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Abstract

Hydrocarbon production rnay cause changes in dynamic reservoir properties including

pressure and fluid saturation. Laboratory tneasurements of acoustic properties of

representative rock samples, simulating in situ effective stress and fluid saturation, prove

useful for the calibration and interpretation of seismic and sonic log data. The aim of this

study was to investigate the relationship between the acoustic velocities and petrographical

arnd petrophysical character of low to medium porosity sandstone cores from the Cooper

Basin, South Australia, identified as medium to low porosity gas-bearing shaly sandstones.

Systematic lzrboratory lrreasurements of the velocity of compressional and shear elastic

waves were undertaken on 22 Cooper Basin core samples under dry (air-saturated), partial

and fully water-saturated conditions. The measurements were conducted at ultrasonic

frequencies under controlled pore pressure and confining stress conditions using a pulse-

echo technique. Petrographic information and rock properties including porosity,

pe¡neability and capillary pressure curves were necessary to interpret the experimental

results. The velocity-effective stress and velocity-saturation relationships for the studied

samples were investigated. The role of other rock properties on these relationships was

exarnined and the results compared to other studies. The implications of the experimental

results for hydrocarbon exploration and development have been discussed with examples

from the Cooper Basin reservoir rocks.

Velocities and quality factors (Vp, V., Qp and Q,) in the Cooper Basin sandstones depend

on effective stress, defined as P" = P. - nPo,, with n < l. The value of the effective stress

coefficient , n, for V,, and V, apploaches unity at high differential pressures P¿, P¿ = P.-Pp'

whereas the pore pressure dependency of Qp and Q, increases as the differential pressure,

P¿ increases. The deviation of effective stress coefficient from unity for velocities and

quality factors is attributed to the heterogeneity in elastic properties of the rnain rock

components (quartz and claY).

Experimental results show that acoustic velocities in dry and water-saturated samples

increase non-linearly with effective stress over the stress range from 5 to 60 MPa. A

regression equation in the form of V = A - Be - DP describes empirically the velocity-

effective stress relationship for the sampled Coopel Basin rocks under both dry and water-

saturated conditions. In this equation; V is the wave velocity and P is effective stress, A is

the crack free velocity, D shows the rate of crack closure, ¿rnd the clifference between A

and B is the velocity at zero effèctive stress. The change of velocity with stress is



attributed mainly to the closure of microcracks which hardly affects the total porosity but

significantly increases the elastic moduli of the rocks. The stress sensitivity of Cooper

Basin sandstones is relatively large in comparison with data reported in the llterature.

There is no significant correlation between porosity, clay content and stress sensitivity of

acoustic velocities at high pressures for the studied samples. The difference in stress

sensitivity of the sarnples may primarily be explained by variations in pore geometry, grain

contacts conditions and the distribution and location of clay particles within the sample

skeleton (quartz grains). At elevated effective stresses, porosity is the rock property best

correlated with velocity. Although considering a clay content term in velocity-porosity

transforms in shaly sandstones is essential, the effect of clay minerals on velocities may

not adequately be explained if only the volume fraction of clay is taken into account. The

insignificant correlation between clay content and velocity, at elevated effective stresses, in

the Cooper Basin sandstones is preliminary related to the textural characteristics and the

type of clay distribution within the studied samples.

The saturation heterogeneity at pore-scale, which is shown in capillary pressure data,

controls the velocity-saturation in partially water-saturated samples. The steady decrease of

Vo as saturation decreases from the high saturation range to near irreducible conditions

sr.rggests a simultaneous drainage of water from pores with a variety of high to moderate

aspect ratios, while microcracks (low aspect ratio pores) retain water. Closure and degree

of saturation of the low aspect ratio pores control the velocity-effective stress and velocity-

saturation relationships at low saturation and stress conditions'

Comparison of measured velocities with theoretical low frequency predictions by the Biot-

G¿rssmann equation suggests that velocity dispersion is negligible in the studied samples.

Thus labol'atory-measured velocities may actually be compared with sonic log and seismic

data in the Cooper Basin.

The velocity-effective stress relationship obtained from laboratory data is consistent with

the sonic log anomaly observed in partially pressure-depleted reservoirs in the Cooper

Basin. Neglecting the pressure effect on velocity results in the overestimation of rock

porosity by the sonic log in overpressured formations, and underestimation of porosity in

pressure depleted zones. A caliblation function (dV/dP = 79.35e-ou'tt, V in m/s and P in

MPa) is proposed to correct the sonic log reading for pressure variation in the study area.

At in-situ reservoir effèctive stresses, V" and Vo are strongly correlated and dry and water-

saturated samples show significantly different velocity ratios (Vp/V.). The Vo/V" ratio is

not affected by porosity and clay content and therefore has potential as a gas indicator in

the study area. The strong stress sensitivity and the clistinct Vp/V. values for dry and water



saturated Cooper Basin cores suggest that the dynamic changes in pressure and saturation

of the reservoir rocks may also be detectable from acoustic impedance or travel time at

seismic and sonic log frequencies.

Future studies should focus on the velocity-stress relationships for different rock types

under different saturation conditions. A quantitative approach is needed to link the acoustic

and petrographical properties in partially saturated rocks. The urse of capillary pressure

curves and wettability data in describing the scale of saturation heterogeneity and their

relationship to acoustic velocities may provide useful information on the saturation status

of reservoir rocks from seismically derived interval velocities.
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Chapter I

Introduction

1.1. Background

Understancling factors affecting elastic wave propagation in sedimentary rocks is essential

to the establishment of relationships between the seismic signature and other properties of

reservoir rocks. It is known that the measured velocity for a sedirnentary rock is related to

a nurnber of factors, such as porosity, effective stress, clay content, pore geometry, fluid

satutation, and nature of the pore fluid. These, sometimes interdependent, factors may

have significant efÏects on the measured velocity and therefore on rock properties predicted

from acoustic velocity measurements. Hydrocarbon production causes changes in dynamic

reservoir properties such as effective stress and fluid saturation. The investigation of the

variations in acoustic velocities due to change of the dynamic reservoir properties requires

controlled experiments in which accurate acoustic data are complemented by detailed

mineralogical and petrophysical analysis of the rock. This can only be done in a systelnatic

way using laboratory lreasurements on a number of representative samples simulating, as

much as possible, the in situ reservoir pressure and saturation condition. These so called

'petro-acoustic studies'(eg. Watts et al. (1996)), have become increasingly an important

part of the rock physics literature. Petro-acoustic studies are used to establish models to

relate elastic properties (velocities and attenuations) to reservoir properties (porosity,

permeability, clay content, saturation, fluid type) and measurement conditions including

fiequency and effective stress (Jizba and Marion, 1994).

The stress and saturation dependence of compressional and shear velocities in rocks have

been investigated by Wyllie et al. (1958), King (1966), Nur and Simmous (1969),

Domenico (1974), Murphy (1982 and 1984), Han et al, (1986), Knight and Nolen-

Hoeksema (1990), Enders and Knight (19S9), Cadoret et al. (1993) Best and McCann

Chapter t, Introcltrctio¡l



(1995), Jones (1996), Best (1997) ancl others. There are, however, fèw published acoustic

data for low to medium porosity shaly sandstones measured under varying saturation and

stress condition. The results of previous studies, e.g. Han et al. (1986) on a large set of

sandstones (including both low and high porosity-permeability samples), gave insignificant

correlation in tight sandstones (Tutuncu et al. (1994), Khaksar and Griffiths (1998a)).

Further, there are very limited sets of data worldwide in which ultrasonic laboratory

measurements have been combined with adequate petrological information of rock

samples. McCann et al. (1997) comment that the lack of good sedimentological and

mineralogical control in many of the older sets of measurements means that many of the

associated acoustic measurements are of limited value and cannot be extrapolated to other

rocks.

1.1. Study Objectives

The main aims of the study described in this thesis are

To investigate systematically the effect of effective stress, type and degree of pore fluid

satur¿rtion, porosity and mineralogy on the acoustic velocities in sandstone cores from

the Cooper Basin, South Australia, identified as medium to low porosity gas-bearing

shaly sands[ones.

2. To investigate the role of fluid saturation, porosity and clay content on the stress

sensitivity of acoustic velocities for the studied samples.

3. To investigate the application of ultrasonic laboratory measurements on cores for more

accurate interpretation of acoustic data obtained from sonic log and surface seisrnic in

exploration and development of hydrocarbon bearing reservoirs in general and in the

Cooper Basin in particular.

1.3. Study Area

The study area encompasses the Cooper Basin in South Australia (Figure 2. l). The

hydrocarbon reservoirs of the Cooper Basin represent one of Australia's major petroleum

provinces. At present South Australia, New South Wales, and parts of Queensland depend

on gas supplies from the study area. The gas-producing intervals in the Cooper Basin are

multi-r'eservoir upper Permian s¿rndstones. The Cooper Basin reservoir rocks represent

1Chnptcl l, InLroclLrction



well-consolidated Iow to moderate porosity shaly sandstones. To date more than half of

the initially estimated conventronally recoverable gas has been produced from the

sandstone reservoirs in the Cooper Basin. Several of the producing fields are now heavily

pressure depleted and rnany challenges exist to extract the remaining recoverable reserves

in the region. One of the major challenges is to accurately map these remaining reserves in

partially depleted fields. The Cooper tsasin reservoir rocks provide a good range of useful

examples for the project purposes in terms of rock type, porosity range and hydrocarbon

production induced variations in pressure and fluid saturation.

1.4. Method Used

A rnulti-disciplinary approach was needed to achieve the above mentioned objectives. In

this study field data and petrography have been integrated with laboratory measurements of

acoustic properties of representative rock samples. An extensive review of field data

available from the Cooper Basin fields was carried out, focussing on the Toolachee

Formation (see Chapter 2), amajor gas producing formation in the study area. Thirty three

core samples were collected from three wells for which a range of wireline data were

¿ivailable including porosity logs and formation pressure information from an RFT tool.

Petrographical studies were carried out on all samples in the form of whole-rock X-Ray

diffraction, rnicroscopic thin section, Scanning Electron Microscopy (SEM) and

petrographic image analysis to de[ermine mineralogy, the amount of individual minerals

and other routine sedimentological analysis.

The necessary experimental equipment fbr acoustic ûleasurements was not available in

Australi¿r during the course of this study. Professor Clive McCann from the Geophysics

Group of the Postgraduate Researctr Institute for sedimentology (PRIS), The University of

Reacling, UK, kindly made available his laboratory to implement the experimetttal part of

the project. As a result the author was a visiting PhD student at The University of Reading

for a periocl of I I months from October 1996 to August 1997 where he carried out the

¿rcol-rstic and petrophysical measurements required for the study. Systematic laboratory

lrìeasurements of velocities and attenuations of compressional and shear elastic waves were

undertaken on 22 Cooper Basin core samples. Acoustic measurements were macle on dry,

water-saturated core plugs at ultrasonic frec¡uency under controlled pore pressure and

confining stress conditions r-rsing the pulse-echo technique implemented by McCann and

lCìha¡rtcr I, I tltt'<lclLrctioll



Sothcott (1992). Acoustic rrìeaslrrernents were macle under partial saturation on a subset of

samples for which capillary pressure data were also acquired.

Petrographic information and rock properties including porosity, permeability and capillary

pressure cufves were incorporated to interpret the experimental results on acoustic

velocities on cores. The velocity-effective stress and velocity-saturation relationships for

the studied samples wele investigated. The role of other rock properties on these

relationships was investigated and the results were compared with other studies. The

itnplication of the experimental results for hydrocarbon exploration and development were

highlighted with examples from the Cooper Basin using existing wireline log data.

1.5. Thesis Plan

Chapter 2 briefly describes the petroleum geology and hydrocarbon exploration history of

the Cooper Basin. Chapter 3 is a literature review of theoretical and experimental studies

on acoustic velocities in reservoir rocks. In this chapter the most important theoretical

models ancl equations describing wave propagation in porous rocks are reviewed. Then a

summary of the present state of knowledge of acoustic velocities in sandstones is presented

with particular attention to the effect of porosity, clay content, effective stress and pore

fluid saturation. Chapter 4 clescribes sampling procedure, petrography and petrophysical

properties of sarnples used in the study. Chapter 5 shows the experimental techniques used

for measuring the acourstic properties of the samples. The techniques described include the

ultrasonic system for acoustic measurement, the satnple preparation procedure and data

processlng.

Chapter 6 describes the results of a systematic laboratory study of the stress dependency of

conrpressional and shear velocities for 22 Cooper Basin samples measured under dry

conclitions. An ernpirical velocity-stress relationship is presented and the role of porosity,

permeability and clay content on the stress sensitivity of acoustic velocities are

investigated. Chzrpter 7 presents data on the pore pressure dependencies of acoustic

veìocities and qr-rality factors under a range of pore pressures and stress conditions for a

Cooper Basin sample. The effective stress coefficients for compressional and shear

velocities and quality factors for the sample are determined from the experimental results

and the potential of these measurements for seismic interpretation is highlighted. Chapter

8 deals with the effect of pore fluid on tl-ìe stress sensitivity of velocities in 2l water-
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saturated Cooper Basin samples. The results ¿ìre compared with data under dry conditions.

In this chapter the effect of porosity and clay content on compressional and shear velocities

are also examined at elevated effective stresses and the observed relationships aro

compared with previous research. Chapter 9 presents and examines the relationship

between acoustic velocities and partial fluid saturation in sandstones under varying

effective stress conditions. Petrographic information, capillary pressLlre curves, and

acoustic data were incorporated into a simple pore geometry model to interpret the

velocity-saturation relationship and stress sensitivity under partially saturated conditions

for the studied samples. Chapter l0 elaborates on some of implications of the experimental

results for hydrocarbon exploration and development with examples from the Cooper

Basin. The main conclusions l"ogether with suggestions for future works are provided in

Chapter I l.
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Chapter 2

Petroleum Geology of the Cooper Basin

2.1. Basin Setting

The Cooper Basin is a northeast trending structural depression in the north-east corner of

South Australia and south-west Queensland (Figure 2.1). The basin contains Permo-

Triassic strata of glacial, fluvial and Iacustrine origin and consists of shales, siltstones,

sandstones and coals (Kapel (1972), Thornton (1919), Apak (1994)). These strata cover

nearly 130,000 km', of which about 50,000 km'are located in South Australia. The

Cooper Basin strata unconformably overlie the early Paleozoic beds of the Warburton

Basin, and Carboniferous igneous rocks (Battersby (1916), Sun (1991)). The Permo-

Triassic strata are unconformably overlain by Early Jurassic to Late Cretaceous sediments

of the central Eromanga Basin (Figure 2.2).

The southern Cooper Basin contains major hydrocarbon producing fields with a thick

Permian section. In contrast, the northern Cooper Basin has a relatively thin Permian

section. In the southern part there are three major depocentres, the Patchawarra,

Nappamerri and Tennapera Troughs. These troughs are separated by the structurally high

Gidgealpa-Merrimelia-Innamincka (GMI) and Nappacoongee-Murteree (MN) Trends

(Stuart 1916). The troughs contain up to 2500 m of sediments (Gidgealpa Group) laid

down during three non-marine megacycles which occurred between the Late Carboniferous

and the Early Triassic (Thornton, 1979). Since the study area of this thesis only includes

the southern Cooper Basin, this chapter overviews the stratigraphy, major structural

features and hydrocarbon occurrences of the southern part of the basin.

2.2. Stratigraphy

Since the pioneer work of Kapel (1966) the knowledge of stratigraphy of the Cooper Basin

has been developed by rnany workers (for exzrmple, Martin (1967), Gatehouse (1972),
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Battersby (lgl6), Stuart (1916), Thornton (1919), Williams et al. (1985), Heath (1989),

Apak (1994), Chaney et al. (1997) among others). Figure 2.4 shows the stratigraphic

column of the Cooper Basin as published by Mines and Energy of South Australia (MESA)

now Primary tndustries and Resources South Australia (PIRSA). The Cooper Basin

sequences range in age frorn the Late Carboniferous to Middle Triassic. They were

deposited mostly in flood plain and lacustrine environments (Battersby, 1976). The Pre-

Permian metasediments of the Warburton Basin underlie the Cooper Basin (Figure 2.2),

and have been considered as economic basement (Battersby, 1916).

The Merrimelia Formation of Late Carboniferous age unconformably overlies the

basement sediments (Figure 2.4). It consists of glacial, periglacial and glacial-aeolian

(Williams et al., 1985), glacio-lacustrine, deltaic and fluvial sediments revealing a complex

glacigenic environment (Chaney et al., 1997). The Merrimelia Formation comprises

rnainly a succession of conglomeratic sandstones and some siltstones and shales.

The Tirrawarra Sandstone of Early Permian age (Figure 2.4) is thought to conformably

overlie the Merrimelia Formation (Battersby, 1976) but Chaney et al. (1991) considered it

to be the fluvial part of the Merrimelia Formation. The Tirrawarra Sandstone cotnprises

quartz sanclstone with rninor intercalations of thin siltstone, shale and coal (Thornton,

lg19), indicating diff'erent sedimentary environments including braid-delta, marsh, beach

barrier, lacustrine, meandering fluvial and aeolian (Rezaee, 1996). The Tirrawarra

Sandstone is restricted to the south and southwestern parts of basin. Its absence in other

parts of the basin is interpreted as being due to non-deposition over a pre-existing stl'ucture

(Apak, 1994).

The Patchawarra Formation interfingers with sediments of the Tirrawarra Sandstone

(Figure 2.Ð. lf" is composed of rhythmic successions of sandstone, siltstone, shale and coal

indicating meandering stream, dettaic and lacustrine environments (Thornton, 1919)-

Three basic units were identified by Gatehouse (1972) in the Patchawarra Formation but

Apak (1994) recognised five chlonostratigraphic units within this formation' The

Patchawarra Formation is the thickest (up to 671 m in Nappamerri Trough) and most

productive formation in the basin. It is present in most of the basin.

'7
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The Cooper Basin was drowned by an extensive lake, which transgressed frorn the East

cluring deposition of the Patchawarra Fonnation, leading the deposition of the Murteree

Shale (Stuart, 1916). The Murteree Shale is a thick lacustrine unit, which conformably

overlies the Patchawarra Formation (Figure 2.4) and comprises light to dark shales with

interbedded micaceclus siltstones (Thornton, l9l9).

The Epsilon Formation conformably overlies the Murteree Shale (Figure 2.4) and ls

overlain by rhe Roseneath Shale (Thornton, l9l9). The Epsilon Formation consists mainly

of siltstone to fine sandstone with thin intercalations of sandstone and coal deposited in

floocl plain to shoreline environments (Battersby, 1976). The Roseneath Shale has

essentially the sarne Iithological and paleo-environmental characteristics as the Murteree

Shale but the clepositional basin was probably smaller than during deposition of the

Murteree shale (Battersby, 1976 and Thornton, 1979).

Conformably overlying the Roseneath Shale is the Daralingie Formation (Figure 2.4). It

comprises a succession of thin sandstones, siltstones, shales and coals which reflect a

regressive environment sirnilar to the lower part of the Epsilon Formation (Thornton,

lglg). The upper part of the Daralingie Formation contains thicker sandstones and coals

which were deposited in lower deltaic and flood plain environments (Battersby, 1976).

The Toolachee Formation unconformably overlies the Daralingie Formation (Figure 2.4).

It consists of fresh water sandstones, siltstones, shales and coals (Battersby, 1976),

deposited in fluviatile, point bar, overbank and backswarnp environments (Stuart (1916),

Thornton (1979)). The unconformity at the b¿rse of the Toolachee Formation is substantial

as it was associated with a tectonic event (Apak, 1994). Although the Toolachee

Formation is absent over the intra-basin highs, it is widespread throughout the basin

including the northern portion. The Toolachee Formation exhibits two lithological units.

The lower unit (Unit C) is dominated by point-bars and channel sandstones which are

considered to be the main reservoir rocks within the formation (Stuart, 1976). The upper

unit (Unit B) consists mainly of shales and coals indicating lacustrine and swamp

conclitions. The core plugs used in the cLlrrent study were sampled from the Unit C of the

Toolachee Formation (Chapter 4).
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The final phase of sedrmentation within the Cooper Basin resulted in the deposition of the

Nappamerri Group, which consists of sandstones, siltstones and shales and red beds. The

Nappamerri Group is considered to have been formed during a hot, humid and oxidising

conditions typicat of the Early to Mid Triassic (Paplia, 1969). The rocks of the

Nappamerri Group generally do not show reservoir development and are considered to

form a good seal for the Permian reservoirs. The depositional episode of the Cooper B¿rsin

was terminated by a major uplift in the Late Triassic-Early Jurassic which resulted in a

rejuvenation of a pre-existing structures (Thornton, 1979) and basin-wide unconfonnity

(Apak, lgg4). Following the Late Triassic deformation and erosional period, deposition of

the Eromanga basin sequence commenced during the Early Jurassic.

2.3. Structure

In the southern part of the Cooper Basin the major structural elements are oriented

northeast-southwest (Battersby, 1916). Based on geophysical studies six major structural

zones have been recognised (Figure 2.3). These are the Gidgealpa-Merrimelia-Innamincka

(GMI) and Mnrteree-Nappacoongee (MN) Anticlinal Trends, the Patchawarra, Nappamerri

and Tennapera Troughs, and the Karmon¿i Anticlinal Trend in the north east corner (Kapel

( 1966), Stuart (1976), Thornton (1979), Apak ( 1994)).

The GMI Anticlinal Trencl is the most prominent positive feature in the basin, and

comprises several structural culminations. It is steep-sided, largely fault controlled and has

a maximum relief of over 1000 m. The MN Anticlinal Trend is S-shaped, plunging

northeast and southwest from the Murteree Riclge (Figure 2.2). Along its southern flank it

is partly defined by a fault with a maximum throw of more than 450 m at the level of the

'P' I]orizon (nezrr Top Perrnian). This fault forms part of a major lineament that transects

the Austr¿rlian continent (Thornton, 1979). Figr.rre 2.5 shows a depth structure map of the

Top Permian 'P' Horizon.

The Napparnerri Syncline is nearly 300 km long and Lrp to 100 krn wide. The maximum

proven thickness of Permian sediments in the Cooper Basin occurs in this structural

province (Thornton, l9l9). The Patchawarra Syncline runs sub-parallel to the GMI

Anticlinal Trend (Figure 2.3) and attains a maximum depth of 3200 rn below sea level at its

northeastern extremity (Figure 2.5). Secondary asymmetrical fold structures such as that

lrostirig the Tirr'¿rwarra Field occur near the axis of the trough (Stuart, l9'76 and Thornton,
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1919). The Tennapera Trough is the main synclinal feature along the sor-rthern flank of the

Cooper Basin with a m¿rximum depth of about 2200 m below sea level (Thornton. 1919).

The majol anticlinal zones are faults-controlled basement features (Thornton, 1979), and

were active during Permian (Stuart et al. 1988). Rejuvenation of pre-existing basement

structures is a pervasive characteristic of the Cooper Basin (Battersby (1976), Stuart

(1976)). There were several phases of mild deformation prior to and during Permian times

(Stuart, 1916). Klemme (1980) and Stanmore (1989) have described the Cooper Basin as a

complex intracratonic basin. Veevers et al. (1984) consiclered the Cooper Basin as a

pericratonic basin, whereas Middleton and Hunt (1988) described the Cooper Basin as an

interior sag basin. Yew and Mills (1989) sLrggested that it was a rift basin. In general,

structures within the basin show evidence of fold interference patterns, thrusting and

compressional wrench tectonics, indicating that the structural style within the Cooper

Basin is cornplicated and can not be explained by a single tectonic regime (Apak, 1994).

2.4. Exploration History

Systematic exploration in the Cooper Basin was cornlnenced in 1958 by Santos Ltd. and

has continued to the present. The first exploration well, Innamincka l, was ctrilled in 1959

and the first comlnercial gas discovery, Gidgealpa 2, was made in 1963. Following the

large gas discoveries at Moomba (1966), Daralingie (1967) and Toolachee (1969) two

pipelines were constructed to provide natural gas for industrial and domestic use in South

Australia and New South Wales. Since then the Cooper Basin has become the major

source of gas sLrpplies in South Australia. In recent years natural gas frorn the basin has

supplied over J5Vo of the state's primary energy needs and is used to generate about 50Vo

of the state's electricity requirements (McDonough, 1998).

The discovery of oil at Tirrawarra in 1970 was a rnajor boost to exploration in the Cooper

Basin. However, despite further oil and condensate discoveries at Moorari and Fly Lake,

n¿rtural gas is still the main product from the Cooper Basin. One hundred and nineteen gas

fielcls have been identified in the South Australian sector of the Cooper Basin up to 1996.

To date ll00 wells have been drilled and 66500 km seismic have been acquired in the

Cooper Basin (MESA, l99l). Figure 2.6 shows oil and gas fieìds in the Cooper and

Eromanga Basins.
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The present, discovered, recoverable raw gas reserves (at 1.1.98) of the Cooper basin are

2Z9x l0'm''(8.2tcf)comprising l29x l0"mt(4.6tcf) of producedgasand 101 x l0"m'

(3.6 tcÐ of gas yet to be produced from known discoveries. The average recovery factor

for gas fields is 64Vo. The present discovered recoverable oil reserves (at l.l'98) of the

basin are 6.9 x l0n kL (43.g rnmsrb) cornprising 4.6 x l0^ kL (29. I mmstb) of produced oil

and2.3 x l0o kL (14.S mmstb) of oil yet to be produced from known discoveries- The

cornbined average primary and secondary recovery factors for oil fields is 2lVo (Morton,

l 998).

2.5. Reservoirs

F'luvial sandstones in the Tirrawarra, Patchawarra and Toolachee formations provide the

main reservoir rocks within the Cooper Basin. The Tirrawarra sandstone holds 95 per cent

of oil reserves while the Toolachee-Daralingie and Patchawarra Formations hold 40 and 30

per cent of the gas reserves in the Cooper Basin lespectively (Heath, 1989)'

Most of the commercial petroleum discoveries occur in channel and point bar sandstones

(stuart (1g16), Battersby (1976)). The other irnportant reservoirs are deltaic sequences

comprising shoreface sandstones and distributary and delta mouth bar deposits, which

occur mainly within the Epsilon, the Daralingie and the upper part of the Patchawarra

Formations (Stuart (1916), Stualt et al. ( 1992), MESA (1993))'

The reservoir quality of Cooper Basin sandstones is controlled by a complex interaction of

sediment¿rry factors, diagenesis and structural development (Stuart et al., 1992). Prirnary

(original intergranular) porosity, dissolution porosit¡,, and microporosity within clay

minerals are the main porosity types recognised within Cooper Basin sandstones'

Reservoir rocks in the Cooper Basin are predominantly low-porosity, low-penneability

sandstones. Ambient core porosity averages 10.7 per cent and permeability 30 mD, with

over 7,5 per cent of sandstones having penneabilities of less than 5 mD. Despite the overall

poor reservoir characteristics, the Cooper Basin is one of Australia's lnost important gas

provinces (Stuart et al., 1992).

2.6. Sources, Traps and Seals

Hydrocarbons in the Cooper B¿rsin are generally thought to have been sourced from the

abunclant clispersed organic m¿ìtter in intraform¿ìtional fluvial and deltaic shales and from
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the coals of the Toolachee and Patchaw¿trra for¡nations (Hunt et al., 1989). The amount of

total organic carbon (TOC), varies between I and 5 per cent (Jenkins, 1989) and the

kerogens are mainly of type III (Hunt et al., 1989). Volumetrically significant generation

of oil from this organic matter type occurs over a maturity range indicated by a vitrinite

ret-lecrance of 0.7 and 1.0 per cent (Jenkins, 1989). The hot Nappamerri Trough (40-50'

C/km) unclerlain in part by granite, and the cooler Patchawarra and Tenappera Troughs,

with thick infill of Permian strata, constitute the principal "kitchens" for source rock

maturation (MESA, l99l).

Anticlinal and faulted anticlinal traps form most of the hydrocarbon targets explored to

clate in the Cooper Basin. Potential remains high for discoveries in stratigraphic and

unconformity-related traps (Stuarr. (1976), Heath (1989)), especially where the Permian

seclirnents pinch out against the overlying Eromanga Basin succession (MESA, l99l).

Intraformational shales and coals form local seals in the major reservoir units (MESA,

lgg2). The Murteree and the Roseneath Shales and the Arrabury Formation in the

Nappamerri Group form regional seals for the Patchawarra, Epsilon and Toolachee

Formations respectively (Heath, I 989).
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Chapter 3

Literature Review

3.1. Introduction

A knowledge of the elastic wave velocities in porous media is of considerable interest in

the field of mechanical engineering, rock mechanics, geological engineering, seismology

and mineral and hydrocarbon exploration. In hydrocarbon exploration this concept mainly

concerns the elastic properties of rocks and their relationships with the reservoir rock

properties. Both theoretical and experimental studies of the physical rock properties and

their relationships are required to assess the influence of these factors upon wave velocities

in reservoir rocks. To have the widest practical application, velocity measurerlents at

laboratory scales on rock samples should simulate the in situ conditions. Then theories and

models are needed to explain the experimental results. In this way experimental results

provide the basis for the evaluation of theories and models and their application in practice'

Numerous theories and models along with many published experimental works exist in the

literature on elastic properties of porous media in general and in reservoir rocks in

particular. Watt et al. (1976) presented a review paper and outlined some of the most

important theories and models. Wang and Nur' (1992) summarised the commonly used

theories and models in hydrocarbon exploration related rock physics and discussed the

range of applications and limitations of these theories. This chapter firstly reviews theories

and models commonly used in interpreting the laboratory measurements of elastic wave

velocities in fluid-saturated rocks, namely the Gassmann equation, the Biot theory and the

I(uster-Toksoz model. Then it presents an update review of the published experimental

studies on the major factors affecting velocities, including porosity; clay content, effective

stress and pole fluid saturation, in reservoir rocks.
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It is worth noting that in the rock physics literature normally there are three types of

velocity in terms of frequency range. These are seismic, sonic and ultrasonic velocities.

Seisrnic velocity usually implies that the velocities are for frequencies between l0 to 100

Hz. Sonic velocity often refers to the velocities for frequencies ranging between I and 20

kHz, whereas ultrasonic are wave velocities that are measured at frequencies greater than

0.1 MHz. Throughout this thesis velocities refer to the entire frequency range, unless

specified.

3.2. Theories and Models

3.2.1. Basic Relationships and Definitions

The velocity of propagation of elastic waves naturally depends upon the physical

characteristics of the medium. The velocity of the compressional or pressllre waves (P-

waves), Vo, in a porous medium is determined by (White, 1983):

Vo = [(k + 4¡t l3)lp)
v2 (3.1)

where k is bulk modulus (incompressibility), p is shear modulus and p is bulk density of

the medium. The bulk modulus k is a measure of the degree to which the medium is able

to resist a change in its volume upon application of a compressive force and it is expressed

in Gpa. The shear modulus ís a measure of resistance of the medium to change in its shape

upon application of a shearing force. The bulk density p of a rock is simply the volumetric

sum o[ the medium constituents:

p=Qpr +(l-Q)prn (3.2)

where Q is fractional porosity, Pi is density of pore fluid and P^ is density of grains. P-

waves also are induced in a ftuid (liquid, gas, or liquid-gas mixture) by sudden application

of pressure at a point in the fluid. Since fluids generally have negligible resistance to she¿rr

forces, S-waves are not generated in fluids. The velocity of the shear waves (S-waves), V.,

in rocks is given by (White, 1983):

V. = 1¡r/p¡l/2

Chaptcr 3, L,itcritttll'c rc\/lcw

(3 3)

l4



Hence the V. depends only upon the shear modulus and is inversely proportional to density.

Equarions (3.l) and (3.3) simply imply that when the elastic moduli and density of the rock

and its constituents are known, one could calculate V,, and V, in such a rock. However, the

relationship between the elastic moduli of rock components, and k and ¡r for the whole

rock on one hand and the factors affecting these parameters and their relationships on the

other hand, is complex, and it is the main task of the most of the theories and models on

elastic wave velocities in porous media to determine these relationships. This issue is

discussed in the following section.

3.2.2. The Gassmann Equation
.fhe components rvhich characterise the composition of rocks are: (l) the matrix of which

the skeleton or frame is built (index ,n), (2) the frame, i.e. the dry or empty rock (index ¿)

and (3) fluid occupying the pore space of frame (index ). With the use of elementary

elastic theory Gassmann (1951) showed that when a fluid saturated rock is a closed system,

macroscopically homogeneous and isotropic, and there is no relative motion between fluid

and the frame, it is possible to calculate its butk and shear moduli if the elastic properties of

its components are known:

K= kcr+ {t(l - k¿/k¡ )2 )l(Q/kr) + [(l-0)/k,,,] - k¿/k,n2 ] (3.4)

where k is the bulk rnodulus, k¿ , k, and k¡ are the bulk moduli of tl-re dry, matrix and pofe

fluid respectively, and Q is the fractional porosity. Since Gassm¿rnn assumed the fluid does

not interact with the solid in any way that would change the shear modulus of the frame,

then

F=[r¿ (3.s)

where p¿ is the frame (dry) shear modulus of the rock. Equation (3.4) can be used to

obtain the bulk modulus of a porous rock. Parameters k¿ , F¿ and $ can be obtained from

laboratory measurements or formation evaluation. When the mineralogy of the rock is

known, k* can be calculated from the other equations such as Hashin-Shtrikman ( I 963), or

will have ro be assumed. Many investigators (e.g. White (1983), Han et al. (1986), Wang
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¿rnd Nur (1992)) showed how the Gassmann calculated velocities fit the measured

ve.locities in sandstones. In general, a Gassmann calculated V' is lower than the measured

Vp (Figure 3.la) while calculated V. statistically fits the measured Vs, with significant error

(Figure 3.lb). Figure 3.lb implies the assumption made by Gassmann in equation (3.5)

does not happen in reality. Wang et al. (1991) suggested that introduction of water to some

clay rich sandstones may soften the matrix. Uncertainty concerning input pararneters to the

Gassmann equation could be another reason for the lack of fit in Figures 3.la and 3.Ib.

Wang and Nur, (1992) suggested that a 2Vo d\fference between velocities calculated from

the Gassmann equation and the measured velocities could be considered as an adequate fit

for practical purposes.

The Gassmann equation assumes that relative motion between fluid and frame has

negligible influence on wave propagation in fluid-saturated rocks. This assumption

requires that the wave frequency be low. The relative motion would result in loss of

energy, through the fluid viscosity, and the Gassmann equation does not consider any

attenuation effect on wave propagation in this equation. At high frequencies (MHz or

possibly to KHz), relative motion between the solid matrix and pore fluid will occur and

there would be a velocity dispersion. This relative motion is described by a local flow

mecha¡ism introduced by O'Connell and Budiansky (1911). In the local flow (or squirt

flow) mechanism, some parts of the pore space such as cracks are assumed to be more

compr-essible than others e.g. round pores. A passing wave deforms the pore space and

causes the pore fluid in the compressible (soft) part of the pore space to flow to ¿ì less

compressible (stiff) part. At high wave frequencies, during a half period of the wave the

pore fluid does not have enough time to relax or equilibrate, so that the rock seems to be

less compressible and velocity dispersion occurs. It has been shown that at low effective

pressures the rnagnitude of velocity dispersion is large because the cracks are still open

(Winkler (1986), Wang and Nur (1990)). The local flow mechanism for velocity

dispersion is also addressed in relation to the Biot theory.
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3.2.3. The Biot Theory

As mentionecl above, the Gassmann equation is a low frequency approach to elastic wave

propagation in porous media. Biot (1956a, b and 1962) developed a theory covering the

whole frequency range. The Biot theory predicts that both the compressional and shear

velocities can be very dependent on wave frequency in the high frequency r¿ìnge and both

are dispersive and dissipative. This theory is one of the few fundamental theories of wave

propagation in fluid saturated porous media. Since publication there has been much further

development and application of the theory. Except for the following, the basic assumptions

in the tsiot theory are same as in the Gassmann equation. The Biot theory assumes that: (l)

the wavelength is appreciably larger than the largest dimension of the rock's grains and (2)

relative motio¡ between the rock matrix and pore fluid exists and follows Darcy's law of

fluid flow through porous media. In addition to the rock constituent constants considered

in the Gassmann equation the Biot theory requires more parameters to describe the rock

fluid system. These are: n and K, fluid viscosity and frame permeability, respectively.

Based on the strain-stress relationship in a fluicl saturated rock, Biot clerived a pair of

vector diffe¡ential equations describing the coupled motion in terms of average

displacements in the fluid and solid. The theory predicts the existence of two coupled

compressional waves; the normal seismic or fast wave coupled to a slow wave, and one

shear wave. The slow wave attenuates exponentially as the wave travels. At low

frequencies the coupling between matrix and fluid is perfect and both shear and fast

compressional waves are nondispersive. As the frequency approaches zero, the slow wave

clisappears and the Biot theory gives the same Vn ¿rnd V" as that in the Gassmann equation.

White (1983) defined a characteristic frequency, f., foL the low frequency limit in the Biot

theory:

f. = "qQ/ 2nKp¡
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where 11, pr. are the viscosity and density of pore fluid and K, Q are the hydraulic

permeability and porosity of the rock, receptively. The range of characteristic frequency

îor low permeability rocks saturated with high viscous fluid is large. For example for a

tight sandsrone with l07o porosity and I mD hydraulic permeability, fc - l6 MHz when the

rock is saturated with water and f. - 1.8 GHz if saturated with oil (viscosity of 100 cP ¿rnd

density of 0.9 g/cm3; whereas for a sand pack of 30% porosity and with I D permeability f.

equals to 47 kHz and 5.3MHz, respectively. In practice where fhe wave frequency f <

0.lf;,, the wave propagation is considered to be low frequency (White, 1983). As the

frequency goes to infinity, the pore fluid in the Biot theory becomes effectively non-

viscous, the coupling between fluid and rock is at a rninimum and the relative motion is at

a maximum. Under these circumstances Vo and V, are calculated from the "high

frequency" equations in the Biot theory. Mathematical explanation and details of the Biot

theory can be found in original papers by Biot (1956a and 1956b).

Experimental studies (for example, Domenico (1917) and Plona (1980)) show that the Biot

theory is widely applicable to unconsolidated materials and fully Saturated rocks without

micro-cracks or fractures and isolated pores. Biot assumed that velocity dispersion is

caused by imperfect coupling between rock matrix and fluid. This assumption may be true

for highly permeable rocks whose pores are well connected but is not true for many low

porosity rgcks whose pores are mainly in the form of micro-cracks (Wang and Nur, 1992).

Winkler (1985) experimentally showed that the total velocity dispersion in saturated rocks

is often larger than the Biot dispersion, and ultrasonic velocities at'e higher than those

predicted by the Biot equations. Works by Mavko and Nur (1979) have shown that "squirt

flow rnechanism" results in much higher, realistic, attenuation values in partially saturated

rocks than with the complete saturation discussed by Biot. This mechanism has been

invesrigated by many authors (e.g. O'Connell and Budiansky (1911), Murphy et al. (1986),

Wang and Nur (1990)).

