultrasound (fig. 3.5.2-2) 

- the P and S Hertz coefficients do not significantly differ. 

- and, but less clearly, at the logarithmic scale, the "linear" approximation of the 

Velocity vs. pdiff curves seems less well verified. 

These conclusions agree quite well with what we can expect from the effects of dispersion 

(see below §3.5.2.3) 

 

 

 

3.5.2.1.4 Effect of differential pressure on the ratio VP / VS 

 
To limit ourselves to applications, we will consider the variations in the ratio VP / VS 

for rocks saturated with water, under the effect of pressure. We have seen that we had 

relationships of the type Vp  k1PhP 
and Vs k2PhS

 and therefore that VP/ VS  kPhP-hS
 . Thus, 

in the case of low Hertz coefficients (undamaged limestone), the ratio VP/ VS will only vary 

very little with pdiff, as we see in fig. 3.5.2-4c. On the other hand, if hP and hS are quite large, 

the ultrasonic ratio VP/ VS follows, as a function of pdiff, a negative exponent power law (hP-hS) 

(fig. 3.5.2-4a) because often, in the ultrasonic band, the Hertz coefficients for S waves are 

significantly greater than for P waves (see fig. 3.5.2-2 and 3.5.2-3). On the other hand, as the 

P and S coefficients are very close in the sonic band, the ratio VP/ VS varies very little and may 

even increase (fig. 3.5.2-4b). We have stated that the calculation of sonic VP from the 

experimental results VS and VE could be very sensitive to small variations. This explains the 

fluctuating aspect of certain curves on fig. 3.5.2-4b. 

Note that, as the intrinsic attenuations P and S are of the same order of magnitude in rocks 

saturated with water (the difficult case of rocks containing gas will be considered separately), 
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the dispersions P and S are comparable and the ratio VP/ VS therefore has little sensitivity to 

this phenomenon which is so disruptive to the estimation of Hertz coefficients. 

 

 

Figure 3.5.2-4: Relationship between the ratio VP/ VS and differential pressure. 

 

 

In certain applications, it may be easier to estimate a variation of the ratio rather than the 

velocities variations themselves. In seismic monitoring measurement, it will therefore be 

beneficial to consider the variation of this ratio each time it is possible. It is the seismic 

parameter that is most directly comparable to ultrasonic measurements in the laboratory.  

Fig. 3.5.2-4d shows the relationships between dispersion for the P waves (between the 

ultrasonic band and the sonic band) and the variation in the ratio VP/ VS between these same 

bands (at maximum differential pressure). Of course, this result must be considered according 

to the relative difficulties of obtaining field measurements of VP and of VP/ VS. 

 

3.5.2.2  Study using bulk and shear modulus: understanding of causes  

The different variation of P and S waves under the effect of pressure leads us to study the 

changes to elastic moduli. We will first consider, in the ultrasonic band, the case of rocks 

saturated with brine, then that of dry rocks or rocks under vacuum, before comparing the 

results with those obtained in the sonic band.  
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3.5.2.2.1 Results at ultrasonic frequencies 

3.5.2.2.1.1 Rocks saturated with brine 

 

In figure 3.5.2-5abcd, (ultrasonic) we can observe the diversity of types of relationship K or  

vs. pdiff in the rocks. A more overall observation highlights four types of variations in elastic 

moduli  and K, which we observe more or less frequently in the ultrasonic band (fig. 3.5.2-

6). 

Non-variation of K and of  

The most spectacular example is an artificial material, sintered quartz, which in spite of its 

great porosity and corresponding low elastic moduli, presents no detectable variation in the 

bulk modulus between 0 and 40 MPa. The variation in  is very low. We find similar 

behaviour in numerous limestones. The absence of mechanical micro-defects (contact 

between grains) explains this lack of variation. In sintered quartz (photo 3.5.2-6a1) the 

cements "in meniscus" produced by the partial fusion are particularly rigid. In limestone (e.g. 

photo a2), the chemical mobility of the calcite leads to rapid cementation (at the geological 

scale) of all micro-defects. 

 

Non-variation of K, variation of  

This is one of the most frequently observed cases because it concerns sandstones. The 

stability of the bulk modulus is particularly characteristic. It is perfect for the Fontainebleau 

and Vosges sandstones. Concerning the sample of Meule (sandstones of medium clay 

content), the fluctuations in K at low pdiff are very probably related to the difficulties in 

measuring the velocities of the S wave. Only the Palatinat sandstones (arkosic and clay 

sandstones) show a real tendency to increasing K with differential pressure. In this last case, 

unfortunately, we do not have any very reliable measurement at very low pdiff 

The contrast is striking with the shear modulus. The moduli  vary strongly with the pressure 

(at least at low and medium pdiff). This behaviour is particularly clear in the Fontainebleau 

sandstone for pdiff < 10MPa. In the other sandstones, a variation of  (low as an absolute 

value) can still be seen for pdiff>20Mpa. 

The cause of this behaviour can be found in the shape of the sandstone grain-joints. In non-

shaly sandstones such as Fontainebleau (and, to a lesser extend, Vosges), the silica 

cementation occurs by quartz growing following the crystalline axes of the grain (syntaxic 

cement) so that the joints of the grains correspond to the crystalline faces (photo b). We 

understand that such joints can close quite easily under the effect of low pressure, leaving 

only a fine layer of adsorbed water. These adsorbed layers have very specific properties (e.g. 

very high "viscosity") and may, for high-frequency vibrations, play the role of a glue blocking 

any variation in compressibility (1/K) while shear () remains possible on these surfaces, 

which are sometimes highly regular. When the surfaces are exceptionally regular 

(Fontainebleau) shear may be blocked for quite low levels of pdiff (< 10MPa).  
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Variations in K and  damped at high pressures. 

This situation is seen in certain limestones. This is especially the case for granular limestones 

(oolites) sampled from wells by core drilling. We can also see this tendency in rare outcrop 

limestones (e.g. crinoidal limestone). The interesting point is the inversion of the behaviour 

described for sandstones: the relative variation in K is at least equal to that of  (and 

sometimes greater). The explanation must be sought in the very specific character of certain  

grain-joints produced by pressure – solution for which microstylolites (photo c) represent the 

extreme example. It is the "meshed" structure of these joints that explains the relationship 

modulus/pdiff. In the case of outcropping rocks, these joints are cemented and the rocks exhibit 

moduli insensitive to the variation in differential pressure that is characteristic of limestone. 

But in the case of core samples, the relaxation of the geological stresses (see §3.5.2.1) may 

create a partial opening of these joints. When pressure is reapplied, this structure facilitates 

readjustment in compression as much as in shear. 

 

Continuous variations of K and  

We have only observed this case in a volcanic rock, andesite from Volvic. This is a porous 

lava formed from a glass containing numerous crystals (feldspar), often very small 

(microlithic texture) (photo d). The change in the modulus under the effect of Pdiff is still 

marked at 70 MPa, even though it is finished (or at least very much slowed down) for most 

sedimentary rocks. 

Our experience of volcanic rocks is very limited and we do not know the prevalence of this 

behaviour, which is doubtless related to the presence of a very fine microporosity between 

certain microliths, observed in thin section (photo d, detail) and measured by porosimetry 

(Chapter 2 §2.1.3.3.2.). These sub-microscopic defects do not disrupt the macroscopic 

mechanical properties of the andesite, which is known for its exceptional resistance to 

physicochemical agents (temperature, for example). Beyond its interest for theoretical 

petroacoustics, this particular behaviour is worth noting because it encourages prudence when 

we consider materials for which we lack practical experience 
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Figure 3.5.2-5: Moduli vs. Differential pressure in the sonic and ultrasonic bands 

 LIMESTONE Water saturated

ULTRASONIC BULK MODULUS

5

10

15

20

25

30

35

0 10 20 30 40 50 60 70

Differential Pressure (MPa)

B
u

lk
 M

o
d

u
lu

s
 (

G
P

a
)

Lavoux Oo. 0,24 Lavoux Pell.0,23

Chaumont Oo 0,26 Vanvey Pell. 0,17

Crinoidal 0,15 Core 14 Oo. 0,19

Core 8 Oo. 0,15

a)

LIMESTONE,  Water saturated

ULTRASONIC SHEAR  MODULUS

5

10

15

20

0 10 20 30 40 50 60 70

Differential Pressure (MPa)

S
h

e
a
r 

M
o

d
u

lu
s
 (

G
P

a
)

Lavoux Oo. 0,24 Lavoux Pell.0,23

Chaumont Oo 0,26 Vanvey Pell. 0,17

Crinoidal 0,15 Core 14 Oo. 0,19

Core 8 Oo. 0,15

c) SANDSTONE, Sintered Quartz & Andesite Brine saturated

ULTRASONIC SHEAR  MODULUS

5

10

15

20

0 10 20 30 40 50 60 70

Differential Pressure (MPa)

S
h

e
a
r 

M
o

d
u

lu
s
 (

G
P

a
)

Fontainebleau 0,2 Vosgien Sdst.0,21

Meule Sdst. 0,22 Palatinat Sdst. 0,2

Andesite 0,23 Sintered Quartz 0,44

d)

 SANDSTONE, Sintered Quartz & Andesite Brine saturated

ULTRASONIC BULK MODULUS

5

10

15

20

25

30

35

0 10 20 30 40 50 60 70

Differential Pressure (MPa)

B
u

lk
 M

o
d

u
lu

s
 (

G
P

a
)

Fontainebleau 0,2 Vosgien Sdst.0,21

Meule Sdst. 0,22 Palatinat Sdst. 0,2

Andesite 0,23 Sintered Quartz 0,44

b)

SONIC Frequency  Bulk modulus 

BRINE SATURATED

0

5

10

15

20

25

0 10 20 30 40 50 60 70

Differential Pressure (MPa)

B
u

lk
 M

o
d

u
lu

s
 (

G
P

a
)

Font 0,21 font 0,07

Vosges 0,21 Treves 0,25

Meule 0,22 Palatinat 0,2

Font  F60

e)

SONIC Frequency Shear Modulus

WATER SATURATED

0

5

10

15

20

25

30

0 10 20 30 40 50 60 70

Differential Pressure (MPa)

S
h

e
a

r 
M

o
d

u
lu

s
 (

G
P

a
)

Font 0,21 font 0,07 Vosges 0,21

Treves 0,25 Meule 0,22 Palatinat 0,2

Font F

g)

ULTRASONIC frequency Bulk Modulus

 VACUUM DRY 

0

5

10

15

20

25

0 10 20 30 40 50 60 70

Differential pressure

B
u

lk
 M

o
d

u
lu

s

Fontainebleau 0,2

Vosgien Sdst.0,21

Meule Sdst. 0,22

Palatinat Sdst. 0,2

Andesite 0,23

f)



PETROACOUSTICS – CHAPTER 3 

 

ELASTIC WAVES IN isotropic, homogeneous ROCKS   3.5-109 

 

 



PETROACOUSTICS – CHAPTER 3 

 

ELASTIC WAVES IN isotropic, homogeneous ROCKS   3.5-110 

 

Fig 3.5.2-6: Various types of relationship Moduli vs. pdiff and photographs of corresponding 

thin section. 

The figure () corresponds to the size of the small dimension of the image 

a) a1 sintered quartz (220 m); a2 Lavoux limestone (oolite) (2200 m) 

b) Fontainebleau sandstone (polarised light) (500 m) 

c) Oolitic limestone (Paris basin) (1250 m) 

d) Volvic andesite. (1600 m) in detail (300 m) 

 

3.5.2.2.1.2 Rocks dry or under vacuum 

A priori, the study of sedimentary rocks that are dry or under vcuum is of little interest for 

geophysical applications, except in the case of determining K
(dr)

 (see below). We will 

therefore limit ourselves to a simplified presentation. 

3.5.2.2.1.2.1 Dry rocks, comparison with the "under vacuum" case  

We have seen (Chapter 2, §2.1.4.2) that the dry and under-vacuum states (which, we should 

note, are each very imprecise concerning the real thermodynamic state) correspond to a 

complicated situation, as it concerns the state of the adsorbed water. Depending on the 

capillary characteristics of the rock, the presence or absence of capillary or adsorbed water in 

a part of the mechanical micro-defects modifies the rigidity of the material. 

 

The relative changes, under differential pressure, of the "dry" and "under vacuum" moduli are 

presented in figure 3.5.2-7. We can observe two main points: 

- except for the andesite, the difference in the modulus for the two states reduces rapidly 

when the differential pressure increases and may be considered to be around the 

measurement uncertainty above 40 MPa. 

- we note distinct behaviour at low pressures: 

o   concerning K, only the andesite has a clearly lower modulus "under vacuum". 

We present two results obtained on samples from the same block but at different 

dates. The reproducibility confirms the physical reality of the phenomenon. 

o   on the other hand, for the shear modulus, the Meule sandstone (2 samples) 

also shows a notable difference, although smaller (modulus "under vacuum" 

greater than "dry"). 

 

3.5.2.2.1.2.2 Rocks under vacuum 

We will give some details of the analysis for rocks "under vacuum". Remember firstly that the 

concept of vacuum concerns a porous medium (and therefore a capillary medium) and is less 

precise than it appears because depending on the quality of the vacuum, the temperature of the 

medium and the period of application, the water desorption will take place to a greater or 

lesser extend. 
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Figure 3.5.2-7: Comparison of the elastic moduli in air and under vacuum  

 

 

3.5.2.2.1.2.2.1 Change in the bulk modulus (K
(vac)

) 

We will mainly focus on the bulk modulus of sandstones. Actually, we have seen (§3.1.3) 

that, in the first order, the shear modulus was not modified by the presence of a fluid with low 

viscosity. In the second order, we may observe several differences (see below). We have also 

noted that the great majority of limestone rocks have little sensitivity to differential pressure, 
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so we may think (and we observe in fig. 3.5.2-8) that this absence of effect on pdiff would also 

be seen under vacuum.  