Recently, in a series of papers by Dvorkin and Nur (1993) and Dvorkin et al. (1994 and

1995), a new dynarnic poroelasticity model has been introdr-rced which combines both Biot

ancl squirt flow mech¿rnisms (BISQ) to describe the propagation of P-waves in a porous
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elastic solid containing a cornpressible viscous fluid. In this model, pore fluid is squeezed

from thin soft cracks i¡to the surrouncling large pores. The frequency dependence of

squirt-induced pressure in the softcracks is linked with the porosity and permeability of the

soft pore space, and the characteristic squirt flow length, R. These unklrown parameters

are combined into one expression R2/r where x is lhe diffusivity of the soft pole space.

This expression is assumed to be a fundamental rock property that does not depend on

frequency. Dvorkin et al. (1995) showed that the BISQ model realistically predicts the

observed velocity dispersion and attenuation on different fully saturated rocks. The

applicability of this model to prediction of Vo and V, and their dispersion at low and high

frequency ranges for partially saturated rocks under different pressure conditions has yet to

be reported.

3.2.4. 'fhe Kuster-Toksoz Model

Kuster and Toksoz (l9l4a and 1914b), and Toksoz et al. (1916) following previous

approaches such as Ament (1953) cleveloped theories for both velocity and attenuation of

elastic waves in two phase-rneclia. In this rnodel it is assumed that pore spaces in rocks can

be represented by spheres and oblate spheroids with different aspect ratios in variotts

concentrations. The aspect ratio of an inclusion and the pore type colìcentration spectrum

are defined as:

Aspectratio=u=b/a (3-7)

0= L c(o¿n) (3-8)

where a and b are the length of the rnajor semi-axis and the length of the minot setni-axts,

respectively in an ellipsoidal inclusion (Figure 3.2). The magnitude of cr is r"rnity for

spherical pore ancl very small for crack-like pores. In equation (3-8), N is the total number

of pore types, o(,. is the nth aspect ratio of the inclusion, c(crn ) is the fractional

concentration of crr,n and Q is porosity. The Kuster-Toksoz model assulres that the

distribution of pores and cracks are random and the whole medium is isotropic. The

inclusions (or pores) are so clilute that they do not interact or overlap with each other. The

wavelength is much larger than the size of the inclusions. Kuster and Toksoz (l914aand
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b) and Toksoz et al. (1976) offer equation details and further explanation fbr calculation of

the elastic moduli of spheroidal inclusions and a fluid saturated rock of this model.

Figure 3.2. Ellipsoidal inclusion and parameters of the pore aspect ratio Ct =b/a.

The most important difference between the Kuster-Toksoz model and both the Gassmann

model and the Biot theory is the consideration of pore shape in changing elastic waves in

porous rocks. For rocks containing only spherical pores the Kuster-Toksoz model gives the

same results as the Gassmann equation. The Kuster-Toksoz model shows that the effective

elastic moduli of a two-phase medium depend not only on the intrinsic moduli and the

concentration but also on the shape of the inclusions. For a given porosity, flatter pores

have a relatively greater effect on velocities than rounder or spherical pores. The role of

low aspect ratio pores on velocity in partially saturated rocks and the relationship of

velocity and et'fective stress in porous rocks has been emphasized by many authors (e.g.

King (1966), Nur and Simmons (1969), Enders and Knight (1989), Xu and White (1995)).

To predict Vo and V. using the Kuster-Toksoz model, the pore geometry of the rock, that is

cr and c(cr), need to be known. In reality, rocks tend to contain pores of every possible

shape and aspect ratio and it is very difficult to obtain an accurate pore spectrum for a rock.

It is however possible to generalize the spectrum. Toksoz et al. (1976) used a trial and

error method to determine input parameters in their model. Cheng and Toksoz (1919)

presented an inverse method to resolve the pore aspect ratio spectra for a number of rocks

using the velocities obtained in the laboratory. Zimmerman (1991) developed a

methodology for extracting aspect ratio distributions from stress-strain curves. Based on

the Kuster-Toksoz model, Tao and King ( 1993) used an equivnlent spectrllm
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approximation to predict rock porosity from velocity data. Tao et al. (1995) have modelled

the pore aspect spectrum from the measured velocities of sandstones using an iterative

inversion algorithm based on the scheme developed by Cheng and Toksoz (1919).

However, the re¿rl aspect ratio spectrum fol a rock is still far from determination, and one

can easily assume and adjust spectrum parameters so that one set fits any laboratory data.

This results in the Kuster-Toksoz model being non-unique (V/ang and Nur, 1992).

3.3. Experimental Studies

3.3.1. General

Wave velocities in reservoir rocks depend on many factors including porosity, pore fluid

type and degree of fluid saturation, confining stress and pore pressures, pore geometry,

temperature, lithology and clay content. These interdependent factors may have significant

influence on measured wave velocities and thus on rock properties predicted from velocity

data. With the r:apid development in seismic and well logging technologies, detailed

studies of hydrocarbon reservoirs are receiving more attention. An understanding of the

seismic and acoustrc properties of both fluids and rocks is essential to use these new

technologies and interpret their results. This section reviews the most important published

experimental studies on wave velocities in porous rocks addressing the effects of porosity,

clay content, saturation pore fluid, and effective stress.

3.3.2. Porosity Effect

In general, in porous rocks, as porosity increases both compressional and shear velocities

decrease, despite the decrease of bulk density with the porosity increase. Acoustic velocity

dara are often used to estimate porosity in hydrocarbon wells. A simple relationship

between Vo and porosity was proposed by Wyllie et al. (1956, 1958). They assumed that

the travel tinie of P-waves in the fluid saturated porous formation is a weighted average of

the travel time in the matrix material and in the pore fluid (Figure 3.3). A porous rock of

unitlengthisassumedtoconsistof asotidandporefluidwherethethicknessof eachis l-Q

and Q, respectively. The total P-wave travel time, Dr, across the length is

Dt=Dtr*Dt,t,
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where D¡¡¡¡ ârd D¡¡ are travel times across to solid and fluid portions respectively. Equation

3.9 is often callecl the time average or the Wyllie et al. equation. In terms of velocity and

porosity, the equation (3.9) is written as:

l/Vp-Q/V¡ +(l-Q)/Vm

where V- is velocity in the solid (rnatrix) and V¡ is velocity in the fluid. Because of its

simplicity, the time average formula has been one of the primary transforms used for

porosity determination from velocity data. As a first-order approximation this equation is

adequate for water-saturated clean sandstones with porosities ranging between l5Vo and

307o (Raymer et al., 1980).

However, several investigators (eg, Geertsma and Smith (1961), Raymer et al' (1980),

Domenico (1984), Han et al. (1986)) have pointed out shortcomings to the time average

eq¡ation. Generally, two problems exist in the application of this equation, namely

estimation of D1,n and D1¡, and range of applicability (Wang and Nur, 1992). Velocity of

the rock matrix and pore fluid are normally assumed rather than rneasured. The time

average formula does not account for the effects of compressibility of pores and pore filling

rnaterials on wave velocity in porous rocks, and is not applicable in gas-bearing formations

and carbonate rocks (Wang and Nur, 1992). Hence various pragmatic modifications, such

as shale correction, lack of compaction factor and hydrocarbon effect, have been made to

the time average formula to overcome its deficiencies'

Based on log and core data Raymer et al. (1980) proposed an empirical transform for Vo to

porosity for porosities less than 3lVo:

Vp=(l-0)'V,n +QVr (3. 1 1)

This transform can be appliecl to saturating fluicls other than water, provided fluid density is

known. Equation (3.1l) is thought of as an alternative to the time average formula,

particularly for higher porosity sandstones, and is cotnmonly used in formation evaluation.

However, since the parameters used in equation (3.1l) are similar to those in the time

(3.10)
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average formula, this equation has many of the satne problems as the time average approach,

particularly within the porosity range from l07o to30Vo. Xu and White (1995) showed that

both the time average and Raymer et al. equations are valid only for clay-free sandstones

containing pores with a mean aspect ratio almost equal to 0.07 and misrepresent porosity in

rocks with different pore geometry.

3.3.3. Clay Effect

As there are exceptionally few hydrocarbon-producing sandstone formations that are free

of clay minerals (Ruhouvest and Fertl, 1982), shaly sandstones predominate in hydrocarbon

reservoirs. It is worth noting that the terms "clay", "shale" and "shaly sandstones" in the

rock physics literature often differ frorn their usual meaning in petrology. Throughout this

thesis the unqualified term "clay" is considered rnainly a particle size rather than a

mineralogy term, while shaly sandstone is referred to clay rich sandstone regardless of

rnineralogy and location of clay particles in the rock.

The influence of clay content on Vo in sandstones has been studied in several investigations

(for exarnple, Minear (1982), Tosayzr and Nur (1982), Castagna et al.. (1985), Wilkens et al.

(1986), Han er at. (1986) Klimentos (1991), Freund (1992), Tutunco et al. (1994), Vernik

(1994), Xu and White (1995)). Laboratory studies indicate that the presence of clay

particles significantly influences acoustic wave velocities in sandstones. For

unconsolid¿rted sands, Marion and Nur (1991), and Yin and Nur (1993), showed that as the

number of clay particles mixed with sand grains increases the velocity increases due to

porosity decrease.

In contr¿rst, it has been shown that, in consolidated sandstones, Vo is a linear function of

porosity and clay content in which Vo decreases (D¡ increases) with increasing porosity or

clay content (Han et al. (1986), Klimentos (1991)). However, the mechanism of such

influence has not been adequately addressed. Some investigators attributed the velocity

reduction in clay-bearing sandstone to the matrix-softening by clay particles especially

those situated between s¿rncl grain boundaries (Han et al. (1986), Klimentos (1991))'

Conversely, Anstey (1991) attributed the velocity reduction to the effect of loose clay

particles on the bulk density of the rock.
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Wilkens et at. (1986) considered clay particles in sandstone to be pole filling material or

the solid part of the non-framework component of the rock, and assumed that the

framework (sand grains) transmit most of the compressional energy. Wilkens et al. ( 1986)

suggest that because of microporosity in clay particles, pafticularly in gas saturated (dry)

rocks, the solid part of the non-framework probably does not act as a good transmitter for

p-waves. Rocks containing equal porosity but vzirying clay content h¿rve varying

framework volumes and rocks with equal framework volumes will have roughly equal

velocities if their pore geometries are similar. Accordingly, as the clay content of rocks

with equal porosity increases, the matrix (framework) decreases. Hence it is the

framework clecrease which lowers velocity, not some intrinsic effect of the clay itself on

the framework moduli of the s¿rndstone. Although the model suggested by Wilkens et al.

(19g6) explains the reduction of velocity with clay content in sandstones with pore filling

clay minerals, it may not be valid for other types of clay distribution, including larninated

and structural clays, in shaly sandstones.

pore geometry has also been citecl by Xu and White (1995) as a mechanism for the effect of

clay on p-wave velocity. The pore space in a clay-sand mixture can be considered to

consist of two rnajor components, volume and pole aspect ratio. They showed that pore

geometry could explain most of the scatter in the relationship between velocity and

porosity. Flaky clay particles create pores with very small aspect latio cotnpared to pores

¿rssociated with sa¡d grains. The mean aspect ratios in clay-related pores range between

0.02 and 0.05 cornpared to around 0.12 for sand related pores. As ¿r result, shaly

sandstones may present different mean aspect ratios according to their clay content. As the

mean pore aspect ratio of a shaly sandstone decreases and the concentration of low aspect

ratio pores increases, the P-wave velocity decreases (Xu and White' 1995).

3.3.4. Bmpirical Velocity-Porosity-Clay Content Bquations

Over the past few years, several papers (including some of those mentioned above) have

presented experirnental results on factors affecting elastic wave velocities in sandstones,

an<l a number of ernpirical relationships between velocity, porosity and clay content have

been proposed. Most of these ecluations are in the form of velocity as a multivariable linear

function of porosity and clay content. Han et al. (1986) showed that Vp in 75 water-

saturated sandstones at 40 MPa effective stress was linearly rel¿rted to both porosity ¿ind the

volurne fracrion of clay (v.¡) with a correlation coefÏicient of 0.985 (12 equal to 0.97):
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Vp = 5.59 - 6.93Q - 2' l8v.¡

Others (for exarnple, Tosaya and Nur (1982), C¿ìstanga et al. (1985)) proposed sirnilar

equations fbr their data set. In the experimental work mentioned above, point counting of

thin sections was used for the clay content determination. It is known (eg, Nadeau and

Hurst, l99l) that porosity within clay particles can constitute up to 507o for kaolinite and

up Lo75Vo for illite. Since porosity in ctay minerals is hard to distinguish in thin section,

equations of the form of equation (3.12) probably overestimate clay content and may

therefbre misinterpret the effect of clay on P-wave velocity'

Empirical equations in the form of equation (3.12) are independent of the mineralogy and

ctistribution of clays in sandstones. However work by Tosaya and Nur (1982) and Minear

(1982) indicate that the laminated clays and clays along structural grain boundaries may

have significant effects on velocities, whereas dispersed clays make only a small

contribution to velocit¡, ."¿u.,'on due to clay content. Vernik and Nur (1992) used a

petrophysical classificarion of siliciclastics for porosity prediction from velocity'

Sanclstones with less tha¡ t 5Vo (by volurne) of structural and/or dispersed clays are referred

to ¿rs arenites. Further subdivision according to grain mineralogy inclLrded clean arenites

with less LhanZVo cltty. Sandstones with l57o or more clay are classified as wackes, with

ttrrther transition at 35Vo clay to shales. Vernik (1994) proposed a velocity-porosity

transform in the form of:

V,,=A-80 (3. r3)

for each rock type, with 12 values better than 0.92. The effect of clay content on Vn in

Vernik's equatio¡s results in clifferent coefficients for each equation. Unlike equatiotr

(3.12), where V' is a linear function of porosity and clay content, in Vernik's equations Vo

is a linear function of porosity ¿rnd a step function of clay content (Figure 3.4). Despite the

excellent correlation coefficients for Vernik's equations, sufficient physical causality has

not been provided to explain the sudden change in Vo as the clay volume changes in the

vicinity of rock type bounclaries nor why there is an apparent lack of clay effect on Vo

within a given rock grouP.

(3.t2)
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Assurning that the parameter used by Xu and White (1995) for the Kuster-Toksoz model is

valid for the sapples studied by Vernik (1994), one could distinguish four mean pore

aspect ratios roughly equal to 0.16,0.12, 0.08 and 0.04, respectively, for the four rock types

proposed by Vernik. These equations shoLrld thus be more effective than the time average

and Rayrner et al. (1980) equations, which assume a single mean pore aspect ratio.

However, applying Vernik's proposed equations in practice to wireline logs may

sometilnes be difficult especially where clay minerals such as kaolinite and illite, with

varying radioactive response, exist in shaly sandstone formations' For a rock with a

measured V' of 3.5 km/s only one unit clay content miscount may lead to 3, 5.3 and 8

porosity units variation as the rock is misclassified as arenite, wacke or shale, respectively

(Khaksar and Griffiths, 1998a).
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Figure 3.4. Comparison between the effect of clay content on P-wave velocity from

empirical equations proposed by Han et al. (1986) and Vernik (1994) in a water-saturated

sandstone with l57o porosity and various clay contents at 40 MPa effective stress (from

Khaksar and Griffiths, 1998a).

3.3.4.1 Comparison with Field Data

Experimental studies mentioned above provide a better understanding of the complex

nature of elastic wave velocities in reservoir rocks. However, the practical aspects of

applying the empirical equations derived from these studies have not previously been

examined. Log and core data from two hydrocarbon wells were thus used to examine the

applicability of laboratory-clerived ernpirical velocity-porosity equations'
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Core data were clerivecl from sandstone reservoirs of the E'arly Permian Patchawar[a

Fonnation in the Toolachee 3 and Toolachee 6 wells drilled in the Toolachee Field' a large

gas field located in the southeastern cooper Basin in South Australia (chapter 2' Figure

2.6). Core porosities in the data set range from 37o Lo22Vo with an average of l47o' whilst

the clay content calculated from gamma varies îrom 3Vo lo 567o with average of 2OVo'

Although, there ¿rre some problems with using the gamma ray as a clay content indicator

(for example Stuart et al. ( lgg2)), it is the only commonly available log for lithology

determination and clay content volume calculation in cooper Basin wells (Khaksar ( 1994)'

Khaksar and Mitchell (1995)). Appendix B lists core and log data used for this

comparison.

To compare core data with sonic log readings the following steps were taken' Ambient

core porosity data were corrected for in situ pressure conditions using a relationship

proposed by Morton (19S9). Sonic log values over the Patchawarra Formation interval

were blocked using a blocking method introduced by Griffiths (1982)' A combination of

an available wireline log data were used with core logs to obtain the best possible depth

matching of core and log data. Clay content was determined from the gamma ray log using

the general index fonnula of:

v.¡ = (Gr¡og - Gl'rnn.t ) / (Grrn^t" - Gfrnn¿ )

where Gr1or, Gr.¡'o¡s arìd Gr.anri are gamma ray log readings for each interval' pure shale and

clean sandstone respectively. The frequency discrepancy between sonic log and ultrasonic

lab velocity measurement was neglected and it was assumed that sonic log response in a

perfect bore-hole corresponded to the measured velocity in the laboratory environment'

Figure (3.5a) shows significa¡t scatter in the plot of core porosity versus D' obtained from

the Toolachee 3 and Toolachee 6 wells. Apart from the general difference between

resolution and error in core and log data, other possible reasons for the scatter are

variations in clay content, pore geometry zrnd water saturation in intervals represented by

the data set. Although the cross-plot of vc¡ ând core porosity (Figure 3'5b) is also widely

scattered, it shows that high clay content sandstones tend to have lower porosities and vice

(3. 14)

versa.
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3.3.4.2. Porosity from llmpirical Equations

Five ernpirical velocity-porosity equations were used to determine porosity from sonic

transit time, and the results were compared with actual porosity from core data. The matrix

and fluid transit times in the tirne average formula are considered to be 182 ps/rn (zero

porosity) and 620 ps/m (D, for water), respectively. D¡,n in the Raymer et al. equation is

assumed to be 183.7 ps/m whereas 620 ps/m and 1640 pts/m (D¡ for gas) were used for D¡¡

for water saturation greater than 0.75 and less than 0.75, respectively. The corresponding

constant values at a confining stress of 24 MPa (the in situ stress condition in the

Toolachee Field), were used in equation (3.12) for Freund's (1992) equation. Two locally

developed sonic porosity rnethods, Overton and Hamilton (1986) and Morton (1989), for

the Cooper Basin were also used. These two equations, which are based on the time

average forrnula, are routinely used in forrnation evaluation in the region. The Overton and

Hamilton equation considers the fluid sonic transit time as a linear function of gamma ray

response. The Morton equation uses the following empirical modifications for matrix and

fluid transit time in the time average formula

Dr,,.'= 183'7+9v.¡

Dtn=787.5- l67.4Sw;

(3. r5)

(3. l6)

where Sr,v is water saturation. Figure (3.6) shows cross plots of the calculated porosity and

actual core porosity for the above-mentioned equations. Table 3.1 summarises error

distribution for each equation. The following is a brief discussion on the applicability of

these equations to the data set considered in this study.

The Time Averase and Ravrner et al . Eouation

The time average equation overestimates the actual porosity of the samples with mean

absolute error (MAE) of 4.4 porosity units. This is mainly because the assumed Drn (620

ps/rn) corresponds to transit time for water while sandstone reservoirs in Toolachee 3 and

Toolachee 6 wells are gas-s¿ìturated. Changing D¡¡ to 754 ¡tslm results in a bulk shift in

calculated porosities and reduces the error indicators, but makes no difference to the

correlation coefficient. Moreover, assigning 754 ¡tslm to D¡¡ in the time average formula is

purely empirical and has no physicaljustificatton.
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Equation Squared correlation
coefflcient

(R')

Mean absolute error ln
porosrty

(porosity unit)

Median error
(porosity unit)

Time Average
(D,. = 620 ps/rn)

Time Average
(D',' = 754 Ps/nl)
Raymer et al.
Han et al.

Freund
Vernik
Overton
Morton

0.398

0.398

0.291
0.506
0.41|
0.395
0.429
0.353

4.36

2.20

4.31
5.12
3.80
2.67
2.t8
2.31

3.91

-0.12

4.25
4.82
-3.46
- r.9l
-0.01
0.08

Table 3.1. Squared correlation coefficients and error indicators discussed in the text and

shown in Figure 3.6. This table provides a comparison between core porosity and porosity
calculated using empirical velocity-porosity equations.

Around 85Vo of core data show porosities between I}Vo and20Vo. In this porosity range it

is expected that the Raymer et al. equation would give very similar results to those obtained

flom the time avererge formula. This similarity has also been shown by the Toolachee data

set. It is worth noting that the fluid sonic transit tirne in the Raymer et al. equation has

been adjusted for the calculated water saturation for each interval. Raymer et al. porosities

in gas saturated interval (Sw < 0.75, and Dtll = 1640 ps/m) are sirnilar to. the porosity

assigned by the time average formula with an assumed D1¡ of 620 ps/m, whereas assuming

Dtn = 620 ps/rn results in higher Raymer et al. porosities (alrnost 2.5 porosity units).

-HalsraLlqsalr-an

The Han et al. eqr-ration significantly overestimates high porosities (þ>147o) and

unclerestimates low porosities (þ <l}ok). As the data set indicates that low core porosities

coexist with high calculated clay contents, this equation overestimates the porosity for low

clay content sandstones and underestimates porosity in high clay content sandstones. The

Han et al. equation has originally been proposed for water-saturated sandstones but the

wells studied here ¿ìre gas wells. This might provide anothet'explanation for the significant

overestimation by the Han et al. equation in the high porosity range.

Freund's Equation

Freund's equation generally underestimates the actual porosity with MAE of 3.8 with

underestimation ¿rt low porosities greater than at rniddle to high porosity. It shoulcl be

Clì¿ìJltcr -1. Litcr¿rtUr-c rcvlc\'v '29



noted that the Freund eqllation was developed for dry rocks to simulate purely gas-

saturated sandstones. Compared with othel equations, the equations proposed by Han et al.

and Freund show improved colrelation coefficients (less scatter). This lneans that

considering a clay content term in sonic porosity methods in general should reduce the

scatter in velocity-porosity relationships.

Vernik Equations

In terms of error distribution, the Vernik equations gave better results for the Toolachee

data compared to the other laboratory derived equations, even though the correlation

coefficient has not improved dlamatically. The Vernik equations generally underestimate

porosity with an MAE of 2.1 porosity units.

Locally Modified Equations

Both the Overton ancl Hamilton, and Morton equations give a reduced MAE compared

with the other equations examined above. Although there is no theoretical explanation for

the relationship between gamma ray reading and fluid transit time as used in the Overton

¿rnd Harnilton equation, this equation presents an improved correlation coefficient

compared to the Morton equation for the data used in this study.

3.3.4.3. Conclusions Concerning the Empirical Equations

Field data from the Toolachee Field compared to published experimental data confirm that

as well as porosity, other factors such as clay and fluid content are also important (and

should be considered) when sonic logs are used for porosity determination. However,

infbrmation on the clay content, fluid type and fluid saturation cannot be directly

determined from the sonic log, and other information is required. None of the

experimentally derived velocity-porosity equations examined in this section provide a

globally applicabte method for porosity calculation from sonic logs. The shortcomings of

these equations are mole pronounced when applied to gas-bearing shaly sandstone

formations. Combined petrographic analyses and laboratory velocity lleasurelllents are

requirecl to improve the calibration between core porosity and sonic log readings (Khaksar

and Griffiths, t998a).
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3.3.5. lnfluence of Effective Stress

Experirnental results indicate that confining stress and pore pressures have almost equal but

opposite effects on wave velocity in consolidated reservoir rocks. Confining stress has an

eftèct on the wave velocities because it deforms most of the compliant parts of the pore

space, such as microcracks and loose grain contacts. Closure of microcracks increases the

stiffness of the rock and increases bulk and shear moduli. lncrease in pore pressure

mechanically opposes the closing of cracks and grain contacts, resulting in low effective

moduli and velocities.

Wyllie et al. (1958) measured P-wave velocity as a function of pore and confining stress on

water-saturated Berea sandstone. They showed that at constant confining stresses Vo

increases with decreasing pore pressure, and for constant differential pressure, the Vo

remains constant (Figure 3.7). Hence, when both confining stress and pore pressure are

varied, only the difference between the two has a significant influence on velocity (Hicks

and Berry. 1956) that is:

P¿=P.-Pp (3. l7)

where P,¡ is differential pressure. The more accurate relationship may be of the form of

P nPp (3. l8)

where P" is effective stress andn is the effective stress coefficient (Terzaghi, 1943)

Equation 3.18 indicates that for ¡z values not equal to unity, changes in a physical property

caused by changes in confining stress may not be exactly cancelled by equivalent changes

in pore pressure. Experimentally derived n v¿rlues for the water-saturated Berea sandstone

by Christensen and Wang (1985) show values less than I for properties that involve bulk

compression (Vp).

A comparison of published experiment¿rl studies on the influence of effective stress on

wave velocities, reveals that (l) the rock type and (2) the fluid saturate ale both influential.

The rate of increase in velocity as effective stl'ess increases is controlled by the aspect t'atio

of the pore space and the contribution of crack-like pores to the total porosity of the rock.

Rocks with microcrack porosity show ¿ì trìore marked variation in V,, versus efÏective stress

cP
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compared to rocks with high aspect ratio pores (a - l) or spherical pores. That is, the

greater the number of low aspect ratio pores (cr << l), the more the velocity varies with

pressure.

Examples of different stress sensitivity of velocities for rocks with microcrack porosity,

and rocks consisting of pores with aspect ratios close to I have been shown in Figure 3.8.

For Westerly granites and Bedford limestone, which are well known for their microcrack

porosity (Bourbie et al. 1987), velocities are highly stress sensitive. Whilst wave velocities

in Solenhofen limestone which consists of pores with aspect ratios close to [ (Bourbie et al.

19S7) exhibit no variation with effective stress increase. Considering the role of

microstructure helps to understand the different velocity behavior between dry and

satnrated rocks under increasing effective stress. Since for a saturated sample the finite

compressibility of water resists deformation I and increases the elastic moduli of the

rock, at low effective stresses a dry sample is less rigid than a saturated one. At high

effective stresses, velocity becomes a quasi-linear function of effective stress for both water

and air saturated samples (Bourbie, et al. (1987) and Vernik, (1991)). However, as Figure

3.8 demonstr¿rtes, the critical effective stl'ess at which velocity-effective stress curve levels

off is not the same for w¿rter ancl air saturated samples, and may diifer from one rock type

to another.

3.3.5.1. Log-Derived Porosities and Bffective Stress

The sensitivity of the acoustic velocity to effective stress can be used to identify

overpressure from the sonic log. Other things remaining constant, an increase in pore

pressure is indicated by an increase in the sonic transit time (Rider, 1986). It is possible to

calculate the ¿rmount of overpressure from the deviation of the sonic travel time from the

normal compaction trend (Hottman and Johnson, 1965), when the shale transit time is

plotted on a logarithmic scale versus the burial depth (Figure 3.9). In most cases the

anomalously high porosity (under-compacted) rock present in a overpressure zone will

amplify the sonic log cleviation. However, there are sorne examples of overpressured

shales which also demonstrate low porosities and high densities similar to rocks in normal

pressure zones (Yassir and Bell, 1994). Therefore, to avoid the misinterpretation of

velocity data in overpressured zones, the mechanism involved in the process of

overpressure should also be taken into ¿tccount.
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The stress sensitivity of velocities in rocks may also influence the porosity values assigned

by sonic transit times in reservoir rocks in hydrocarbon producing fields. [n other words

the reservoir pressure reduction due to hydrocarbon production may cause the sonic log to

be influenced by the changing etfective stress in the formation. However, is the sonic

porosity underestimation in partially pressure-depleted reservoirs of practical significance'l

Using published experimental data the following section illustrates the range of porosity

underestimation due to changes in effective stress for both water saturated and dry

sanclstones.

Three sandstones have been modeled with assumed porosities of 5, l0 and l5 percent, and

zero clay content. The sandstones are considered to be well consolidated so that the

porosity reduction due to the applied pressure is negligible. Two effective stress levels, 30

MPa ancl 50 MPa, sirnulate normal pressure and partial pressure depletion conditions at

2500 m depth, respectively. Empirical equation of Eberhart-Phillilps et al. (1989) is used

to calculate Vo under water-satut'ated conclition.

Y r= 5.7'7 - 6.94þ - 1.13 (u.,) "' + 0.446 (P" - e.rr':rPc; (3. le)

where Vo is in km/s and P" is in kbar. Velocity-effective stress relationship derived from

laboratory measLlrelrerrts by Freund (1992) is used for the velocity calculation under dry

(gas-saturated) conclition (Table 3.2). Again it is assumed that the sonic log response in an

icleal bore hole condition corresponds to the calculated V,,. The time ¿ìverage formula

(equation 3.9) and the Overton-Hamilton equation (this chapter, section 3.3.4.2) are used to

cletermine the porosity of the sandstones under the water-saturated arrd dry (gas-satulated)

conditions respectivel y.

Porosity
("k)

AB
km/s) ( l0 o km/s MPa)(

C
(km/s)

D
(MPa')

5

l0
l5

5.1

4.6
4.t I

8.54
9.32
9.62

1.90

t .71

1.53

0.040
0.044
0.041

Table 3.2. Ernpirical constants in the velocity-effective stress relationship proposed by

Freund (1992): V' = A+ BP -Ce'o' where V is P-wave velocity in krn/s ¿rnd P effective

stress in MPa.
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Table 3.3 summ¿rrises the above calculation for three assumed s¿rndstones under both

water-saturated ancl dry conditions. Apart from the difference between porosities assigned

by the time average formula and the originally assumed porosities, the calculated values for

water-saturated rocks show almost a 3.5 ¡rs/m reductlon in D, for the 20 MPa increase in

the effective stress. A 3.5 ps/m reduction in sonic log could be converted to a porosity

underestimation ranging from 0.9 to 1.4 porosity units. The porosity values assigned by the

Overton-I{amilton equation are very close to the assumed original porosities at normal

pressure condition (30 MPa). On the other hand, this equation underestimates the

corresponding porosities under pressure depleted conditions (50 MPa) by between 2.6 to

2.9 porosity units for the three dry sandstones. It is worth noting that while none of the

t-1.ìost common sonic porosity methods consider the effective stress effect, using alternative

equations to the time average formula such ¿ts Raymer et al. (1980) rnake no significant

difference to the range of porosity undet'estimation presented in Table 3.3.

The inrplication for porosity c¿rlculations at the two pressure levels shown in Table 3.3 is

that when the sonic log is used to determine porosity, the pressure condition in the

reservoir needs to be taken into ¿rccount. In general the common sonic porosity methods do

not ¿ìccount fbr the variation of Vo due to reservoir pressure changes between partially

pressure depletecl ¿rnd non-depteted reservoit's. The range of such underestimation for

water (and probably for oil) saturated rocks appears not to be significant. However, since

the influence of effective stress on Vo incre¿rses as the fluid saturation changes to gas,

porosity underestimation by conventional velocity-porosity transforms for gas bearing

rocks may increase (Khaksar and Griffiths, 1996a and b).

Effective Slress
MPa

Rock I (þ =5Vo)

D, (psim) (Þ.,,u¡.

Rock II (þ =ljVo)
D, (ps/rn) 0*,,u,.

Rock III (þ =líVo)
D (¡-ts/m) Q.,,u*

Water-Saturated

30
50

180.r
t76.1

l.4Vo

O.lVo

t92.2
188.6

6.3Vo

2.67o

205.1
202.1

6.5Vo

5.6Vo

Dry

30
50

2t9.5
204.1

6.67o
4.O7o

239.8
224.4

l0.l7o
l.4Vo

265.1
249.0

l4.lvo
I l.8o/o

Table 3.3. The approximate range of porosity underestimation due to increase of eff'ective

stress by conventional velocity-porosity equations for three sandstones at water-saturated

and dry conditions.
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3.3.6. Fluid Saturation and Velocity

Numerous published experimental investigations have shown that elastic wave velocities in

fluid saturated rocks are related to pore fluid and level of saturation (for example, Wyllie et

al. (1958), King (1966), Nur and Simmons (1969)). Theoretically, the influence of pore

fluicl on wave velocities in rocks is due to its effect on both bulk density and bulk rnodulus

(equation 3.1). The role of compressibility dependence of V,, in fluid saturated rocks have

been addressed in several experimental investigations (for example Fatt, 1958). For

instance, Hicks and Berry (1956) showed that the velocity variation in a given formation

due to change in compressibility of the pore fluid can exceed 20 percent. Figure (3.10)

shows the variation of V,, and V. with Sw modeled by Dornenico (1976) using Biot theory.

The grad¡al reduction V' at low saturation (Sw < 0.80) is attributed to the increased bulk

clensity as Sw increases. At high water saturation levels the effect of low pore fluid

cornpressibility clominates the density effect and V,, increases sharply as pore space

approaches ftrll saturation. The decrease in V- with increasing Sw results from the increase

of bulk density (Domenico, 1916) , as discussed on page 16.

Laboratory studies, however have shown that apart from density and compressibility other

factors such as pore structure, saturation history and fluid distribution should also be

considered for wave velocities in partially saturated rocks (Dornenico ( 1911), Krright and

Nolen-Hoeksema, (1990) and Knight et al. (1998)). It has been found that the velocity is

cletermined by the compliernce and saturation state of the various region of the pore spaces.

Domenico (1911) showed that discrepancies between experimental data and theory are

related, at least in part, to the response of fluid distributed in microscopic pores to the

different saturation techniques employed during velocity measurements. Two commonly

used saturation techniques, clrainage (flow) and imbibition result in different velocity-

saturation relationships in rocks (Figure 3.ll). The drainage technique involves decreasing

saturation through capillary force or evaporative drying whereas the imbibition technique

involves increasing saturation through tl-ìe spontaneous uptake of water followed by

depressurization of a saturated sample (Knight et al. 1998). During the imbibition process

air is trappecl in all pores resulting in a more even fluid distribution, whilst with the

drainage technique the water tends to occupy the low aspect ratio pores and the gas tends to

occupy the Ialge pores (Figure 3.12). The key difference between these two processes ls

the saturation state of crack like regions of the pore space.

Chl¡rtcr J. [.itcl-trtr-ll c rc\/lc\v -15
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During imbibition the velocity is almost constant with increasing saturation and only at

saturation close to full saturation velocity shows a dramatic change. The sharp increase in

velocity ar Sw = 0.8 shown in Figure (3.1l) is attlibuted to the filling of low aspect ratio

pores by the water resulting in a stiffening of the frarne modulus, while air becomes

discontinuous and segregated into a collection of isolated inclusions in stiff high zrspect

ratio pores (Knight and Nolen-Hoeksema, 1990). In the drainage process velocity

gradually decreases with clecreasing saturation where water remains longer in low-aspect

ratio pores and air is initially placed in high aspect ratio pores. The practical point in the

interpretation of velocity-saturation relationships is that if the laboratory clata are a basis

for field interpretation, the saturation technique used should simulate the in situ saturation

process
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Chapter 4

Samples

4.1. lntroduction

Accurate ancl detailed petrographic and petrophysical analysis of rock samples are required

to establish meaningful relationships between rock properties and acoustic measurements.

This chapter addresses sarnpling procedure, and describes the petrographic and

petrophysical properties of the rock samples used in this study.

4.2. Sampling

A total of 33 sandstorie samples were collected from drill cores from depth between l9l7

rn and 2564 m three hyclrocarbon producing wells in gas fields of the southern Cooper

Basin (Figure 2.6). Sarnples are from the Unit C of the Late Permian Toolachee Formation

intersected in Moomba-73, Dullingari-44 ancl Strzelecki-15 wells (Table 4.1).

Depositional environntent and stratigraphy of the 'foolachee Formation in southern Cooper

Basin was describecl Chapter 2. Compared with other Cooper Basin wells the above

lnentioned wells have a relatively complete well log suite including porosity logs and pore

pressllre data from Repeat Formation Tester (RFf). Sampling points were chosen on the

basis of petrographic and sedimentological hand specimen characteristics. The samples

represent a typical range of porosity and permeability of Cooper Basin sandstones within

the study area.

Procedure for core plug preparation is <iescribed in Chapter 5. Specimens of each sample

were prepared for thin section analysis, bulk-sample X-ray diffraction and scanning

electron microscopy. After careful examination of core plugs and thin sections, 22 samples

suitable for acoustic lleasurelnents were selected. These 22 sarnples had sufficiently low

aver¿ìge grain size to avoicl wave scattering and were relatively homogeneous and isotropic
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Figure 4.1. (a) and (b) Photographs fine to medium grain size, unfractured and relatively
homogenous core samples suitable for acoustic measurements.
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Figure 4.1. (c) and (d) Photographs of coarse to very coarse grain size, fractured and
heterogeneous core samples unsuitable for acoustic measurements.
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(Figure 4.la and b). UnsLlitable samples for acoustic rneasut'elÌìents were lejected because

of presence of micro-f¡actures and gravel in the plugs (Figure 4.lc and d).

ScunpLe WeIl Name Depth (m)

D1
D2
D3
D4
D5
D6
D7
D8
D9

D10
Dil

Dullingari-44
Dullingari-44
Dullingari-44
Dullingari-44
Dullingari-44
Dullingari-44
Dullingari-44
Dullingari-44
Dullingari-44
Dullingari-44
Dullingari-44

22tt.8
22t3.1
2214.1

2215.4
2216.3
22t1.5
2220.3
2221.1
2221.5
2221.8
2222.3

M1
M2
M3
M4
M5
M6
M7
M8
M9
MIO
MIl
Ml2
MT3
Ml4

2550.8
2551.4
2552.2
2s52.9
2553.4
2554.1

2554.8
2556.6
2551.4
2558.7
2563.0
2563.3
2564.0
2564.5

Moomba-73
Moomba-73
Moornba-73
Moomba-73
Moomba-73
Moomba-73
Moornba-73
Moomba-73
Moomba-73
Moomba-73
Moornba-73
Moomb¿r-73
Moomba-73
lVloornba-73

s1
S2

s3
S4
s5
S6
S7
S8

Strzelecki- l5
Strzelecki- l -5

Strzelecki- l5
Strzelecki- l5
Strzelecki- l5
Strzelecki- l5
Strzelecki- 15

Strzelecki- l5

t9t7.1
t918.5
t9t9.2
t9 r9.8
1920.1

t921.4
t922.0
t922.6

Table 4.1. t.ist of all core samples collected for the cLtrrent study. Sarnples used for the

¿rcoustic rrìeasurelrents are written inbold font styles.

4.3. Bulk-Rock X-Ray Diffraction

Bulk-rock XRD analysis w¿rs carried out on ztll szunples using X-ray diffractolneter at the

Department of Geology zincl Geophysics of the University of Adelaide. The srnallpieces of

rock were grouncl into ¿r l'ine powder using an agate trlort¿ìr and pestle. The unorientated
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powclet's¿tmple was tllen placed in an alurninurn cavity mount. The plepttred salnples were

run in a Philips type PW 1050 X-ray difflactorneter at 50 kV and 35 rnA, r"rsing Co Kcr

radiation, at a speed scan at 2"/minute. Mineral identification was checked by comparison

with Joint Committee on Powder Diffraction Standards (JCPDS) files Lrsing the CSIRO

software XplotrM.

The bulk-rock X-ray diffraction results of the samples indicate that all samples htrve ver¡,

similar mineralogy with qr-rartz, kaolinite and illite as major minerals. Siderite occurs as a

minor to trace mineral in some samples. Figure 4.2 shows typical bulk-rock X-r'ay

diffractogram o1'samples used in this study.
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o

o

o
K ooK oo

K
K K

o

o

Fsi

Figure 4.2. Representative XRD peak patterns for the samples used in the current stucly

Q - quartz, K = kaolinite, I = illite (mica), Si = siderite and F = feldspar.

The relative abunclance of each mineral was assessed by comparison of the ntain peak

heights using the relative intensity rnethocl described by Hardy and Tucker (1991). ln this

rnethod the height of the principle peak, I, for e¿rch mineral colnponellt is mr-rltiplied by an

H factor, which corrects for the relative "cliffracting ability" of the mineral. The weight

flaction, W, of the ith components is given by (Hardy and Tulcker, l99l ):

w¡= H¡Ii/(I I{¡l/)

Cha¡rtcr 4, Slnrplcs

(4 l)

l9



QLrartz w¿rs used as ¿rn internal stancl¿u-cl, and is therefore associated with an H factor of

unity. The H factors for other minerals were detelrnined ernpirically using a chart

developed by the X-ray unit of the PRIS, the University of Reading. This rnethod is serni-

qr-rantitative ¿rnd only gives the relative percentâge of minerals which could be helpful for

cornpositional petrography. Table 4.2 shows the estimated volume percentages of minerals

identified from the whole-rock XRD analysis.

Sample Quartz I(aolin Illite/Mica SideriteFeldspar
DI
D2
D3
D4
D6
D]
D8
D10

88

t9
86

89

90
85

94
8l

8

l3
t0
8

8

u
5

tl

I

I

0

I

I

2

2

I

I

I

2

5

2

I

I

3

l

2

MI
M2
M7
M8
Ml0
Mll
Ml3

93
L)3

89 I

2

I

I

2

I

2

-)

-)

2

5

5

6

8

9

l
5

9

86
89

93

84

SI
S2

S3

S4

S5

S6
S7

85

8l
87
86

94
89

78

ll
l4
t2
l2
5

9

t1 t

3

4

2

I

2

3

Talrle 4.2. Ser¡i-qr-rantitative mineral compositions (a/o) of the samples from the bulk-rock

XRD analysis.

4.4. Optical Petrography

4.4.1. Techniques

Thin sections were prepared for all szrmples. Rocks were cut perpendicular to the beclding

plane ancl blue-dye epoxy resin u,as r-rsed dLrring impregnation of the samples to ¿tssist the

recognition of porosity. Photomicrographs were taken of representative features. Sczrnning

electron microscopic (SEM) studies were carried ourt on all samples using a JEOL type

JSM 5300 at the PRIS. SEM observations were used to study the texture, pore types,

authigenic minerals ¿rncl [o obtain aclclitional petlographic infornlation. Freshly fractured
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cliips of rock sarnples wele mounted on an alurninum stub ancl then were coated with gold

according to methocls clescribed by Trewin (1991). A linked Enelgy dispersive X-ray

analyser of Oxforcl [nstrument type Link AN 10000 was also used to help in identification

of individual ntinerals. Photomicrographs were obtained to illustrate fèatures of interest in

the rock samples.

4.4.2. Image Analysis

Computer-assisted analysis of microscopic irnages plovides a means of making rapid,

quantitative me¿ìsurements of f'eatures observed in rock thin sections. In the current study

Petrographic Image Analysls (PIA) of thin sections was used as an automated version of

point counting. Ehrlich et al. (1984), and Ehrlich and Davis (1989) have described the

principle of PIA. The PIA facilities used were consist of an IBM cornpatible personal

computer, softw¿rre (Video Pro 32rM), a color vrdeo camera and an OLYMPUS rM BH-z

type translnitted light rnicroscope allowing renl-time computer screen display of video

images of thin sections. The software allows extraction and measurement of image

features zrnd plovides a quantitative description of an image as numerical data. hnages

were acquired with the color video camera moutrted on the tnicroscope.

Transmitted-light irnages of tllin sections were used permitting t'outilte petrographic

observations to be lnade during acqr-risition of indiviclual images. For each sample between

5 to l0 field of views were collected at a rnagnification of 40x. At this rnagnification the

resolution of ¿rn indiviclural pixel is 2.1 miclons and the true size of each field view is 350

l:y 512 pixels. AcqLrisition of 5 to l0 fields of view for each sample provides coverage of

approxinrar.ely lOVo Í.o l57o of the total area of a 5x2.5 cln thin section.

Identifying the pixels associated with a particular rock component (mineral, rock fragment,

porosity, etc.) pennits the creation of a trinary image wherein intensities of the component

pixels ale discliminated from the rest of the image using a thresholding colour code (red

for instance). The fr¿rction of each component in each view was then determined from the

ratio of the numbel' of component pixels to the total number of pixels in the field o1' view.

The fraction values for each component were averaged over all fields of view for each

sample. The long climension of quartz grains was also lneasured to estimate the mean grain

sizeof thesarnple. Intotal between l00to200grainswererneasuredforeachthinsection.
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4.4.3. Textural and Compositional Petrography

The grain size of' the samples range fronr fine (84 prn) to mediutn (304 pm) with an

average of 200 pm. 'fhe roundness of the samples ranges from subangular to well-rounded

and sorting varies fl'om well-sorted to poolly-sorted. In general, all samples are well

consolidated and were cl¿rssified as sublitharenite sandstones using the classification

suggested by Folk (1914).

The main component of the studied samples is quartz, rnainly single crystal without

undulose extinction indicting igneous sources (FigLrre 4.3a and b). Quartz grains which are

the main framework mineral show abundant overgrowths in most of the studied samples.

The proportiorr of qualtz glerins within the sarnples ranges between 58Vo and'/S7owith an

average of 68Vo.

Rock fragments including lnetamorphic, sedimentary and volcanic grains are the next most

significant component of the studied samples. The proportion of rock fragrnents ranges

between 27o ¿l"td l9c/o, with ¿ìn a\/erage of 97o. Muddy and silty rock fragrnents are

abundant and appears in two folms. These two fbrms area: (l) very fine to mecliurn grain

size stable grains (Figure 4.4a and b) and, (2) pore filling pseudomatrix (sqLrashed rnud

pirrticles) between clurable quartz grains (Figure 4.4c-f¡.

The proportion of clay minerals in the samples ranges fronlVo r.o 197o. Clay miner-als are

authigenic kaolinite and illite with dominant kaolinite. Minor components of the studied

sanrples (less tlran Zah) cor-rsist of heavy rninerals (Zircon), organic matter, tnic¿t, opaque

(pyrite?) carbonate (siderite) ancl few traces of feldspars. Table 4.3 shows the mineralogy

and petrophysical properties of the samples.
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Figure 4.3. Micrographs showing subangular to rounded and well-cemented quartz
grains that form the main framework mineral in the studied Cooper Basin samples.
Development of silica cement can be recognised by the presence of dust rims (white
arrow) on the edge of detrital grains. Blue areas in (a) show porosity. (b) Crossed-
nichols view of (a). Sample D8, Scale bar = 200 pm.
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Figure 4.4. Micrographs of Rock Fragments

a) Fine to medium grain-size stable sedimentary rock fragments (arrows). Sample D4,
scale bar = 400 pm.

b) Crossed-nichols view of (a)

c) Ductile , altered and pore-filling rock fragments. These types of rock fragments are
muddy in origin and act as psedumatrix between durable quartz grains reducing primary
intergranular porosity and change it into microporosity. Sample S l, scale bar = 200pm

d) Crossed nichols view of (c)

e) SEM view showing abundant clay particles, originated from the alteration of muddy
rock fragments, filling pore spaces between quartz grains. Sample 56, Scale bar 100 pm.

Ð Close up view of (e). Scale bar = 50 pm
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Sample Porosity Penneability
(Vo) (mD)

Grain size Quartz Clay Rock Minor
(þLm) (Vo) (Vo) fragment components

Bulk

(7o) (Vo)

DI
D2

D3

D4

D6

D7

D8

Dl0
MI
NTz

M]
M8
Ml0
Mll
Ml3
SI

S2

S3

S4

s-s

S6

S7

1.3

8.5

t2.5

r3.0

|.2
I t.9
I t.2
14.9

5.0
(r.5

2.6

4.0

4.t
3.4

5.1

r0.5

8.9

r5.6

16.6

r3.9

r3.6

12.6

0.04

0.28

3.42

33.10

30.50

2.05

36.21

t53.20

0.04

0.07

0.01

0.03

o.o2

0.00

0.04

0.20

0. r5

r86.20

10.94

17.(tO

t4.33

4.03

2.43

2.39

2.29

2.30

2.31

2.33

2.29

2.19

2.48

2.45

2.56

2.52

2.5t
2.55

2.48

2.34

2.31

2.t]
2.13

2.21

2.21

2.31

84

t51

2t9
291

298

185

2t8
345

r58

t85

191

304
t91

t28
131

91

l12
216

2t5
r63

r86

241

60.3

65.0

68.8

10.4

69.4

67.5

75.8

66.2

1t.9
12.3

68.9

69.1

72.0

70.4

70.0

58.9

58. I

69.3

6 r.0

68. l

61.0

65.8

t0. r

n.4
t2.o
8.7

9.5

10.0

1.0

13.1

8.0

I 1.5

t2.o
lt.5
9.6

10.5

13.3

12.5

11.0

r0.l
t4.4
9.0

12.0

18.9

19.2

5.1

3.0

6.4

1.9

8.5

6.0

3.L

8.0

8.6

r3.0

r3.6
13.3

10.8

10.6

15.6

r3.0
2.4

1.0

7.0

6.4

l.l

3.t
3.4

). t

1.5

2.0

2.1

0.0

2.0

l.l
l.l
3.5

1.8

t.0
4.9

1.0

2.5

3.0

2.6

1.0

2.0

1.0

1.0

Table 4.3. Petrographical and petrophysical properties of sarnples used in the str,rdy

-Minor 
components include mica, carbonate, t'eldspar, opaque and organic matter.

4.4.4. Diagenesis

Several aurhors (1br exarnple: Schulz-Rojahn (1991), Stuart et al. (1992) and Rezaee

(1996)) have srudied, in some detail, the petrology and diagenesis of the southern Cooper

Basin sandstones. These studies have shown that mechanical ancl chemical compaction,

silicification, k¿rolinis¿rtion and dissolution are the major dizrgenetic features in Cooper

Basin sandstones. 'I'hese featul'es can also be rocognised in samples investigated in the

present str,rcly. The following is a brief clescription of the diagenetic featut'es observed in

the samples.
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M e clrun ir: aL C omp uc t io n

Bent mica flakes and defolmed cluctile rock fragments indicate mechanical cornpaction in

the samples. Mechanical compaction is more evident in less well-sorted, finer grained

rocks particularly those with a high proportion of rock fragments.

ChemicaL Contpctctton

Chenrical cornpaction is clefined by HoLrseknecht (1987) as "the bulk volume leduction

caused by the dissolLrtion of framework grains at points of contacts". Suturecl grain

contacts, dissolution searrìs and stylolites (Figure 4.5a and b) observed in the samples

indicate chemical cotnpaction. In general, in southern Cooper Basin reservoir rocks

chernical compaclion is of lesser rmportance than mechanical compaction (Stuart et al.

t992).

Silicification

Authigenic quartz represents the most common cement type observed in Cooper Basin

sandstones (Stuart et al. 1992). In the studied samples silica cement occurs as syntaxial

overgrowths on detrital qLìat'tz grains, freqLrently with euhedral tenninations. In thin

section, overgrowth are distingr-rished by euhedral crystal faces (Figure 4.5c), and by dust

lining over cletrital grains (Figure 4.3tt). in SEM, rnany of qLrartz grains with overgrowths

show rhomboheclral and prismatic terminations (Figure 4.5d). The development of quartz

cement in same instances is in the form of druse, nLrmerous crystal grown on the surface of

a quartz grain (Figure 4.5d). Quartz cementation is rnore widespread in samples with

coarser grains and less clay and rock fragment contents (fbl example: sarnples D4, D6, D8,

S3, 54). Stuart et al. (1992) comrlented that the silica required for quartz cementation in

the Cooper Basin s¿rndstones was probably clerived from framework grain dissolution, clay

mineral transformation and chemical cotnpactton.

Clay Authigencsi.s

Kaolin group clays are the dominant clay mineral in the Cooper Basin sandstones (Stuart et

al. 1992). The euhedral habit of kaolinite is indicative of the authigenic origin of this clay

type (Figure 4.6¿t). Two types of authigenic kaolinite exist in the studied samples. These

zrre replacement kaolinite and pore filling kaolinite. Replacement kaolinite is thought to

have formecl by either contplete or partly replacement (dissolLrtion) of an original grain,

mostly 1èldspars and rock 1ì'agrnents (Str,rart et. al., (1992) and Rezaee (1996)). [n the case
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Figure 4.5. Micrographs of Compaction and Silicification

a) Micrograph showing sutured grain boundaries in a well-compacted and well-cemented
sample. Sutures represent the combined effect of mechanical and chemical
compaction. Sample M2, scale bar = 200 pm.

b) SEM view of sutured grain contacts due to chemical compaction (white arrow). Sample
D4, scale bar = 50 pm

c) Micrograph of silica cement showing euhedral faces (arrows) of quarts overgrowth.
Sample 53, scale bar = 200 pm.

d) SEM view of silica cement showing well-developed quartz overgrowth in the forms of
single large quartz prisms (upper arrow) and druse, numerous crystal grown on the

surface of a quartz grain (lower arrow). Sample D4, scale bar = 100 pm.
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of'cornplete replercement, this kind of l<aoloinite shows the exact Inargin of the original

grains (FiguLe 4.6b). Pore filling and dispersive kaolinite is thought to have participated

directly lronr the pore fìr-ricls (Wilson and Pittman, 1971). This type of kaolinite, which is

co¿ìrser-grained, shows less pzrcking and is intergrown with the quartz overgrowths (Figure

4.6.c and d). The occurrence kaolinite in the samples is mostly in the torm of pore filling

and clispersive type. The authigenic illite is thoLrght to have largely formed from the

alteration of unstable rock fragments (Rezaee, 1996).

4.5. Pore Types

4.5.1. Petrographic Classification

The classification of porosity type suggested by Pittman and Thom¿rs (1979) is commonly

used for desclibing pore types in reservoir sandstones. The Pittman classification is based

on both the observed geornetry and the origin of pores. Using Pittman's terminology, three

types pores ale recognisecl in Cooper Basin sandstones (Stuart et al. 1992). These include

primzrry, secondary (dissolution) and micropores. Primary pores are dominant in moderate

to well-sortecl sandstones with no or minor amounts of ductile rock fragments (Figr"rre 4.5a

and 4.7a). ln these rocks prirnary porosity is preserved due to early quartz cetnentation

which provicles a rigicl fr¿imework that prevents mechanical compaction. Samples

characterised by abundant primaly pores have core porosities normally greater Íhan lOTo

and permeability liigher than l0 lnD. This type of pore is easily recognisable ancl often

there is a goocl ¿ìgreerì'ìent between total porosity estimated from thin section ¿rnd core

porosity in samples with abr,rndant primary pores.

Seconclary (dissolLrtion) pores are distinguislied by the presence of oversized pores,

irregular or elongate pore spaces (Figure 4.lb). Secondary pores ¿ìre the products of

clissolution o1'unstable grains or the enlargenrent of the preexisting porosity by dissolution

of the margin grains.

Micropolosiry is cieiineci as incluciing ali pore spaces ¿rssociaied with clay ininei'¿ils. Thesc

type of pores in the studied samples are mostly assocrated with authigenic kaolinite (Figure

4.1c). Individual kaolin pore diarneter is less than l0 prn zrnd therefbre micropores are

harclly clistinguishable under the working rnagnification ranEIe of ordin¿rry polarized

rnicroscopes (F-igr-rre 4.1d). This type of pore is abr,rndant in satnples with high clay content
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Figure 4.6. Micrographs ol' Kaolinite

a) SEM view of pore-filling, euhedral kaolinite booklets suggesting an authigenic origin.
Notice the well-developed micropores between the kaolinite booklets. Sample 53,

scale bar = l0 pm.

b) Micrograph of the complete replacement of an original grains by kaolinite. Notice the

original marginal of precursor gt'ains. Sample D4, scale bar = 400 pm.

c) Pore filling kaolinite with a significant amount of rnicroporosity (blue epoxy). Szrmple

D4, scale bar = 200 pm.

d) Precipitation of kaolinite in pore spaces and adjacent pore throats, which reduces
porosity and permeability. Intergrowth of kaolinite and quartz overgrowth is evident
from jagged contacts. Sample D8, scale bar = lOptm.
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Figure 4.7. Micrographs of Pore Types

a) SEM view of primary pores in a moderately sorted sample. Primary pores survive
between the euhedral faces of quartz cement. Sample D8, scale bar = 100 pm.

b) Micrograph of secondary (dissolution) pores. Notice the irregular and oversized nature
of the pore (arrow). The edges of original grains are still recognisable. Sample D8, scale
bar = 400 pm.

c) Micrographs of cìay associated pores (micropores). Sample D4, scale bar = 400pm.

d) SEM view showing abundant micropores in a kaolinite aggregate. Sample 53, scale bar

= 1000 pm.
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with abulldant cluctile rock fragrnents. Sarnples dorniuatecl by rnicroporosity have cot'e

porosities as high as l)Vo but core perrneability is limited to less than f'ew millidarcies.

4.5.2. Petrophysical Classification

The pore type classification presented above which is based on petrographical observation

and the parageneses of pores, is aimed at describing the reservoir quality of samples. To

develop a relationship between various physical properties (for example acoustic

properties) and reservoir rock properties (for example porosity and permeability) it is

necessary to consicler a terminology and classification based on the petrophysical behaviour

of the rock. For instance it is known that crack-like pores or low aspect ratio pores in

sandstones significantly affect the propagation of elastic waves in rocks (see Chapter 3) and

yet this type of pore is not adequately addressed by petrogtaphical classification.

The terminoìogy used in petrographical cl¿rssification of pore types was found to be lacking

fbr the pLlrpose of the present study. C¿uuso et al. (1985) demonstrated a pore type

classification in sandstones by consideling clack-like pores as a separate pore class. Their

pore type classiftcation is based on observed fèatr-rres of pores alone, without considering

the petrological origin of different pore types. Using the Caruso et al. (1985) tenninology,

three types of pores may be recognised by considering the size, shape ancl relation to

others. Thele are tl¿tcro pores (intergranulzrr), micropores and connective pores. Figure

4.8 shows each pore type.

Figure 4.8. Schematic representation of petrophysical classification of the pore types in

sandstone with domin¿ìnt quartz (Q) grain; Macropores (l), Clay associated pores (2),

Connective pores (3).

1 1

I

2
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Figure 4.9. Micrographs of Connective Pores

a) Clay-free and straight-line connective pores. Notice the termination of all low aspect
ratio pores to a pore with a relatively larger aspect ratio. Sample D6, scale bar = 50 pm.

b) Clay-free connective pores adjacent to a high aspect ratio pore (macropore). Sample D6,
scale bar = 100 pm.

c) Clay-free and straight-line connective pore at the loose contact of euhedral faces of
quartz overgrowths. Sample D4, scale bar = 50 pm.

d) Combination clay-free and clay-filled (arrows) connective pores. Sample D4, scale bar

= 100lrm.

e) Clay-filled (illite) connective pores and macropores. Sample Ml0, scale bar = 50 pm.

Ð Clay-filled (kaolinite) connective pore. Sample D4, scale bar = 50 pm.
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ln the str-rdied santples rì-ì¿rcropores are lelatively large in size (greater than 50 prn),

irregular shapecl with aspect ratio between I and 0. l. This pore type includes both large

prirnary pores and secondary pores in Pittrnan's classification. Macropores appear to be

the clominant pore type in samples S3, 54, S6, D3, D4, D6, D8. Micropores are defined as

pores u,ith dimensions equal to or less than a few nricrons and basically al'e clay-associated

pores as discussecl in previous section. Micropore is the dominant pore type in samples S l,

s2, s5, Dl, D2, Ml, M2, M7 M8, Ml0, Mll, Ml3.

Connective pores often h¿rve one dimensioti much less than the other and can therefore be

considerecl low aspect ratio or crack-like pores (in a two dimensional view) with aspect

ratios between 0.1 and 0.001. Connective pores could either extend between macropores

and act as pore throat (in a three dimensional vrew), or occLlr at the contact between quartz

grains with connection to another other low aspect ratio pore. Sarnples with high silica

cement appe¿ìr to have a greater number of clay-free and straight-line connective pores

(Figure 4.9a-c). In contlast, in samples with highel proportion of ductile rock fragments

(pseudrnatrix), connective pores are rnostly filled by clay and sqr-rashed p¿ìrticles (Figure 4.9

cl-Ð. Connective pores in the studied sarnples rnainly occltr at loose grain contacts and

h¿rve a very srnall contribution to the total rock porosity.

4.6. Core Porosity

4.4.1. Helium Porosimetry

An EdinbLlrgh Petroleurn Eqr-ripment Ltd. HeliLrm Gas E,xpansion Porosimeter, Mark II was

used to me¿ìsure the porosities of core plug samples. The principle of operation of the

Porosimeter is based on Boyle's L¿rw assuming that helium behaves as an ideal gas at rooln

temperature. A reference ch¿rmber containing heliLrrn (volr,rrne vr, pressllre p') is allowed to

expand into the sample chamber (volurne v.) causing the pressure to fall p/. According to

Boyle's Law:

I

Pr.Vr = P' (vr * Vr - v,n) \+.L )

where v,,, is the grain (solid) volume of the sample. By knowing the dry lnass of the

sample (m¿) ancl rearranging ec¡uation 4.2 for v,,,, then the grain density (P,u) can be found

from:
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prn = lld/Vrn (4 3)

The porosity Qis given by:

0=(v, -v,,,)/v, (4.4)

where v, is the br-rlk volunre of the sample, which can be calculated frorn me¿rsurements of

its length of ¿ind radius. A digital top-pan balance with an accur¿ìcy of +0.1 mg was nsed

for the measllrement of samples masses. The measured helium porosity of the samples

ranges from 2.60/o to l6.6Vo. The accuracy of porosity measurements using this apparatus

is quoted as being t 0.1 porosity unit (Jones, 1996).

4,6.2. Porosity versus Stless

The variation of core porosity with confining stress was investigated for a sub-set of

samples. An experimental techniqr-re developed by the geophysical group of the PRIS was

used to rleasure porosity as a function of confining stress. This technique, which was first

used by.fones (1996), measLlres the quantity of water sqr.reezed out of each w¿rter-saturated

sample with the increase of confining stress. The apertures used for these experiments is

basically an adaptation of tlie system used for ultrasonic measurements which will be

described in rlore cletail in Chapter 5.

The pore-fluid pipe on the lower transducer assernbly (Figure 5.1) is connected to a T-

junction, with one side connected to the pore fluid reservoir pump and other srde connected

to a pipe att¿rtched to gladuated dispensing-prpette gallge. The fluid flow to and from each

side of the T-jurnction is controlled using separ¿ìte screw valves. The rock sample is

initially held at a confining stress of less than I MPa and the gauge valve is shut while the

pore flr.rid is pumped into the rock to dissolve any trapped air. The pole-fluid pump valve

is then closed and the gâuge valve is opened to allowed the pore fluid through to the gauge

pipe. The water level in the pipette is allowed to equilibrate and is monitored as the

confining stress increases. The water level can be converted into porosity by assuming that

the total volume of water injected from the rock r-rncler pressure in equivalent to the volume

of pore closed. In genererl volume reduction under stress for the samples is not significant
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cornparecl with the core volulle under antbient conditions. Table 4.4. lists the core

porosities mcasulecJ under a r¿ìnge of confining stless for the selected samples

4.7. Nitrogen Permeability

The permeabilities of the sarnples were rneasr"rred r-rsing a nitrogen g¿ìs permeameter

constructed a[ the PRIS. A gas permeameter measLrres the flow rare Q ol nitrogen throLrgh

a sample, caused by a known pressure fall Ap across the tliickness L. The fluid-flow

relationship is given by Darcy's law:

Q= (K.A Ap)/(n L)

where K is the penneability, A is the surface are¿r of the sarnple, and q is the viscosity

(0.017-5 cP for nitrogen gas). The lelationship between gas permeability (&) and liquid

permeability (Kr) is investigated by Klinkenberg (l9al), and is given by:

(4.s)

(4.6)Ks= Kt (l + blP)

where p is the rnean pressure, and b is a const¿ìnt which is dependent on the pore size.

Hence, it is possible [o deduce the liqLrid perrneability from the nitrogen gas permeameter.

In practice, this is done by nreasuring the nitrogen permeability of a sample at several

pressure iall points anci then plotting these against the reciprocal of pressure. The

equivalent liquid penneability is given where the graph intersects the ordinate axis.

The core plug samples were placed inside a Hassler cell, and a confining pressure of 2 MPa

was exerted on the sleeve to prevent side leaks. The pressure gradient was adjr-rsted by

inlet-pressure ¿rnd back-pressure regulators up to 0.65 MPa. Using this technique,

permeabilitiescanbemeasuredintherangeof 0.01 mDto l0D,withaprecessionof about

2Vo for sarnples lraving perrneabilities of more than 0.05 mD (Assefa, 1994). The

equivalent liqurid permeability of the samples used in current stucly varies fiom 0.003 mD

to 186.2 rnD. Helium porosity and nitrogen permeability wele measured on vacuumed dry

core plugs. Helium porosity, grain density and equivalent liquid permeability of the

samples are listecl in Table 4.3.
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Stress DZ D4 D6 DIO M2 M8 SI S3

5

l0
20

30

40

50

60

1.93

7.52

7.09

6.93

6.83

6.70

6.61

6.39

6.27

6. r0

6.06

6.0 r

5.91

5.92

3.94

3.86

3.78

3.74

3.69

3.66

3.62

t2.35

12.02

I t.84

I1.73

1t.64

I t.52
I1.43

t0.16

r0.61

r0.39

10.29

10.23

10. t7

10.09

t4.41

t4.24
r3.95

t3.82

l3.l I

t3.59
13.49

10.22

9.69

9.48

9.35

9.24

9.tl
9.rt

t5.26

t5.04
14.72

t4.60
14.49

r4.38

14.29

Table 4.4. Core porosity (o/o) measured under elevated confining stress (MPa) for a sr"rbset

of samples.
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Chapter 5

Experimental Techniques

5.1. Introduction

This chapter describes the experimental techniques used for measuring the acoustic

properties of the Cooper Basin core samples. The techniques described include the

ultrasonic system for acoustic measurement, the sample preparation procedure, and data

processing.

5.2. Measurernent Technique and Equipment

5.2.1. Ultrasonic System

The velocity and attenuation of elasttc waves were measured using an ultrasonic reflection

technique clevised by Winkler and Plona ( 1982) and implemented by McCann and Sothcott

(1992). Figures 5.1 and 5.2 illustrate the reflection system. The rock sample is placed

between two cylindrical perspex buffer rods. An ultrasonic transducer transmits a signal,

which is partially reflected from the top and base of the sample and the arrivals are

displayed on an oscilloscope. The length and the choice of material for the buffer rods are

irnportant in the reflection system. They are designed to produce a time window for arrival

of the sample reflections so that no other reflections (for example, from the base of the

lower buffer rod) interfere with the sample reflections. Perspex has a relatively low

velocity and relatively high attenuation. The low velocity of perspex allows the required

time window to be provided by a 5-cm length. The high attenuation of perspex reduces

unwanted reverberation such as sidewall leflections (Section 5.4) so that the direct sample

rel'lections may be clearly detected. A rubber jacket encloses the system ancl axial and

raclial hydraulic presses apply hydrostatic stress. Pore pressure is controlled separately via

an inlet to one face of the rock.

For single frequency (f) measurements, velocities can be calculated from
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V(Ð = AxiAt (s t)

where Ax and At are the differences between the path lengths and travel times between the

two pulses. For broadband measurements, velocities are calculated from:

V(f) = ZnfLlLg (s.2)

where L is the sample length, and Atp is the phase difference between the two pulses

(Winkler and Plona, 1982). In both cases the velocities must be correctecl for the phase

diffraction and effects of the transducer (section 5.4). The attenuation coefficient, ø, is

computed by the spectral ratio method and is given by:

a = (8.686/2L) ln {l l- R'z(Ðl Ar(Ð/42(Ð } (s 3)

where Ar(Ð and Az(Ð are the amplitude of the top and bottom reflections, respectively, and

R(Ð is the reflection coefïicient of the rock and buffer rod interface. Equation 5.3 corrects

for the effects of partial reflection at the rock/buffer-rod interfaces and the unit of n is given

in dB/unit length. The attenuation coefficient must be corrected for the efÏècts of w¿rve

diffraction. The dimensionless quality factor, Q, is derived from the relzrtionship;

(s.4)Q = 8.686æf/V¿

After correcting for diffraction effects (Section 5.4), velocities and attenuation measured by

this reflection method are accurate to * O.3Vo and + 0.1 ctB/cm at 0.85 MHz.

5.2.2. Hydraulic Pressure Cell

An integrated Technology Resor-rrce Ltd, (ITR) Triaxial Hoek cell (serial no.00050/901)

(shown in Figure 5.3) was used to exert confining stress on the sample/transducer

assembly. The Hoek cell consists of a hollow stainless steel cylinder l6 cm in diameter

and2l cm in length, with two stainless steel threaded annularend-caps. A hollow l-shaped

rubber sleeve with an internal diameter of 5 cm is fitted inside the vessel. The space

between the sleeve and the wall of the pressure vessel contains an oil reservoir, and is

connectecl to an external hydrar-rlic pLrrnp (Enerpac type P 80 D c9B) and Budenberg
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pressure gauge. -fhe pr-rrnp provicles confining stress to tlte assernbly via the rubber sleeve,

and also provides axial stress through an external rarn attatched to an Enerpac pressure-r'ig.

Thus a uniform hydrostatic stress can be maintained around the sample. The vessel has a

maxirnum working pressure of 70 MPa. Fluid-saturated samples c¿rn be lneasured at any

desired pore pressure as long as the pore pressure is less than confining stress.

5.2.3. Pulse Generators

Two pulse generators were used; one producing a single frequency and the other a

broadband (transient) pulse. An Arenberg type PG-650C generator (serial no. 851) was

used to generate single-frequency toneburst (flat-topped) sinusoidal pulses with variable

signal lengths. Frequency ranges were varied by changing a tuner coil. The frequencies

used in the experiments were from 0.8 tvtilz to I MHz for P-waves and from 0.55 MHz to

0.75 MHz for S-waves. For broadband signals, an Avtech type A VR-l-PW-C-P pulse

generator (serial no. 5506) was used, wliich provides pulses with frequency spectra of 0.5

MFIz to I MHz. The reflections from the top and the base of the sample were stored Figure

5.4 shows the typical oscilloscope traces for P-waves r-rsing the two pr,rlse generators.

5.2.4. 'f ransducers

The ultrasonic transducer used in all experiments were Panametrics type Vl02 fbr P-waves

anclPanametricstypeVl52for S-waveswithnorninal frequency lMHz. Bothconsistof a

cylinclrical stainless steel c¿rsting with a wear plate on the front face. The casting encloses a

buffered piezoelectric crystal element, which is electrically connected to an external fitting.

Both transducers have broadband characteristics and are heavily damped. The P-wave

transducer has a diameter of 20 mm and the S-wave transducer has one of 25.4 mrn.

Two types of couplants were used to ensule a good contact between transducers and the

buffer-rods. The P-wave couplant was a water based gel (Sonatrace, manufactured by

Diagnostic Son¿rr Ltd.) which h¿rs useable temperatLrre range of -2"C to 66"C. The S-wave

r.,-r -. L:^Lr.. ..:..^^,,^ L^-^,, t-^..^l ^^*^^,,^,..1 /Q\tr/rì I '-.^"1-^^f""-rl hr¡cuuplallt w¿ts ¿t lllBilly vlòLUut llulruy-rJ(ròuLl uurlrP\JLrrru \u rr v I ' 
¡¡¡drrLrrqvf urvu

Diagnostic Sonar Ltd.) with a maximum useable temperature of ¿tbout 22"C. The

laboratory was air-conclitioned to ensure that temperature was held at about 20"C. the S-

wave collplant also breaks down in the presence of water. Therefore a gasket sealer

(Hermetite non-hardening 1'luicl) was applied at the cont¿ìct between the buffer-rod ¿rnd S-
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wave transclucer housing asserlbly, to prevent watel' invasion during experiments on

saturated samples.

5.2.5. Recording Equipment
The signal reflections were received by the transducer and displayed on a LeCroy type

94004 Digital Oscilloscope (selial no.9339) with a vertical and horizontal resolution of

1024 pixel. For single-fiequency pulses, the travel tirne, frequency and amplitude of the

traces were measured by selecting the third peak from the first (top) reflection and the

corresponding third trough from the seconcl (bottom) reflection (in order to account for the

phase reversal of the latter (Figure 5.4a). To maximise the accllracy of these

measurements, the horizontal (time) axis was set on 50 ns/cm, and the vertical (amplitude)

axis w¿rs expanded to between 5 mVicm and 50 rnV/cm. This allowed arrival times and

amplitude to be tneasured with a precision of *l ns and t0.01 mV, respectively. For each

measllrement signals wel'e stacked 1000 times to improve the signal to noise ratio. This

procedure was repeated twice for every measulement.

For broaclband data, the arnplitLrde of pr.rlses from top and bottom reflections were

optimised by acljusting the atnplitude control on the Avtech signai generator. The pulse

width of the top reflection was adjusted to minimise the pulse rise time. The amplitude of

each pulse was maximised by adjusting the oscilloscope gain, and each tlace was displayed

in turn with the time base set to I ps/cm for P-waves and 2 ¡rs/cm for S-waves. Each trace

was then stacked 20 tirnes and the stacked traces were stored on a floppy disk using an

IBM PC Convertible type 5l40-002.

5.3. Sample Preparation

5.3.1. Production of Core Plugs

Cylindrical core plugs of 4.1 cm diarneter were drilled parallel to the bedding plane frorn

serni-cyli¡drical core slabs (9 cm diameter), taken from the Cooper Basin wells, using zt

water-coolecl cliamond-tipped coring bit. Since only 4 cm-thick core slabs were available

for the study all samples were cored only in one direction with respect to the bedding plane.

The core plr-rgs were then cut perpendicularly to their long zrxes using a Wolfgang Conrad

50/20 diamoncl circular saw, leaving a length approxirnately 2l mm on each core plug.

The faces of core plugs were then ground flat and parallel to +3 pm using ¿r Jones and
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Shipman type -540 surface grinder. lt is the high degree of parallelism of these s:rmples that

enables the velocity turd attenuation to be measured with the degree of accuracy ¿rchieved

here. All samples were oven-dried at 40'C for several days. Each final sample thickness at

room tempe[ature and pressure was determined by rnultiple lreasurements with lnicrometer

(tlprn) and diameter was determined by caliper to + lOpm.

5.3.2. Drying and Saturating Method

The oven-dried core plugs were transferred to a vacuum vessel and evacuated to about l0-a

Pa, for several days to boil out any residual volatile. The vacuumed samples were then

saturated witlr dry air and stored at a constant temperature of 40"C until they were needed

for the acoustic measurelnents. In order to prodr"rce fully water'-saturated sarnples when

r,¿rcuuming was completed, the cores were flooded with distilled, de-ionized and cle-aired

water. To ensure a uniform distribLrtion of water in the pore spaces of the sample, the

vacuulrì vessel was pressurized to 7 MPa and allowed to stand until no pressure drop was

noticed. The water-saturated plugs were then stored in a closed jar of de-aired and distilled

water.

5.3.3. Partial Saturation Technique

There are nnmber of methods f'or prodr-rcing partial saturation in rock samples. Each

technique results in a different distribution of the pore flLrid with the rock and some

produce heterogeneous saturation. Heterogeneous saturation could result in differing

relationships between acoustic properties ¿rnd saturation (Bourbie et al. 1987). The porous

plate technique was chosen to produce partially water-saturated samples in the present

study. Details of the porolrs plate extlaction technique can be fbund in the literature (for

example,Maerefatetal. 1990). Thefollowingisabrief descriptionof thetechnique.

5.3.3.1. Porous plate Extraction Technique

Polous plate extraction utilises a permeable cer¿rmic lnembrane to produce a controlled

I . -r- -r -^ -r- --^,----l- T¿ :^ --.:t^t-. ---.^t :- ..^:l ^^:^-^^ -.^^^^-^L .,-l ^- ^^-^., l- ¡L-^oesatufauoll ol ¿t IUcK s¿unptc. lt ls wlLlçty uljg.u lil Sult sultrlluc rcrrc.lruil ¿1¡rLr (Jlr Lr,lss lll ulç

petroleum industry for capillary pressure studies. It is believed to produrce zi relatively

homogeneous distribution of pore fluids within a sample between the dry and satut'ated

states and simul¿rtes the conditions found in situ (Maerefat et al. 1990). Jones (1996) Lrsed

a porous plate extraction technique to produce partially s¿rtur¿rted sarnples in his PhD stLrdy

on acoustic pl'operties of sandstones. Figr:re 5.5 shows the apparatus used for the porous
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Figure 5.5. Photograph of pressure vessels used for the porous plate extraction technique.



plate extraction. The two principal features of the system are a pressure vessel and an

unglazed poroLrs cer¿rmic pressLrre plate, which is placed inside the vessel (Figure 5.6).

The pressure vessels and ceramic plates were rìanllfactured by Soilmoisture Equipment

Corp. The vessels used were models 1500 and 1600 for maximum working pressures of

1.5 MPa and 0.5 MPa, respectively. Attached to the underside of the ceramic plate is a

double-mesh wire screen and a neoprene skirt sealed to the rim of the plate. The underside

of the plate is held at atmospheric pressure through a small vent, which is connected to the

drainage tube on the outside of the vessel. The plate itself contains cylindrical capillaries

with radli characteristic of the maximum working pressure of the plate. Once saturated, the

non-wetting I'luid pliase (nitrogen) can not enter the plate below this thresliold pressttre.