The relationships K
(vac)

 vs. pdiff  are shown on fig. 3.5.2-5f. The contrast with the saturated 

case is clear, because in sandstones, beyond the difference in the absolute value related to the 

presence of fluid (poroelastic effect predicted by Gassmann), the modulus K
(vac)

 varies 

strongly with small differential pressures. This point is worth taking into account in our 

analysis of dispersion. The relationship, under vacuum in the ultrasonic band (fig. 5f) is close 

to that observed in the saturated state in the sonic band (fig. 5e). Under vacuum, the 

proportion of the contact surface of grains covered with a layer of adsorbed water diminishes 

significantly. The "coupling" effect (at high frequency) for compressional waves played by 

this adsorbed water diminishes by as much.  

Perhaps this is a way to explore in order to minimise the impact of dispersion on the 

estimation of Hertz coefficients in the laboratory.  

 

 

 

 

Figure 3.5.2-8: Comparison of the bulk moduli drained (K
(dr)

 black dots) and under vacuum 

(K
(vac)

) 
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3.5.2.2.1.2.2.2  Comparison of K(dr) and K
(vac)

 

In paragraph 3.4.1, we stressed the importance of the parameter K
(dr) 

(drained bulk modulus) 

for applications of Gassmann's formula. We have stated that, for samples in the dry state or 

under vacuum, although the saturating fluid is perfectly compressible, the modulus measured 

in this state did not necessarily correspond to K
(dr)

. It is therefore interesting to compare the 

changes to K
(dr) 

and K
(vac)

, under the effect of pdiff (fig. 3.5.2-8). 

Before comparing these two parameters, we must remember that measuring them corresponds 

to very different processes. K
(vac)

 is the direct result of measuring the P and S velocities, while 

K
(dr)

 corresponds to the extrapolation for K
(fl)

= 0 of the relationship K
(u)

 vs. K
(fl) 

.
 
What is 

more, as the intrinsic attenuations are much lower in rocks under vacuum than in those 

saturated with liquid, the ultrasonic signals are clearly better in the first case. Generally, a 

signal of better quality leads to an increase in the velocity. The use of the phase velocity 

method should reduce this difference. 

In the three examples of sandstones presented in fig. 3.5.2-8, the experimental values show a 

tendency to "cross the curves" K
(vac)

, K
(dr)

 when the pressure is increasing. At high pressure 

K
(vac)

 is greater than K
(dr)

. We interpret this fact by considering that the "real" K
(dr)

 is 

significantly greater than K
(vac)

 at low pressures because of the stiffening produced by the 

adsorbed water in the narrowest pores. At higher pressures, this difference diminishes and 

becomes less than the "advantage" associated with the very good quality of signals in a 

vacuum. In theory K
(dr)

 should be greater than K
(vac)

. The fact that we observe K
(vac)

 – K
(dr) 

<0 

results from "errors" related to the measurement (increase in the velocity for measurements 

under vacuum and mediocre quality of the signal on the saturated sample). To determine the 

changes to these parameters, it therefore seems quite logical to normalise the values K
(dr)

, 

K
(vac)

 by placing K
(dr)

 = K
(vac)

 at maximum pressure (fig. 3.5.2-8b) and by keeping in mind the 

order of magnitude of the associated experimental error. 

 

For outcrop limestone samples (fig. 3.5.2-8c) the equality between K
(vac)

 and K
(dr)

 can be seen 

even at low pressures. For the core samples in fig. 8d, just one sample shows a difference 

comparable to that observed in the sandstones. 

The reduction in the difference when the pressure increases allows us to envisage simplifying 

routine measurements of K
(dr)

 when we are interested in high differential pressures, as is the 

case for reservoir applications. For sandstones and limestones, we can directly measure K
(dr)

 

on samples that are dry or under vacuum. However, the case of andesite reminds us that we 

must check, using the fluid-substitution method on several samples, that the type of rock 

studied does indeed follow the normal behaviour. 

3.5.2.2.1.2.2.3  Note on the shear modulus  

We have stated that at the first order  was independent of the state of saturation. 

In most limestone samples (including those showing a slightly more marked variation in 

moduli under the effect of pressure), a fine analysis does not show convincing differences 

between  of the rock under vacuum and  of the rock saturated with liquid. 

On figure 3.5.2-9 we present the results on the Fontainebleau and Vosges sandstones. The 

quality of the measurements is excellent (phase velocity). The values compared are  under 

vacuum and the average of the moduli for at least 4 states of saturation with liquid (e.g. water, 

ethylene glycol, methanol, heptane, etc.). At low pressure (pdiff<=5 MPa) the small differences 
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observed are greater than the measurement uncertainty. However, it appears to us that taking 

these differences into consideration would be of interest only in a very specialised study on 

the capillary behaviour of these rocks. 

For higher pressures, corresponding to reservoir studies (pdiff>=20MPa), the values of the 

shear modulus measured under vacuum may be considered as representative. 

 

Figure 3.5.2-9: Comparison of the shear modulus for various states of saturation. 

 F: Fontainebleau sandstone (porosity); V: Vosges sandstone (porosity) 

 

3.5.2.2.2  Results at sonic frequencies (rocks saturated with water) 

3.5.2.2.2.1 Consolidated rocks 

The rarity of reliable data concerning sonic velocities under confinement pressure was 

mentioned above. However, the data from Lucet [1989] does allow us to make some 

interesting observations. The limestones rocks, mostly of low sensitivity to the effect of 

differential pressure, both at ultrasonic and sonic frequencies, are not included (but much 

limestone data exists in Lucet [1989]). 

The most important result, already implicitly mentioned during the study on velocities, is the 

clear sensitivity of the bulk modulus K to low differential pressures. The simplest explanation 

for this difference compared to the situation in the ultrasonic band is probably to be found in 

the differences in the mechanical behaviour of the adsorbed water under the effect of 

vibrations of different frequencies. If we accept that the "rigidity" of these layers increases 

with the frequency, which appears probable, the non-variation of modulus K in the ultrasonic 

band can be better understood. 
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3.5.2.2.2.2  Unconsolidated rocks (sands) 

Using a vibrating device placed in a triaxial cell, it is possible to perform on unconsolidated 

materials (sand), measurements which, in principle, are identical to those using the resonant 

bar and therefore we can measure, under confinement, the modulus and attenuation at 

frequencies of the kilohertz order [Hardin and Music 1965; Aubry et al., 1982]. Numerous 

experimental results have been supplied by Soil Mechanics laboratories. The article by Hardin 

and Richart [1963] already contained numerous references. Some values for the Hertz 

coefficients for shear or extension modulus are given in table 3.5.2-1. Ultrasonic values are 

included for comparison. Concerning sonic values, the publications give results that are quite 

coherent: the order of magnitude of sensitivity to the differential pressure is roughly the same, 

whether it concerns S or E waves and dry or saturated samples. For pressures greater than 10 

MPa, the Hertz coefficient is of the order of 0.5 for the modulus. For lower pressures, it is 

closer to 0.7 in saturated samples. 