Three types of plate were used, with maximum working pressures of 0.1 MPa, 0.5 MPa and

L5 MPa. High pressure plates have capillaries of smaller diameters than low-pressure

plates and hence draw the wetting fluid through them more slowly. In order to rninimise

the equilibration time for the rock samples, the plate with lowest pressure rating above the

inlet pressure was used.

The samples were hydraurlically coupled to the plate using a saturated kaolinite paste,

which was prevented from invading the rock pores by placing wetted filter paper

(Whatrnan No. t) between the sarnple and paste. Good coupling ensures that the non-

r,vetting phase can not enter the cont¿ìct region and inhibit the desaturation process.

Moderate stress was applied to each sample by a lead weight placed on a wire gauze. The

samples were in eqr"rilibrir,rm with water vapor from several water dishes placed inside the

pressltre vessel. With the exception of the pore fluid within the sarnples, all watet'used in

the porous plate extraction teclinique contained to/o methanal (formaldehyde) to inhibit

bacterial grown inside the vessel.

In each experiment the pressure vessel was sealed and nitrogen gets admitted tlrrough the

side inlet at afixed pressure. This sets Lrp ¿ì pressure gradient across the plate, which draws

tlte wetting phase frorn rock samples and through the plate. The pressure front drives the

r.vetting phase through pores with radii greatel than a critical value (dependent on the

capillary pressure), and after sonre time each sample reaches equilibrium with the plate and

the desaturation process stops. The point of equilibriLrm can not be determined absolutely,

but was assunted to have occurred when the mass of water collected from the drainage tube
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remained unchanged for several days. Once eqr-rilibrium was established the pressure

inside the vessel slowly returned to atmospheric, with the drainzrge tube sealed to prevent

the sample irnbibing wâter fì'om the plate. Each satnple in turn was removed from the

vessel, weighed, and the acoustic properties measured over a range of effective stresses.

The sarnple was then reweighed and returned to the pressure vessel. After all samples in

the vesseI have been measured in this way, the inlet pressr.rre was increased to further the

desaturation process. This procedure was repeated several times until the sarnples reached

their irreducible satulat ion.

The principal advantage of the porous plate is that it can provide a macroscopically

homogeneous distribution of the wetting phase throughout the rock (Maerefat et al., 1990).

The main disadvantage of this technique is that it is a time consuming process particularly

for low permeability rocks. Furthermore, if the pressule vessel contains more than one

sample, the samples may have different capillary pressures and therefore show different

saturation for a particular inlet pressure. In this case the samples must be removed from

the vessel, more frequently, in order to calculate their saturation. To minimise the

clisruption to [he clesaturation processes in the present study, low porosity and low

pelmezrbility szunples were desaturated in a separate pressure vessel. It was necesszrry for

the samples to be l'emovecl in order to perform the acor-rstic measurements. Regular

handling ancl experimentation may result in sample grain loss, which can lead to errors in

the calculation of tl.re degree of saturation. This is less critical for the Cooper B¿isin

samples used lrere since tliey are hard and well cemented rocks.

5.3.3.2. Saturating the Porous Plate
The ceramic plates r-rsed in the porous plal"e extraction technique are strongly hydrophilic,

and may be saturated under relatively low inlet pressure. The plate was positioned inside

the vessel and water containing lVo nethanal was filled up to the level of the neoprene

skirt. The pressure vessel was sealed and a low inlet pressure was applied in order to ¿illow

the water to invade the plate. The plate was initially flushed with water to remove any

particulate debris in the capillaries.

5.3.3.3. Measuring Sample Saturation

Sarnple saturation was measured using a gravimetric technique, which has reasonable

accuracy when grzrin loss is minimal. All sarmples were weighed to an accuracy of + 0.01 g
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in their vacuum-clried states (m.¡) before the experiment began, and before and after each

set of acoustic measurements. The mean value of the latter was t¿rken to represent the

partially saturated mass (mp*), and the fractional water saturation Sw w¿rs calculated from:

Sw=(mo.-rn¿)/pwvpore (s.5)

where V¡,o," iS the pore volume 1crn3) detennined from the helium porosimetry (with an

accuracy of +0.1 crns¡, and p* is the density of water (1.00 g/cm3). Assuming an accuracy

of + 0.1 cm3 lbr vpn,.e values, the error involved in Sw values calculated flom equation 5.5

may be as high tts2.6Vo in a sample with l07o porosity and82.279 weight at dry condition.

5.4. Diffraction and Geometric Corrections

Extrinsic eff-ects including geometrical spreading and diffraction losses in acoustic

rrìeasurements using a reflection method must be corrected for if they are found to be

significant. Both effects are inherent in a system r"rsing high frequencies and srnall samples

¿rnd can lead tc.r distortion of both the arnplitude and phase of the signal. In this section

these effects al'e examined and corrections are given for ¿rcoustic measurements carried out

by the leflection technique. TI-rese corrections were tested by cornparing the experimental

results using the reflection technique with those from a bench-top experiment at a

frequency of -5 MHz.

5.4.1. Diffraction Corrections

The finite diameter of the tr¿rnsducers causes acoustic diffraction (bearn spreading) as the

wave travels from its surface. This wave interf'erence alters the travel tirne and attettuation

coefficient nteasured using the reflection technique. There have been a number of studies

into wave ditfraction from a circular piston source, particularly for P-wave propagation

rhrough liqr-rid meclia (for exarnple, Paperdzrkis (1972). The near field diffraction of

r.rdiarion flnnr ¡r niston source ls analosor-rs to the-- Fresnel diffraction of light through ar."-'..-Þ"-."

circular aperture (I(insler and Frey, 1962). The near field is the region in which the

distance frorn the soltrce is small in comparison with the transducer radius a, and extends to

a distance of 2azllv (where À is the wavelength) from the source (Figure 5.7). The axial

intensity of the received stress Ie in this region oscillates with incleasing wavelength as the

clistance z from the transclurcer increases.
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Figure 5.7. The Fresnel and Fraunhofer regions of a sound beam from a piston sollrce

(after Kinslel and Frey, 1962).

papadakis (1912) showed that the average received stress (P) varies with the distance from

tlre source z, Lhe cliarneter of the transducer a, and the wavelength ì":

S = z)"laz = zY la2f (5.6)

where S is the normalisecl distance, f is the frequency and v the velocity of the waves. The

diffraction increments on the travel times ¿ind attenuatioll coefficients, At and Arl, are given

by:

At = [q(S") -tp(S,")] / 2nf (5.7)

and,

Aa - la(S,-,) -r(S,',)l / [2l(n-m)] (s 8)

where a is given in units of inverse length, q is the diffraction phase shift, L is sarnple

length and S,, and S,,, are the normalised distances for the nth ancl mth echoes, respectively.

In the reflection system used in the present stucly S,, and S'ì' correspond to the top and

bottom rock-to buffer-rocl reflections, respectively. The travel times and attenuation

coefficierrrs corrected for diffractlon effects are tlien;

and,

(s.e)

u=(I
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where t / ancl o' a,e the experimentally measltred values of travel tirne and attenuatlon

coefficient, respectivery. Figure 5.g shows the diffr¿rction loss aa (ín crB) a*d diffraction

phase shift q plottect as fÏnctions of the normalised distance s' Benson and Kiyohara

(|g14)usedthediffractiontheoryofPapadakis(1972)toproducetabulatedvaluesofqand

Aa.ThetabìesrvereorigitiallydesignedforP-w¿rvesonly,howeveriftheyar.eappliedas

correction for S-wave Mccann and Sothcott (t992) showed thar they are only slightly less

effective

In the reflection technique r,rsed in the present study' the radii of the transducer was l'27 cm

and 1.00 cm for p- and S-rvave respectively. considering the average frequency used

cluring the experimenls and the velocities in the pefspex buffer-rod (vp = 2152 nls and V'

=1390m/s)theFresnelZoneextendsuptol0.4cmforP-wavesandl3.4cmforS-waves.

since the burrer rods are 5 cm in rength, the path length traveled by the top reflection is

within the Fresnel zone. The greater path traveled by the bottom reflection ensures that it

is within the far-fielcl region (Fraunhofer. zone). Interpolatrons of Benson and Kiyohara

correctionswerettseclfor.tl.rediffractioncorrectionsinallcalculationinthepresentstudy.

5.4.2. Geometric Effects

sidewall effects are inevitable in the measut'ement system due to the small size of the

sample compared to the radius of the tr¿rnsducer' Figure 5'9 illustrates the far field

(Fraunhofer) radiation pattern of a piston transducer' The energy within the central lobe

decreases with increasrng angle from the normal to the transducer face' At angles greater

then 0, the energy corltributed by the m¿rin lobe is zeto' As frequency clecreases' lre¿rm

spreading (and therefore 0) itrcrezlses, and interference from sidewall reflection is more

likely to occur since the energy will not be sufficiently attenuated'

Thelowestl.requencyatwhichthereisnoriskofinterferencefromreflectionoffthe

sidewalls can be culculated. FigLrre 5. i0a shows ¿in arrangement cf the tr¿tnsdrrcer-receiver'

the perspex buff'ers (vp = 2752 nls)and a high velocity (5000 m/s) sandstones' The rock

sample has been replaced by a length of perspex (Figure 5'lOb) corresponding to zrn

equivalent tt'avel tilne for the direct raypath (normal incidence)' This direct arrival tr¿rvels

adistanceoÏlT.2lcm,atrclthereforethesidewalIreflectionoccursataclistanceof(11.21-

X) cm along the sample wall' From Figure 5' l0c:
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Figure 5.9. Radiation pattern from a circular piston transducer (after Kinsler and Frey,

1962).
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Figure 5.10. (a) Equivalent travel path of a pulse which has propagated through the

reflection system. (b) Travel path after the rock sample in (a) is replaced by an equivalent

length of perspex. (c) The geometry used to calculate the minimum frequency at which

side wall reflection become significant.



xil.21 = (lt.2l- x) I 2.54 (5.rr)

and therefore 0 = 12.6". If the maximum intensity is reduced by one qlìarter (-l2dB) for

example and the length is 12.6", the directivity function plotted in Kinsler and Frey (1962),

gives X = 3. Therefore, for a raclius a= 1.27, the minimum frequency for P-waves is 0.47

MHz. This value is lower than the frequencies used in experintents performed in the

present study and therefore interferellce from sidewall reflections may be considered to be

negligible.

5.4.3. Corrections for Stress Dependence

5.4.3.1 Acoustic Impedance of Buffer-Rod

The acoustic velocities of the perspex buffer'-rod increase slightly as confining stress

increases and this affects the calculated value of attenuation in rock samples. To correct

the stress-dependence, regression equations for Vo and V. for the buffer-rod were

calculated using velocity and bulk modulus data for perspex from Hughes et al. (1950).

These were combined with the experirnental rreasurernents of velocities, V(br), and

density, p(br), in perspex at atrnospheric ¡lressure ¿rnd room temperature to procluce the

equatiort:

V,'(br) = 2823 + 2.518P - 3.5707

V.(br) = 1444 + 0.962P - 2.69'77

p(br) = Po | + P,l(5706+ 10.3P - L).377T)l

(s.t2)

(s. r3)

(s.14)

where P. is the confining stl'ess in MPa, T is tlie temperature in degree Celsius, and po is

the density of perspex at atmospheric pressure (l186 kg/m3). Between confining stresses

o[ 5 MPa to 60 MPa, V,,(br) v¿rries tiron 2764mls ro 2903 m/s, V"(br) varies from 1395 m/s

to 1448 m/s, p(br) varies from ll86 kg/m3 to ll97 kg/mr. Equations 3.l2to 5.14 were

',.-.1 t'. ,-ol¡rrlora tho 'rolnnifv o-À .lo.citrr nf fhc hrrl-l-er-rnrl rlrrrino rlef c nrnneccinuuùvLl LU VqIVU¡CLV (¡rV YV¡VVTLJ (a¡rU uvllJ¡LJ

5.4.3.2. Sample Thickness

A rock sanrple loaded under hydlostatic stress will undergo a small change in its volume

depending on how soft it is. Jones (1996) showed that the maximum change in length

between nìe¿ìslrretnenl,s m¿rde at 60 MPa and ambient stress for a 2 cm Berea s¿ìndstone
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core plug is about 0.0038 crn, which leads to an en'or of 7 m/s for V' and 5 m/s for V.,

under dry conditions. Hence the rnaximum velocity error due to sample shortening in dry

condition is within the accuracy of the velocity measurements. In fully- and partially-

saturared samples the effect of stress on sample lengths rnay be offset by sample swelling,

particularly in clay-rich rocks. Since the suite of rocks used in the present study zrre well

cemented and highly consolidatecl sandstones, it was assumed the total change in length

between measurements at high effective stresses and alnbient conditions would produce

negligible effects in the tneasured velocity and attenuation.

5.5. System Calibration

Velocity and attenuation of P- and S-waves were measured on a 28.262 mm long

alurninum alloy (- zero attenuation and density =2llO kg/m3) cylinder in order to calibrate

the measurement system. Table 5.1 shows the measured velocities and attenuations of

aluminum alloy under confining stresses of 20 MPa to 60 MPa. At 0.915 MHz (P-wave)

ancl 0.750 MHz (S-wave) frequency. The accuracy of diffraction corrections in the

reflection system was examined by cornparing data in Table 5.1 and 5 MHz bench-top

experiments on the aluminurn block. The high frequencies used in the bench-top

experiment ensure that wave clil'fraction is negligible and therefore the velocities can be

regarded as true values. The average velocities in the bench-top experiment were

calculatecl flom the travel of multiple arrivals. The true velocities from bench-top

rreaslrrements were Yp = 6479 I I m/s and V" = 3l12 * 0 m/s. Zemanek and Rudnick

(1961) quote values of 150.000 for Q for aluminum. The correspondent ¿tttenu¿rtion

coefficient tbr aluminum is 0.0003 dB/cm which is very low and considered negligible.

Table 5.I shows that the precision of velocity rrìeaslrrerrents in the reflection system is

better Lhan 0.lo/o. However, the difïraction corrections lower the overall accuracy of the

results compared with velocity clata obtained from bench-top measureìnents. The accuracy

of velocities froln the reflection systeln after diffraction corrections have been made is

better than O.3c/o. Tltis is in agreement with the accuracy of the reflection system for

velocities cluoted by McCann and Sothcott(1992). The difference between the calculated

attenuation coefficients and the true value (zero zrttenuation) indicates that attenuation c¿rn

be lneasurecl to ¿tn ¿ìccur¿ìcy of better than 0. 16 dB/crn which is of the same order of

magnitude ¿rs the 0.1 dB/cm suggested by McCann and Sothcott (1992).
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P. (MPa) Vp (m/s) Vs (rn/s) cr' (dB/crn) cr, (dB/crn)

20

30

40

50

60

6410

6469

6461

6465

6410

3t2l

3l2t

3t20

3t20

3tzt

0.r98

0.185

0.149

0.r30

0.134

0.t23

0.r33

0.1 28

0.101

0.r34

Average 6469 3LZl 0.1595 0.123

Table 5.1. Velocity and attenuation of alurninum alloy measured at ultrasonic frequency,

0.91 5 MHz and 0.75 MHz for P- and S-waves, respectively.

5.6. Data Processing

Data from the two pulse generators were processed separately using different methods.

The single fiequency data obtained from the Arenberg Pulse Generator were recorded

during the experirnents on a data sheet. The raw data were then transferred from this sheet

to a spreadsheet program written in Microsoft Excel format. The single frequency travel

times and amplitude were entered into the spreadsheet together .with the bulk density,

length ¿rnd error in length of the sample and the transducer radius. The data are presented

in columns corresponding to the efïective stresses at which tlie experiments wel'e

performed. The spleaclsheet included diffraction corrections from tables by Benson attd

Kiyohara (1914). The encl results are P- ancl S-waves velocity in m/s and quality factors

(Q) together with their 95Vo confidence levels. The results of the single frequency data

were used in the br-oadband calculations.

For the trroadband data computer processing of the traces was pertbrmed using series of

programs wlitten by Best (1992) and Jones (1996) lrorn the PRIS. These programs

reform¿rt the r¿rw data recorded from the oscilloscope, window and taper the signals, and

then perform a fast Fourier transfonn on them. The end results ¿ìre attenuation and velocity

L tt - I L I 11,speclra lol'u¿tta cullcuteu ut uauil ell9cl.lvc ¡iLIsss lsvç1.
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Chapter 6

Stress Sensitivity of Dry Sandstones

6.1. Introduction

While the increase of velocity with stress is well established, variations in the amount of

this effect with petrophysical properties have rarely been examined. In particular the role

of porosity in the velocity-stress relationship for consolidated sanclstones has not clearly

been adclressed in the literature. This chapter describes the results of a systematic

laboratory study of the stress dependency of Vo and V, in 22 sarnples from the Cooper

Basin measured under clry (Sw = 0) conditions. Acoustic measurements were m¿rde on the

full suite of 22 dried sarnples whose petrography and petrophysic¿tl characteristics were

discussed in Chapter 4. Sarnple preparation, ultrasonic measurements and data processing

procedure have already been described in Chapter 5.

6.2. Results

6.2.1. General

Vo and V. were measured during stress unloading at elevated confining stresses of 60, 50,

40,30,20, 15, l0 and 5 MPa while pore pressure was kept constant at atmospheric

pressure. For a few samples, accurate measurements could not be performed at low

confining stresses (<10 MPa) due to high wave attenuation. Total core volume reduction

was also measured over the stress range for a sub-set of sarnples. The method of

mêicrr,-êrnênr rnrl drt;r nn fhe v:rriatinn nf core norositv versus conlinins Stl'eSS WefeIt¡vu!)L.rvr¡¡v - t-'----J

clelnonstratecl in Chapter 4. Measured volume reduction for the selected samples showed

no significant changes comparecl with the core volume under ambient conditions. As

shown in Figure 6.1 both Vo and V. show similar non-linear increases with stress

legardless of the porosity of the sarnple. Figr.rre 6.2 shows measured core porosity at

clifferent confining stresses for a subset of samples.

Chaptcr (r, Stress Sensitivity of Dry S¿lndstrlnes 64



ø
E

=o
o
õ

5000

4500

4000

3s00

3000

2500

2000

1 500

P-Wave

S-Wave

10 20 30 40 50

Confining Stress (MPa)

60 70

Figure 6.1. Vo and V" as a function of confining stress in three Cooper Basin samples.

Triangle, square and diamonds represent samples: Sl (0 = l0.5Vo), D4 ((0 = l3Vo), and 54

(Q = l6.6Vo), respectively.
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Figure 6.2. Measured core porosity at different confining stresses for a subset of sarnples

6.2.2. Statistical Analysis

Statistical analysis was perfbrmed on the measured data to generalise the observed

velocity-stress relationship. The generalised relation then was used to predict wave

velocities beyoncl the experimental data point. Several ¿ruthors (eg Eberhart-Phillips et al.
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( 1989), Freund (1992), and Jones ( 1996)) demonstrated that the velocity-stress relationship

could be expressed by an empirical equation with a constant value, an exponential part and

a linear part:

V=A+KP-8"-DP (6.1)

where V is velocity and P is confining stress for dry samples and effective stress (P") for

saturated samples, and A, K, B and D are besrfit coefficients to be evaluated by statistical

analysis. In this equation A is the crack free velocity and varies according to the porosity

and clay content of the rock. K is the slope of the linear section of velocity-stress cllrve

with a generally low gradient for consolidated sandstones, and D is related to the closure

of cracks. The difference between A and B parametels indicates the velocity at zeÍo stress.

Equation (6.1) was initially used to find the best fit for the 22 samples used for this part of

the study. A least-squares method was used to derive the coefficients in the equation for

the measuled Vn and V. for each sample. The standard error of the estimates was used to

¿ìssess the evaluated coefïicients. It was found that the variations of both V' and V. with

stress are fitted well by values pledicted from equation (6.1) over the measured confining

stress range (< 60 MPa). However, for the majority of samples the calculated coefficient

'K' shows either negative or large positive values. A negative K means there is a

maximum point in the velocity-stress curve (between 70 MPa and 100 MPa) beyond which

velocity decreases with incleasing confining stress. A large positive K value indicates that

the velocity increases sharply and monotonically even at high confining stresses. Both of

these cases are fbund to be unrealistic and inconsistent with the stress dependence of wave

velocities in consolidated sandstones. Jones (1996) reported a similar problem in applying

a similar equation to predict the quality factors of P and S waves in sandstones at high

stresses and attributed the negative K values to experimental error in the measured quality

factors. Since the velocity data are accur¿ìte f.o 0.3Vo this explanation can not account for

negative K values in equation (6.1). It seenìs therefore that although equation (6.1) gives a

good fit for interpolation between the measured data, it is not applicable for extrapolating

beyond the experimental limit (P > 60 MPa).

The present stLldy indicates that a new empirical equation is needed to explain the

observed velocity-stress relationship in the Cooper- Basin Samples. The general trend of
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velocity as a function of confining stress can be seen in Figure 6.1, while Figurre 6.2 shows

that there is a small initial drop in porosity associated with the stless changes which

stabilises after around 20 MPa. Figure 6.3 shows plots of 'velocity change' (defined as

clifference between velocities lneasured at two seqr.rential confining stress levels, e.g.50

MPa and 40 MPa, divicled by the maximum velocity value) versus confining stress.
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Figure 6.3. Velocity change (P-wave) versLls confining stress for sarnples shown in

Figure 6.1. Lines show t'egresslon curves.

The good fits of exponential tlend lines to these data suggest the following relationship

between velocity and confining stress for the samples.

dV/dP=ae-bP (6.2)

By integration

V=A-Be -DP (6.3)

Figr,rre 6.4 shows the velocity of P-waves and S-waves for sample D4 with regression lines

calculated both by eqnation (6.1) and equation (6.3). As it is shown equation (6.3) gives a

realistic extrapolation to high confining stresses. The regression equations calculated for

all samples fit well with observations and may enable predictions of both V,, and V. at
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high confining stresses. Mean standard errols of residuals of the estimated velocities are

3.0 +1.5 m/s ancl 4.5 + 2.3 rn/s for Vo ancl V,, respectively. The standarcl errots of

residuals are not signif icant compared to the accuracy of the measured velocities.
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Figure 6.4. Experimental data and regression curves for sarnple D4
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I-ines show regression

Squares; measured

V,,, circles; measured V,, solid culVes; predicted velocity using equation

curves; predicted velocities using equation (6. l).
(6.3), dashed

Equarion (6.3) also gives a good fit to the data reported by Freund, (1992) which contains

velocity data for dry sandstones at confining stresses of up to 300 MPa. Figure 6.5

cornparison between the me¿rsured velocities for samples 140 and 146 of Freund (1992),

and regression curves using equation (6.3). Figure 6.6 presents a graphic description for

equation (6.3). Table I lrsts the regression parameters in eqr-ration (6.1) and (6.3) for Vn

and V. for the Cooper Basin samples rneasured under dry conditions.
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Figure 6.5. Regression curves and measured P-wave velocity

from Freund (1992); samplel40 (diarnonds) and 146 (triartgles)

curvos using equation (6.3).
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Figure 6.6. A graphical ciemonstration of the velocity-confining stress relationship

defined by equation (6.3).

Table 6.1. Regression coefficients in equations (6.1) and (6.3) for P- and S-wave

velocities for Cooper Basin samples.

Regression coefficients
for equation (6. l)

Regressi on coefficients
for equation (6.3)

ìample An Kn Bn Do A. K. B* D. 4,, 8,, DD A* B. D,

DI
Dl0
D2
D3
D4
D6
D7
D8

MI
M2
M7
M8
Mr0
Mlt
M13
SI
S2

S3

S4

S5

S6

S7

4945

6930
504tì
,+159

5020
4456
45t9
4887
5388

5061

1298
5319
6072
5792
52t9
4524

6191
4234
4380
4225
4655
4244

-2.64

-2t.91
-4.84

2.60
-3.89

0.9 r

r.06
-2.24

-2.90
-0.53

- I 8.05

-2.92
-8.20

-4.27
-t.24
o.54

- 15,28

l. t0
-2..93

1.50

-3.07

-2.13

I 633
4r80
23t0
t532
2422
2195
r 738
t993
t549
r r88
3080

t_566

t83l
I 152

1244

t521
3050
1112

I 698
1433
20r8
r 83ó

0.043
0.0 r8

0.039
0.064

0.043
0.043
0.058
o.042
0.039
0.042
0.017

0.042
o.021
0.026
0.041

0.0-53

0.025
0.070
0.0_50

0.064
0.058
0.05ó

363 r

4840

3 r06
2148
2198
2966
301 l

2998
8299

3 r86
5480
3257

53 l3
41 50

3932
383 r

3363
2513
2604
2(t99
2882
2,19 t

-5.50

- 18.80

-0 61

t.61
3.40

0.6 r

3.65

l. t9
-29.21

2.59
- 18.32

r.85
- r6.90
-/ )u
-6.45
-9.40

-3.51

3.80
Lr0
r8l

-0.28

I.IU

1436
3120
t244
106 I

t466
r536
I 16l
l22t
-5631

606
2940
1t]

2190

r 699

15l3
t]46
I194
5544
912

996
t238
lu_j8

0.029
0 019

0.054

0.06 r

0.064
0.059

0.055
0.055

0.0 r0

0.085
0.017
0.05 8

0.019
0.0t2
o.029
0.028

0,038
0.020
0.085
0.084
0 078

0.076

4143

4311

4660
4341

4101
4543
4593

4105

5 154

5021
5404

5 r56

_s3 l4
531 4

5l t4
4604
4131

4308
4t63
4328
4442

4064

t442
1821

r 953
t642
2113
2215

r 798
t844
r 335

I 145

t026
1361

I 109

148
I 145

r 595

r 640
r 836
t554
t51 5

1920

i 966

0.050
0.045

0.041
0.053

0.05 r

0.04 r

0.055

0.041
0.046
0,044
0.041
0.048
0.043

0.038
0.045
0.046
0.044
0.06-5

0.06 r

0.058
0.070
0.064

3189
2165

3056
2865
3045
3013

301 l
3087

3523
3352
3394
3388

3484
3589
335 I

2988
3083

2131
2700
2809
2863
zõð)

969
1399

r 200

I r33

l6 l9
r 570
I 159

t284
954
116
900

830
r 007

546

960
932

938
t331
961

1058

t240
l(r/ó

0.042
0.058
0.057

0.052
0.045

0.049
0.055

0.049
0.034
0.057

0.045
0.048
0.045

0.026
0.045
0.052

0.05
0.079
0.o12
0.07

0.081

U.UOY
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6.2.3. Regression Coefficients and Petrophysical Properties

Figure 6.7 shows the |elationships between porosity and the calculated regression

coefficients in equation (6.3) for Vn ¿rnd V". Parameters 4,, and A. (crack inctependent

velocities) a¡d A,,-Bn and A"-8. (velocity at zero confining stress) are related to the rock

porosity. The weaker correlation in the plots of Ao-Bo and A.-8. versus porosity (Figure

6.7b) arises from variations in the number of open cracks (higher crack density) within the

samples at zero confining stress.
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The parameter B shows positive correlation with porosity (Figure 6.7c-6.7d) ancl

permeability (Figure 6.8c-6.8d) with a greater scatter at higher porosity and permeability

values. The parameter D (crack closure rate) does not show a distinct correlation with

core porosities for the entire porosity range in the data set. For instance the plot of the

calculated parameter D versus porosity for Vo indicates that D is not related to porosity for

samples with porosity less than l}Vo, but it is positively correlated to core porosity for

samples with porosities greater than 10 Vo. In contrast, the parameter D for V, shows

positive relationships with porosity for both the low and high porosity samples while high

porosity rocks show a steeper trend. None of the parameters A, B and D correlate with

either volumetric clay content or average grain size as determined from the thin sections.
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Figure 6.8. Calculated regression coefficients (B and D) in equation (6.3) for Vo and V*

versus permezrbility.

The parameter D has a relatively small range throughout the samples. The mean values of

D for Vp ancl Vs with 95Vo confidence intervals are 0.050 + 0.0038 MPa-r anct 0.054 t

0.0059 MPaI, respectively. Eberhart-Phillips et al. (1989) and Jones (1996) also have

shown similtr D values for their samples. The sm¿rll range of variation in parameter D
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indicates that although the crack clensity urrder zero stress conditions may vary for

different samples, the shape of the velocity-stress curve is similar for all samples and

remains independent of porosity and permeability of the samples.

6.2.4. Prediction of Crack-Closure Stress

The pressure level at which the change of velocity with increasing confining stress

decreases markedly is known as the 'crack closure stress' (Pcrorur") and the corresponding

velocity is defined as the'crack free velocity'(EberharrPhilips et al., 1989). Pç¡o..," is ul

useful parameter tor cornparing the velocities of different satnples at high stress

conditions. Knowing the Pç¡o,,,," of reservorr rocks in hydrocarbon-producing fields is

helpful fbr rnonitoring the sensitivity of seisrnic waves to the variation of the in sitr-t

reservoir stress conditions.

In order to determine the Pcto,u," of Cooper Basin samples equation (6.3) was used to

extrapolate the velocity-confining stress cllrve to higher stress values. The stresses at the

plateau in the velocity-confining stress curves were considered to be the Pcto,,ir" of each

sample. Figure 6.9 clernonstrates an example of this technique. The Pclo"u," determined

from Vo and V. show similar values for each setrnple. The mean valie of Pcrorur" for all22

sarnples is 8l +3 MP¿r with 70 MPa and 95 MPa as the rninimum and maximum v¿rlues.
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(P"lorr,")

u')

E

()
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4000

3000

2000

0 30 60 90 izc,

Conf ining Stress (MPa)

tcu t(]u

Figurc 6.9. Graphical determination of P"tnr,,r" from extrapolation of velocity clata using

equation (6.3).
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The pcro.u.e of the Cooper Basin sarnples show insignificant correlation with porosity,

perrneability or clay content. This observation is consistent with that of Eberhart-Phillips

et al. (1989); they ernphasised that the crack-closure stress of their samples was not

dependent on porosity or clay content. The Pcto"ur" of Several consolidated sandstones

measured by FreLrnd (lgg2) were also were detet'mined graphically froln Vo and no

significant association was found between the P6¡,,.u," and porosity in that data set'

Vernik (lg9l) compared crack-closure stresses for different rocks and sediments' and

concluded that Pcto"ure may increase with decreasing porosity. For instance as is shown in

Figure 6.10, for Westerly granite (0.7Vo porosity) ttte P6¡o,u,. is 100 MPa, while for a tight

gas sandsrone(l\Vo porosity) and Ottawa sand (387o porosity) this reduces to 60 MPa and

20 MPa, respectivelY.

120
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o. 80
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þ60
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Figure 6.10. Crack-closure stress versLìs porosity foL different rocks (from Vernik, 1997)

Figure 6. I I clemonstrates the plot of the crack-closure stfess versus core porosity tor the

Cooper Basin samples. There is no significant trend between the P¡¡or,,¡. and core porosity

ers postulated by Vernik (1997) for the Cooper Basin sandstones. The small range of

Pcroru,. variations in these samples indicates that sandstones with similar diagenetic

histories ancl (perhaps) relatively similal pore geometry may have similar crack-closure

stress regardless of their porosities.

Westerly Cranite

Tight Gas SSt
+

+

C uli Coas t SSt.

Otawa Sand

St. Peter SSt+þ

Cìltaptcrr 6. Stress Se.nsitivity ol Dry Sarrdstoncs 13



I

t

I IT

I

I

I II ¡

TTI

¡l

100

90

ñ
Ê.

aBo
a
I

ê. 70

60
20155 '10

Porosity (%)

0

Figure 6.11. Crack-closure stress predicted from measured P-wave velocity

porosity for Cooper B¿isin samples.
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6.2.5. VelocitY Gradient

Equation (6.2) was used to calculate the velocity gradient (dV/dP) at different confining

stress levels. The velocity gradient was then used to ex¿rmine the relation ship between the

stress sensitivity of the samples and their petrophysical properties. Figures 6.12 and 6'13

show the w¿rve velocity gladients versus porosity and permeability respectively. At low

pressure, high porosity and high penneability samples show greater velocity gradients. For

instance at l0 MPa pressure, a l5%o porosity sarnple may show a velocity gradient twice as

high as that in a sample with 4Vo porosity. The difference between the maximum and the

minimum velocity gradient values decreases with the increase in pressure. In adclition, the

correlation of high velocity gradient ancl high porosity disappears as stress increases, so

that at confining stresses greater than 40 MPa there rs no distinguishable relationship

between velocity gradient and porosity. The stress sensitivities of botli V,, and V, in the

samples are not correlatect with grain size.

T¡e volume fraction clay content does not correlate with the velocity gradient of P-waves.

The lack of significzrnt correlation between clay contetlt and stress sensitivity of P-waves

i- ^^-r^¡^-^- l.-c,,ton lraon rlcmnnctretcd hv f)rrnrkin eÍ'.¡l ( 1996) Fi gure 6. l4 shOWS thell¡ òclllLlùturlvù rr4ù 4lùv uvvr¡ a

variation of S- wave velocity gradient with clay content. The relationship between clay

content and shear wave velocity gradient of the samples varies across the range of

confining stresses. At low stresses, clay content and shear wave velocity gradient are

Irncorrelatecl, whereas at high stresses (P > 40 MPa) samples with higher clay content

show lower shear wave velocity gladient (albeit with a we¿lk correlation).
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Velocity gradients ol S-waves also show sirnilar tlend with porosity.
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Figure 6.13. S-wave velocity gradient verslts permeability at different confining stresses

Velocity glaclients of P-w¿rves also show similar trend with permeability.
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'l'osaya and Nur (1982) showecl the irnportzrnce of pore strLlcture and the distribution of

clay particles in reducing the P-w¿rve velocities in shaly sandstones. observations on the

Cooper Basin samples also indicate that the position of the clay is probably more

important than Lhe volume fraction clay content in controlling the stress sensitivity of

elastic waves. In FigLrre 6.12, the plot of P-wave velocity gradient versus porosity at 60

MPa confining stress, it is noticeable that samples witli porosities greater than 8vo fall \n

two groups, high stress-sensitive rocks (clvp/P > 4) and low stress sensitive rocks (dVp/P

< 4). Thin section and SEM analyses, with the velocity data at 60 MPa' reveals that high

Stress-sensitive sarnples have a greater number of clay-free and straight-line connective

pofes (low aspect ratio pores at quartz to quartz contacts), while lower presslìre-sensitive

samples have a greater number of tangential and sutured grain contacts' Connective pores

in low stress-sensitive sarnples are filled mainly by dispersed and pore-lining clay minerals

and altered rnuddy rock fragments. Similarly in the plots of shear wave velocity gradient

versus clay content at 50 MPa and 60 MPa (FiguLe 6. t4) the low stress-sensitive samples

show, uncler thilt section and SEM, predominance of quartz-clay-quartz contacts'

regardless of their total clay content.
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6.2.6. Comparison of the Stress Sensitivity of V,, and V,

A parame.ter called velocity graclient ratio (VGR; is defined by the author as

VGR = (dV,,/dP)/(clV./dP)

was used fclr contparison between the stress sensitivity of Vo and V.. A VGR (equation

6.4) greater than one indic¿rtes a higher stress sensitivity for Vn whereas VGR less than one

irnplies Vs ls rnore stress sensitive. The stress sensitivity of Vn is higher than Vs (VGR >

l) in the majority of the studied samples over confining stress range between l0 MPa and

60 \4Pa. 'fhe only exceptions are samples Ml and Mll which show slightly higher stress

sensitivity fo¡ V. (VGR equal to 0.92 and 0.97 Lespectively) at 60 MPa confining stress.

With the stress increase both shear and bulk rnoduli increase. Since V,, is related to both

shear and bulk modulus ancl V" is related to shear modulus only, therefore V. appears to be

lessstresssensitivethanVo. ApartfromthesamplesDl,D3,D4,Ml andMllforwhich

the value ol VGR decrease with stress in the rest of samples the VGR increase as stress

incre¿rses. Figure 6.15 cletnonstrates the plot of the average of VGR values versus

confining stress tor the trll sarnples. 'fhe VGR of the Cooper Basin samples are not

significantly correlated with porosity, peflneability and clay content.
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Figure 6.15. Plot of the rnean velocity gradient ratios (VGR) versus confining stress

E,rror bars show standard deviations of VGR values at each stress level.

6.3. Diff'erential-stress Dynamic Blastic Moduli

Dvorkin e[ al. (1996) stLrdiecl the changes of elastic rnodLrli with confining stress on a wide

r.zrnge ol'clry sanclstones using pr-rblished ultrasonic data. They for"rnd that the plots of the

(6.4)
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difference between the erastic moduri ¿ìt two sequential stress levels versus porosrty

showed lower scatter at high porosity (38o/o) but increasing scattef with decreasing

porosity. Figure 6. t6 shows examples of differential-stress elastic [roduli versus porosity

for the d¿rt¿t usecl by Dovlkin et. al. Based on this observation' Dvorkin et al' (1996)

concluded "!¡¡vlt prtrrtsil sanr)storles n'Iay be more sensitive to eJJ'ectit'e stress thut high

¡torosity sutclstc.¡tte:;". They h¿rd also observed a uniform scatter at all porosities in plot of

relative elastic moduli difference, defined as (Mzo - Mro)/Mzo' where Mzo is the

compr.essional modulus at 20 MPa, versus porosity' This is demonstrated in Figure 6'17 '

The latter plot shows that the stress dependency increases with increasing porosity'

Dvorkin et at. (1996) a¡alysed the stress sensitivity in absolute terms and used the concept

of ,,critical porosity" to generalise observations and concltlsions' They defined upper and

lower limits for changes of the elastic rnoduli with confining stress at a given porosity'

The following section is a cotnparison between the Cooper Basin data set with those of

Dvorkin et al. ( 1996).

6.3.1. Comparison with Other Studies

The me¿isurecl velocity values at variouts confining stresses ¿rre used in conjunction with

density rrìeasLrretrìents ¡o clerive dynarnic conrpressional (M) and she¿ir moduli (G) of the

Cooper Basin samples' (neglecting density changes)'

M-pV',2,G=pv,2

where p is the bulk clensity of the sample. F-igures 6'19 and 6'20 show diffèrential-stress

¿rnd relative clifferenti¿rl-stress el¿rstic rnoduli respectively as a function of porosily for the

cooper Basin sarnples. The plors of absolute differential-stress for both M and G moduli

versLrs porosity (Figure 6.18) do not show the association between porosity and stress

sensitivitypostulatedbyDvorkinetal.(1996). Incontrasttheplotsofrelativedifferential-

stress elastic rnoduli versLls porosity show ¿r steacly increase in stress sensitivity with

''^"^citr¡ rnr hntlr M ancl G rnocluli (Figì'rre 6'19)' The association of high-stress sensitivity
l/vrv,'ttJ

with high porosrty is reduced at high confining stresses if the relative differential-stress

elastic rnoduli ate calculated at small stress intetvals' This is in agreement with the

relationship between velocity gradients and porosity shown earlier in section 6'4'4'

(6.s)
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Despite the differences in the amclunt of scatter', which may be caused by sirnilarity in

petrology and pore types within the Cooper Basin samples, the observed trends in the plots

shown in Figures 6.t9a and 6.19b are consistent with the plots showed in Figure 6.17

showing the data used by Dvorkin et al. (1996).

Figure 6.19 also shows that the differential-stress elastic moduli for the Cooper Basin

samples fall within the upper and lower boundaries of elastic moduli variation with

confining stress proposed by Dvorkin et al. (1996). While the value of differential-stress

compressional moduli for low porosity samples (porosity < l)Vo) falls between the upper

and lower limits, samples with higher porosity show differential-stress M moduli close to,

or even higher than, the upper boundary. The differential-stress G rnoduli of the Cooper

Basin samples show a more uniform scatter with a greater number of samples showing

values above the uppel boundary. This indicates that the stress sensitivity of wave

velocities in some of samples used in the current study is higher than some of those

reportecl in the literature. Further, the recipe suggested by Dvorkin et al' (1996) for

predicting the changes in velocities with confining stl'ess, from a single measurement and

at a given porosity, needs to be modified before it can be used for rocks with higher stress

sensitivities
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6.4. Discussion and Conclusions

The rapid increase in velocity over the confining stress r¿ìnge of 5 MPa to 40 MPa results

from the closure of the low aspect ratio pores (connective pores) which act as defects in

the solicl part of the rock. Nevertheless some of these micro-cracks are artefacts that could

have been created by unloading and stress relief processes during clrilling and coring at the

well site. The closure of |ow aspect ratio pores, which Figure 6.2 demonstrates, hardly

changes tl-re rock porosity, improves the grain contact conditions in the rock skeleton and

increases the rock's stiffness through an increase in elastic moduli. At stresses above 40

MPa velocity increases at a reduced rate,

It is found that the change of velocity with stress in the Cooper Basin sandstones may be

defined by a non-linearfunction of the form of V = A - Be-ot. In this equation V and P

are velocity and confining stress and A, B, D are regression coefficients determined from

the observations. This equation gives improved prediction of velocities at high stresses

compared ro an altern¿rtive equation (Figure 6.4) published by Ebelhart-Phillips et al'

(19g9). The non-linear equation is also applicable to the velocity-stress data for dry

sandstones published by Freund (1992).

The absence of a linear relationship in the velocity-confining stress curve within the

measured stress ranges may indicate that the crack-closure stress in the samples studied

rnay be beyond tlre experirnental limits. The predicted crack-closure stress (P.tn.u,") of the

samples range from 70 Mpa to 95 MPa with no significant correlation with porosity

(Figure 6.I l), penneability or clay content.

There is a positive correlation between change in velocity with confining stress (velocity

gradient) and both core porosity and permeability, bttt this association becornes weaker

with increasing stress (Figures 6.12 and 6.13). The increase of stress sensitivity with

increasing porosity has also been demonstrated by the relationship between relative

clifferential-stress elastic rnoduli and porosity in the Cooper Basin szimples (Figure 6.19)'

The plots of absolute clifferential-stress elastic moduli and porosity show insignificant

correlation (Figure 6.18). Using the ratio of velocity gradient of Vo and V. in comparing

stress sensitivity of velocities it appears that the stress sensitivity of Vo is significantly

higher than th¿it lbr V. at elevated confining stresses. Pore geometry and the nature of
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grain-contact type may be more important than total porosity in describing the stress

sensitivity of sandstones at in situ reservoir pressure conditions. No significant

relationship was fbund between either clay content (Figure 6.14) or average grain size with

the stress sensitivity of wave velocities. The distribution and location of clay particles

within the rock framework (quartz grains) may be more important than the total volumetric

clay content in determining the stress clependency of velocity in sandstones.
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Chapter 7

Effective Stress Coefficient for Wave Velocities and Quality factors

7.1. Background and Introduction

Pore pressure (Pp) and confining stress (P") have opposing controls on many physical

properties of porous rock such as bulk and pore volume compression, permeability,

electrical resistivity and acoustic velocity. The different influences of pore pressure attd

confitring stress on rock properties lead to the concept of effective stress, P". This defines

pressure dependent physical properties in terms of effective stress, P", clefined as(equation 3.18):.

P.=P. -nP¡,,, (7.t)

where n is effective stress coefficient. Following Biot's theory, equation (7.2) has been

used to empirically determine the effective stress coefficient for compressional velocity

(Todd and Silnmons, 1972) and other stress-dependent physical properties (Christensen

and Wang (1985), Prasad and Manghnani (1991)).

n = | - tAA/APpl p,r [ðA/ðP¿] po 
I (7 2)

where A is the above mentioned physical property and P¿ is differential pressure equal to the

difference between confining stress and pore pressure (P. - Pp). The stress dependent

nature of ¡z in equation (7.2) implies that it may vary from rock to rock depending on the

particlllar pore structure and mineral composition of the rock. Although the effective stress

relationship is valid for many physical quantities, different physical quantities in a

particular rock type courld show different effective stress coefficients (Nur and Byerlee,

(197 l), Zimmerman, ( I 99 l)).
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This chapter presents data on the pore pressul'e dependencies of velocities and quality

factors of compressional and shear waves under a range of pore pl'essures and confining

stresses, in a water saturated Cooper Basin sandstone. The effective stress coefficients for

w¿rve velocities and quality factors for the sarnple are determined from experimental results

and the potential of these measurements for seismic interpretation is highlighted.

7.2. Sample and Measurement Technique

Compressional and shear wave velocities (V' and V.) and quality factors (Qo and Q.) were

measured under various differential pressures on sample D7 under fully water-saturated

conditions. The sample D7 is a fine grain size, moderately well-sorted sublitharenite.

Quartz grains are mono-cl'ystalline, sub-rounded to rounded ancl show significant

authigenic overgrowth. The rock is supported by quartz-quartz framework with abundant

straight line and mostly clay-free contacts between the quartz grains (Figure 7.1). Clay

minerals are authigenic kaolinite and illite. Rock fragments are muddy with few mica

grains showing compaction features. The altered and squashed rock fragments fill spaces

between adjacent quartz grains and resemble a pseudo-matrix in some parts of the sample.

The physical and mineralogical characters of the sarnple D7 are listed in Table 7.1.

The techltique of obtaining fully water-s¿rtur¿rted samples and the procedure of ultrasonic

measurelnents are described in Chapter 5. Velocity and attenuation were measured a)

whilst increasing confining stress from l0 MPa to 65 MPa with the pore pressure kept

constant at 5 MPa and b) at clifferential pressures of l0 MPa to 40 MPa achieved by

cha¡ging both the pore pressure and confining stress simultaneously. The stress condition

was maintained at each pressure level for one-houl prior to each acoustic measurement'

Depth

(m)

Porosity Permeability Bulk

(70) (mD) 
,?::ii

Gr¿rin Quartz Clay

size (Vo) (Vo)

(ttm)

Rock Other
fragrnent minerals

(Vo) (7o)

2220.3 I 1.9 2.05 2.33 185 6l .5 10.0 6.4 2.t

Table 7.1. Perrographical and petrophysical properties of sample D7. Other minerals

include mica, carbonate, feldspar, opaque and organic mattet.
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Figure 7.1. Micrographs of sample D7 used for detennination of the etïective stress
coefficient for wave velocities and quality factors. Scale bar = 200 pm.

A general view of the petrography and pore geometry of the sample. Quartz (q) is the rnain
mineral which forms the framework of the rock. Rock flagrnents (r) are sedimentary in
origin. Clay minerals are authigenic kaolinite (k) and illite with dominant kaolinite. Traces
of mica (m) and carbonate (not shown here) are also present. Porosity is shown in blue.
The three main pore types are: intergranular (macropores), clay associated (micropores)
and low aspect ratio (connective) pores. Black arrows in the lower graph show connective
pores at loos grain contacts. Micrograph (b) is the crossed-nichols view of micrograph (a).



200pm



7.3. Ilesults

Figure 7.2 shows tlie velocities and quality factors of sample D7 measured over differential

pressures ranging between 5 ancl 60 MPa. The measured acoustic properties of the sample

are listed in Table 1.2. The P- and S-wave velocities increase non-linearly with increasing

confining stress. The rapid increase of velocities and quality factors ¿rt low pressttres is

generally attributed to the closure of low aspect-ratio pores such as microcracks and loose

grain contacts within the framework of the rock (Nur and Simmons (1969) and Toksoz et

al. (1976)). At differential pressures greater than 40 MPa the velocity-differential pressure

gradient, although reduced, remains significant. The decreases in the slopes of the

variation of Qp and Q. versus confining stress above 40 MPa also correspond to the

influence of microcrack closure on wave attenuation'

Figure 7.3 shows velocities and quality factors plotted as a function of confining stress for

a set of constant differential pressures with varying pore pressures. Figure 7.3 indicates

that the measurecl velocities and quality factors at elevated differential pressures are not

constant, showing a noticeable increase with increasing pore pressure. At constant P,r, the

increase of both P- ancl S-wave velocities with increasing pore pressure, is greatest at low

differential pressure (about 2Vo) decreasing with increasing P¿. At high P,¡, the velocities

increase systematically with pore pressure. The rnagnitude of increase in V,, attd V" with

increasing pore presslìre at high P¿ is around0.3Vo. Compared with the velocities, Qp and

Q. show greater sensitivity (between 8Vo and ll%o) to the pore pressure showing a steady

increase as differential pressure increases. Investigation by Prasad and Manghnani (1997)

demonstratecj a simil¿rr trend for Q,, versus pore pressure at constant P,¡ for Berea and

Michigan sandstones. The observation on the variation of Q, with pore pressure at constant

P¿ is novel ancl has not been published elsewhere.

7.4. Empirical Determination of Effective Stress Coefficient

Conrparison of Figr,rres'7.2 and 7.3 reveals that the velocities and quality factors of

compressional and shear waves in the sarnple are functions of both pore pressure and

differential pressure, although the effect of P' is smaller th¿rn that of diff'erential pressure.

The pore pressllre dependence of velocity ancl quality factor implies that, for the sample

D7, Pp does not exactly cancel the eft-ect of P.. Hence P¿ * Ps and therefore n + I for the

measured acoustic ploPerties.
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P. (MPa) P,, (MPa) V,. (m/s) V. (m/s) O" Q.
r0.0
10.-5

20.o

20.0

21.5

25.0
30.0

30.0

3 r.0
3_5.0

40.0
40.0
40.0
42.5

4_s.0

41.5

-s0.0

50.0
50.0
52.5

-s5.0

55.0

-s5.0

51.5

65.0

5.0
0.-5

50
r0.0
r.5

5.0

20.0

r0.0
t.0
5.0

30.0

20.0

10.0

2.5

5.0

15
40.0

30.0

20.0

12.5

5.0

3_5.0

25.0

t1 5

5.0

241 I

25t2
2630
2632

10.0

383 r

3913

4093

4004

t0. r

t4.9
l7.l
r5.6

4t90
403 r

4 r60
4303

4310

4042

4163

43t7
4402

4404

4403

406 r

4l 83

43t9
4403

4468

4 r89

250t
25tO

t4 l

12.5

4403

4499

35.5

48. r

2528

2633

2724

2124

2125

20.6

t 5.1

18.2

25.3

26.t
16.2

r 8.3

21.2

32.2

31.2

33.6

t6.2
r8.4

28.2

35.2

44.5

r9.9

t4.t
r6.5

17.8

15.2

r 8.9

17.8

24.2

r8.9

r 5.5

r9.3

2t.l
28.1

l5.6
t9.1
2t.8
31.3

2554
2639

2126

211 I

2551

2641

2728

2791

Table 7.2. Conpression¿rl and shear velocities and quality factors at various confining

stress and pore pressure conditions for sarnple D7.
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[l order to cletenni¡e the eff-ective stress coel'ficients for Vp, Vr, Qp and Q. in the szrmple,

equation (7.2) was solved for each parameter with the use of experimental data. As the

changes in P,, and P. were identical (APp = âP"), the values of [ðfuðPo] p¿ were determined

from the slopes of graphs in Figure 7.3 for the corresponding parameter. Similarly values

of [ðA/âp¿ì ep were cletermined l'rom Figurel.2for P,,equal to 5 MPa. Table 7.3 lists the

calculated ru factors fbr the velocities and quality factors of the sample D7. The effective

stress coefficients of the dynarnic elastic moduli of the sample can also be calculated in a

similar way.

P¿

(MPa)

[âVo/ôPpì e,r np [ðQ,,/ðPpJ e,r /?ep [ðv./ðPpl e,r ns [AQ./aPp] p,t nQ,

l0

20

30

40

2.t5

1.22

0.83

0.06

0.9 r

0.94

0.95

0.99

0.03

0.05

0. l0

o.23

0.95

0.93

0.86

0.69

l.6l

0.38

0. l6

0.87

0.96

0.91

0.05

0.85

o.2l

0.89

0.14

0.51

Table 7.3. Ernpirical effective stress coefficients for Vo, V., Qp and Q. in the sample D7 aI

elev¿rted differential pressures and varying P,, and P..

7.5. Discussion

Table 7.3 enables the fbllowing conclusions to be drawn:

a). n has different v¿tlues for the velocities and the quality factors;

b). n is less than one fbr both velocities and quality factors, and

c). n increzrses fbl velocity and decreases for quality factor with the increase of P¿

The increase in the effective stress coefficients for Vo and V. with increase of P¿ have also

been reported for water saturated low porosity Chehnsford granite and Trigg limestone

(Todd and Simmons, 1972), for coal (Yu et al., l99l) and for an outcrop carbonate

(Rirrgstad and Fjaer, l99l). These experimental resr¡lts are consistent with Biot's theory of

the eiastic wave propagation in fiuici saiuraieri po¡olis rocks (Todd and Simmons, 19,'72).

The closure of cracks in rocks is thor.rght to be responsible for the increase of velocity with

increasing P,¡, whereas small changes in pore fluid compressibility (Prasad and Manghnani,

1997) may partly explain the slight increase of Vo with pore pressure increase at constant
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P¿. Nevertheless the change of pole fluid properties with increase of pore pressure does

not explain the increase of V. with pore pressure increase at constant P¿.

Furthermore, the strong dependence of quality factor on pore pressure particularly at high

P¿ implies that the experimental data cannot be fully explained by crack closure. Squirt

flow due to microcracks (eg Mavko and Nur, 1979) has been established to be an important

mechanism causing wave attenuation in rocks. Klimentos and McCann (1990) and Best

and McCann (1995) showed that clay minerals may also have strong influence on wave

attenuation at ultrasonic freqr"rencies in sandstones. These authors gave experimental

evidence showing that, at high differential pressure, attenuation due to microcrack rnay

become negligible and clay particles at grain contacts become ¿r dominant cause of

ultrasonic wave attenuation.

The grain contact model (for example, Zoback and Byerlee (1974) and Christensen and

Wang (1985)) which considers the different reactions of quartz grains and clay particles to

clifferential pressure rnay explain the increase of quality factors with increasing pore

pressure at high P¿. Quartz grains in a low compressibility rock fr¿unework respond to

diffelential pressure by changes in contact conditions (the rnicrocrack effect). Due to their

micro-porosity and high compressibility, pore-filling and grain-coating clay particles are

more sensitive to the pore pressure change. Whilst the equivalent increase of pore pressure

and confining stress (constant P,¡) has little effect on crack density ¿rnd the grain-grain

contacts of quartz grzrins, the pore pressllre increase may significantly change the clay-clay

and clay-qualtz contact conditions and change the pore geometry within the clay

aggregates, mzry lead to slight increase in velocities and quality factors.

7 .6. P ractical Applications

The magnitucles of the effective stress coefficients of Vo and V. for the sample D7,

approach r-rnity as the differential pressure increases (Table 7.3). Assunring the sirnple

differential presslrre dependence n= l, at high differential pressures (P,l > 30 MPa), results

in iess than one-percent error in ihe Vo and V. measuremenis obtaineci under varying pore

pressure. The Cooper Basin sandstones have an in situ reservoir effective stress of between

25 MPa to 50 MPa. Consequently the error caused by assuming P" = P¿ is practically

insignificant. In contrerst, the influence of pore pressllre on the quality factors increases at

high P¿, as indicated in Table 7.3. Assuming that the effective stress clepenclence is unity
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rÌray result in anSo/o to llo/o error in Q, as measured at varying pore presstlres. It must be

emphasized that the clata presented here have been obtained at ultrasonic frequencies on a 2

cm thick cole plug. For P-wave velocities there are increasing number of pr"rblications

showing that the effects of changes in reservoir pressure conditions on seismic and sonic

logs at field scales are comp¿ìl'able with ultrasonic results at laboratory scale (for example,

Khaksar and Griffiths (1996a, 1998c), Watts et al. (1996), Best and Sams (1997) and

Lurnley et al, (1991)). Very limited data are available on the variation of Q with pore

pressure changes, and therefore the trends presented in this chapter for sample D7 remain

to be tested for Q data at seismic frequencies and on the reservoir scale. Further

experiments relating quality factors to pore pressure are necessary to confirm these results

at lower frequency ranges. Fnture studies should focus on sandstones with clifferent

mineralogies, different types and amount of clay and pore geometries.

7.7. Summary and Conclusious

Compression¿rl- and shear-wave velocities and quality factors were measured as a function

of confining stress and pore pressure on a fully water-saturated sandstone core from the

Cooper Basin. The experimental results show that wave velocities and quality factors of

the sample are sharply dependent on differential pressure ¿rnd somewhat less depenclent on

pore pressule changes at constzrnt P.¡. Thus equal increments of pore pressure and

confining stress, do not have a precisely zero effect on the measured acoustic properties. It

has been shown that Vn, V*, Qp and Q" in the Cooper Basin sandstone depend on effective

stress, defined as P" = P.-nPo,, with n < l. The value of the effective stress coefficients for

V' and V" approaches unity at high differential pressures. This observation is consistent

with clata on low porosity granite and carbonate rock reported by Todcl and Simmons

(1972), and on coal by Yu et al. (1991). The pore pressure dependency of Qp and Q. for the

Cooper Basin s¿rnctstone increases as the differential pressure increases. The strong effect

of pore pressure on Qp and Q, at high P¿ is attributed to the wave attenuatioti due to pore

filling clay minerals. Assuming the simple differential pressure dependence Qt = I ) results

in 8 to I I pelcent error in Q measurements under varying pore pressure while similar

assumption for velocity causes negligible error. Prasad and Manghnani (1997) showed

similar pore pressure dependency of Qp for Berea and Michigan sanclstones. Further

ûìeasurements ¿ìre needed to verify these observations at seismic and sonic log frequencies

and on different rock types.
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Chapter 8

Velocity in Water-Saturated Sandstones

8.1. Introduction

This chapter investigates the effect of pore fluid on the stress sensitivity of velocities in 2l

water-saturated Cooper Basin sandstones. The experimental results are compared with

velocities measurecl under dry conditions. The influence of porosity and clay content on Vo

and V. for water-saturated samples are examined under elevated effective stresses and the

observed relationships are compared with other studies.

8.2. Samples and Measurement Techniques

Vo and V. were measured at elevated effective stresses from 60 MPa to 5 MPa on 2 I water-

saturated Cooper Basin core samples. Samples are described in Chapter 4. The sarnples

were lulty saturated with distilled, de-ionized and de-aired water using the rnethod

described in Chapter 5. Sarnple 54 collapsed during measurement and no acoustic

measurements were performed on this sample under water-saturated conditions. For

sample D8 shear velocity could not be acquired due to a technical problem. For the

rernaining samples the acoustic measurements were undertaken under varying confining

stresses while pore pressure was kept constant at 5 MPa. The effective stress at each

confining stress level was calculated from equation 7.l assuming effective stress

coefficient, n, equal to one. Pore pressure and confining stress were maintained at each

pressure level for 30 minutes prior to each acoustic measurement and throughout the

experiment.

8.3. Results

Both compressional and shear velocities increase non-linearly over an effective stress range

of 5 to 60 MPa. All experimental data on Vp and Vs in water-saturated samples are

tabulated in Appendix D. Equation 6.3 was used to generalise change of velocity with
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effèctive st|ess in the water-satllrated samples. Table 8.1 shows the regression parameters

in equation 6.3 for the velocities of the water-saturated samples.

Figure 8.1 shows the relationship between porosity and the calculated regression

coefficients in equation 6.3 for the studied samples. For samples with core porosity less

than lOVo the value o1 D decreases as porosity increases whereas for other samples it shows

a positive trend with porosity. In general, trends between the petrophysical properties and

the calculated regression coefficients for water-saturated samples are similar to those

showed in Chapter 6 for dry samples.

Sample AD BD D,, A. B* D.
DI
D2

D3

D4

D6

D7
D8
Dt0

MI
M2

M]
M8

Mr0
Mil
Mr3
SI

S2

S3

S4

S5

S6

S7

41 44

465 8

4346

4655

4493

4559
4106
4664

5274

5024

5 r04

5 r60

52t I

5369

5855

4600

4638

4263

85r
I145

791

I 059

I 087

901

t024
r 004

631

598

r 196

878

178

6t2
l46l
942

9t2
835

0.052

0.048

0.039

0.052

0.043

0.045
0.044
0.013

0.020

0.040

0.095

0.057

0.044

0.026

0.0 r

0.031

0.04 t

0,051

2984
2954

2135

2895

2932

2828

264t
261(¡

2150

268l

340 r

3218

3t7

3239

3265

3340

3 169

2843

29n
2582

785

867

652

99r

912

16t

867

123

549

802

9r5

t239

857

648

813

665

8lr

0.04 r

0.040

0.038

0.0-56

0.035

0.039

0.048

0.030

0.046

0.07 r

0.057

0.064

0.050

0.039

0.037

0.042

0.067

4213
4318
3982

0.o41
0.063
0.052

142
846

1n

0.054
0.06 r

0.041

849
r 103

I 159

. 11. . - . Lr // a\ c- ,-1Í ^_l r/ -^^^^^---^lIaDle ð.[. Kegresslon L:ueltlctcflts tn cquattult \u.J/ lul vp i4lru vs ulçdsuleu ¿11 wdLçI-

saturated condition for the studied samples.
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Figure 8.1. Calculated regression coefficients in equation (6.3) for V,, and V. in water

saturated samples ve[slts porosity. The subscripts "p" and "s" in vertical axes lefer to
compressional and shear waves respectively.

Figure 8.2 indicates that a similar trend also exists between core porosity and clay content

versus the velocity gradient under both dry and water-saturated conditions for the studied

samples. This trend is weak and diminishes at high effective stresses. However a negative

correlation exists between porosity and the velocity gradients for both V,, and V" for water-

saturated samples with core porosity greater than l0o/o, at high effective stresses (P" > 30

MPa). This is consistent with the relationship between core porosity and parameter D in

equation (6.3) as illustrated in Figure 8.2.

The correlation between velocity gradient and porosity for high porosity (þ> lOVo) samples

becomes stronger as effective stress increases, particularly for V.. The absence of a single

trend between the velocity gradient and core porosity in the data set implies that the total

porosity may not reasonably describe the stless sensitivity of the studied samples.

In Chapter 6 it was demonstrated that at high confining stresses (P" > 50 MPa) the velocity

gradient of the dry sarnples may be related to the position of the clay particles in regard to

connective pores within the rock skeleton. For the water-saturated samples, however such

a relationship between stress sensitivity ancl the position of clay minerals is not apparent.
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The effect of water on pore cornpressibility rnay explain why the clay position and its

relation to the microstructure are not so important for stress sensitivity of velocities under

water saturatecl collditions. The presence of water filling the pore spaces, particularly the

micropores (pores within clay aggregates) and low aspect ratio pores, rnay cause a ¡rìore

uniform pore compressibility within the sample. Consequently, under water saturated

conditions, samples with clay-free connective pores do not show significantly different

stress sensitivity comparecl to the samples with a greater amount of clay-filted connective

pores (Khaksar and Griffiths 1998b).
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Figure 8.3 plots the calculated VGR (the ratio of the of P-wave velocity gradient to the S-

wave velocity gradient, equation 6.4) versus porosity for water-saturated samples at various

effective stresses. In general at elevated effective stresses the overall stress sensitivity of

V,, is slightly higher than V,'s with VGR showing an aver¿ìge value between l.l and 1.2

u,ithin the studied samples. At effective stresses below 40 MPa the VGR increases as core

porosity increases with a very low gradient (FigLrre 8.3a and 8.3b). However, at higher

effective stresses the value of VGR is independent of core porosity (Figure 8.3c).
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Figure 8.3. Plots of ratio of the P-wave velocity gradients to the S-wave velocity gradient

versus core porosity for water-saturated samples at various effective stresses.

8.3. Comparison of Stress Sensitivity in Dry and Water-Saturated Samples

Figure 8.4 shows the variation of Vo and V. with effective stress for t'uvo Cooper Basin

sandstones under both dry and water saturated conditions. Experimental results reported

by King (1966) showed a sirnilar relationship between velocities measured under dry and

water saturated conditions for Berea and Torpedo sandstones. For a water-saturated rock

the finite modulus ol the water increases the bulk tnodulus of the rock and resists the

20 0 5 20
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closure of cracks. At low effèctive stresses (P" < 30 MPa), a sample is stiffer (higher bulk

rnodulus) when it is saturated with water, so the compressional waves propagate faster in a

water-saturated sample. With the increase of effective stress and as a result of closure of

crack-like pores the rnoduli of dry samples increase at a faster rate compared with water

saturated condition. So at high effective stresses (P" - 40 MPa) the Vo-effective stress

curve of the dry and water-saturated samples cross over. At higher ef'fective stresses the

influence of the compressibility difference between water and air on both the magnitude

and stress sensitivity of velocities become less important, even though the magnitude of Vo

for the dry sarnples slightly exceed the value of Vo at water-saturated condition. The lower

values of S-wave velocities in water saturated samples shown in Figure 8.4 simply results

from the higher value of bulk density compared with that under dry conditions.
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Figure 8.4. V,, and V. a function of effective stress for two Cooper Basin sandstones. (a)

sample D2 with ambient core porosity of 8.5Vo, (b) sample 55 with ambient core porosity

of 13.9o/o. Triangles for V" and squares for Vo , open and solid symbols show wave

velocities measured under dry and water-saturated conditions, respectively.

The above ot'rservations on the stress sensitivity of velocities in dry and water-saturated

samples are consistent for all the studied samples. Similar relationships can also be

derived lrom the comparison between the velocity gradients at dry and water-saturated

conditions. Figure 8.5 demonstrates plot of the mean of the ratio of velocity gradients

defined as [(clV/ctP)¿,v/(dV/dP)wirrer saruratecl] for all samples versus effective stress for both

compressional and shear velocities. At elevated effective stresses the ratio of velocity

gradients under dry and water-saturated conditions show insignificarlt correlation with core

porosity, permeability and clzry content. The economic significance of the observations on

a b
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the strong stress sensitivity of velocities ior dry satnples and the dift'erent v¿tlues fbr V,, ilnd

V" in dry and rv¿rter-saturated Cooper Basin cores is addressed in Chapter 9.
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Iligure 8.5. Plot of the average [(dV/dP,¡,y / (dV/dP warer-srrurared] versus effective stress for

both compressional and shear velocities for Cooper Basin samples.

8.5. The Effþct of Porosity and Clay Content on Velocities

Experimental results on velocity measurelrents along with petrographic and core porosity

data are used to investigate the effect of porosity and pore filling material including clay

content on wave velocities in the Cooper Basin samples. Empirical equations are

cletermined for Vo und V. as a function of porosity and clay content for dry and water-

saturated sarnples under elevated effective stresses, ancl results are compared with other

studies.

8.5.1. General Trends and Regression N{odels

Figures 8.6a ancl 8.6b demonstrate the plots of V,, and V, measured under 40 MPa effective

stress versus porosity for all samples at both dry ancl water-saturated conditions. The plots

show ¿r clear trend indicating that velocities decrease with increasing porosity. In contrast

the plots of velocities versus clay content (Figures 8.6c and 8.6d) are highly scattered and

do not show significant correlations. The trend between velocities and porosity and clay
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content at other eftèctive stress levels are similar to those shown in Figure 8.6. A least-

square regression technique was used to find the best fit for the velocity-porosity data.

Several regression models were examined. Models with the best fit and correlation

coefficients were selected with the criterion of 0.05 for F value (95% confidence interval).

It is found that the following simple linear model fit the data reasonably well with a

correlation coefficient around 0.9 (R2 = 0.81).

V=¿t-bQ (8. l)

In this model, a and b are constant, Q is fractional porosity and V is velocity in m/s. The

relative deviations of the data from the values predicted by the equation 8.1 although are

small (standard deviation = 0.036), show wide scattering when they are plotted versus

porosity (Figure 8.7a). In addition, the relative deviations are weakly correlated with the

clay content (Figure 8.7b). Cornparison of Figures 8.6 and 8.7b reveals that altliough the

variation of the clay content is not significantly correlated with the velocities, it could

influence the velocity-porosity relationship in the studied samples. A multivariate linear

regression similar to the equation proposed by other researchers (eg. Tosaya and Nur

(1982) and Han et al. (1986)) in the fornr of

V=âr -b¡Q-c1C

was then perflormed on the data set. In equration 8.2, a1, b¡ and c¡ âre constant and the

capital C is fractional clay content.

The correlation coefïicients for both dry and water-saturated samples using equation 8.2 arc

slightly strongor (around 0.93) than those calculated Lrsing equation 8.1. Furthermore, as it

is shown in Figures 8.8a and 8.8b, the relative deviation of the data from the values

predicted by the multivariable linear equation are less scattered versus porosity (standard

deviation = 0.02-6) and -show an even elistribution versus clay content. The regression and

correlation coefficients of the simple and multivariable models for the studied samples at

effective stress levels between 20 MPa and 60 MPa are shown in Table 8.2.

(8.2)
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The magnitude of coefficient a¡ in the multivariable rnodel increases and br decreases with

effective stress whereas there is no clear trend versus pressure for the coefficient c¡. The

coefficients in the multiiariate model indicate that the influence of clay content (by

volume) is about 2.25 tine less than that of the influence of porosity for V,, and between

3.5 and 4 for V,,. These ratios also remain relatively constant over the measured pressure

range.

It shouìd be mentioned that similar results will be obtained if instead of the clay content the

fractional volume of pore filling flnes, defined as sum of the non-quartz minerals and

particles including clay, altered and ductile sedimentary rock fragments and organic matter

in the sample, to be used for the term C in equation 8.2.
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Table 8.2. Regression (mis) and correlation coefficients of the simple linear (equation 8.1)

and nlultivariate linear (equation 8.2) velocity-porosity-clay models for the studied samples

at various effective stresses (P.). '* Values are statistically insignificant.

8.5.2. Comparison with Previous Studies

The observation that considering a clzry content term will improve the velocity-porosity

transforms in the Cooper Basin sandstones is consistent with previous studies including

Tosaya and Nur (1982),Castagna et al. (1985): H¿rn et al (1986), Klimentos (1991), Freund

(1992) ancl Vernik (1994). However the influence of clay content or pore filling fines on

velocities in Cooper Basin samples appears to be weaker than has been reported in the

literature for other sandstones.

For example, Han et al. (1986) showed that, for their water-saturated velocity data at 40

MPa effective stress, there is a significant difference between the correlation coefficient of

the multivariate linear model and the sirnple line¿rr rnodel inclicaling a high dependency on

ciny conient (^R = 0.i45 anci 0.255 for Vo ancì V,, respectiveiy). Uildei.siirriiai'effeciive

stress conditions the corresponcling AR foL the Cooper Basin sandstones are 0.046 and

0.014, for Vo and V., respectively. The relative deviation of V¡, versus clay content

reported by Han et al. (1986) show a much stronger positive correlation (Figures 8.9b) than

those in the Cooper Basin samples (Figr.rres 8.8b). Another example of discrepancy
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between the Cooper B¿rsin sandstones and other data set in regard to the influence of clay

content on velocity can be seen in the velocity data reported by Klirnentos (1991). Figure

8.10 shows the variation of Vo with clay content in sandstones with core porosities

between 6Vo itnd 367o studied by Klimentos (1991) indicating a clear negative cot'relation

between Vo and clay content. [n contrast, as it is demonstrated in Figure 8.6d for the

Cooper Basin samples the measured P-wave velocities do not show a significant

correlation with clay content.

8.6. Discussion

Several investigators commented that considering the effect of clay and fines on velocities

and velocity-porosity transforms in shaly sandstones could be necessary but this effect may

not adequately be explained if only the volume fraction of clay is being taking into account.

Other factols including pore geometry (Xu and White (1995), textural pattern and

microstructure of the rock such as grain or matrix supported (Wilkens et al. (1986), Vernik

and Nur (1992)), type and the position of clay particles within the rock skeleton which may

be conveniently characterised by the volume fractions (Tosaya and Nur, 1982) could also

have considerable influence on velocities.

1'he range of clay content and pore filing materials in the Cooper Basin samples studied

here is relatively small compared with those cited in the literature (eg. Han et al. (1986) and

Klimentos (1991)). There is no significant difference in the mineralogy of Cooper Basin

sandstones in general and in the studied samples in particular. Although the Cooper Basin

sandstones show a rather complex pore geometry, if one considers sedimentological and

petrographic criteria, their measured acoustic properties such as velocity-pressure relation

and P"¡o.ur" demonstrate similar characters indicating perhaps a rather similar microstructure

in regard to wave propagation. Using the siliciclastics cl¿rssification of proposed by Vernik

and Nur (1992) for the velocity-porosity relationship, the samples may be classified as

wackes (stinclstones with l5Vo <C <35Vo where C is the clay content plus alteted grains).

As discussecl in Chapter 3, according to thrs classification there is no clay effect on both the

velocity and the velocity-porosity transform for those rocks which fall in a pal'ticular class

(arenites, w¿rckes and shales) regardless of their degree of shaliness. Figure 8.1la and

8.1lb demonstrate the plots of predicted V,, using Vernik's (1994) equations for arenites

and wackes respectively versus measured V,, at 40 MP¿r effective stress for water-saturated

(ìooper Basin szrmples. Velnik's velocity-porosity equation for wackes gives a better
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precliction whereas the equation for arenites (C < l5%o) significantly overestitnates Vo in

Cooper Basin samples.

The lack of relationship between velocities and clay content may also be related to the type

of clay clistribution within the studied samples. Minear'(1982) modelled the effect of clay

oll velocity in shaly sandstones considering the clay distribution and showed that

suspended (clispersed) clays have only small effects on velocities whereas laminated and

structural clays have significant effects on velocities. Suspended clay which is assumed to

occur dispersed in the pores or lining the surfaces of pores affects only the elastic

properties of pore space. The density of dispersed clay determines its effect on velocity.

The closer the density of dispersed clay is to the pore flr-rid the less will be its effect on

velocity. For instance, dispersecl clay of density of 1.6 g/crn3 in a sandstone with any

porosity produces negligible effect on Vo (Figure 8.12). The dominant clay type within the

Cooper Basin sarnples is the dispersed authigenic kaolinite. The relationship between

velocity and clay content for the Cooper Basin samples may be compat'ed with the

dispersed model of Minear (1982). SEM and thin section observation of Cooper Basin

sarnples confirm this analogy. Similarly the strong clay effect on velocity reported by Han

et al. (1986) and Klimentos (1991) rnay be compared with the laminated or structural clay

llodels of Minear (1982), although the exact arrangement of clays within sandstones

studied by these ¿ruthors is unknown.
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8.7. Summary and Conclusions

Systematic laboratory measurements were carried ollt to investigate the stress sensitrvity of

velocities in 2l tilly water-saturated Cooper Basin core plugs. Both Vn and V. increase

non-linearly over an eff'ective stress range of 5 to 60 MPa and that the change of velocity

with effective stress can be generalised according to equation 6.3. Cornparison of the

velocity gradients (VGR) at elevated effective stresses for water-saturated samples shows

that the overall stress sensitivity of Vo is slightly higher than V.'s. However water-

saturated samples show smaller VGR values (between l.l and 1.2) when compared with

VGR for dry sarnples (between 1.4 and 1.8) at corresponding pressures. In general the

stress sensitivity of w¿rter-saturated samples is Iess than that for dry rocks particularly at

low effective stress r¿ìnges. For a saturated rock, the finite modulus of the water increases

the bulk modulus of the rock and resists the closure of cracks. At effective stress below 40

MPa, Vn shows smaller stress dependence when the rock is saturated with water. At

pressure above 40 MPa the inflLrence of pore fluid on the stress sensitivity of Vo is less

significant due to the closure of crack-like pores and increase of elastic rnoduli in dry

rocks. The observ¿rtion on the diffèrence between stress sensitivity of dry ¿ind water-

saturated Cooper Basin sandstones is in consistent with those reported by King (1966) for

Berea and Torpedo sandstones.

Statistical analysis of experirnelrtal data shows that considering zr clay content term would

improve the velocity-porosity transform for the Cooper Basin sattdstones. This observation

is in consistent with works by Tosaiya and Nur (1982), Castagna et al. (1985) and Han et al.

(1986) and Klimentos (1991). However the plot of volume fraction clay contetlt versus

both Vn ancl V, tor the studied samples shows no correlation. This is in disagreement with

the experimental studies mentioned above. The lack of correlation between clay content

and velocity in the Cooper Basin sandstones is attributed to the textural characters and the

type of clay <iistribution within the studied sarnples. The clay models of Minear ( 1982) and

the velocity-porosity lnoclel of Vernik (1994) for "wackes" provide an explanation for the

observed velocity-porosity-clay content relationship in the Cooper Basin samples.
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Chapter 9

Velocity in Partially Saturated Samples

9.1. Introduction

The influence of saturation by water, gas and mixtures of them on acoustic velocities and

elastic moduli of reservoir rocks is of considerable interest in exploration seismology.

However, very few studies have investigated the relationship between acoustic velocities

and partial fluid saturation in sandstones under varying stress conditions. This chapter

presents and examines compressional and shear velocity data obtained from laboratory

measurements on a sub-set of Cooper Basin core samples as a function of water saturation

(Sw) under varying confining stresses. The suit of samples consisted of 6 selected core

plugs of the total 22 samples studied in previous chapters. Two samples from each well

were selected on the basis of their petrophysical character. Table 9.I shows the physical

properties of these samples. The pôrous plate extraction technique was used to induce

partial saturation in the samples. The desaturation technique has been described in Chapter

5.