Notice that for the ultrasonic band, the Hertz coefficient is much stronger in shear than in 

extension for the saturated samples and similar for the dry samples. We find the same 

observations as were made for consolidated rocks. 

 

These coefficients, much higher than those predicted by Hertz/Midlin, are explained by the 

rearrangement of the grains of sand during confinement variation, while this theory implies 

elastic contacts. 

 Water Saturated Dry 

P or E S P or E S 

[Hardin and Richart., 

1963] 

Ottawa sand 

(numerous 

tests) 

Sonic pdiff  

< 12 MPa 

720,800 780,880 540,700 540,600 

Sonic pdiff  

>12 MPa 

440,500 480,520 460,500 460,500 

 

[Domenico, 1977] 

Ottawa sand US 

pdiff max: 

35 MPa 

120 450 500 500 

Glass bead 100 480 490 470 

 

[Boelle, 1983] 

Hostun sand Sonic 

pdiff max: 

0.5 MPa 

  500,620  

Glass bead   380,480  

 

Table 3.5.2-1: Value of the Hertz coefficient, in thousands, for the elastic moduli (extension, 

torsion) in unconsolidated materials. In the ultrasonic case, it is the double of hP and hS 

 

We may observe similar behaviour in certain Fontainebleau sandstones for which the grains 

are separated from each other by "cracks" (fig. 3.5.2-10b) probably caused by an intense 

superficial weathering. We can therefore measure Hertz coefficients close to 0.5 at sonic 

frequencies for the moduli (fig. 3.5.2-10a). This rock, which is entirely consolidated if we 
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consider its macroscopic properties, behaves like a  sand concerning the Hertz coefficient. 

The grains are not in "elastic contact" but change their relative position under the effect of 

pressure. 

 

 

Figure 3.5.2-10: a) Relationship Modulus vs. pdiff at logarithmic scale for Fontainebleau 

sandstones with grain-contacts loosened by weathering. b) Pore-cast showing the grain-

contacts. 

3.5.2.3 Frequency dependence of the relationships velocity vs. pdiff:  

practical importance and the search for solutions. 

3.5.2.3.1 Empirical approach 

We said in the introduction to §3.5, that the Hertz coefficient, because of its very nature, 

which consists of a relationship between velocity at different effective pressures, may be 

strongly influenced by the dispersion of velocity, as long as an attenuation effect remains in 

the rock, even relatively low. We have presented several experimental evidences of this. 

Before considering the practical consequences, we must give some explanation in a pragmatic 

manner, using the example of a rock to which the "Constant Q" model applies (CQ), (e.g. 

Bourbié et al. [1987]; Mavko et al. [2003]) and for which the attenuation varies clearly with 

the differential pressure, as it is generally the case in sandstones. From velocities measured at 

ultrasonic frequencies, it is easy to calculate the velocities corresponding to sonic or seismic 

frequencies (table on fig. 3.5.2-11) by using the conventional dispersion formula (cf. Chapter 

5):  

V/V0 = (f/f0) 
(Arctg(1/Q)/) 
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where V is the velocity corresponding to the frequency f in question, V0 the velocity at the 

reference frequency f0 and Q the quality factor, which is inversely proportional to the 

attenuation by wavelength. 

 

 
Figure 3.5.2-11: Example of frequency dependence of the Hertz coefficient calculated by the 

"Q constant" model from the relationship Attenuation (sonic band) and Velocity P (ultrasonic 

band) vs. pdiff  
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We see in the example in fig. 3.5.2-11 that the relationship Velocity/Differential Pressure is 

significantly influenced by dispersion. The Hertz coefficient is around 40.10
-3

 for the 

ultrasonic P wave and nearly 70.10
-3

 at sonic frequencies if we apply the constant Q model, 

which seems quite legitimate. At low frequencies, the effect is even more marked, but 

extrapolating the CQ model is probably not justified, and it also raises the critical problem of 

choosing the dispersion/attenuation model. 

 

This problem of dispersion is very inconvenient for geophysical applications because reliable 

and routine laboratory measurements are only practically possible at ultrasonic frequencies, 

for which measurements of attenuation must be considered with reservations (see below). To 

extrapolate the laboratory results, we must know the relationship Attenuation vs. pdiff for 

which we present some general data below (§3.5.3). 

 

 

 

3.5.2.3.2  Estimating Hertz coefficients for field applications. Approaches. 

Estimation of the Hertz coefficient is highly important in interpreting field records, 

particularly in the repetitive seismic domain. Currently, the only routine means of measuring 

Hertz coefficients seems to be laboratory measurement in the ultrasonic frequency band. 

Extrapolating these measurements to field conditions is made very difficult for two reasons 

that we have explained: 

 

- Mechanical damage to samples taken at depth by core drilling, under the effect of 

relaxation of the in situ stresses. 

We saw in §3.5.2.1 that this phenomenon was statistically unquestionable. It causes an 

artificial increase in the measured coefficients. We do not know any means of correcting this 

effect directly on the samples. On the other hand, for practical applications, we can probably 

largely remedy this difficulty by taking measurements on similar rocks from outcrops, for 

which the very slow relaxation over geological time has not left any mechanical traces. It is 

often possible to find these similar rocks at the edges of sedimentary basins. Using a fine 

petrographic analysis, we can also identify surface rocks with textures very close to the 

reservoir in question. Thus, this problem of damage to core samples is certainly not the most 

formidable for practical applications. 

- The frequency dependence of Hertz coefficients. 

This is probably the major difficulty [Rasolofosaon and Zinszner, 2011]. We have seen its 

experimental reality between the sonic and ultrasonic bands. For practical reasons 

(availability of systems, cost of measurements) it is hard to envisage taking systematic 

reliable measurements in the sonic band, and certainly even less so in the seismic band.  

Concerning the sonic band (well logging), we have sufficient experimental data (attenuation 

and verification on velocities) to propose a dispersion model for calculating sonic Hertz 

coefficients from ultrasonic laboratory data. 
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We do not have such information in the seismic band. We can only urge experimenters to 

develop their efforts in this area. While waiting for more measurements, we must limit 

ourselves to empirical practices: 

+ For consolidated rocks, it is reasonable to think that the value of the Hertz-Midlin model 

(static elastic calculation) corresponds to an upper limit. So the value 1/6 can serve as a 

boundary, for the velocities of both P and S waves. Note on this subject that measurements in 

the sonic band confirm that hP and hS are almost equal. 

+ For unconsolidated rocks, the repeated value 250 10
-3

, both for P and for S, in the various 

published measurements (taken at frequencies between 500 and 1000 Hz) is an incentive for 

us to consider a range of between 170 and 250 10
-3

 as a reasonable value for these rocks. 