Sample Depth
(m)

Porosity Permeability
('/o) (mD)

Grain Quartz Clay
size (7o) ("k)

(um)

Rock Other
fragment minerals

(Vo) (7o)

Bulk
density
(g/crn3)

D4
D6
M2
r/folvlo

SI
S3

13.0

tt.2
6.5
À^

10.5

15.6

33.1

30.5

0.1
rìn

0.2
186.2

2.30

2.3t
2.45
1<1

2.34

2.11

297

298

185

344

91

276

10.4

69.4

72.3

69.1

s8.9

69.3

8.1

9.5

I 1.5

I l.:5

t2.5
10.1

6.4

1.9

8.6

t3.6
r5.6
2.4

1.5

2.0

l.l
IR
2.5

2.6

2215.4

2211.5

2551.4
.<<A A
LJJW.V

1911.1

t919.2

Table 9.1. Petrographical and petrophysical properties of samples used for partial

saturation measurements. Othel minerals include mica, carbonate, feldspar, opaque and

organic matter.
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Clapitlary pressure cul-ves and effèctive pore throats were also determined from inlet

pressLtre ancl water saturation data obtained from the porous plate extraction technique for

each sample. Capillary pressure information was integrated with the interpretation of

acoustic velocity of partially saturated samples.

9.2. Capillary Pressure Data

Capillary pressure information rnay be of use in visualising relatively simple models of

pore structure within the complex pore systern of rocks. Capillary pressure results from the

interaction of forces acting within and between tiquids and their bounding solids. In the

two-phase system normally encountered in partially saturated rocks, one phase may be

defined as the wetting fluid which has the greatest affinity to the solid surface, and the

other phase is defined as the non-wetting fluid (Figure 9'la)'

Within a single capillary, capillary pressure (P.o',) is the amount of extra pressure required

ro fbrce rhe non-werting phase to displace the wetting phase (Figure 9.lb). Capillary

pressure can be calculal.ed bY:

P"op = 2t cosO / r" (e l)

where t is interfacial tension, 0 is the contâct angle between the fluid and capillary tube,

and r. is the radius of the capillary (Vavra, et al. 1992). The pressure at which the non-

wetting phase first enters the sample is termed the entry oL displacement pressure. The

irreducible saturation is that percent of the pore space that the non-wetting phase cannot

penetrate (Figure 9.2). In reservoir rocks the wetting fluid is usually water or brine and the

non-wetting fluid is usually hydrocarbon. In the porous plate extraction technique used in

the current study the wetting phase is water and non-wetting phase is nitrogen.

Capillary pressure curves were generated from the data gathered during the desaturation

process from the inlet pressure valnes of nitrogen gas and the degree of water saturation for

each sample. Data from the capillary pressure curve were used to approximate the

distribution of pore volurne accessible by pore throats of a given effective size (r") using

equation 9.1. Tabulated values of interfacial tension t = '72 (dyne/cm) and the contact

ange.l 0 = 0" (V¿rvra et al. lgg2) were used for the effective pore throat estimation of the

studied samples. The plot of estirnated effective pore throats verslls water satur¿rtion

Chapter 9, Velocity-saturatiou relationship r06



Water'

Rock

(a)

Water-Wet Oil-Wet

(b)

Pressure

Figure 9.1. Schernatic representation of the principle of capillary pressure eff'ects in

reservoir rocks. (a) r'ock-fluid wettability and contact angle, (b) capillary tube in a

wetting fluid; Capillary pressure (P.oo) is clefined as the different in pressure

measured across the interface in the capillary (P"'p= Pn*-P*)' resulting from the

contrast in pressure graclierrts caused by the difference densities of the nonwetting

(pn*) and wetting (p*) phases. g is the gravitational constant (modified from Vavra

et ai., 1992).
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reflects the largest throat through which the pore volume can be accessed by nitrogen gas at

a given saturation condition. Figures 9.3 and 9.4 plot capillary pressure and effective pore

throat versus water saturation tbr the studied samples. The following are general remarks

concerning capillary pressure curves for the samples.

0 50 100

Wetting Phase Saturation (/" Pore Volume)

Figure 9.2. Typical capillary pressure curve for a porous rock

Samples 53, D4 and D6 h¿rve a low displacement pressure (2.5 kPa) and a relatively low

irreclucible water saturation of less than2O7o. The effective pore throat size varies from 60

microns to less than I micron and nearly 50Vo of pore volume in these samples is

associateci with effective pore throats of greater then i0 micrcuts radius. Poi-es associaied

with large throat size appear to be accessible by gas at very low capillary pressures,

whereas the stnall efïective pore throats (< l0 microns) will be gas saturated only at high

capillary pressures (low water saturation). One could distinguish basically two zones

within the capillary pressure cLtrves for samples 53, D4 and D6. Zone I which is
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characterised by large to medium pore throats expands over a large saturation range

between Sw = 100% and Sw = 3jo/o Io 4OVo. The rate of desaturation at Zone I is rapid, and

relatively low capillary pressure (less than 50 kPa) is required for the replacement of water

with gas within the pore spaces. Zonellcorresponds to the higher capillary pressure region

characterised by srnall pore throats and slow desaturation. In zone II samples approach

their irreducible water satur¿rtion.

Samples 51, M2 and M8 have high displacement pressure (greater than 200 kPa).

Capillary pressure curves for these samples indicate that none of them has reached

irreducible water saturation at the maximum presslrre ( I MPa) of the pressure vessel used

in the desaturation process. Estimated effective pore throats for these samples range

between 0.6 and 0.14 microns and show less variation compared with other samples.

In general, capillary pressure curves and estimated effective pore throats indicate

heterogeneous distribution of gas and water within the pore space under partial saturation

conditions for all samples.

9.3. Velocity versus Fluid Saturation - Results

Acoustic velocities were measured under conditions of varying confining stress and atmospheric

pore pressure (i.e. P" = P") and a series of partial saturation levels. Samples 53, D4 and D6,

with relatively high perrneabilities, showed lower irreducible water s¿rturation and hence,

acoustic clata were acquiled at a wider range of Sw for these samples. For these samples

acoustic measlrrements could not be performed at low efïective stresses due to either high

wave attenuation or poor coupling between rock sarnple and buffer-rods. In contrast for

the samples Sl, M2 and M8 capillary pressures beyond the working limit of the porous

plate extraction vessel (l MPa) were needed to reach the irreducible water saturation level.

Hence only a short range of Sw levels over a more complete effective stress range were

obtained for these low permeability samples. Acoustic data obtained from measurements

under fully water-saturated and dry condltrons (descnbed rn Chapters 6 and ð) were used to

compare the velocities of partially saturated samples with those measured under Sw =

IOOVo and Sw = OVo condrtions, respectively. All experimental data on Vo and V. itt

partially water-s¿ìturated samples are tabulatecl in Appendix E. The following is a brief

description of experirnental data for each sample.
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9.3.1. Sample 53

High permeability (186.2 mD) allowed this sample to reach equilibrium at each capillary

pressure over a relatively short period of time. Nine different stages of partial saturation

were analysed on the sample 53. A water saturation of 8Vo w¿rs reached at a maximum

applied capilìary pressure of 180 kPa, with the sarnple approaching its irreducible

saturation. Figures 9.5a and b show the plots of Vo and V" versus effective stress for the

sample 53 at various saturation levels. The general shape of the Vo-effective stress curve

(Figure 9.5a) is consistent over the entire saturation range except for the dry condition (Sw

= O7o) which shows a higher velocity gradient over the effective stress range. Stress

sensitivity of shear velocity for entire saturation level remains similar over the measured

effective stress range (Figure 9.5b).

Figure 9.6 shows the variation of Vn, V. and their ratio (Vp/Vr) with saturation at an

effective stress of 40 MPa. The change of velocities and their ratio with saturation is not

consistent over the entire saturation range. V,, slightly increases with saturation decrease

between l\OVo and 88Vo (Figure 9.6a). Over the saturation range between 88Vo and 38Vo

V,, decreases continually by 100 m/s but remain almost constant from Sw =387o to Sw =

17o/o, and then again increases by 24 m/s as saturation approaches dry condition. V* rises

with decreasing saturation over the saturation range between IOOVo and 38Vo by 92 m/s, but

it remains almost collstant over satlu'¿rtion between3SVo and87o. V. increase rapidly at low

saturations (8Vo < Sw < 07o). The value of Vo/V. falls sharply from 1.65 to 1.57 as Sw

decreases from l00Vo to 38o/o and remains nearly the same over the saturation range

between 38Vo and 8o/o with further decrease to 1.55 at saturations between 8Vo and 0o/o

(Figure 9.6c).

9.3.2. Sample D4

The sample D4 has a moderate penneability (33.7 rnD), and, like sample S3 it equilibrated

rapidly in the porous plate extraction vessel. The sarnple reached Sw = 19Vo at a tnaximum

appliecl capillary pressure of 235 kPa ancl was ¿ìpproaching its irreducible saturation.

Measurements were made at seven paÍral saturation ieveis between l97o and 88%. Figures

9.7a and b show the experimental results of velocities versus effective stress for different

saturation stages. The stress sensitivity of Vo at partial and fully saturation conditions are

similar for the entire measured effective stress range, and only the dry sample V,, shows a

higher velocity gradient particr"rlarly at low effective stress ranges. Variation of V" with

Chir¡ttcr 9. VeIoci ty-siìtLlratiorr lel ationshi¡r r09
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Figure 9.5. Variation of Vo (a) and V" (b) with effective stress in sample S3 at

ciifferent water saturation conditions



a

effective stress varies over the measured saturation levels and does not follow a consistent

pattern (Figure 9.7b).

4300 2700

G +zoo
E
o-
> 4100

4000

1.70

1.65

1.60

1.55

1.50

G zaoo
E
Ø) zsoo

2400
0 20 40 60 80 100 o20 40 60

Sw (%)
80 100

Sw(%)

Figure 9.6. Effect of saturation on velocity
fbr sample 53 at 40 MPa effective stress.

(a) Vp, (b) V., and (c) Voff*. Data for Sw = 0
and Sw = 100 are also shown for comparison.

o 20 40 60 80 100

Sw (%)

Figure 9.8 shows the changes in Vo, V. and Vp/V, with saturation at 40 MPa for the sample

D4. The magnitude and pattern of the variation of Vo with saturation for sample D4 vary

over the entire saturation range. At high saturation levels (67Vo < Sw <1007o) V,, shows no

significant changes. V' decreases by 8l m/s at medium saturation stages (3lVo < Sw <

67c/o), whereas at low saturation stages ()Vo < Sw <3l%o) iL decreases by 25 rn/s (Figure

9.8a). V. steadily increases with saturation decrease over the entire saturation range except

at saturation level higher than 887o (Figure 9.8b). Similar to sample 53, the value of Vp/V,

decreases sharply from L64 to 1.57 with the decrease of saturation from 88Vo to 4OVo whlle

at saturations less than 40Vo the velocity ratio does not show significant variation (Figure

9.8c). Apart from small differences under dry and fully water saturation conditions, the

variations in veìocities with satLlration at partiai satllration conciition in this sampie ai oiher

effective stresses are generally consistent with the trends shown in Figure 9.8.

b

c
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Figure 9.7. Y ariation of Vo (a) and Vs (b) with effective stress in sample D4 at

different water saturation conditions.
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Figure 9.8. Effect of saturation on velocity
for sample D4 at 40 MPa effective stress.

(a) Vp, (b) V,, and (c) V//V". Data for Sw = 0

and Sw = 100 are also shown for comparison.
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9.3.3. Sample D6

Sample D6 has a permeability of 30.5 mD and was found to undergo desaturation easily'

The sarnple approached irreducible water saturation at Sw = 8Vo at maximum capillary

pressure of 235 kPa. Measurements were made at eight satutation levels between 867o and

8%,. Figures 9.9a and b show relationship between velocities and effective stress for the

sample at eight saturation stages. The Vo-effective stress curves for saturation of Sw >

l5%o are almost identical indicating similar stress sensitivity for Vo at this saturatiotl l'ange.

As saturation approaches zero the stress sensitivity of Vo increases particularly at low

effective stresses. Apart from s¿ituration conditions of Sw = IOOVo and Sw = )Vo, Ihe

velocity-effective stress trends for V, generally are similar ovet' entire partial saturation

range

Figure 9.10 shows the changes in Vo, V, and V¡,/V, with saturation at 40 MPa for sarnple

D6. Vo clecreases rvith decreasing saturation over saturation range between 86Vo andOVo.

However the rate of velocity decrease with saturation decrease is not sirnilar over the

saturation range. At high and moderate saturation levels the reduction rate is higher where

the V,, drops exceed I l7 rn/s at saturation range between 867oand387o. Over a saturation

range of l57o < Sw < 387o Lhe Vo decrease is not significant (within the error limit of the

experiments, which is O.3Vo for both Vo ancl V. and O.6Vo for Vp/V"). V,, decreases sharply

at low satur¿rtion levels (Sw < l5Vo). V* increases with s¿tturation decrease over the entire

b

c
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Figure 9.9. Variation of Vo (a) and Vs (b) with effective stress in sarnple D6 at

different water satu rati on condi tions.



partial saturation range with a sharp increase between Sw = 8o/o ¿nd 07o (Figure 9.10b).

The value of Vo/V" decreases from 1.57 to I .52 over the saturation range between IOOVo

and 387o and it remains constant between 38a/o and 8% followed by a sharp drop to 1.46

under dry conclitions (Figure 9.10c). The general trend of the variation of velocities and

their ratios with saturation in sample D6 is consistent over the measured effective stress

range.

4400 2850
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È zzso

) zroo

2650

41 00

4000

1.65

1.60

g 1.55

9 r.so

1.45

1.40

020 40 60

Sw (%)

40 60

Sw 1r¡

80 100

80 100

0 20 40 60 80 100

Sw (%)

Figure 9.10. Effect of saturation on velocity
for sample D6 at 40 MPa effective stress.

(a) Vp, (b) V., and (c) V,/V,. Data for Sw = 0

and Sw = 100 arc also shown for comparison

020

9.3.4. Sample 51

Sarnple Sl has a low permeability (0.2 mD) and the sample reached a water saturation of

34Vo at the highest possible capillary plessure of the porous extraction plate vessel (l

MPa). Therefore no data were acquired between the dry state and Sw = 347o.

Measurements were made at four different saturation levels between 78Vo and 34Vo.

Figures 9. I la and b show the experimental results of velocities versus efÏective stress for

tliis sample. Figure 9. I la indicates that the stress sensitivity of Vo does not change under

partial ancl full water saturation and only the dry sample shows a higher velocity gradient

versus effective stress. The velocity-effective stress relationship for V. remains relatively

similar over the entire saturation range inclucling dry condition (Figure 9.1 lb).

a b

c
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Þ-igure 9.12 shows the v¿rriation o1'Vn, V- ¿uld Vp/V. with saturation at 40 MPa effective

stress tor sample S I . V,, decreases by 128 m/s with decreasing saturation over the

saturation range between l00Vo and34Vo, and rises again under dry conditions by I6l m/s.

V. increases slightly (within the error limit) with saturation change frorn fully saturation to

Sw = 347o,buf increase sharply (by 183 m/s) under dry conditions. The velocity ratio for

sample S I steadily reduces from I .63 to 1.56 with the saturation decrease from l00o/o ro

347o,whereas under dry condltions it reaches a minimum value of 1.52. The variation of

velocities and their ratios over the measured partial saturation at other stress conditions is

consistent with the observed trend at 40 MPa effective stress.
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Figure 9.12. Effect of saturation on velocity
fbr sample S I at 40 MPa effective stress.

(a) Vp,(b) V,,and (c) V,/V,.Data for Sw = 0
and Sw = 100 are also shown for comparison
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9.3.5. Sample M2

Sarnple M2 has a very low perrneability (0.07 mD) and the sample equilibrated slowly in

the porous plate extraction vessel. The sample reached a saturation of 37Vo at the highest

possible capillary pressure within the vessel. Therefore no data exist between Sw =37Vo

and dry condition. Measurements were made at five diff'erent saturation levels between

9O7o and37Vo. Figurres 9.13a and b show experimental results for velocity variation with

eft'ective stress at different saturation stages for this sample. The general velocity-efTective

stress relationships for both V,, and V, at clitlèrent s¿rturation levels are similar to those of
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Figure 9.13. Variation of V' (a) and Vs (b) with effective stress in sample M2 at

different water saturation conditions



sample S I described above, with an exception for V. in sample M2 which shows a higher

stress sensitivity at low stresses under dry conditions.

Figure 9.14 shows the variation of velocities and V¡,/V, ratio at 40 MPa effèctive stress for

the sample M2. Vo decreases by 64 m/s as saturation decreases from 9O7o to 37Vo,

indicating a lesser sensitivity to saturation compared with the samples mentioned above.

Vo increases sfightly with saturation decrease between IOOVo and90Vo. V* decreases with

saturation decrease over the saturation range between l00%o and JJo/o and remains

relatively unchanged as saturation falls fromJTVo to 3l%o. V, increases by 160 rn/s with

decreasing saturation over the range )Vo < Sw < 3'77o. Vp/V" values in the sample vary

between 1.53 and I .54 with no apparent change with saturation decrease from full

saturation to Sw = 37Vo.
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Figure 9.14. Effect of saturation on velocity
for sample M2 at 40 MPa effective stress.

(a) Vp, (b) V,, and (c) V,/V.. Data for Sw = 0
and Sw = 100 are also shown for comparison1.48
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9.3.6. Sample M8

Sample M8 is a very tight sandstone with 0.03 rnD penneability, zrnd required high

capillary pressures for desaturation of the core plug. The sample reachect Sw = 79Vo at the

maximum possible pressure of I MPa using the porous plate technique. Measurements

were made at only two partial saturations of 86Vo ¿tnclJ9Vo. Figures 9.15a and b show the

20
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Figure 9.15. Variation of V,, (a) and V. (b) with effective stress in sample M8 at different

water saturation conditions.

The general velocity-effective stress relationship for sample M8 is similar to those shown

for sample M2. Stress sensitivity of velocities at partial and fully saturated conditions are

similar whereas the dry sample shows higher stress sensitivity particularly at low effective
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Figure 9.16 shows the variation of V¡r, V. and Vp/V. with s¿rturation at 40 MPa effective

stress for the sample M8. Vo increases by 33 m/s with saturation decrease from full

saturation to79Vo and decreases by t28 m/s under dry conditions. In contrast, V, increases

by 67 m/s as saturation changes from l00Vo ro 197o. The value of Vo/V. in sample M8

decrease from l.6l to 1.59 with saturation decrease from IOOVo to l9To. Similar trends

between velocities and saturation exist for sarnple M8 at other effective stresses.
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Figure 9.16. Effect of saturation on velocity
fol sample M8 at 40 MPa effective stress.

(a) Vp, (b) V., and (c) V,/V,. Data for Sw = 0

and Sw = 100 are also shown for comparison
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9.4. Discussion

9.4.1. Scale of Saturation Heterogeneity

It is known that saturation heterogeneity may influence acoustic velocities if the scale of

the heterogeneity is greater than the wavelength, À,, of the elastic wave (Bourbie et al.

(1987). The hererogeneity in fluid distribution in porous rocks may appear at three

different scales. These are; pore-scale, sample-scale and reservoir-scale heterogeneity.

Pore-scale heterogeneity is related to rnicrostrLlcture, pore type and geometry within the

rock. Sample-scale heterogeneity results from significant lithology variation such as

interbeddecl shale and sandstone intervals, or open/cemented fractures both at millimetre to

centimetre scale. Reservoir-scale heterogeneity in saturation is caused by lithologies with
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varying rock properties such as capillary pressure, permeability and porosity over the

reservoir interval (meter scale). Each of these three saturation heterogeneities could

influence acoustic velocities in different ways and rnagnitudes.

To interpret the variation of velocity with saturation for individual samples the pore-scale

and sample-scale saturation heterogeneities should be taken into account. Reservoir-scale

heterogeneity will be discussed later in the chapter by comparing the velocity-saturation

relationships within samples collected from similar wells. In acoustic measurements

performed i¡i the current study the wavelength ì" varies between 3 mm to 5 mm. Visual,

thin section and SEM examinations of the samples showed no heterogeneities at the sample

scale since the rock components including minerals, rock ft'agments and pores are

randomly distributed thror-rghout the sarnples with no observable lamination ot' fracture.

Further, during the clesaturation process all samples were kept under constant capillary

pressure for at least two weeks at each saturation level prior to acoustic measurefflent. The

assumption is that the desaturation process using the porous plate technique is slow enough

to generate a homogeneous distribution of gas and water within the sarnples at the sample-

scale.

Capillary pressure data for the studied samples however suggest that there is a pore-scale

saturation heterogeneity within the samples under partial saturation. Although the pore

geometries of the studied samples do not resemble the capillary tubes showed in Figure 9.1,

one could assulrìe that pores associated with small throats remain water saturated (ol at

least water-wet) over a relatively large range of saturation and only at very low saturations

(high capillary pressures) and close to a dly state will be filled by gas. In contrast, pores

associated with large effèctive throats are easily accessible by gas at relatively low capillary

pressures. In addition, at high capillary pressures water will remain coating the solid

internal surfaces of the pore spaces and as a coating ring at grain contacts. This pore-scale

satulation heterogeneity may explain the valiation of velocity with saturation in

experimental data. The following generalisations could be made on the effect of partial

saturation on Vn ¿rnd V" and their stress sensitivity in the Cooper Basin samples taking into

account the pore-scale saturation heterogeneity.

|1Cha¡rter 9, Vclrtcity-satLrlatiorì r-clationship



9.4.2. Stress Sensitivity and Partial Saturation

Partial saturation has minimal influence on the stress sensitivity of velocities in the studied

samples. Over a large range of saturation conditions the velocity-effective stress

relationships are founcl to be similar to those at full satllration. Only at very low saturation

(Sw < l}Vo) the stress sensitivity increases and gradually approaclies that under dry

conditions. As discussed in Chapter 8 the saturation status of the crack-like pores is the

key parameter in controlling the stress sensitivity of acoustic velocities under dry and fully

saturated conditions over low effective stress ranges (P" less than 30-40 MPa). At low

saturation ranges, as saturation decreases the water in small pores, (at grain contacts, in

crack-like pores and coating the surfaces) begins to be replaced by gas. The change of

saturation status of microcracks from water-wet to fully dry increases the total pore and

fluid complessibility of the sample. Therefore, at very low saturations the whole rock

becomes more pressure sensittve compared to that in moderate-to-high partial and fully

saturated conditions. With the closure of microcracks at high effective stresses the

velocity-effective stress relationship becomes independent of saturation status.

9.4.3. Velocity-Saturation Relationship

As mentioned in Chapter 3 the effect of pore fluid saturation on acoustic velocities is

through its influence on both bulk density and elastic moduli. In order to separate the

density effect from the elastic rnoduli effect the variation of bulk and shear moduli with

saturation are discussed here. Equations 3.1 and 3.3 and the measured bulk density of

partial saturated salnples were used to calculate the bulk and shear moduli of the samples

respectively using experimental results plesented in section 9.3. For the purpose of

generalisation of observations, discussion is concentrated on those samples which have

acoustic data over a wider range of saturation.

Under constant effective stress, the valiation of bulk modulus with saturation does not

follow a consistent trend over the entire saturation range. At high and moderate saturation

levels as satur¿rtion decreases bulk modulus falls (Figure 9.11). For samples S3, D4 and

D6 this satulation interval coincides with zone I of the capillary pressure curves which is

characterisecl by a rapid replacement of water with gas. In this stage the introduction of gas

into pores causes a steady decrease in the bulk modulus while no significant change occurs

in shear modulus. The steady decrease of bulk modulus with saturation decrease over the

high and moder¿rte saturation levels rnay imply a simultaneor-rs drainage of water from the

Chaltter 9, Velocity-satut'ation r-clationship lrtì
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entire pore space with a preference for crack-like pores to retain water. The simultaneous

drainage of all pores continues until the saturation approaches the irreducible status

corresponding to the zone II of the capillary pressure curves. Further satttration decrease

and drainage of partially drained pores has a minor effect on the bulk modulus while the

bulk density slightly decreases and thus Vo remains approximately constant over low

saturation range.

At high effective stresses where the presence of crack-like pores in the rock is minimal

there is no variation in bulk modulus under dry conditions and low saturation ranges. At

low saturation levels (neal irreducible status) water becomes a disconnected phase and

presents only as adsorbed layers on pore walls and grain surfaces. At low effective stress

conditions, where the crack-like pores are still open, elastic moduli show a sharp decrease

under dry conditions. The decrease in bulk modulus of rock at low effective stresses may

be attributed to removal of water from crack-like pores and grain boundaries. The

relationship between bulk modulus and saturation at low saturation to dry conditions is

consistent for all sarnples except sample D6. For this sample the bulk modulus decreases

sharply under dry conditions even at high ef iective stresses. Sample D6 shows a relatively

high crack-closure stress (90 MPa) compared with other samples indicating that a greater

number of low aspect ratio pores remain open ovet' a larger stress range.

The shear modulus stays almost constant (within l7o) over the entire partial saturation

range. 'I'he increase of V" with saturation decrease is therefore assigned to the decrease of

bulk density as gas replaces water in the pore space. Between low saturation levels and dry

conditions the shear modulus increases sharply in all sarnples, excepr. D4. For other

samples the increase of shear modulus under dry conditions, which occurs over the entire

measured eff'ective stress range, varies between 47o fo 107o. The change of shear modulus

could be related to the interaction of water and grains particularly clay minerals and muddy

rock fragrnents resulting in a matrix softening which lowers rigidity of the rock with water

saturation. In the case of sample D4, either there is no such influence on shear modulus by

water, or the influence exists but it is masked by crack closure at low saturations.

Experirnental data reported by Jones (1996) also showed a decrease in shear rnodultts with

introcluction of water in the pore space for a nurnber of his sandstone samples. These

observations suggest that the assumption that pore fluid saturation has no effect on shear

rnodulus made in theoretical models such as Biot and Gassmann theories is not valid for

Clraptcr 9, Velocity-satttr¿rtio¡r rclationship il9



the studied samples. Wang and Nur (1992) pointed out that one reason for the discrepancy

between experimental data and theoretical prediction for shear velocities in sandstones is

that the influence of water on shear modulus is neglected by theoretical models.

9.5. Pore Geometry Model

The above discussion of the velocity-saturation relationship has focused on the role of pore

scale fluid distribution. Pore geometry is the primary factor influencing the velocity-

saturation relationships, the distribution of fluid during the desaturation process and the

shape of capillary pressure curves in porous rocks. Here a simple qualitative pore

geometry model is proposed to relate the pore scale fluid distribution and the variation of

elastic moduli with saturation for the Cooper Basin samples.

The pore space of Cooper Basin sandstone is modelled by inclusions with a range of aspect

ratios. High and intermediate aspect ratio inclusions represent macropores. Crack-like and

connective pores are represented by lclw aspect ratio inclusions. Figure 9.18(a and b)

shows a fluid distribution scenario during a desaturation process genet'ated by capillary

forces. Figure 9.18c illurstrates a model for the variation of elastic'moduli with saturation

under fluid saturation scherne shown in Figure 9.18 (a and b). The fluid distribution

scheme under partial saturation can be divided into two main stages. In the first stage of

the desaturation process con'esponding to the zone I of the capillary pressure curve all

pores are successively and partially drained. Bulk rnodulus decreases steadily throughout

this stage due to introduction of gas into pores until the sample approaches the irreducible

stage. In the second stage the saturation level in partially drained pores is reduced toward

dry condition. At high effective stresses where no low aspect ratio pores exist within the

pore space the full drainage of the sample has a minimal effect on bulk modulus but the

shear modulus rnay increase due to matrix softening effect. At low effective stresses the

bulk modulus may fall by drainage of low aspect ratto pores.

Ttiis simple pore geometry rnodel is in good agreement with the general velocity-saturation

observed on experimental data for the Cooper Basin samples. The model is also consistent

with the observed variation in the stress sensitivity of velocities with the saturation change

in the studied sample.
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9.6. Comparison with Previous Studies

Gregory (1916) examined velocity-saturation relationship in 20 clifferent sandstones under

5000 psi (- 35 MPa) effèctive stress. He generalised variation of velocities with saturation

based on the sample porosities (Figure 9.19). The saturation behaviour of V. observed for

Cooper Basin samples agrees well with Gregory's idealised curve for Q < l0% showing a

slight increase in V" with saturation decrease and sharp rise at low saturation ranges. The

observed V,,-saturation relationship in the Cooper Basin samples at high effective stresses

is consistent with the Gregory's generalised curve for samples within a moderate porosity

range(10<0<25c/o).

There are, however, some cliscrepancies between the two data sets. Sample M2 wtfh 6.2Vo

porosity show a Vo-saturation relationship sirnilar to that for other samples, but in

Gregory's model for low porosity sarnples, velocity decreases at low saturation ranges as

sample approaches dry condition. This may be due to diffèrent pore geometry in low

porosity samples within the two data sets. Gregory's model for low poroslty samples

resembles the velocity-saturation relationship observed for the Cooper Basin sarnples at

low effective stress ranges. The velocity verslrs saturation behaviour differs between the

two studies at high saturations. Gregory (1916) shows that Vo falls as saturation decreases

between the fully water-saturated condition and Sw = 807o where¿rs in the present study Vo

appears to remain constant or slightly increases with the saturation decrease. This may be

due to differences in the saturation lieterogeneity between the two studies. Cadoret et al.

( 1998), using X-ray tornography, showed that water is heterogeneously distributed

thror.rghout the pore space cluring evaporative drying at the highest saturations. They

commented that at extreme saturation levels, the fluid distribution ¿ìppears to be controlled

only by the intrinsic properties of the rock sample and not by sarnple pore geometry.

Geortz and Knight (1998) used the numerical approach of Enders and Knight (1989) to

investigate the interaction between the microgeometry of the pore space and the

evaporative drying process (under room pressure and temperature) which can influence the

form of the velocity-satur¿ìtion relationship. They qualitatively rnodelled laboratory

velocity data versus saturation measured under atmospheric pressure for three different

rocks (limestone, dolomite and sandstone) in terms of pore geometry and fluid distribution.

They found that the velocity-saturation relationships are different in form for each rock

type because of clifferences in pore space microgeomett'y. Bulk and shear moduli irl

Clrtr¡rlcr t), Vclocity-sittLlt'¿lf iotì r'clltionslri¡r t2t
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limestone and sandstone showed significant decrease at low saturation due to the drainage

of crack-like pores and grain contacts (Figure 9.20a and b). [n contrast, the absence of

these pore geometries in the clolomite results in essentially no changes in the moduli at low

saturations (Figure 9.20c). the pore geometry model and the generalised elastic moduli-

saturation relationship at high effective stresses proposed for the Cooper Basin samples

(Figure 9.18) is consistent with the model for dolomite proposed by Geortz and Knight

(1998). Whereas the model proposed for their sandstone sample (Berea sandstone) is in

general agreement with the model suggestecl here for the Cooper Basin samples under low

effective stress conditi ons.

There is also a general agreement between the form of the velocity-saturation relationship

observed in the Cooper Basin samples and laboratory data reported by Jones (1996), the

drying experiment in Murphy (1984), the drainage experiment of Knight and Nolen-

Hoeksema (1990) anct the flow experiment in Domenico (1917). This similarity in

velocity-saturation relationships implies that three difïerent desaturation processes namely;

(l) the evaporative drying under room conditions also used by Gregory (1916), (II) the

drainage (flow) process and, (III) the porous plate extraction technique also used by Jones

( 1996), could basrcally generate similar pore scale fluid distribution in sandstones.

9.7. Heterogeneity at Reservoir Scale

Work b),Murphy (1984) on tight sandstones at 5 kHz frequency and atmospheric pressure

shgwed that Vn and Vo/V. are sensitive to partial saturation and that bore-hole acoustic

measurements mzry delineate the range of partial gas saturation. The rnagnitude of change

in velclcities with saturation observed for samples used in the current study appears no[ to

be practically significant (around 2o/o forYp). This suggests that, at ultrasonic frequency,

the degree of saturation can not reliably be inferred from Vo or V, only. The Vo/V, ratio,

however, shows a noticeable decrease in magnitude over the saturation range from high to

low satur¿rtion near irreclucible saturation. For instance under 40 MPa effective stress the

velocity ratio in sample 53 drops from 1.66 at high saturation (Sw =88Vo) to l-55 as rock

approaches to irreducible saturation (Sw =8Vo). Combining capillary pressure information

with the form of V,r/V.-saturation for Cooper Basin samples suggests that laboratory

velocity measurements may be used as an indicator of saturation status and as means of

Chaptel t), Vcloc i ty-satur¿ìtion rel ationsh ip t22
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characterising the pore geometry and the distribLrtion of pore fluid within the pore space of

rocks.

Assuming a capilltrry equilibrium status in the reservoir, different rock types may show

different saturation depending on their petrophysical properties. Thus there are high

saturation zones neighbouring low saturation zones. For example sarnples S I and 53

represent two clifferent rock types in terms of capillary pressure characteristics over a 1.5-

meter thick interval of single reservoir sandstone. At the same capillary pressr"rre of 100

kPa sample S I remains fully water saturated whereas sample 53 would have a partial

saturation of about 25Vo.

If the Vo/V"-saturation relationship observed at ultrasonic frequency exists at sonic log

frequency then acoustic data in conjunction with lithological information could determine

the saturation status of the various regions of the reservoir. This observation is consistent

with the rno<lelling work of Knightet al. (1998) in which the relationship between Vo and

water saturation at seismic frequency is determined for reservoir models with patchy

distribution of gas and water. They showed that saturation heterogeneity results in velocity

cfianges across a large satLlration range, distinctly different from the case of uniform

saturation (Biot-Gasslrìann rnodel) where there is only a large change in velocity close to

the point of lLlll water saturation.

9.8. Summary and Conclusions

The rclationships between velocities, saturation and effective stress were investigated in a

suite of six Cooper Basin sandstone samples. Experimental data indicate that there is a

ìink between the velocity-saturation relationship and pore-scale iluid distribution.

Petrographic information, capillary pressure curves, and acoustic data were incorporated

into a simple pore geometry rnodel to interpret the velocity-saturation relationship and

stress sensitivity under partially saturated conditions for the studied samples.

As saturation decre¿rses, Vo generally decreases over the range from high to moderate

saturation, while V" generally increases over the entire saturation range. The steady

decrease of Vn as saturation decreases over the range from high to moderate satttration

suggests a sirnultaneous clrainage of water from pores with a variety of high to moderate

Chaptcr 9. Vclocity-satttr-ation rclationship t23



aspect ratios, while crack-like (low aspect ratio) pores retain water. Under high effective

stresses, within the moderate to low saturation range, and as samples approach irreducible

saturation, Vn remains effectively constant. At low effective stresses V', decreases

significantly between low saturation and dry conditions. Partial saturation has minimal

influence on the stress sensitivity of velocities in the studied samples and only at very low

saturation (near to dry condition) does the stress sensitivity of velocities gradually increase

as saturation decreases. Closure and degree of saturation of the low aspect ratio pores

controls the velocity-pressure and velocity-saturation relationships at low saturation and

prossure conditions. The similarity of velocity-saturation relationships observed in the

current study with of those publishecl in the literature suggests that three different

desaturation processes; flow (drainage), evaporating drying and porous plate extraction

techniques, may generate similar pore-scale fluid saturation distribution in rock samples.

Expelimental data presented in this chapter confirm that ultrasonic velocity measurements

in the laboratory may be used as ¿rn indicator of saturation status and as a means of

characterising pore geometry and the distribution of pore fluid in reservoir rocks. Further

investigation is needecl to verify this observation at sonic log and seismic frequencies, and

for other rock types.
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Chapter 10

Implications for Hydrocarbon Exploration and Development

10.1. Introduction

This chapter elaborates on some of the implications of the experimental results discussed in

previous chapters, for hydrocarbon exploration and development. Examples are provided

from the Cooper Basin. First the clependence of velocities on frequency is investigated

using the Gassmann (1951) equation. In the second part, the influence of changes in

reservoir pressure on the porosity determined from velocity data is shown and a mechanism

is presented for calibration of sonic log readings for the pressure variation in the Cooper

Basin. The potential of velocity ratio (Vp/V,) for detection of fluid type at in situ reservoir

effective stress is shown. Finally, the implications of the study for reservoir monitoring

using time lapse seismic are addressed.

10.2. Velocity Dispersion

It is known that the acoustic velocities in fluid saturated rocks are dispersive. That is, the

velocities are frequency dependent. The rnagnitude of velocity dispersion need to be

known if acoustic data obtained froln laboratory me¿ìsllrements at ultrasonic frequencies

are to be used for log analysis and seismic interpretation. Comparison of laboratory

ultrasonic velocities with the low frequency wave propagatron model of Biot (1956a) and

Gassmann (1951) may give estimates of total velocity dispersion between low frequency

and measurement frequency. Assuming that the dry velocities are independent of

frequency (Winkler, 1985), Biot-Gassmann equations are used to calculate the low

frequency velocities (or elastic rnoduli) in the fully saturated rocks. The difference

between the rneasured velocities and the calculated low frequency velocities may be

interpreted as indication of dispersion (Winkler, 1985 and 1986).
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To derive the input p¿u'¿ìmeters for the Gassmann equation (equation 3.4) experimental

results on Vo and V, rneasurements on dry samples were used in conjunction wrth density

measurements [o derive bulk (k¿) and shear (p¿) moduli of the samples. Empirical

relations for acoustic velocity of water at different pressures and temperatures quoted by

Schon (1996) were used to calculate the bulk modulus of water (kr) at different confining

pressures (Table l0.l). Bulk modulus of the matrix (k,,,) was determined from an

extrapolation to zero porosity of the regression curve of k¿ versus porosity at 60 MPa

confining pressures (Figure 10.1). Wang and Nur (1992) suggested a value of 35 GPa for

k,,, in shaly sandstone which is consistent with the k,n = 34.95 GPa assigned from the cross

plot shown in Figure 10. I for the Cooper Basin samples.

Pressure
(MPa)

Bulk Modulus
(GPa)

vp
(m/s)

0
10

20
30
40
50
60

r509
1527

1545
1563
I 581

t599
t6t7

2.27
2.33
2.38
2.44
2.50
2.55
2.61

Table 10.1. Elastic properties of water used in dispersion analysis
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Figure 10.1. Bulk modulus of dry samples verslrs porosity at 60 MPa confining stress.

Void SqLrare shows the bulk modulus of pure quartz,37.6 GPa quoted from Schon (1996).
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Figure 10.2 illustrates the plot of computed bulk modulus for fully water s¿tturated szimples

at 40 MPa confining stless using Gassmann's relation versus measured data. The

cornputed low frequency bulk modulus for water saturated satmples is, in general, less than

the measured values in particular fbr low porosity (higher bulk modulus) samples.

Deviations of data from the perfect (l:l) correlation showed by the dashed line in the plot

may be considered estimates of bulk modulus dispersion with frequency from near zero to

one MHz range. The absolute deviation of predicted values from measured data within the

samples ranges between l7o to lOVo with an average of 4.3Vo.
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Measured bulk modulus (GPa)

Figure 10.2. The plot of computed bulk modulus for fully water-saturated sarnples at 40

MPa confining stress using Gassmann's equation versus measured data. Dashed line

shows perfect ( I : I ) correlation.

Figure 10.3 shows the calculated near zero-frequency versus measured Vn and V" for data

shown in Figure 10.2. Figure 10.3 indicates the calculated low-frequency velocities are

systematically greater' [han measured velocities. The average of absolute deviation of

calculated velocities from the measured values is l.3Vo and 2.8Vo fbr Vo and V.

respectively. The Biot-G¿ìsslrì¿ì,nn rnodel ¿ìssumes that shear modulus is independent of

pore fluid (equation 3.5) and its value is similar for a given rock at dry and water-saturated

co¡ditions. However, several investigators (for example; Gregory (1976), Winkler (1986),

Wang et al. (1991)) along with the experimental results presented in Chapter 9 of the

current stlrdy have inclicated th¿rt introduction of water to a extrernely clry sarnple will

reduce tlie ligidity of the rock through chemical interaction between water alld the rock's
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components. This would increase the calculated low-frequency saturated velocity by a t'ew

percent and therefore the true velocity dispersion may be rnasked if the shear modulus of

the extremely dry samples were used for calculation of low-frequency saturated Vu. Hence,

the negative velocity dispersions (Lrltrasonic velocity greater than low frequency velocity)

shown in Figure 10.3 ¿ire artificial.
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Figure 10.3. Calculated low-frequency velocities using Gassmann's equation versus

measurecl velocities. Dashed line shows perfect (l:l) correlation. (a) Vp,(b) V..

Figure 10.4 illustrates calculated low frequency V' considering water-wet shear modulus as

input parameter for velocity calculations. Biot-Gassmann calculated velocities fit the

measured ultrasonic frequency adequately well with an average of l%o dispersion. Wang

and Nur (1992) commented that a 27o difference between Biot-Gassmann calculated low-
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frequency and the measured velocities should be considered as a perfect fit for practical

purposes. It is concluded that velocities measured in the laboratory at ultrasonic

frequencies on water saturated Cooper Basin samples can be treated as low-frequency data

and therefore may be r-rsed with confidence for sonic log and seismic interpretations.

5500

5000

4500

4000

3500

3500 4000 4500 5000 5500

Measured Vp (m/s)

Figure 10.4. Calculated low-frequency V,, using Gassrnann's equation vel'sus measured Vo,

considering water-wet shear modulus as input parameter for velocity calculations. Dashed

line shows perfect ( I : 1) correlation.

10.3. Sonic Log-Derived Porosities and In Situ Effective Stress

Direct hydrocarbon detection, Leservoir characterisation and monitoring are the main goals

of exploration seismology and are dependent on an understanding of rock properties under

varying reservoir conditions. The in situ effective stress in a hydrocarbon reservoir may

vary during production. Depletion of the reservoir can increase the in situ effective stress.

In a multi-layer reservoir, different reservoirs may have various pressures due to different

production rates or different pore pressure gradients. Knowledge of the magnitude of such

variation is essential for the exploration of new reserves and optimisation of the

performance of existing fields. Lurnley et al. (lL)91) commented that the effects of

variation of in situ reservoir pressure during production are more seisrnically visible than

previously thought.

As mentioned in Chapter 3, the stress dependent natLlre of wave velocities could influence

porosity values derived from onic transit times in reservoir rocks. That is, for a reservoir

o-

oc
c)
fuI

U'

åE-o ì=-

;
0)
(ú

foõ()

.t'l.a
,ta

JÉryI
rF

Chaptcrl I 0, Applications t29



rock at a certain depth and with a given porosity, the sonic log will indicate varying translt

tilne as the reservoir pressure changes. Consequently log-derived or apparent porosity

would change with time. This rnay be particularly true for reservoir rocks with higl-r-stress

sensitivity at or beyond the upper boundaries of the velocity-effective stress relationship

generalised by Dvorkin et al. (1996). Experimental data presented in Chapter 6 indicates

that the stress sensitivity of acoustic velocities in some of Cooper Basin samples is higher

than those reported in the literature. The in situ effective stress in the Cooper Basin

reservoir is about 20-30 MPa. Fol the sandstone samples examined in the current study

this pressure corresponds to the high-velocity grzrdient region in the velocity-effective

stress curve. The considerable difference between in situ effective stress and the predicted

microcrack-closure stress in the study area (around 8i MPa) implies that small changes in

reservoir pressure may cause a significant change in the velocity of the reservoir rock.

Acoustic velocities measured in the laboratory on a Cooper Basin core with known

petrophysical characteristics ¿rre used to show the magnitude of variation in porosity values

assigned to a rock by czilculation based on the sonic log when in situ effective stress varies.

Figure 10.5 shows Vo measured at dry and fully water-saturated conditions versus effective

stress for sample Sl with a lO.5Vo helium core porosity. The Overton-Hamilton (1986)

equation which is a rnodified version of the time average formula (Chapter 3) is r.rsed to

convert measured velocities to porosity, under dry (air-saturated) and water-saturated

conditions, assuming that the sonic transit time in the well-bore environment for this rock

corresponds to the ultrasonic velocity measured under laboratory conditions.

Figure 10.6 shows apparent porosities using the Overton and Han¡ilton equation and the

actual core porosities measured at elevated effective stresses of 5 to 60 MPa. The total

core porosity reduction of the sample over this pressure range is less than one-porosity unit.

Similal to other conventional velocity-porosity equations the Overton-Hamilton equation

does not account for the effect of pressure on acoustic velocity, and will indicate a

decreasing porosity as effective stress increases. The equation underestimates the porosity

by up to 3 porosity r.rnits as the in situ effective stress exceeds 30 MPa. Underestimation of

the porosity leads to underestimation of hydtocarbon pore volume and artificially low

reserve estimates. Where the economical cut-off is based on a porosity value, tlie

underestimation of porosity due to the pressure eff'ect of sonic log values may lead to

partially pressLrre clepleted, but economic, reservoirs being bypassed. In contrast, under
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overpresslrred conditions, where the effective stress is lower than 30 MPa, neglecting the

pressure effect on velocity results in overestimation of porosity. Because of the non-linear

behaviour of the velocity-effective stress relationship the variation of velocity is rapid at

low effective stress (overpressnre zone), particularly under air-satut'ated conditions. For

instance at an effective stress of l0 MPa (a highly over-pressured zone) the porosity

assigned to the sample by conventional velocity-porosity transforms can be as high as

17.2Vo ztnd 13.2c/o at air (gas) saturated and water saturated conditions, respectively.

Figure 10.5. P-wave velocity measured as a function of effective stress for sarnple S I with

a helium porosity of lO.5Vo.

23

20
--o- Core

-+- Lo g-derived (air-saturated)

-+- Lo g-derive d (water-saturated)

-oo\
1 7

ïro
oÈl

8

5

0 10 20 30 40 50

Effective Stress (MPa¡

60 70

lìigurc 10.6. Comparison between measured and calculated porosity verslls effective stress

for sample S l.

t3t

6' 5000

g
'õ 4000o
0)

0)

fr sooo

=t

o_

2000
60 700 10 20 30 40 50

Effective Stress MPa

+ Dry (air-saturated)

+ Water-Saturated

Cha¡rter 10, Applicntions



It is often necessary to tnake correction to log data prior to using thern fbr petrophysical

evaluation. For many logging tools there are correction charts to remove environmental

effects, such as temperature, mud type, salinity of the formation water and so on. Despite

the pressure ef'fects noted above there is no publrshed correction chart for the sonic log for

varying effective stress conditions. The stress sensitivity of acoustic velocities may

significantly differ from one rock type to another (Khaksar et al. (1997) and Vernik

(1997)). Where the other porosity tools (neLrtron ancl density [ogs) are not available or due

to the borehole conditions are not reliable, and where the reservoir pressure varies in

different wells, or even in the same well different reservoirs show varying pressures, it is

necessary to calibrate the sonic tool response to the pressure variation. Petro-acoustic

studies involving the measul'ement of acoustic velocities in representative core plugs at

different pressure and saturation conditions along with the petrology and sedimentology of

reservoir rocks will provide useful guides for calibration and quantitative interpretation of

velocity <iata in hydrocarbon producing reservoirs.

Based on the velocity-effective stress relationships derived from experimental studies

presented here an equation is proposed to calibrate the variation of Vo to the reservoir

pressure changes in the studied samples.

dvpidP =79.35e
- 0.05P ( 10. r)

where Vo rs in m/s ¿ind P is effective stress in MPa.

Equation (10.l) provicles a basis for an empirical correction factor for the pressure effect on

sonic log response in the Cooper Basin wells (Khaksar et al., 1998).

10.3.1. A Field Example

Among the wells which have been drilled in recent years in the Cooper Basin, there are a

number in which reservoirs appear to have anom¿rlously low porosity (as calculated from

the sonic log) and exhibit a high level of pressure depletion. For instance almost two thirds

of recoverable gas in the Toolachee Field (Chapter 2) has already been produced.

Formation pressure data obtained from the Repeat Formation Tester (RF I) tool in this field

indicate a variety of reservoir pressures rzrnging from non-depleted to moclerately and

highly pressure depleted, depending on the hyclrocarbon production from the adjacent
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wells. Hence, at a given depth different reservoirs may show different formation pressltres

The sonic log derived porosities in some of the partially pressure depleted reservoirs in the

Toolachee Field show values up to 5 porosity units too low, whereas in adjacent wells

similar reservoirs, but non-clepleted, show normal sonic porosities. Table 10.2 shows

examples of this phenomenon. The only cor-nmonly available and relatively reliable

porosity device in Cooper Basin wells is the sonic too[. Figure 10.7 shows a comparison of

calculated porosities from different tools where an other porosity tool (density log) is

available. There is a good agreement between porosity derived from the density and sonic

logs in non-depleted reservoirs but in pressure depleted reservoirs porosities derived from

sonic logs show lower values.

Depth
(rn)

Interval Well Porosity from Average porosity in

field (Vo)sonic log ( Vo)

Pressure
depletion (%)

2218
2211
2312

T-48
T-35
T-39

t.3
7.4
8.4

Sand-A
Sand-B
Sand-C

12.6

13.3

12.6

61

72
40

Table 10.2. Examples of anomalor-rsly low log-derived porosities in partially pressure

clepleted sandstone gas reservoirs in the Toolachee Field, Cooper Basin.
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Figure 10.7. Cornparison of porosity derived from sonic log and density log in non-

depleted and depleted gas reservoirs in the Toolachee Field. Line shows perfèct correlation
(from Khaks¿rr and Griffiths, 1996a).

Cha¡rtcr I0, Applications t33



In a case study Khaksar (1994) suggested that the anomalor-rsly low log-delived porosity

obselved in the paLtially pressure depleted sandstone gas reservoirs in the Toolachee Field

may be caused by the influence of effective stress on the sonic transit times. Based on the

available wireline log information and analogy with purblished laboratory data fbr Berea

sandstone Khaksar and Griffiths (1996b) proposed an empirical equation for the calibration

of sonic log readings to formation pressure variation for the Toolachee Field reservoir

rocks. They showed that the porosity underestimation using the Overton-Hamilton

equation due to aJ to2l MPa reduction in formation pressLlre (increase in effective stress)

for samples with porosities of lTVo andSVo ranges from 1.3 to 3.0 and 1.0 r"o2.5 porosity

units, respectively. This range of porosity undelestimation has the same order of

magnitude as those estimated for sample S I at high effective stresses using laboratory data.

That is, the velocity-pressure relationship obtained from laboratory data is consistent with

the sonic log anomaly observed in partially pressure-depleted reservoirs in the Cooper

Basin.

10.4. Information on Shear Wave Velocity

The analysis of amplitude-versus-offset (AVO); direct hydrocarbon indication techniques,

and processing and interpretation of mr-rlticornponent seismic and vertical seismic profiles

(VSP) need information on propagation of shear waves in the earth. Although S-wave

velocity logs have now been available for many years, there are very few wells in the

Cooper Basin with S-wave velocity data. 'fhelefore prediction of V, from other logs is

necessary where measured V, logs are not available. Several empirical and theoretical

models have been pLrblished to predict S-wave velocity from other logs (for example; Han

er. al (1986), Xu and White (1996)). The theoretical model of Xu and White (1996)

requires a hypothetical pore aspect ratio spectrum ¿rnd needs detailed rock properties

informatiol'r including accurate clay minerals percentages which may not be available all

the tirne (Dutta, 1991).

The laboratory measllrement of acoustic velocities indicate that for the Cooper Basin

sandstones Vo and V. are similarly affected by lithology, porosity and clay content. This is

consistent with works by Castagna et al. (1985), Han et al. (1986), Freund (1992) and

Vernik (1994) which demonstrated that for clastic rocks V. is a linear function of V' at

both ultrasonic ancl sonic log frequencies. Figure 10.8 dernonstrates the relationship

Chapter- I0, Ap¡rlications n4



between Vs and Vo for the Cooper Basin sandstones measured under dry and water

saturated conditions for effective stress of 20 MPa. Statistical analysis of experimental

results indicates that a linear function of the form;

Vp=RV, (10.2)

where R is constant, fits the data satisfactorily with correlation coefficients better than 0.97.

Table 10.3 shows the value of R and the regression coefficient over a pressure range of 20

to 60 MPa. The value of R (Vo/V* ratio) for dry rock is independent of effective stress

whereas for water saturated samples it decreases as effective stress increases. The

observation on the lack of relationship between velocity ratio and effective stress for dry

rocks is consistent with data on other rocks reported by Gregory (1976) and Castagna et al.

(1985). Variation of velocity ratio with effective stress for water saturated Cooper Basin

samples may be explained by the different stress sensitivity of Vn under dry and water

saturated conditions as discussed previously in Chapters 6 and 8.
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Figure 10.8. Relationship between V. and V' for the Cooper Basin sandstones measured

under dry and water-saturated conditions for effective stress of 20 MPa.

Effective stress
(MPa)

Dry R Water saturated R

{

Dry

s
ß

ê"

Water-saturated

20
30
40
50
60

1.52

1.52

t.52
1.52
1.52

0.91
0.98
0.98
0.98
0.98

t.64
1.62

t.6l
1.59

r.59

0.97
0.97
0.98
0.98
0.97

Table 10.3. Vp/V" ratio (R) in equation (10.2) ¿rs a function of effective stress for dry ancl

water saturated Cooper Basin s¿rndstones. R is the regression coefficient of the best fit.
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Using Kuster-Toksoz (1974a) model, Tatham (1982) showed that the pore geometry and

microstructure of the rock is a major factor controlling the magnitude and stress sensitivity

of the velocity ratio in sandstones. This indicates that different sandstones may show

similar velocity ratios if they have similar pore geometries. Figure 10.9 shows the

relationship between velocity ratio (Vo/Vr) and porosity at an effective stress of 30 MPa,

under both dry and water saturated conditions. The lack of relationship between velocity

ratio ancl polosity in the Cooper Basin samples may be explained by the fact that all

samples investigated in this study are from one formation, have the same mineralogy, and

demonstrate a relatively silnilar diagenetic history. Similar petrographic and

sedimentological characteristics result in low variability of pore geometries within the

samples regarclless of their total porosity. In addition, the range of porosities of the studied

samples is relatively small which could obscure the possible relationship between velocity

ratio and core porosity shown in the literature.
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Figure 10.9. Velocity ratio versus porosity at 30 MPa effective stress for dry and water-
satnrated Cooper Basin sandstones.

The strong correlation between V, and Vo irnplies that for the Cooper Basin rocks the S-

wave. velocity rnay be predicted from P-wave velocity with confidence. Further as

inclicated in Table 10.3, the V/V, ratio in clry and water saturated samples is significantly

different suggesting that the Vp/V, ratio has potential for detecting gas saturated intervals

under in situ reservoir pressures wherever shear wave velocity data are available. This is in

ugreenrent with ¿rcoustic data on partially saturated samples addressed in Chapter 9.
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10.5. Potential for Time Lapse Seismic

As reservoir fluids are produced or injected during enhanced oil recovery, the reservoir's

dynamic properties may change. If these changes are large enough, repetitive seismic

surveys can map flr-ricl distributions, changes in reservoir pressure and ternperature and

fluid fronts. Reports of successful reservoir monitoring ursing time lapse seismic are

increasing (for exarnple: Nur (1989), Watts et al. (1996), Waite and Sigit (1997)). Before

shooting repetitive seisrnic surveys the feasibility of such work should be investigated. The

feasibility of reservoir monitoring using time lapse seismic has two aspects: the

petrophysical and the seismic. The folmer can be studied through rock physics, which

focuses on the acoustic properties of reservoir rocks. The latter includes selection of

seismic methods, acquisition design and paranreters, seismic resolution, processing, etc.

Petro-acoustical me¿rsurements are essential to investigate the petrophysical aspects of

feasibility studies of seismic reservoir monitoring allowing the modelling of possible

variation in acoustic properties with changes in reservoir pressure and saturation with time

(Wang, l99l).

The strong stress sensitivity and the distinct Vp/V. values fol dry and water-saturated

Cooper Basin cores ûìeasured at ultrasonic frequencies suggest that the dynamic changes in

pressLlre and saturation of the reservoir rocks may also be detectable from acoustic

irnpedance or travel time at seismic and sonic log frequencies. Figure 10.10 shows typical

results from acoustic velocity measurements for a Cooper Basin sample. The graph shows

the changes in acoustic irnpedance for changes in ef'fective stress, fbr air (dry) and fully

water saturated conditions. As the fluid pressure decreases the effective stress increases

and acoustic impedance rises. The initial in situ pressure in gas producing Cooper Basin

reservoirs is between 20 to 30 MPa which can be increased to 50 MPa in some highly

pressure depleted reservoirs. This leads to around a lJ7o rise in the acoustic impedance

which may be detectable on seismic data. A change in fluid from gas to water results in an

increase of acoustic impedance of around 23Vo. However, these results do not cornpletely

simulate the actual reservoir conditions since there is a partial fluid saturation condition

within the reservoir.

Partial saturation changes appear to have a sm¿rller effect on acoustic impedance in these

rocks. Figure l0.l I shows the sensitivity of acoustic properties of the same sample shown

in Figure 10.10 to the variations in both effective stress and fluid saturation. The P-wave
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acoustic impedance and velocity are strongly dependent on effective stress at both low (Sw

= l5%o) and high (Sw = SOVo) wafel saturation levels whereas V. is less sensitive to pore

fluid changes.
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Figure 10.10. Acoustic impedance verslls effective stress for a sample D6 with a helium
porosity of l1.2Vo.
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stress from 20 to 50 MPa at three saturation conditions for the sample D6. (A) pressure

depleted, gas saturated with no saturation change; (B) pressure depleted, water-saturated
with no saturation change and (C) pressure depleted with increasing water saturation from
15 to 80 pel'cent.
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In contrast Poisson's latio (ol Vp/V, ratio) is more sensitive to the variation of water

'saturation than to changes in reservoir pressure. This implies that over an interval with

known rock properties in a gas producing reservoir while the temporal changes in acoustic

impedance of a reservoir may enable the pressure depleted regions to be tracked, time-

clifferential Vp/V. and AVO analysis may also be effective in tracking the flood front. This

suggests that time-lapse seismic reservoir monitoring might indeed be feasible in the

Cooper Basin. A robust core-log based forward rnodelling of the changes in pressure and

saturation with time in the study area is needed to predict the change in acoustic irnpedance

and Poisson's ratio cornpatible with seismic resolutions.

10.6. Conclusions

In this chapter some of irnplications of the experimental results presented in previous

chapters were addressed for hydrocarbon exploration and developrnent in the Cooper

Basin. Cornparison of velocities measured at ultrasonic frequencies on studied core

samples with theoretical low-frequency predictions by Gassmann's equation suggests that

velocity dispersion due to frequency effect is negligible rn these samples. It is concluded

that acoustic velocity data derived from Iaboratory measurements at ultrasonic frequencies

can be used with confidence fol sonic log and seismic interpretations in the Cooper Basin.

The stress dependent nature of acoustic velocities in rocks requires that when the sonic log

is used to determine the porosity of reservoir rocks with varying pressure conditions, the

in-situ pressure should be taken into account. It was shown that for two abnormal pressure

conditions, overpresslrred and pressure-depleted, neglecting the pressure effect results in

anomalously high and low sonic porosities, respectively. Based on the experimental results

on the studied samples a velocity-pressure relationship is defined which provides a basis

for an empirical correction factor for the pressure effect on sonic log response in the

Cooper Basin wells. Further, the potential of the velocity ratio (Vo/V.) for detection of

fluid type at in situ leservoir pressure, and prediction of V" from Vo, were demonstrated for

the Cooper Basin rocks. The strong stress sensitivity and the distinct Vp/V. values for dry

and water saturated Cooper Basin cores measured at ultrasonic frequencies, suggest that the

dynamic changes in pressure and saturation of the reservoir rocks might also be detectable

from acoustic irnpedance or travel time at seismic and sonic log scales.
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Chapter 11

Summary and Conclusions

11.1. Overview and Summary of Results

This chapter summarises the findings of the research and gives recommendations for

further investigations for verification and extension of the project results.

The primary objective of this study was to investigate the influence of effective stless, fluid

saturation, porosity and clay content on the velocity of compressional and shear waves in a

set of low to moderate porosity sandstones. The research integrated field data and

petrography with laboratory measurements of acoustic velocities of representative rock

samples from the Permian sandstones of the Cooper Basin, South Australia.

In Chapter 3, data from the Toolachee Field, a gas producing field in the southern Cooper

Basin were compared to published experimental data. It was confirmed that, as well as

porosity, other factors such as cìay and fluid content are also important (and should be

considered) when sonic logs are used for porosity determination. None of the

experimentally derived velocity-porosity equations examined in Chapter 3 provide a

globally applicable method for porosity calculation from sonic logs. The shortcomings of

these equations are more pronounced when applied to gas-bearing shaly sandstone

formations. It was also shown that the common velocity-porosity methods do not account

for the variation of velocity due to reservoir pressure change. Neglecting the stress-

depenelont nature of velocity may result in an erroneous prediction of porosity from

velocity and errors in other applications of velocity data in a reservoir with varying

effective stresses.

Systematic laboratory measurements were carried out to investigate the effects of effective

stress on ultrasonic compressional and she¿rr wave velocities in a set of low to moderate
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porosity samples from Cooper Basin sandstone leservoirs. Experimental results showed

that acoustic velocities in dry (Chapter 6) and water-saturated (Chapter 8) samples increase

non-linearly with eff'ective stress over the pressure range of 5 to 60 MPa. The increase of

wave velocities with ef'fective stress is stronger below 40 MPa. Above 40 MPa the

velocity gradient decreases significantly in both dry (1007o air-saturated) and water-

saturatecl rocks. In general the stress sensitivity of water-saturated samples is less than that

for dry rocks particularly at low effective stress ranges. A legression equation in the form

of V = A - Be - DP describes empirically the velocity-effective stress relationship for the

Cooper Basin rocks under both dry and water-saturated conditions. In this equation V is

the wave velocity in m/s, P is effective stress in MPa, A is the crack-free velocity, D shows

the rate of crack closule and the difference between A and B is the velocity at zero

effective stress. This equation gives improved prediction of velocities at high effective

stress ranges compared to an alternative equation suggested by Eberhart-Phillips et al.

(1989) (Chapter6). The non-linear velocity-pressure equation was also found to be

applicable to the acoustic data reported by Freund (1992). The predicted crack-closure

stresses, P.to.,ur", of the samples range from 70 MPa to 95 MPa with insignificant correlation

with porosity, permeability and clay content. It was found that there is a positive

correlation between the velocity gradient ¿rnd core porosity, but this trend is weak and

diminishes as presslrre increases. The volume fraction clay content has an insignificant

correlation with the velocity gradient for both dry and water-saturated samples.

The variations of compressional and shear wave velocities and quality factors Qp and q",

with confining stress (P") and pore pressure (Pp) have also been measured on a Cooper

Basin sandstone (Chapter 7). The experimental results show that wave velocities and

quality factors of the sarnple are sharply dependent on differential pressure, P,¡, defined as

the arithmetic difference between P. and Pn, and less dependent on pore pressure changes at

constant P,¡. Thus equal increments of pore pressure and confining stress do not have a

precisely zero effect on the measured acoustic properties. It has been shown that Vo, V., Qp

and Q. in the Cooper Basin sandstone sample depend on effective stress, defined as P" -
P"-nPp., with n < l. The value of the effective stress coefficients for Vo and V. approach

unity at high differential pressures whereas the pore-pressure dependency of Qp and Q. for

the sarnple increases as the differential pressure increases. No data have previously been

published on the effect of pore pressure on the Q. in rocks. The observation of the effective
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stress coefficient for Q. in sandstone, as shown in Chapter 7, is the first time that it has

been reported in the literature.

As published by others (for example, Tosaya and Nur (1982), H¿rn et al. (1986) and

Klimentos (1991)) analysis of experimental data in the current study (Chapter 8) suggests

that considering a clay content term would improve the velocity-porosity transform.

However a simple plot of clay content versus botli Vo and V" for the studied samples shows

no significant correlation (in contrast to the studies mentioned above).

In Chapter 9, the effect of partial satulation on Vo and V. was investigated for a suite of six

Cooper Basin sandstone samples under varying confining stress. As water saturation

decreases, V' generally decreases over the range from high to moderate saturation, while

V. generally incleases over the entire saturation range. Under high effective stresses,

within the moderate to low saturation range, and as satnples approach irreducible

saturation, V,, remains effectively constant. At low effective stresses Vo decreases

dramatically between the low saturation and dry condition (l00%o air-saturated). Partial

saturation has rninimal influence on the stress sensitivity of velocities in the studied

samples and only at very low water saturation (near to dry condition) does the stress

sensitivity of velocities gradually increase as water saturation decreases (Figure 9.11).

11.2. Discussions and Conclusions

ll.2.l. Velocity-Effective Stress Relationship

The rapid increase in velocity over an effective stress range of 5 to 40 MPa in the studied

sanrples results from the closure of microcracks (connective pores) which act as defects in

the solid framework of the rock. The closure of microcracks, which hardly changes the

rock porosity, improves the grain contact conditions in the rock skeleton and increases the

rock's stiffness ¿rnd elastic moduli. Experiment¿rl results indicate that pore geometry and

inter'-grain contacts rnay be more appropriate than total porosity in describing the stress

sensitivity of sandstones under in-situ effective stress condition. It is also concluded that

the distribution ancl location of clay particles within the rock framework (quartz grains)

may be more important than the total volumetric clay content in the pressure dependency of

velocity in shaly sandstones (Figures 6.12 and 6.14).
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11.2.2. Effective Stress Coefficient for Velocities and Quality Factors

While small changes in pore fluid compressibility may partly explain the slight increase of

V,, with pore pressure increase at constant P., it does not explain the increase of V" under

similar conditions. The strong dependence of quality factor on pore pressure particularly at

high P,, implies that the experimental data cannot be fully explained by crack closure. The

deviation of effective stress coefficient fronr unity for compressional and shear wave

quality factors at high P. is attributed to the heterogeneity in elastic properties of the main

rock components (quartz and clay) and pore geometry.

11.2.3. Velocity versus Porosity and Clay Content

The lack of correlation between clay content and velocity in the Cooper Basin sandstones is

preliminary attributed to the textural charactelistics and the type of clay distribution within

the studied samples. Although considering a clay content term in velocity-porosity

transforms in shaly sandstones is essential, the effect of clay minerals on velocities may not

adequately be explained if only the volume fraction of clay is taken into account.

Nevertheless, the total clay content in sandstone reselvoirs as is routinely derived from the

gamma ray log may be underestimated where kaolinite is present.

11.2.4. Velocity-Saturation Relationship

Experimental resnlts presented in Chapter 9 confirm that acoustic velocities in partially

water/gas saturated rocks strongly depend on the spatial scales of heterogeneous fluid

distribution. The s¿rturation heterogeneity at pore-scale, shown by capillary pressure

analysis, controls the velocity-satulation relationships in the samples studied. The steady

decrease of Vo ¿rs saturation decreases from the high saturation range to near irreducible

conclitions suggests a simultaneous drainage of water from pores with a variety of high to

moderate aspect ratios, while microcracks (low aspect ratio) pores retain water. Closure

and degree of saturation of the low aspect ratio pores controls the velocity-effective stress

and velocity-saturation relationships under low saturation and low effective stress

conditions. A sirnple comparison between the capillary pressure data and the shape of the

V,,/V"-saturation curve suggest that laboratory velocity measurements rnay be used as an

indicator of satulation condition and as a means of characterising the pore geometry and

the distribution of pore fluid within the pore space of rocks.
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11.3. Applications

The second aspect of this research was to investigate the use of laboratory measurements of

acoustic properties on core samples for the evaluation of hydrocarbon reservoirs from sonic

log ancl surface seismic. The following are some of the major implications arising from

this study for hydrocarbon exploration and development. The study has demonstrated that:

The velocity dispersion due to frequency difference between ultrasonic laboratory

measurements on cores and theoretical low (seismic) frequency is about l7o. Thus the

acoustic velocity data derived from laboratory measurements at ultrasonic frequencies

can be considered to be low-frequency data according to Biot-Gassmann theory. This

means that laboratory measured velocities may be comparable with the sonic log and

seismic data in the Cooper Basin. This finding needs to be tested in the field.

a

a

a

Where the in situ reservoir pressure is much less than the microcrack-closure pressure

of the reservoil rocks, the variation of reservoir pressure could cause significant

changes in velocity of the reservoir rocks. For instance, anomalously high velocities

(low sonic transit tirnes) have been reported by Watts et al. (1996) in pressure depleted

gas reservoirs in the Magnus Field, North Sea. It was shown that, for two abnormal

pressure conditions, overpressured (low effective stress) and pressure-depleted (high

effective stress), neglecting the pressure effect results in anomalously high and low

sonic porosities, respectively. Sonic log data in partially pressure-depleted Cooper

Basin gas fields are consistent with the velocity-effective stress relationship obtained

from the laboratory measllrements. An empirical correction factor is proposed for the

pressure effect on sonic log response in the Cooper Basin wells (dV,,/dP" = 79.35.-ooto,

where V,, is in m/s and P is elfective stress in MPa).

The potential exists to use the velocity ratio (V,,/V") to detect fluid type and saturation

status under in situ reservoir effective stress. The possibility of predicting of V_ from

Vn, was demonstrated for both air- ¿rnd water-saturated conditions over a range of

effective stresses for the sandstone reservoirs of the study area.

The strong stress sensitivity and the distinct V,,/V- values for air- ald water-saturated

Cooper Basin cores indicate that dynamic changes in pressure and saturation of the
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reservoir rocks rnight ¿rlso be detectable from sonic travel time and time lapse seismic

(4D)

Although these results refèr specifically to Cooper Basin reservoir rocks, the methods used

and results of this study have direct irnplications for reservoir rocks elsewhere.

11.4. Future Studies

Within the time constraint of a PhD study a number of interesting and practically important

observations were made on the influence of effective stress and fluicl saturation on acoustic

velocities in low to moderate porosity shaly sandstones. There is still much to be done

within this field to refine and extend the work presented in this thesis. The following are a

few suggestions fol further work.

Although the influence of effective stress on acoustic velocities in rocks has been

known for many years there is no published calibration chart to correct sonic log

readings for the variation of in situ reservoir pressure. It would be very useful to

generate an atlas of velocity-pressure plots for different rock types saturated with

different pore fluids and under various saturation conditions. The outcome not

only would help petrophysicists and log analysts in more accurate interpretation of

sonic log data but also could be useful in pore pressure prediction from seismic and

reservoir monitoring through time lapse seismic (4D).

a

o

a

This thesis qualitatively showed the importance of pore geometry and grain contacts on

the velocity of elastic waves in rocks. A future study should focus on clefining

parameter(s) which could provide quantitative description of the pore geometry of

the rock samples to used to link the acoustic and petrographical properties.

Petrographic image analysis (PIA) techniques should be very useful for this purpose.

The observation that velocity ratio (Vr/V.) is related to the degree of saturation

has been demonstrated fbr the first time in this study and should be investigated

further. The use of capillary pressure curves ancl wettability data to describe the scale

of saturation heterogeneity and its relationship to acoustic velocities may provide useful
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a

a

information on the saturation status of reservoir rocks from seisrnically derivecl interval

velocities.

Although a study of wave attenuation was not within the objectives of the present

project, data on compressional and shear wave attenuation were also collected during

laboratory measurernents. Investigation of wave attenuation characteristics may reveal

such information as lithology, type and degree of saturation, and permeability. It is

recommended that attenuation data be compared to petrophysical and lithological

properties of all studied samples. The identification of effective stress coefficients

for the wave quality factors presented in Chapter 7 is novel and more studies are

recommended for other rock types under a wide range of frequencies to verify this

observation.

Ilobust theoretical models are needed to extrapolate the ultrasonic data to other

frequencies and spatial scales. Laboratory results presented in this thesis provide a

useful set of acoustic data for modelling and theoretical development.
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Appendix A

Nomenclature

O¿

a

Symbol Description

A,a.

P
p

k
k¿

k¡
k,r,

Pcap

V"

Vcl

M
P.
e

R

Pctorur"

f.
P(br)

P"
N
a
Pr
Gts"n,l

Gr.hnl"

Gr-roe

Aspect ratio
Attenuati on coefficient

attenuation coefficient i ncrement

Average pressure (helium porosimetry
Bulk density
Burlk rnodulus
Bulk modulus of dry rock
Bulk rnodulus of fluid
Bulk rnodulus of matrix
Capillary pressure

Chamber volume (helium porosimetry)
Clay content
Compressional modulus
Confining stress

Contact angle

Correl ation coefficient

Crack-closure stress

Critical wave frequency
Density of buffer-rod

Density of buffer-rod at atmospheric pressure

Density of water

Differential pressure
Diffracting ability factor
Diffraction phase shift

Distance from transducer

Effective stress
Effèctive stress coefficient
Flow rate
Flr"rid density
Gamma ray log in sandstone
G¿rmma ray log in shale
Ganrma ray log reading

Unit

dB/cm

MPa

Pa
g/cm3

GPa
GPa
GPa
GPa
kPa

a,r.t'

Vo, fraction
GPa
MPa
Radian

MPa

Hz
g/crn

g/cm

g/cml

MPa

Po

P*

P¿

H
q

7.

"tr,t/sg/cmi
API
API
API
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K.\

Pnt
vm

L

K¡
a/

tl
mmstb

s,.

sn

S

K
arp

Pp

Vpore

0
Ap
pl

Qp
vp
Vo(br)

V¡
Vnt

rc.