+ We have noted that ultrasonic measures taken under vacuum were close to the values found 

in the sonic band for saturated rocks. This observation is less surprising if we accept the 

importance of the adsorbed water in the particular behaviour of ultrasonic bulk modulus. For 

"standard" sandstones, we measure hP and hS that are quite close and included between 70 and 

100 10
-3 

 

At this stage of the study, we must remain with some very general and hypothetical data 

concerning the Hertz coefficients in the seismic band. For limestone, we can keep the 

traditional very low values (10 to 20 10
-3

). On the other hand, for sandstones, it seems 

preferable to choose values hP and hS that are equal to and stronger than those usually chosen 

(70 to 100 10
-3

 for consolidated porous sandstones, 100 to 150 for very porous or very pure 

sandstones, but below 20MPa). For unconsolidated sandstones, very high values (up to  

250 10
-3

) should not be excluded. 

And above all, in a very general manner, when interpreting 4D seismic data, we must bear in 

mind that the Hertz coefficients may be manifestly much higher than we thought. 

3.5.3 Effect of the differential pressure on intrinsic attenuation  

 

We know the difficulties encountered, in practice, when measuring attenuation under 

confinement pressure. Although measurement of sonic frequencies using the resonant bar 

system under helium confinement is of excellent quality, it remains experimentally 

cumbersome (see see Chapter 2 §2.2.2; [Lucet et al. 1991]). Also, ultrasonic measurement in 

relation to the spectral ratio method (or possibly rise time) (see Chapter 2,§2.2.1.3), which is 

much easier to perform with conventional acoustic cells  [Rasolofosaon and Zinszner, 

2004a]), is disrupted by various phenomena, especially those caused by diffraction related to 

transducers (see Chapter 2, §2.2.1.1; Tarif [1986]) or heterogeneities (path dispersion, 

Chapter 2, §2.2.1.2; [Lucet and Zinszner 1992; Cadoret et al. 1995]) which make this 

ultrasonic measurement a "semi-quantitative" estimate. 

Keeping these reservations in mind, we will describe the results available in the two 

frequency bands: Ultrasonic and sonic. Note that as attenuations P and S or E and S exhibit 

very close behaviour concerning the effect of differential pressure, we will only deal with the 

case of P and E attenuations respectively.  

We know that the attenuation is very sensitive to the state of saturation (§3.4.4). Attenuation 

is very low in dry rocks. But the applications almost exclusively concern rocks that are totally 
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or partially saturated, and for which the solid phase is in contact with irreducible water (Swi,  

Chapter 2, §2.1.3.3; [Zinszner and Pellerin 2007]). We will therefore cover only the saturated 

case and will focus our analysis of quantitative data on the sonic frequency band. 

 

3.5.3.1.1 Ultrasonic frequency band: propagating wave spectrum 

The measurements in this frequency band are not very precise (semi-quantitative) but 

sufficiently numerous for us to be able to make some general observations: 

- Above all, we must put aside the case of rocks (limestone) with "path dispersion" 

phenomena (e.g., Lucert and Zinszner [1992]; Rasolofosaon and Zinszner [2004a]) 

and in which the ultrasonic attenuation is very abnormally high and has little 

sensitivity to the effect of differential pressure. This low sensitivity is confirmed in the 

case of limestone with no path dispersion (e. g. Lavoux limestone). We have the same 

situation as described for velocities (§3.5.1.1). 

- On the other hand, the attenuation in sandstones exhibits sensitivity to differential 

pressure that is more or less pronounced. It may be extreme in some cases (e.g. 

Fontainebleau with "grain-joints" facies (see fig. 3.5.2-10). 

- Data for non-sedimentary rocks is rare but the parallel between changes to velocity 

and attenuation seems to exist also in Volvic andesite (continuous change in velocities 

and attenuations up to the highest pressures measured) and in magnesian marble of 

very low porosity but in which the intercrystalline contacts play a great role. 

It is interesting to emphasize that in most cases, we observe the same tendency as for 

velocities in the relationship between attenuation and differential pressure. 

 

 

3.5.3.1.2 Sonic frequency band: resonant bar (stationary waves) 

Attenuation measurements using resonant bar under confinement are much more reliable than 

at ultrasonic frequencies, but published results are rare. Apart from the pioneering work of 

Winkler [1979], we can find some data in Zinszner et al., [1997] but the largest data set, for 

rocks saturated with water, can be found in Lucet [1989]. The results are summarised in 

figure 3.5.3-1 and quite closely follow the tendencies described in the ultrasonic frequencies. 

Attenuation in limestone rocks usually has a very low sensitivity to differential pressure, 

except in specific cases such as the Euville crinoïdal limestone (outcrop) in which we may 

suspect the existence of micro-cleavage in the large crystals of calcite. One can observe the 

same behaviour in some  limestone samples coming from cores. 

As at ultrasonic frequencies, sandstones often have attenuation that is sensitive to differential 

pressure, with the extreme case of some Fontainebleau sandstones.  
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Figure 3.5.3-1: 1000/QE  vs. differential pressure. Measurement by resonant bar (1 to 5 kHz). 

The dots correspond to experimental values and the dashed curves to an approximation using 

a power law. Parameters representative of these power laws are given in the table. 

 

  

3.5.4   Conclusions on the effect of differential pressure. 

 

In this section 3.5, we have a limited ourselves to studying the effect of pressures on acoustic 

properties because implicitly we have considered that the effect of stress was related mainly 

to acoustoelasticity, dealt with in chapter 6 devoted to elastic non-linearity. 

 

Among the most important points to remember:  

-  It should first be noted that only the differential pressure has a significant effect on the 

acoustic properties (as opposed to an error sometimes reproduced, this is the Terzaghi 
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formula: pdiff = pconf - ppore to be used in this case). The change in compressibility of 

fluids under the effect of pore pressure explains the apparent differences to this rule. 

- For wave velocity, the relationship V vs. pdiff is usually a power law whose exponent h 

called Hertz coefficient is a convenient way to characterize the effect of pdiff 

-  The Hertz coefficients are often low in limestone rocks (and probably shale) and 

higher in sandstones (very high in some arkosic and micaceous sandstone) . 

-  In practical applications, the measurement of the Hertz coefficient is more difficult 

than it appears. Two phenomena of unequal importance affect this measurement. First, 

when samples investigated are from a reservoir (deep cores) mechanical damage 

caused to the rock by the sudden relaxation of in situ stress disrupts the result. More 

importantly, the velocity dispersion (attenuation) can vary greatly with pdiff, thus it is 

difficult to extrapolate to low frequencies the values of h obtained most often in the 

ultrasonic band in the laboratory. 

- VP /VS ratio is less sensitive to the effects of dispersion. When an estimate is possible, 

it can be useful in applications (as discussed for lithology impact study, cf. § 3.2.1.2). 

- The study of modulus K and  confirms the differences between sandstone and 

limestone (K little influenced by pdiff for sandstone and relatively more for limestone; 

 very sensitive to pdiff in sandstones). The porous volcanic rocks (e.g. andesite) 

appear to exhibit original behavior (change in K and  observed even for strong pdiff) 

but we have very little data. 