Gas permeability
Grain density
Grain volume
Interfacial tension

Liquid permeability
Measured attenuation coefficient

Measured travel time

Million standard barrel

Normalised distance for the mth echoes

Normalised distance for the nth

Normalised distance from transducer

number (-3.14)
Path length (pulse)

Permeability
Phase difference
Pore pressure
Pore volume
Porosity
Pressure fall
Pressure fall (helium porosimetry
P-wave quality factor
P-wave velocity
P-wave velocity in buffer-rod

P-wave velocity in fluid
P-wave velocity in matrix
Radius of capillary

Reference pressure (helium porosimetry
Reference volume (helium porosimetry
Reflection coefficient

Regressi on coefficien ts i n velocity-stress equation

Sample length
Sample mass (dry)
Sarnple mass (partially saturated)

Sample pore volume

Sarnple surface area

Sarnpler bulk volume
Shear modulus
Shear modulus
Shear modulus of dry rock
Si ngle frequency velocity

Spectral amplitude (bottorn reflection)

rnD
g/cml

3
CITì

N

mD

S

cm

ctTl

cm

lt
Ax cm

mD

Pr

R(f)

A,B,D

L
IÏì¿

ITlps

Vpor.e

A
vt
p
G

It¿
v(Ð

Az(Ð

K

MPa
Cm3
Vo, fracl.ion
Pa

Pa

ln/s
m/s

m/s
m/s

cm

Pa
a,o'

cm
ob
o

3
CM

2
CITì

3cm
GPa

GPa
GPa
m/s
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Ar(Ð

Q.
V,
V.(br)

a

At

tcf

dV/dP

VGR

V/V'

Spectral amplitude (top reflection)

S-wave quality factor
S-wave velocity
S-wave velocity in buffer-rod

Transducer diameter

Travel time difference (pulse)

Trillion cubic feet (10r2 ft3)

Velocity gradient

Velocity gradient ratio

Velocity ratio
Viscosity
Water saturation
Wave frequency
Wave quality factor
Wave transit time
Wave transit time in fluid
Wave transit time in matrix
Vy'ave velocity
Wavelength

Weight
Principle peak height (XRD)

m/s
m/s

cm

'rl

Sw
f
a
Dt
Dtr
Dttn

V
¡.

w

cP

7o

Hz

ps/rn
ps/m
ps/m
m/s
cm

fraction
mmI
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Appendix B

List of core and log data used in Chapter 3



Well name: Toolachee-3

Depth
(m)

Q Core
Vo)

Sw
(7o)

Dr V.t
(fraction)(ps/m) (

2t97.6
2t97.9
2t98.2
2198.5
2198.8

2t99.1
2t99.4
2199.1
2t99.1
2200.0
2200.3
2200.6
2200.9
2201.5
22t8.4
22t8.9
2219.2
2219.1

2220.0
2220.5

2220.9

2221.3
2221.6
2221.9
2222.1

2222.4

2223.0
2223.4
2223.1

2224.0
2224.9

2225.2
2225.5
2228.9
2229.2
2229.3
2229.5
2229.8
2230.2

2230.4
2230.8
2230.9
223t -2
2231.6
2231.1
2231.1
2231.8

241.0

240.6

242.8
239.2
238.t
241.9

249.5

250.6
250.6
248.4
247.1
256.t
271.4
251.6
254.1
263.5

27 t.5
255.4
245.6
216.8

302.1

289.0
282.6
291.4

292.3
294.1

299.2
285.5

282.5
216.1

300. r

292.1

286.0
245.6
242.1
242.6
246.t
261.8
218.3

258;7
268.2
2(¡5.4
261.2
263.8
260.8
262.2
266.2

I 1.9

5.1

10.5

t2.2
t2.9
r r.9
tz.5
1 1.5

l0. t

14.2

19.8

23.4
14.0

I t.1
l4.l
14.0

t4.l
I 1.8

10.4

18.8

21.9
r3.9
t4.5
t3.4
22.6

18.9

r9.0
t].4
19.9

t7.0
22.9

18.2

15.9

I t.3
8.5

7.8
I 1.0

r3.3
16.3

13.9

t4.3
t2.8
t7 .6

12.1

I t.4
t4.3
t2.5

0.5

0.5

0.5

0.4

0.4
0.3

0.3

0.3
0.2

0.2
0.2
0.t
0.2
0.3

0.3

0.2
0.2

0.2

0.1

0.1

0.1

0.t
0.0
0.0

0.0

0.0

0.1

0.1

0.t
0.2

0.2
0.5

0.4
0.4
0.3

0.2
0.2
0.2

0.2
0.2
0.2
0.t
0.1

0.1

0.1

0.t

5 3.0

-53.0

5 3.0

53.0
53.0
53.0

38.0

38.0
38.0

38.0
3 8.0

27.0
21.0
3 t.0
3 r.0
31.0

3r.0
3 1.0

14.0

r4.0
r4.0
13.5

13.5

r0.0
r0.0
r0.0
15.0

15.0

t5.0
l 5.5

I 5.5

t1.5
83.0
83.0
83.0
83.0
83.0
46.0
46.0

40.0
40.0
36.0

33.0
3 3.0

33.0
3 3.0
28.0

00
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Toolachee-3 Continued :

Depth
(m)

Dt
(ps/m)

Q Core
(7o)

Sw
(vo)

V.t
(fraction)

2232.0
2232.3

2237.4

2237.7
2238.0

2238.1
2238.6

2238.8
2239.2
2239.5

2239.6
2239.8

2240.0
2240.5
2240.8

224r.r
2241.5
2241.9
226t.r
2261.3

226t.9
226t.9
2262.2
2262.5
2263.1

2263.4

2263.9
2264.6
2264.8
2265.1

2265.3
2265.6
2265.9
2266.t
2266.4
2266.1
2215.2
2215.6
2216.r
2216.6
2276.8
2211.2
2217.5
2211.8

2278.O

2218.4

272.r
284.4

241.8

253.9
255.8

254.9
250.3

254.4
277.8

216.2
271.2
261.2
279.7
289.5
288.2

283.8
280.3
219.3
252.6
254.1

240.8
238.7

231.2
254.2
263.5

252.1
236.1
251.1
25t.1
249.4

259.0
264.1

265.2
259.0

254.2
253.2
243.3
243.t
244.5
263.5
262.5
250.8
253.5

266.1
268.3
269.t

14.8

t5.4
12.9

14.9

t4.3
13.8

10.8

13.1

r 5.5

I 3.9
t4.9
r6. l

t9.8
l 3.5

22.t
l 8.6

l7 .9
r 9.6
r0.7
I 1.9

10.0

t0.1
t.)
t2.3
l l.0
l2.t
8.t
r2.6
t2.8
1 3.5

13.1

r0.8

t8.2
t7.6
t4.2
t2.t
l0.l
9.5

r r.6
13.5

l3.l
14. I

t3.1
r5.5

t].l
r 5.9

0.1

0.3

0.3

0.3

0.3

0.3
0.3

0.3

0.2
0.t
0.1

0.1

0.1

0.1

0.r
0.0
0.0

0.3
0.3

0.3

0.4

0.5

0.5

0.2
0.2

0.4

0.2
0.2
0.2
0.t
0.0
0.0

0.0
0.0

0.5

0.6
0.5

0.4
0.1

0.1

0.1

0.1

0.1

0.t
0.1

0.1

28.0
89.0

89.0

89.0
89.0

89.0
89.0

39.0
39.0

39.0
39.0

39.0
26.0

26.0
26.0

23.5
23.5
14.0

14.0
7 4.0

16.0

16,0
76.0

16.0

16.0
80.0

80.0
80.0
800
80.0

80.0
80.0

80.0
80.0

80.0
r 00.0
r00.0
100.0

r00.0
r00.0
100.0

t00.0
r00.0
r00.0
r00.0
r00.0
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Well Name: Toolachee-6

Depth
(m)

Q Core
(vo)

Sw
(vo)

Dr V.t
(fraction)(ps/m)

2271.1
2211.4
2211.7

2278.0
2278.1

2279.0

2279.3

2219.6
2219.9
2280.2

2280.5

2280.8
228t.1
2303.2
2303.5

2303.8

2304.3
2.304.7

2304.9

2305.6
2305.8
2306.6

2306;l
2313.0

23t3.3
23t3.1
2315.2
23t5.5
2315.9
23t6.2
2316.5
23t6.8
23It.l
23t1.4
2311.1
23 r 8.0
23 r8.3

23t8.6
23t8.9
2319.2
23t9.8
2320.1

2320.4
2320.1
2321.0
2321.1

232t.3

243.6
246.9
244.5

265.4
290.2

295.3

285.8

269.9
276.3

303.4
296.4

282.4
249.5
24t.1
244.1
260.0

210.6
242.6

243.3

260.1
263.2
255.6
261.3
267.1
25t.6
259.9
253.6
260.9

26t.4
262.3
252.8
238.1

241.9
248.1
235.8
233.8
250.6

260.1

255.3
245.3
236.8
244.O

248.1
233.8
225.9
225.1
234.5

8.4

I t.1
9.8
12.3

16.0

r 8.I
17.8

r 6.6
t 9.l
r5.5
t8.3
r8.0
t2.1
9.0

8.1

r3.9
13.8

l9.l
15.4

t3.2
21.3
20.4

20.3
t7.t
16.7

r 6.9
20.5
17.8

16.4

15.0

t3.2
8.7

13.8

r0.0
10.7

t2.8
r3.8

I t.4
I t.9
10. I

r3.0
il.5
9.4
6.1

3.t
8.5

13.2

0.5

0.5

0.3

0.3

0.2

0.2

0,r
0.r
0.1

0.t
0.1

0.2

0.2
0.2

0.1

0.t
0.1

0.1

0.2

0.t
0.t
0.1

0.1

0.0

0.0
0.0
0.1

0l
0.1

0.r
0.t
0.2
0.2
0.2
0.2
0.3

0.2

0.2
0.2

0.2
0.3

0.3

0.3

04
0.4
0.4
0.3

42.0
42.0

42.0
42.0
3 r.5

3 r.5

r 8.0

r8.0
r8.0
t] .5

11.5

t] .5

r6.0
17.0

l7.0
t1.0
16.3

6.0

6.0

9.1

1.5

1.5

1.9

r9.0
r9.0
r8.7
17.0

t5.7
t5.1

t5.1
r 8.7

r8.7

50.5

50.5
50.5
50.5

88.0

88.0
50.5

50.5
63.0
66.0
66.0
660
(16.0

7l .0
71.0
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Toolachee-6Continued :

Depth
(m)

Dr
(Us/m)

Q Core
7o)

V.l
(fraction)(

Sw
(vo)

232t.6
2322.0
2322.6
2322.9
2323.2
2323.5
2323.8

2324.1

2324.4

2324.1

2325.0
2325.3

2325.6
2325.9
2326.2
2326.5
2326.8

2327.1
2327.4
2321.1

2328.4
2328.7

2329.0
2329.3
2329.6
2329.9
2330.2
2330.5
2330.8
2331.4
233t.7
2332.0

232.8
239.0
249.6
243.2
233.5
225.1
233.0

253.r
255.0

232.4

239.9

262.2
272.9

265.6
264.5
260.8

253.9
252.8
256.8
264.8

246.t
240.1

252.5
243.3
229.6
230.r
240.4
236.0

229.5
245.4
250.8
246.5

t.J
r 3.0
9.5

l2.l
7.0
8.6

14.2

14.6

r3.3

4.4
t2.8
l 6.8

t 5.4

16.0

15.8

14.2

8.8

r4. t

t4.l
r3.8
12.2

14.5

15 3

r 1.8

t2.4
14.9

r4.0
r0.9
13.6

l4.l
r5.6
t2.3

0.3

0.3

0.2
0.3
0.3

0.3

0.2

0.2

0.2

o.2

0.2

0.2
0.2

0.1

0.1

0.1

0.2

0.2
0.2
0.2

0.2
0.2

0.2
0.2
0.2
0.1

0.1

0.1

0.1

0.1

0.1

0.3

64.0
64.0
46.O

46.0
46.0

7 8.0

78.0

78.0
43.5

43.5

52.5

43.0
43.0

43.0

43.0
4'7.5

4',7.5

5 8.0

58.0
5 8.0

51.5

80.0

80.0
1l ,0
71.0
75.0
82.0
82.0
82.0
98.0
8l .0
81.0
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Appendix C

Acoustic velocities in dry samples



Sample Name: Dl

P. (MPa) V" (m/s) V- (m/s) V"/V" G (GPa) k (GPa)

60

50

40

30

20

l5
l0
5

4671

4629
4555

4423

4208
4060
3860

3623

3052
3018

2964

2865
21 t6
2626

2495
2364

1.53

1.53

r.53

t.54
t.54
|'54
1.54

l.53

22.(¡

22.1

2t3
19.9

t7.9
t6.1
r5 r

r 3.6

22.8

22.5

2l.9
20.9

l9 I

t].6
r 6.0

r3.8

Sample Name: D2

P" (MPa) V" (m/s) V. (m/s) V"/V. G (GPa) k (GPa)

60

50

40
30

20

t5
t0
5

4535

4471

431 t

4t84
3895

3687
3436
3t24

30r1
2991
2935
2839
2610

2541

231 I

2154

r.50
1.50

t.49
t.41
t.46
]l45
t.45
t.45

21.8

21.4

20.6

r 9.3

r7.0

l 5.5

t3.4
lt.l

20.2

19.4

t8.2
16.2

13.5

I 1.8

r0.3

8.5

Sample Name: D3

P" (MPa) Vo (m/s) V. (m/s) Vn/V. G (GPa) k (GPa)

60

50
40

30

20

l5
l0

4282
4227

4t45
4009

3193
3604
3319

2819
2183
2123

2625

2472

2346

2188

t8.2
17.8

r7.0
r5.8

t4.0
t2.6
r 1.0

t.52
1,52

t.52
r .53

r.53
t.54
1.54

17.1

t].3
t6.1
r 5.8

14.3

r3.0
I 1.5

Sample Name: D4

P" (MPa) V" (m/s) V. (m/s) V"/V" G (GPa) k (GPa)

60
50
40

-1t,

20

I5
l0

4603
4543

4431
+z)J
3925
3683
3401

2965
2912
28t9
Ltltõ

2460

2288
2057

1.55

r.56
t.51
I <Ol.Jo

1.60

r.6l
l.66

20.2
r9.5

r8.3
tl <

I 3.9

t2.0
9.1

2t.8
2t5
20.8
tcl,)

r6.9

15. r

t3.1
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Sample Name: D6

P. V" (m/s) V. (m/s) V"/V G (GPa) k (GPa)

60

50

40
30

20

l5
t0

4340

4251

4086

3886

3539

3323
3035

2930
2878
219t
2649
2428

2259

2050

r.48
1.48

t.46
t.41
t.46
t.41
r.48

19.8

r9. t

r8.0
t6.2
r3.6
il.8
9.7

17.0

r 6.3

t4.6
1 3.3

r0.8

9.8

8.3

Sample Name: D7

P" (MPa) V, (m/s) V. (m/s) Vn/V. G (GPa) k (GPa)

60

50

40

30

20

l5
l0
5

4529

4411

4390

4250
4002
378 r

3580

32t8

297 I

2938
2882
2192

2632
2485
2355
2r26

|.52
]'52
t.52
]|52
1.52

l'52
t.52
l.5l

20.6

20.1

t9.4
t8.2
t6.2
t4.4
12.9

10.5

20.4

t9.9
19. I

t].9
r 5.8

t4.2
lz.7
r0.l

Sample Name: D8

P. (MPa) V" (m/s) V" (m/s) V"/V" G (GPa) k (GPa)

50

60

40
30

20

l5
r0

4595

45 30

441 I

4251

3984
3114

3564

3020
298 I

2896
2798
2606
2412
2299

1.52

t.52
t.52
1.52

r.53

r .53

r.55

20.9

20.4

t9.2
11.9

r5.6
14.0

t2.l

20.5

r9.9

r9.0

t] .6

r5.6
14.0

t3.0

Sample Name: D10

P" (MPa) V" (m/s) V. (m/s) V"/V. G (GPa) k GPa)

60

50

40

30
20

4t92
4132
4016

3 835

351 4

21 t3
2104

26t]
2520
2329

r.55

r.53

r.53

1.52

I .53

16.t2
16.0 I

15.00

13.90

I r.88

17.00

t6.04
t5.32
r 3.68

12.14
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Sample Name: Ml

P. (MPa) V" (rn/s) V. (m/s) VJV" G (GPa) k (GPa)

50

60

40

30

20

l5
t0
5

5064

5025

4941

48r1
4619

4487

4306
4099

3384

3350

3292

3 l9l
3034

2939
2815

2149

r.50
1.50

r.50
1.5 l

t.52
r.53

r.53

t.49

28.4

21.8

26.9

25.2

22.8

2t.4
r9.6
r 8.7

25;7

25.5

24.9

23.9

22.5

2t.4
19.8

t6.1

Sample Name: M2

P" (MPa) V,, (m/s) V. (m/s) Vn/V. G (GPa) k (GPa)

60

50

40
30

20

l5
l0
5

494t
4896
4824

41 tt
4549

444t
4260
4l l0

3338

33rI
3210

3t97
3154
3060

2931
281 I

r.48

1.48

r.48

1.41

1.44

1.45

1.45

t.46

21.3

26.9

26.2

25.0

24.4

22.9

2t.0
19.4

23.4

22.9

22.1

2t.0
t8.2
t7.1
16.4

1 5.6

Sample Name: M7

P" (MPa) V" (m/s) V, (m/s) Vn/V. G (GPa) k (GPa)

60

50

40
30

20

l5
t0
5

5 107

501 4

50 r6
4910
4151

4638
4509

4385

3323

3303

3254
3lt0
3028
2923

280z
2695

ll54
t.54
1.54

r.55

1.51

1.59

l.6l
r .63

28.3

21.9

21.t
25.1

23.5

2t.9
20.t
r 8.6

29.0

28.1

28.3

21.4

26.5

25.9

25.2
24.4

Sample Name: M8

P" (MPa) Vo (m/s) V" (m/s) Vo/V. G (GPa) k (GPa)

60

50
40

30
20

l5
l0
5

5073

5025
4962

4836

4629

4490

4308
4090

3344
33t4
3269

3 t83
3012

2981
2869
z13t

1.52

t.52
t.52
1.5'¿

I .51

r.50
r.50
r.50

28.1

21.6

26.9

25.5

23.1

22.4
20.7

18.8

21.2

26.1
2(¡.1

¿4.tt

22.2

20.8
l9.l
t] .l
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Sample Name: M10

P" V, (m/s) V" (m/s) Vn/V. G (GPa) k (GPa)

50
60 5219

5 r86
5l 16

501 8

4846
4123

4581

4435

341 I

338 I

3328
3234
3084

2952
28r1
2103

t.53
1.53

r.54

r.55

L51
r.60
r.63

1.64

292
28.1

21.8

26.2

23.9

2t.9
t9.9
r8.3

29.4

29.2

28.6

28.2

2l.t
26.8

26.2

24.9

40

30

20

l5
l0
5

Sample Name: Mll

P" V' (m/s) V. (m/s) Vo/V. G (GPa) k (GPa)

50

60

40
30

20

l5
l0
5

5295

526t
52t4
5 139

5020
4948

4860
4160

3412
3439
3400

3343
3251

32t6
3t82
3 r05

r .53

r.53

L53
r.54
t.54
t.54
r.53

1.53

30.8

30.2

29.5

28.5

21.0

26.4

25.9

24.6

30.5

30.4

30. I

29.4

28.4

21.3

25.8

25.0

Sample Name: M13

P" Vo (m/s) V. (m/s) Vo/V G (GPa) k (GPa)

50

60

40
30

20

l5
l0
5

5038
4998

4926
4820

4643

453t
4380
4t99

3282
3252

3193
3l 10

2962

2865
21 10

2602

1.54

l'54
t.54
r .55

l,51
r.58

1.62

1.61

26.1

26.2

25.2

23.9

21.7

203
182
16.8

21.3

21.0

26,4

25.6

24.4

23.1

23.3

21.3

Sample Name: Sl

P. (MPa) V" (m/s) V. (m/s) V"/V G (GPa) k (GPa)

50

60

40
30

20

l5
t0
5

4490
4445

4355

42tO
3910
3800

3600
3350

2940
2920

Zð)U

2790
2645

2510
2400
2200

r.53

t.52
I .)J
t.5 I

r.50
I .48

r.50
I.52

202
20.o

I v.u
t8.2
t6.4
t5 5

r 3.5

t2.t

20.2
r9.6
t') .\t

172
r5.l
13.2

12.4

to.2
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Sample Name: 52

P. (MPa) V" (m/s) V. (m/s) Vn/V* G (GPa) k (GPa)

60

50

40

30

20

t5

t0
5

4602
4553

4464

4300

405 I

3855

3674
3429

303 r

3006

2964
28'74

2139

2629

25t3
2358

t.52
l.5l
L5l
t.50
r .48

t.41
1.46

t.45

22.0

2t.7
2t.o
r 9.8

t8.0
r6.6
l5. l
r3.3

2t.4
20.8

t9.7

t'l.9
t5.4
I 3.5

t2.2
10.4

Sample Name: 53

P" (MPa) V" (m/s) V. (m/s) V"/V* G (GPa) k (GPa)

60

50

4276

4230

4lr8
4050

3810

3654

2130

21 l0
2650
2600

25t0
2334

r.57
r .56

1.55

1.56

1.52

|.51

t6.2
r 5.9

15.2

t4.1
t3.1
l r.8

l8.l
t7.6
r6.5

16.0

r3.3
13.2

40

30

20

l5

Sample Name: 54

P" (MPa) V,, (m/s) V. (m/s) Vn/V* G (GPa) k (GPa)

50

60

40

30

20

t5

l0

4120

4094

4033

3914
3698

3532
3322

2689

2613

2644

2585
2413

2319

2225

1.53

t.53
1.53

r.5t
t.50
r .48

1.49

l5.42
15.23

r 4.90
14.24

r 3.03

t2.06
10.55

r5.63

15.44

r 4.80

t3.61
I 1.78

10.51

9.46

Sample Name: 55

P,, (MPa) Y,. (m/s) V" (m/s) V^/V" G (GPa) k (GPa)

60
50
40

30
20

t5

l0
5

4282
4244

4t75
40_59

385 I

3698

349 I

3 t88

2799
2't76
2139
2614
2543

2443
¿¿94

205 I

1.53

r .53

|.52
l,52
1.5 I

t.5 I

l.)¿

r .55

11.3

l7.0
r6.6
15.8

14.3

13.2

I 1.O

9.3

l7.5
t] .l
l(t.4
t54
t3.7
12.1
ll II l.+

r0.l
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Sample Name: 56

P. (MPa) V" (m/s) V" (m/s) V"/V G (GPa) k (GPa)

60

50
40
30

20
r5

l0

44t3
438 I

4330
4221

3959

3754
3499

2856
2840
2812
216t
26t'7

2489
2314

r.55

|.54
t.54
r.53

1.5 I

l.5l
t.5l

I8.48
t8.21

t7 .91

t1.21
t5.52
t4.04
t2.t3

t9.49
19. t3
I 8.61

t] .35

t4.82
13.22

1 1.56

Sample Name: 57

P. (MPa) V" (m/s) V- (m/s) V"/V. G (GPa) k (GPa)

60

50

40
30

z0
t5
l0
5

40r 6

3995
3942
382'l
3576
3404
3 r9l
2834

2848
28t3
2184
2727

2511

247 |
2324

2084

L41
t.42
1.42

1.40

1.39

1.38

1.31

r.36

l 8.7

18.3

t] .9

t1.2
I 5.3

l4.l
12.5

10.0

12.3

t2.5
t2.0
10.9

9.1

8.0

6.9

5.2
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Appendix D

Acoustic velocities of water-saturated samples



Sample Name: Dl

P" (MPa) V,. (m/s) V" (m/s) V"/V. G (GPa) k (GPa)

50

60

40
30

20
r5
l0
5

0

4109

4680
4635

4572
4444

4350
4239

4096
3't14

2922

2819
2825
2165

2633

r.6 t

r.63

t.64
r.65

1.69

2t.3
20.1

19.9

t9. r

t] .3

27.0

21.t
21.1

26.8

263

Sample Name: D2

P" (MPa) V" (m/s) V" (m/s) Vo/V G (GPa) k (GPa)
s

60

50

40
30

20

t5
t0
5

4592
4560
4481

4393
4241

4082
3921

3175

2885

2822

2185
2682
2555
2431

l.59
t.62
t.6l
r.64

r.63
1.66

20.6

t9.1

19.2

t 7.8

t6.1
r5.0

24.1

25.2

24.2
24.0

22.3
2t.3

Sample Name: D3

P. (MPa) V" (m/s) V, (m/s) V"/V. G (GPa) k (GPa)

60

50

40
30

20

t5

4257

4228

4t?8
4t04
3987

390 I

2669

2642

2582
2534
2426

r .59

r.60
t.62
t.62
1.64

t].2
t6.9
16. r

r 5.5

t4.2

20.8

20.1

20.1

20.o

19.5

Sample Name: D4

P. (MPa) V. (m/s) V" (m/s) V"/V" G (GPa) k (GPa)

60

50
40
30
20

t5
l0
5

4615
4513
4503

4436
4296

4t66
4033

3834

2884
2823
2717

210t
2599
2464
2321

2t34

r.60
1.62

t.62
|.64
r.65

r.69
t.13
1.80

20.2

t9.4
18.7

I t./
t6.4
14.8

13.2

il.1

24.8
25.0

24.3
¿4.¿

23.0

22.5
22.0

21.0
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Sample Name: D6

P"(MPa) V,., (m/s) V" (m/s) V"/V G (GPa) k (GPa)

50

60 4413

4312

4289

4180
404'1

3932
3786
36 r0

282t
2768

2121

2611

2485
2384
2266

2t48

r.56
r.58

r58
r.60
1.63

r .65

1.61

r.68

t9.2
r8.5

11.9

r6.6
t4.9
t3.1
12.4

I t.2

2t.5
21.5

20.6

20.2

t9;l
r9.l
t8. I

r6.6

40

30

20

15

l0
5

Sample Name: D7

P. (MPa) V. (m/s) V. (m/s) V"/V. G (GPa) k (GPa)

60

50
40
30

20

t5
l0
5

4499

4468

4404

4325

4 r90
4093

3980

383 l

2791

271 I

2128

2642

25t0
2411

r.6 r

L6l
r.6t
|.64
t.67
1.66

r9.5

19.2

r8.6
17.4

15.1

t5.2

24.5

24.3

23.6

23.5

22.9

2t.5

Sample Name: D8

P" (MPa) V" (m/s) V. (m/s) V,,/V. G (GPa) k (GPa)

60

50

40
30

20

r5

l0

4635

45 86

4532
4435

4281

Sample Name: D10

P" (MPa) V" (rn/s) V. (rn/s) V"/V" G (GPa) k GPa)

60

50

40
30

20
l0

4202

4155

4060
3916

-1t5yy

3829

2635

2616
2511

2500
L)))

2250

r.59
r.59
r .61

r .59

t,UU

1.70

16.2

r6.0
14.8

14.6

I J.U

r r.8

19.6

r9.0
r8.8

t].5
ro 2

r8.5
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Sample Name: Ml

P. (MPa) V" (m/s) V- (m/s) V,./V. G (GPa) k (GPa)

50

60 5084

5044

4989

4928
4843

4192

47 56

3280

3245

3181

3l l5
2985
2949

r .55

L55
1.57

r.58

t.62
r.63

21.2

26.6

25.5

24.5

22.5

21.9

29.0

28.8

28.8

28.6

29.2

28.1

40
30

20

t5
t0

Sample Name: M2

P. (MPa) V. (m/s) V- (m/s) V"/V" G (GPa) k (GPa)

60

50

40
30

20

l5
r0
5

491 I

4945

4903

4842
47 51

4691

4638
4526

3246

3224

3 186

3137

3059

3004

2951

z83t

1.53

r.53

1.54

ll54
1.55

r.56

t.57

r.60

26.5

26.1

25.5

24.1

23.5

22.1

2r.9
20.2

26.8

26.6

26.4

26.0

25.4

25.2

24.9

24.1

Sample Name: M7

P. (MPa) V" (m/s V" (m/s) V,./V G (GPa) k(GPa)) S

60

50

40
30

20

l5
t0

5092
506 r

4989

4929

48 l5
4646
4351

25.1
24.1

24.t
22.9

21.8

19.9

32.1
33.2

32.1

32.2

30.8

29.t

3 153

3092
3055

2918
2908

2119

t.6l
1.64

r .63

r.66

r.66

t.61

Sample Name: M8

P" (MPa) V, (m/s) V' (m/s) V"/V. G (GPa) k (GPa)

60 5132
5 r09
s067

500 I

4882
4189

4660
450 l

3209

3t92
3140

307 I

2941

2856
21 t6
2550

r.60
r.60
r .61

r63
t.66
1.68

t.12
|.11

26.3

26.0

25.2

24.t
22.2

20.8

r 8.9

r6.6

32.2

32.0

32.0

3r.8
3 1.3

30.8

30.4

29.6

50
40

30

20

l5
t0
5
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Sample Name: M10

P" (MPa) V. (m/s) V, (m/s) V./V. G (GPa) k (GPa)

50

60 5 165

5t42
5 104

503 l

4895

48 t3
4722

451 t

3236

3224

3 160

3088
2920

r.60
r.60

t.62
1.63

r .68

26.1

26.5

25.5

24.3

21.7

32.4

32.t
32.5

32.1

32.t

40

30

20

t5

l0
5

Sample Name: Ml1

P" (MPa) V" (m/s) V. (m/s) V"/V. G (GPa) k (GPa)

50

60

40

30

20

t5

t0
5

5234

5209

5 163

5 102

4997

4938

481 5

4852

3291

3212

3225

3t41
3023
2935

28.1

21.7

26.9

25.6

23.1

22.3

1.59

r .59

1.60

t.62
r.65
r.68

33.4

333
33. I

33.2

33. r

33.4

Sample Name: M13

P. (MPa) Vo (rn/s) V. (m/s) Vo/V, G (GPa) k (GPa)

55

45

35

25

20

t5
t0
5

0

498 l

4938

485 3

41 t2
4633

4594

4519

4452
4405

3091
3055

2996
2948

24.2
23.6

22.1
22.O

I .61

t.62
t.62
1.60

30.4

30.2

29.3

26.8

Sample Name: S1

P,, (MPa) Vo (m/s) V" (m/s) V,,/V* G (GPa) k (GPa)

60.0
50.0

40.0
30.0

20.0

r 5.5

r0.8

4.8

445 t

4401

434 t

423(t

4083

40 r3

39 r0
3799

2153
21 13

2(t6l
2570
245t
238 I

t.62
t.6'2

r .63

r .65

t.61
r.69

18.53

tð.ut
11.39

r6,15

t4.10
r3.87

23.14
¿3.)\)
2290
22.36

2t.17
20.90

A¡r¡rcndix D D5



Sample Name: 52

P" V. (m/s) V. (m/s) Vo/V G (GPa) k (GPa)

60

40

30

20

l5
l0
5

4551

4528

4466
4369

4230
4t4t
4031

3892

2855

2833
2185
2722

2624

2563
2413

1,60

r.60
r.60
r.60

r.6t
t.62
1.63

20.0

19.1

t9.l
t8.2
r 6.9

16. r

15.0

24.3

24.t
23.6

22.6
21.4

20.6

20.0

50

Sample Name: 53

P. (MPa) V" (m/s) V. (m/s) V,/V G (GPa) k (GPa)

60

50
40
30

20

l5
l0

4235

4 t83
4154
4087

3965
3878

37 51

2582
2546

25t4
2469

231 I

23t3
2145

t.64
1.64

r .65

r.66

t.61

r.68
1.15

r 5.5

l5.l
t4;7
t4.2
r3.I
tz.5
r0.7

21.0

20.6

20.5

20.0

t9.2
18.4

18.6

Sample Name: 55

P" (MPa) V' (rn/s) V, (m/s) V,,/V. G (GPa) k (GPa)

50
60

40

30

20
l5
t0
5

4225

4l 89

4138

4060
3944
3856

37 53

3593

26t8
2592
2541

2502
2381

2322

220t

r.6l
|.62
1.62

|.62
r.65

1.66

t .71

16. I

r5.8

15 .3

14.7

t3.4
t2.1
1.4

20.5

20.2

t9.9
l9.l
18.7

r 8.1

t] .9

Sample Name: S6

P" (MPa) V" (m/s) V- (m/s) V"A/. G (GPa) k (GPa)

60

50
40
30

20

l5
l0

4303

421 I

42t8
4t4l
4016

3908

311I

2654

2636

2606
25 33

2435
2334

1.62

t.62

t.62
i .63

r .65

t.67

16.6

16.4

16.0

i5.2
14.0

t2.9

zt.6
2t.2
20.6

LU.J

19.4

r8.9
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Sample Name: 57

P" (MPa) V, (m/s) V, (m/s) VJV. G (GPa) k (GPa)

60

50

40

30

20

t5

3933
3891

3832
3143
3570

2687

2665
2604
2552
2431
231 I

t7.5
11.2

t6.4
15.8

14.3

r 3.6

r.46
|.46
l.47
t.4'7

t.4'l

t4.t
13.8

t3.1
t2.9
r 1.8
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Appendix E

Acoustic velocities of partially water-saturated samples



Sample Name: D4

P" (MPa) V" (m/s) V, (m/s) V G (GPa) k (GPa) Sw (7o)

50
40
30
t5

4569

4527

4467

4375
4 t5l

20.0

19.5

19. I

t] .6
t 5.1

2t.6
2t.4
20.1

20.8

r9.0

r9
l9
l9
l9
l9

60 2943
2903
2876
2759

2601

l.55
r.56
1.55

1.59

r.60

60
50

4553

4512
4456
4315

4239

4tt9

2903
2885

286s
2163

1.51

1.56

r .56

1.58

19.6

t9.4
l9.l
r7.8

3l
3l
3l
3l
3l
3l

22.r
2r.6
20.8

20.9
40
30

20

l5 2581 1.60 15.5 18.8

40

40

40

40

40

40

60
50

40
30

zo
l5

4563

4525

4461

4383

4251

4t59

2899

2863
2762

1.56

r.56

r.59

t9.7
19.2

r 7.8

21.1

2l.l
2t.2

60

50

4511

4539

4483

4405

4265

4t8r

2891

2880

2857

21 6t

r.58

1,58

t.57
1.60

19.1

r9.5

t9.2
17.9

22.9

22.4

21.1

21.7

41

47

41

41

41

41

40
30

20

t5
60
50

40
30
20

t5

4595

4557

4503

4414

427 4

4 t8l

2896
2886

2822

2758
2602

1.59

r.58

r.60
r.60

1.64

r9.8
t9.6
t8.8
t] .9

r6.0

23.4

22.8

22.8

22.0
2\.8

55

55

55

55

55

55

60

50

40
30

20
r5

2890
2865
280 r

21 44

2589

19.8

r9.5
r8.6
t] .9

15.9

4624

4587

4534

4459

4310
420r

r.60
r.60

t.62
1.63

t.66

24.3

24.0
24.0

23.4

22.9

61

61

61

61

61

61

60

50
40
30

20

l5
l0

1.62

t.64
r.65

1.67

t9.7
18.9

l8.l
t] .l

25.1

25.3

25.4
24.9

88

88

88

88

88

88

88

4628

4589

4538

4456
4309

4t95
4068

2865
2806

2143

2669
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Sample Name: D6

P" (MPa) V' (m/s) V. (m/s) V G (GPa) k (GPa) Sw (Vo)

60
50
40
30

8

8

8

8

29

29

29

29
29

60
50

40
30

20

4345

4212
4157

4023

2863
2821

275t
2611

1.52

I.5r
r.5l
1.50

r9.0
r8.5

t] .5

r6.6

r8.4
t1.6
r6.6
r5.3

60

50
40
30
20

2861

2838

216t
2697
2590

t.52
r .51

t.52
L5l
r .51

r9. r

18.7

t't.1
r6.9
l5. r

t8.7
11.9

t1.5
r 6.0

r 5.3

l5
l5
l5
l5
l5

4360
4297

4201

4074
3910

4364
4295

4209

4071

2865
2831

2757

2693
2536

t9.2
18.8

t7.8
17.0

15.0

t.52
I .51

r.53

r.5l

19.0

r8.l
t].1
t6.3

60

50
40
30

20

2864
2845
2"160

2704
2549

1.52

r .51

r.53

I.5r

19.3

19.0

n.9
t7.2
15.3

r8.8

r8.0
l7.8
t6.4

38

38

38

38

38

60

50

40
30

1.55

r.54

I .55

L54

t9.3
18.9

t].9
t].2

20.4

19.6

t9.2
17.8

56

56

56

56

435r
4294
42t4
4088

440't
4346
4259

4146

285 I
2825
21 45

2(t96

60
50
40
30

4425

4365

4261

4156

2858

2829
27 45

2687

I .55

t.54
r .55

r.55

t9.4
r9. r

t] .9

t].2

20.1

r9.9

l9.4
r8.2

65

65

65

6-5

60
50

40
30
20

4439

4379

4296
4r92
4026

28t7
2178

2695
2639
2525

1.58

r.58

r.59

1.59

r.59

19.0

r8.5

t1.4
t6.'l
r5.3

21.9

2t.3
2t.0
19.9

11.6

t8
'78

t8
78
78

60

50
40
30

4460
4403

4330

4230

r .56

1.58

t.51
r.60

r9.5

r8.6

t8.2
16.9

2t.8
2t.8
20.8

20.6

86

86

86

86

2850

2181

2151

2641
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Sample Name: M2

P" (MPa) Vn (m/s) V, (m/s) V,,/V, G (GPa) k (GPa) Sw (7o)

60

50
40
30

20

l5
l0

4923

4883

4830
4752

4662

4593

450'7

3r95
3180

3148

3014
3045

25.2

25

24.5

23.4

22.9

t.54
l'54
1.53

L55
r.53

26.3

25.6

25.0

24.1

23.2

3'7

3'l
)t
.'t I

31

5t
JI

60

50

40
30

20

l5
l0

4920
4887

4835

4175

4686
4621

4557

32t4
3 r58

3l l0
3098

2947

L53
1.55

r.55

|.54
1.59

25.6

24.7

24.0
23.8

2t.5

25.9

26.3

26.0

24.8

25.'7

50

50

50

50

50

50

50

60

50

40

30

20

l5
l0

4933

4900
485 r

4794

4102

4648

451 6

1.54

L54
t.54
1.55

L56
1.59

25.6

25.3

24.8

23.8

22.1

21.3

26.4

26.1

25.6

25,5

24.8

25.4

3201

3186

3154
309 I

3019

2925

62

62

62

62

62

62

62

60

50

40

30

20

t5
l0
5

90

90

90

90

90

90

90

60

50

4949

4923

4817

48 l6
41 4l
4691

4621

4546

3201

3t83
3t52
3015
3003

2900
2842
2668

t.54
r.55

1.55

t.57
r.58

L62
t.63
1.70

25.1

25.3

24.8

23.6

22.5

2t.0
20.2

r7.8

21

26.8

26.3

26.5

26.t
21.0

2(¡.6

21.9

17

17

11

71

17

11

7'l

40
30

z0
t5

t0

r.55

L55
t.54
r.56
1.51

r .59

26.0

25.1

25.3

24.0

23.3

21.9

4980
4950
4901

4846
4714

41 t8
4665

3222

3203
3117

3091
3049
2958

21.5

21.1

26.6

26.8

26

26.5
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Sample Name: M8

P" (MPa) V" (m/s) V, (m/s) v,,/v, G (GPa) k (GPa) Sw (7o)

19

79

19

79

l9
't9

19

19

60

50
40
30

20

l5
l0
5

60

50
40
30

20

t5
t0
5

5r65
5r37
5 100

5033

4927

4830
468 l
4418

3275

3247

3209
3t46
3045
2962

284'.7

2662

1.58

t.58
r.59
r.60
t.62
r.63

1.64

1.66

21.4

26.9

26.3

25.2

23.6

22.4

20.7

l8.l

3r.6
3l .5

31.3

30.9

30.4

29.1

28.3

25.7

5 154

5126
509 l
5029

4930
4834

4109
4456

3239
32r5
3t79
3099

2998
286 I

r.59
1.59

l.60
1.62

L64
1.69

26.8

26.4

25.8

24.5

22.9

20.9

32.1

31.9

3l.8
3t.9
3 r.5

3 1.8

86

86

86

86

86

86

86

86
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Sample Name: 51

P" (MPa) V" (m/s) V. (m/s) V,/V. G (GPa) k (GPa) Sw (7o)

60

_50

40

30

20

l5

4340
428'7

42t4
4094
3923
3199

2110

2742

2690
26t3
2498
2388

20.4

r9.8

19.2

18.2

t6.8
t6.2

34

34

34

34

34

34

64

64

64

64

64

64

60

50

t .51

r.56

1.51

t.51
t .57

r .59

t8.2
t7.8
t7.2
t6.2
14.8

13.5

60

50

40

30

20

r5

4341
4295

4220
4095
3931
3815

2160

2125

2676

259t
2484
2380

r .58

r.58

r58
1.58

r.58

r.60

18.2

t].1
l7.l
l6

t4.7
r3.5

20.8

20.4

t9.1
t8.6
t7.2
t6.1

41

41

47

41

47

41

40

30

20

t5

2t.6
2t.3
20.6

t9.8
r 8.7

t8.2

4313
4321
4255

4155

401 I

3883

2159

21 l1
2614

2602

2496

2370

r .59

r .59

r .59

r.60
r.6 t

t.64

t8.3
lt.1
17.2

16.3

l5
l 3.5

60

50

40
30

20

l5
l0

r.60
r.6r
I .61

t.62

r8.4
t7.8
17.2

r6.3

78

18

78

78

78

18

78

4418

4317

4313
42t3
4061

3955

3826

2761

21 t3
261 |

2599

22.6

22.6

22

2l.l
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Sample Name: 53

P" (MPa) V,(m/s) V, (m/s) V,/V, G (GPa) k (GPa) Sw (7o)

60

50

40
30

4200
4t58
4094
3998

8

8

8

8

22

22

22

22

22

60

50
40
30
20

2638
2623

2600
2520

r.59

r.59

t.51
1.59

l5.l
r5.0

t4.1
r3.8

18.2

t]1
r6.9

16.4

60

50
40
30

4196
4t43
4085
4001

r.58

t.51
t.51
1.58

I 8.1

11.4

t6.1
16.4

2648
2631

2607

2527

15.4

15.2

t4.9
14.0

l1
t1

l7
t1

42tO
4t56
4089

3989

3857

l.59
r.58

|.57
1.58

r 5.5

r5.3

14.9

14.0

18.3

t7.6
16.9

16.3

2654

2636

2601
2521

60

50

40
30

4n4
4t53
408 I

4015

2641

2635
2593
2520

L58
r.58

1.51

1.59

t 5.5

l 5.3

t4.9
r4.0

11.9

t].1
17.0

r6.9

30

30

30

30

60
50

40
30

4t87
4r45
4086
4012

2644

2633

2606

2509

1.58

1.51

t.5'7

r.60

l 5.5

t5.4
r5.l
t4.0

t8.2
11.6

r7.0
l1 .1

38

38

38

38

60

50

40
30

26t8
2598
2544
2493

15.4

r5. r

14.5

r3.9

r9.0
18.6

1 8.4

t8.2

5l
5l
5l
5l

4196
415'1

4105

4050

1.60

r.60
t.6l
t.62

60

50

40
30
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