-  Regarding attenuation, in the case of pdiff as for the other parameters, the information 

is much less abundant, because of the great difficulty measuring the intrinsic 

attenuation as we have often reported. One important point to potential applications: in 

the case of media homogeneous at the scale of the wavelength (see Chapter 1 and 

Chapter 5) attenuation strongly decreases with increasing pdiff, so that in sedimentary 

basins, the intrinsic attenuation in rocks is very weak.  Seismic wave dampening is 

induced by other causes of attenuation (extrinsic attenuation, e.g. layering). 
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3.6 Waves and temperature (and phase change) 

It is important to take into account a possible temperature effect on the acoustic properties of 

rocks. Firstly because in the Earth's crust, the temperature increases quite quickly under the 

effect of the geothermal gradient, 0.03°C per metre, on average, but with extremes of between 

0.1°C/m in zones where the continental crust is thin (e.g. rift) and 0.01°C/m in the thick 

continental shields (cf. fig. 3.2.1-12), so that at depths of several kilometres, the temperatures 

are usually greater than 100°C. Secondly, because the production of very viscous oils often 

requires thermal methods to lower the viscosity of these oils. So the temperature parameter 

plays a decisive role in the seismic monitoring of this type of reservoir. 

Before studying the effects of temperature, we must emphasise a point that is obvious but too 

often poorly considered: the variation in temperature influences the solid skeleton of the rock 

and also, and above all, the properties of the fluids saturating the porous space. The variation 

in temperature has a lesser influence on compressibility but a very strong influence on 

viscosity (see §3.4.2.1). The ultimate case is the change in the phase of the fluid (vaporisation, 

solidification). In such situations it would therefore be preferable to return to a direct study of 

the effect of compressibility or fluid viscosity, but to comply with usual practice, we will 

present several examples of the effect of temperature variation, particularly in the case of 

heavy oils and bitumen. 

This comment on the indirect effect of temperature is also valid for attenuation. There is no 

objective physical reason why the variation in temperature, in itself (in the order of magnitude 

considered), would have significant effects. The observed effects, often very spectacular, 

should be related to the change in the phase of the saturating fluid (vaporisation, 

solidification) sometimes even with the destruction of the structure of the solid, as in the case 

of sandstones with "bitumen supported grains"  

3.6.1 Effects of temperature on the solid skeleton. 

3.6.1.1 Reversible effects 

This is the only case for which we can speak of a temperature effect on the acoustic 

properties. This effect is low. We have much data on crystalline rocks and minerals (non 

porous). For these, it has long been known [ Hughes and Maurette, 1956] that a variation of 

100°C causes a drop in velocity of less than 1%, providing that the values are considered 

under strong confinement (e.g. 100 MPa) to avoid interference effects related to possible 

micro-cracking. In minerals, the results are of the same order of magnitude (e.g. 0.4% 

reduction for 100°C for quartz [Carmichael, 1984], or 0.6% for 100°C (P and S) for olivine, 

measured on an interval of more than 1000° [Jackson et al., 2005]). 

For porous rocks (sandstones in the dry state) the effect is quite similar, since we can observe 

reductions in velocities of between 2 and 4% per 100°C in the Berea sandstones [Mobarek, 

1971]. 

Concerning shale, we have little experimental data, but the work of Johnston [1987] which 

related to only three samples, but of high experimental quality, showed a very pronounced 

reduction in velocities (of around 10%/100°C), both for P and for S waves. The difference 

with other rocks is notable, perhaps due to the high content in organic matter (TOC, Total 

Organic Carbon of between 5 and 10%). 
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So, to summarise, we can consider that the effect of temperature on velocities, in the strict 

sense, is of little importance. For a variation of 100 °C, the order of magnitude is 1% for 

compact rocks under high effective pressure up to 5% for porous sandstone under low 

effective pressure. In this latter case, the difference in the thermal expansion constants 

between quartz and clays may explain this phenomenon. 

3.6.1.2 Irreversible effects: damage to the solid skeleton   

It may happen that the temperature variation modifies the characteristics of the solid skeleton 

and therefore its mechanical properties. An extreme example is the transition of quartz to 

trydimite/cristobalite that one observes when quartz is heated to a high temperature. More 

subtle is the deterioration of the clay fraction of sandstones or the intensification of micro-

cracking. An example is shown on fig. 3.6.1-1 [Jones, 1983]. The rise of the velocities of both 

the E and S waves when the temperature continues to increase beyond 110°C is in contrast to 

the general observation. It is due to a change in the nature of the skeleton. The stability of the 

cooling curves proves it.  

We will come back to the problem of damage to the solid during the study on rocks with 

heavy oils or bitumen. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6.1-1: Example of irreversible damage caused by the variation in temperature. 

Berea sandstones saturated with water, kilohertz frequencies. Data from Jones, [1983]. 

 

3.6.2 Impact of temperature on the saturating fluid  

The variation in temperature can drastically modify the physical characteristics of the 

saturating fluid. The effect on the viscosity is the most obvious. Its consequences for the 
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acoustic properties are dealt with separately (§3.4.2). We will consider two effects, one quite 

discreet (the effect on the compressibility of the fluid) and the other with very significant 

consequences (the change of phase) 

3.6.2.1 Effect of temperature on the compressibility and density of fluids  

The effect of temperature on rocks saturated with water and under high differential pressure 

(50 MPa for example) is generally expressed (e.g. Timur [1977] by a reduction in velocity 

that is lower for the S waves than for the P waves (fig. 3.6.1-2). And, in the case of the latter, 

the reduction seems to be to some extent proportional with the porosity. This behaviour brings 

to mind a fluid-compressibility effect (§3.4.1). We have much data on the variation of the 

bulk modulus of water (K
(W)

) according to the pressure and the temperature. It is the same for 

the incompressibility of oil (K
(O)

). However, due to the great variability in the composition of 

oils, it is less easy to deduce synthetic data from it. We can find information adapted to 

geophysical applications in Wang [1988], Wang et al. [1988] or Batzle and Wang [1992]. We 

will limit ourselves to considering orders of magnitude that allow a qualitative approach 

(table 3.6.1-1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6.1-2: Impact of the variation in temperature on the velocity of P and S waves. 

Berea sandstone saturated with water. Due to the high pore pressure, the water remains in the 

liquid phase. Data from Timur [1977]. 
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Variation in % per 
100°C 

Impact on Velocity in % 
per 100°C 

Temperature 25°C 100°C 200°C 25-100°C 100-200°C 25-100°C 100-200°C 

 water 1.01 0.985 0.9 -3 -8   

rock 2.24 2.23 2.21 -0.4 -1 0.2 0.5 

K
(W)

 2.5 2.7 2 10 -25   

K
(u)

 water sat. 14.7 15.1 13.9 3.5 -8 0.9 -2 

 oil 0.88 0.85 0.78 -4.5 -8   

rock 2.20 2.2 2.18 -0.4 -0.8 0.2 0.4 

K
(O)

 3 2 1 -45 -50   

K
(u)

  oil sat. 15 14 12 -9 -14 -2.5 -3.5 

 

Table 3.6.1-1. Variation in percent, as a function of temperature of water and oil density and 

bulk modulus (pressure 50 MPa; simplified from Batzle and Wang [1992]). Impact in percent 

of these variations on the wave velocity in a sandstone (porosity 0.25, K
(dr)

 = 10GPa). P and S 

velocity for density variation, P velocity for K variation. 

 

We note on table 3.6.1-1 that the variations in density have no notable consequences on the 

velocities. On the other hand, the variation in K
(O)

 can justify 2 or 3% of the reduction in the 

velocity P for a temperature increase of 100%. In the case of water saturation, the variation in 

K
(W)

 is not linear between 25 and 100°, which corresponds poorly to the apparent linearity of 

the experimental results of velocities (fig. 3.6.1-2). However, we can conclude from these 

notes that the effect of the variation in compressibility, added to a small effect on the solid 

skeleton, does justify, especially in the case of oil saturation, the slight reduction in the P 

velocity observed with the increase in temperature 

 

3.6.2.2 Change of phase  

The orders of magnitude of the mechanical moduli are very different for gases (<<1 GPa), 

liquids ( 1GPa) and solids (>10GPa), so we will see great variations in velocity during a 

phase transition under the effect of temperature (independently of the damage that may result 

from the variation in volume). 

 

3.6.2.2.1 Solidification (ice) 

The contrast between the acoustic properties of water (VP  1500 m/s, VS=0) and of ice (VP  

2920 m/s, VS  1790 m/s) explain the great variations observed during the solidification of 

water saturating the porous space. The problem of irreversible damage suffered by the 

material during expansion of the ice (gelifraction) must also be taken into consideration, but 

we can minimise it by only considering the results of reproducible experiments. The 

laboratory studies mainly concern permafrost applications and the results of Timur [1968] 

remain a good summary. Figure 3.6.1-3 shows the main points to remember. 
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- The effect of cooling on a sample of dry sandstone is minor (apart from a variation of 

the order of 1%) around 0°C. 

 

 

 

 

Figure 3.6.1-3: Effect of the solidification of water contained in pores on the P-velocity. Data 

from Timur, [1968]. Black shale and Berea sandstone. 

 

- The effect is very spectacular in the saturated case with a 30% increase in the P 

velocity for the Berea sandstone. 

- The temperature at which the variation in velocity occurs depends on the temperature 

of solidification of the water, meaning the pore granulometry, because when water is 

not totally independent of the solid surface, its solidification temperature is less than 

0°C. In the case of black shale, water freezing mainly takes place between -10 and -

20°C. This phenomenon is seen to a lesser extent in the clay sandstones. We are 

therefore dealing with a sort of thermal "porosimetry". Proposals have even been made 

to take advantage of this phenomenon [Carcione, 1998]. 
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3.6.2.2.2 Vaporisation 

The transition from the liquid phase to the steam phase of water contained in the pores will 

also entail a significant change. In the experiment presented on figure 3.6.1-4 [De Vilbiss 

1980], the change in the phase of water is caused by a drop in pore pressure at a constant 

temperature. The phase change occurs towards 0.5 MPa (on the figure, the steam phase is on 

the left and the liquid phase is on the right) corresponding to a temperature of about 150°C. 

The confinement pressure is 10 MPa. In the sandstones ("macro-porous" medium), the effect 

on the S wave is negligible and the effect on the velocities of P wave is around a few percent. 

In the first approach, we are therefore well within a situation that is explicable by Gassmann's 

formula (see §3.4) (transition from liquid to gas). For the Westerly granite, the effect is 

quantitatively very great for the P waves and also for the S waves. Here, we are outside the 

"Gassmann domain". We are dealing with a "micro-cracked" medium where the porosity is 

essentially of the "compliant" type. In § 3.4.2 we stated that at low or moderate differential 

pressure, the shear modulus could be very influenced by the viscosity of the fluid saturating 

the "compliant" porosity. It is therefore not surprising that the shear modulus of granite drops 

sharply during transition from water saturation to gas saturation (factor 10
2
 on the viscosity). 

These water/steam phase-change effects could obviously be of great interest in geophysical 

studies for EOR (enhanced oil recovery) operations by in situ combustion or steam injection 

(see 3.6.2.3, below) and in geothermal or volcanology studies.  

 

 

Figure 3.6.1-4: Effect of the phase of water contained in the pores on the velocity of P and S 

wave in the St Peter and Berea sandstones and in the Westerly granite; Data from DeVilbiss 

[1980] 
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3.6.2.2.3 Note on methane hydrates 

An example of phase transition that is very important in seismology is the formation of 

methane hydrates in marine sediments (or in permafrost). Under certain conditions of 

temperature and pressure, for example t<18°C for P>10MPa (marine sediments) or t  -5°C 

and P  4MPa (permafrost) the methane associates itself with water, in the proportion of 1 

CH4 for 5.75 H20 to form a solid resembling ice. The acoustic properties of the hydrate (VP  

3000-3600 m/s, VS  1800-1900 m/s) are very different from those of water but quite close to 

those of ice. So the transition of the saturating fluid from the hydrate state to the "water + gas" 

state corresponds to a very strong reduction in the velocities P and S, which creates a 

pronounced reflector in the sedimentary series. This is the explanation for a phenomenon 

often observed in marine geophysics: "Bottom Simulating Reflectors" (BSR) (fig. 3.6.1-5b). 

These are strong seismic reflections "parallel" to those corresponding to the sea bed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6.1-5: Geophysical expression of methane hydrates 

a) hydrate stability diagram, in National Methane Hydrate R&D DOE program. 

b) example of Sea Bottom Reflector in Tinivella [2000] 
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The conventional interpretation of this phenomenon (e.g., Andreassen et al. [1997]; Dvorkin 

et al. [2000]) is the transition from sediments containing hydrates (at the top) to sediments 

containing water and methane gas (at the bottom). This change is related to crossing the 

stability limit of the hydrate in the pressure/temperature diagram (fig. 3.6.1-5a). As the 

temperature gradient is much stronger in sediments than in seawater, we understand that the 

depth in relation to the seabed is the main parameter in locating this limit and therefore the 

BSR. 

The interest in geological hydrates of methane is related to several subjects. Firstly, the 

quantities of methane involved are gigantic and some would like to see this as a possible 

source of abundant energy. This hope is not necessarily well founded. Secondly, the gaseous 

methane located under the layer containing the hydrates could be the origin of gas blow-out 

inducing serious accidents when drilling the superficial layers. It may also be that the sudden 

thermodynamic destabilisation of hydrates is a possible cause of instability of submarine 

slopes. Lastly, methane's contribution to the greenhouse gas effect is much stronger than CO2. 

Proposals have been made to consider the variation, on the scale of geological time, in the 

quantity of methane stored in hydrates, as an important point in explaining climate changes at 

geological time scale. 

This real interest has led to research into the relationships that exist between acoustic 

properties and hydrate content (e.g., Dvorkin et al. [2000]). However, it is a very difficult 

problem, among other things because the relative positions of hydrates and brine within the 

porous space is the decisive parameter and it is very poorly known. This is an example of the 

difficulties that we may encounter in petroacoustics in moving from a qualitative aspect that is 

almost obvious (the explanation for BSR) to a quantitative interpretation. 

 

3.6.2.3 Heavy oil and tar reservoir  

The effect of the temperature (and therefore of the viscosity, among other things) on the 

acoustic properties is of great practical importance in studying reservoirs of heavy oils, where 

the viscosity can reach values that are exceptionally high. 

These names cover very different situations and we must briefly specify certain data. These 

deposits represent accumulated quantities of oil much greater than those of conventional oil 

[Hinkle and Batzle, 2006] and it is customary to differentiate them according to the density of 

the oil, expressed in "degrees" API (the degree API, derived from the Baumé scale, is related 

to the density , at 60°F, by the formula API= 141.5/ -131.5). There is no clear consensus on 

this definition 

Table 3.6.1-2 summarises several values. It should be noted that the relationship between 

density and viscosity is quite vague and that viscosity is predominantly influenced by 

temperature. As numerous deposits of heavy oil are at shallow depth, the surface temperature 

influences the viscosity in the reservoir: so the North Canadian reservoirs are, for equal 

density, more viscous than those of Venezuela.  

The oil shales, for which the organic matter (kerogen) is solid at ambient temperature, do not 

come under deposits of heavy oil and their seismic properties should be studied in comparison 

to those of other types of shales (cf.§3.2.1.2..2). 
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API <5 <10 10-20         >  20 

Density 

(ratio to water ) 

          >1.04 1  1- 0.90   < 0.90 

Type Solid (Bitumen) Extra Heavy Oil Heavy Oil Conventional Oil 

Viscosity (Pa/s = 

1000 cP). Order of 

magnitude 

 10-1000 1-100 0.005-0.1 

 

Table 3.6.1-2. Density values used as limits between the various types of oil and order of 

magnitude of corresponding viscosities (at ambient temperature and pressure). There is no 

clear consensus on these definitions 

 

Very heavy oil does not flow naturally out of the reservoir to borehole, except in the case of 

very high permeability (e.g. > 10 D). In order to get production in this type of reservoir it is 

necessary to use enhanced oil recovery (EOR) processes. For heavy oil, the basic principle is 

to increase the reservoir temperature (thermal recovery), by steam injection or in-situ 

combustion of an oil fraction (also known as fire flooding or fireflood). The steam assisted 

gravity drainage (SAGD) consists of at least two superposed horizontal wells, steam being 

injected in the upper one and oil recovered in the lower. 

An increasing oil temperature reduce the viscosity (strongly) and also the density (to a lesser 

extent). Both modifications are very favorable to oil production, obviously regarding  

viscosity and through an increase in volume due to the density effect. There is also an increase 

in pore pressure which could highly impact the differential pressure (the confining pressure is 

generally low in these shallow reservoirs). 

Due to this it is not surprising that thermal EOR could have a very clear seismic signature. To 

investigate this overall effect, the impact of temperature on saturating fluid acoustic properties 

(§ 3.6.2.1; §3.4) has to be dealt with separately from the impact of differential pressure (§3.5).  

An experimental example of the impact of temperature (and as a function of differential 

pressure -effective stress on the figure-) is shown on figure 3.6.1-6 
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Figure 3.6.1-6. Ultrasonic P-wave velocity vs. temperature (and differential pressure) in a 

Cold Lake oil sand.  [Eastwood 1993] 

 

The main effect (and the more difficult to approach quantitatively) is most likely the 

irreversible modification to the solid skeleton (sand grains arrangement) induced by 

temperature. Very heavy oil and bitumen could partially act as "cement" between the grains 

(bitumen supported micro-structure). The strong change in oil/bitumen mechanical 

characteristics with high temperature can considerably reduce the rock moduli (K and ) and 

the corresponding velocity. 

All these effects are tending to a marked decrease in P-wave velocity (and to a lesser extent in 

the S-velocity despite the increasing impact of density effect). In the case of the destruction of 

the micro structure, the impact on S-wave could be very important. 

As it is always the case, dealing with attenuation is more difficult. In the laboratory and 

theoretically, several mechanisms have been proposed concerning temperature and 

attenuation (e.g. Theune [2004] for a review). In the field, examples of variation in 

attenuation during thermal EOR are documented (e.g. Heldin et al. [2002]). Most probably, 

these attenuation effects have to be related to the conjugated impact of phase change (gas) and 

reduction in differential pressure. When considering the very high attenuation that can be 

observed in the laboratory for sandstone partially saturated with gas and under low differential 

pressure (e.g. Chapter 2; figure 2.2.2-5) strong attenuation could be expected in EOR 

monitoring. 

 

When considering the strong impact of temperature on Bitumen and Heavy oil sand seismic 

characteristics, one can think of seismic monitoring of thermal EOR in such formations as an 

easy problem. And, indeed, this monitoring (figure 3.6.1-7) is rather easy on a qualitative 

basis: the delimitation of zones impacted by EOR operations. But as soon as quantitative 
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information (e.g. residual oil saturation in flooded zones) is required (and this type of 

quantitative information is mandatory for a good reservoir engineering approach) the problem 

is extremely difficult. The seismic result is an addition of several type of impacting factors 

(fluids properties, differential pressure, and rock structure modification) and we are quite 

unable to estimate the quantitative impact even of each one considered separately.... 

 

 

 

Figure 3.6.1-7: Impact of steam injection on seismic characteristics. Time shift (Red) and 

Amplitude variation (Green) below the reservoir vs. steam injection rate. Above the reservoir 

(Yellow), the time is very stable. [Cotton et al. 2012] 
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3.5-105; 3.5-107; 3.5-120;  
grainstones   3.2-24 
impact of differential pressure on 
Gassmann's formula  3.4-82 
K(gr) calculation 3.4-80 
Lavoux 3.5-100; 3.5-105; 3.5-120 
matrix velocity 3.2-11; 3.2-13 
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pumice critical porosity 3.2-33 
Q factor 3.4-87  

seismic prospecting 3.4-88,  
well logging 3.4-88 

quality control using K(gr) calculation 3.4-81 
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Fontainebleau;  impact of differential 
pressure on Gassmann's formula   3.4-
83 
granulometry   scattering  attenuation 
3.2-38 
impact of differential pressure on 
Gassmann's formula   3.4-83 
K(gr) calculation 3.4-79;  
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106, 3.5-111; 3.5-121;  
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structural  3.2-19 

shear  modulus  
dry rock 3.5-113; 
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sonic log 3.3-54  

attenuation measurement 3.2-39 
 modelling 3.3-56 

sonic logging 3.1-2 
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