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7. In zijn behandeling van de Welge constructie toont Cake niet aan 
waarom de op deze wijze verkregen saturatieverdeling (van belang 
voor de berekening van de waterdoorbraaktijd bij olieverdringing), 
uniek is bepaald. 
(L.P. Dake.'Fundamentals of reservoir engineering, Amsterdam (etc), 
Elseviers Scientific Publ. Cy., 1978, pp 360 en 36l) 

8. Dat bezuinigingen in de monumentenzorg bij de restauratie van een 
bouwwerk de weegschaal doen doorslaan naar consolidatie in plaats 
van reconstructie, is waarschijnlijk het enige positieve gevolg 
ervan. 

9. Catalogusautomatisering veroorzaakt in vele bibliotheken een 
verschraling van de informatieontsluiting, al dan niet van 
tijdelijke aard. 

10. Het duidelijke verband dat er bestaat tussen de kleigrond en het' 
voorkomen van romaanse kerken in Friesland, toont aan dat, 
niettegenstaande de nadelige gevolgen voor kleiige oliereservoirs, 
de aanwezigheid van klei ook positieve kanten heeft. 



Stellingen 
behorende bij het proefschrift van R.Visser. 

1. Het zonder meer overnemen van de eigenschappen van nabijgelegen 
kleilagen bij de petrofysische evaluatie van een kleihoudend 
reservoir, zou, gezien mogelijke verschillen in mineralogie en 
ook distributie van de kleien, met meer terughoudendheid moeten 
geschieden. 
(dit proefschrift, 
B. Visser, K.A.T. Bours and J.P. van Baaren, Effective porosity 
estimation in the presence of dispersed clay, presented at SPWLA 
29th Ann. Log. Symp., San Antonio, 1988.) 

2. Het toetsen van uit log-waarden verkregen formatie-eigenschappen aan 
gemeten kernwaarden, draagt in hoge mate bij aan de betrouwbaarheid 
van de petrofysische evaluatie. 

3. Als de servicemaatschappijen meer openheid zouden betrachten omtrent 
de condities waaronder de door hen gepresenteerde gegevens zijn 
verkregen, zou dit een efficiënte verwerking van deze gegevens ten 
goede komen. 

4. Bij het bepalen van de porositeit van cylindervormige gesteente-
monsters bestaande uit grote korrels, dient men terdege rekening te 
houden met de oppervlakte/volume verhouding van het monster i.v.m. 
eventuele aan het oppervlak optredende verstoringen in de korrel
structuur. 

5. Het ondergronds opslaan van radio-actief afval, zelfs in daartoe 
minder geschikte geologische formaties dan steenzout, is veruit te 
prefereren boven langdurige bovengrondse opslag. 

6. In laag-permeabele reservoirs met slecht verbonden poriën, verdient 
het de voorkeur de porositeit te meten m.b.v. de Boyle-methode in 
plaats van de wet-and-dry-weight methode. 
(dit proefschrift) 



voor mijn vader 



Contents 

LIST OF SYMBOLS 

I. INTRODUCTION 
1.1 General introduction 
1.2 Description of the project 
1.3 Outline of this thesis 

II. FIELD EXAMPLES ACOUSTIC WAVETRAIN LOGGING 
11.1 Introduction 
11.2 Acoustic logging 
11.3 Shaly sandstone formation 

II.3>1 Petrophysical evaluation 
II.3.2 Wavetrain interpretation 

II.h Dolomite formation 
11.4.1 Petrophysical evaluation 
11.4.2 Wavetrain interpretation 

II.5 Discussion of results 

III. ARTIFICIAL SANDSTONE 
111.1 Introduction 
111.2 Review of synthetic cores 
111.3 Sample requirements 
111.4 Chemical aspects of the consolidation 
111.5 Sample construction 

III.5.1 Compaction of the grains 
III.5-2 Drainage of the sandpack 
111.5.3 Consolidation methods 
111.5.4 Selection of sand 



111.6 Sample description 66 
111.7 Irregularities in the samples using Silica-lock 7^ 

III.7-1 Description of the irregularities 75 
III.7-2 Possible causes of fracturing 77 
III.7-3 Attempts to reduce the effect of expansion 

of the sample during consolidation 8l 
111.7.4 Attempts to reduce the effect of shrinkage 

of the cement 83 
111.7.5 Conclusion 86 

111.8 Sample properties 87 
111.9 Comparison of artificial samples with natural rock 93 

. MODELLING OF ACOUSTIC WAVETRAINS 
IV.1 Introduction 96 
IV.2 Wave propagation in porous media 97 

IV.2.1 Biot theory 99 
IV.2.2 Formation parameters 101 

IV.3 Modelling of acoustic waves in a liquid/porous solid 
configuration with a flat boundary 104 
IV.3.1 Configuration 105 
IV.3-2 Wave equations 106 
IV.3-3 Pressure response in the fluid 108 
IV.3.4 Incident field 109 
IV.3.5 Reflected field: full frequency range 111 
IV.3.6 Numerical considerations 113 
IV.3.7 Reflected field: high frequency limit 116 
IV.3.8. The convolutions 119 
IV.3-9 Numerical results 122 

. ACOUSTIC MEASUREMENTS 
V.l Introduction , 129 
V.2 Data acquisition system 130 
V.3 Transmission measurements 13^ 

V.3.I Description of the experiments 13^ 
V.3.2 Velocity determination 137 
V.3-3 Attenuation determination l4l 
V.3.4 Accuracy lkH 



V.A Refraction measurements 1^5 
V.4.1 Configuration 1*)6 
V.4.2 Optimisation of the measurements 1^7 

V.5 Measurement results 148 
V.5.1 Samples 148 
V.5.2 Results 150 
V.5.3. Modelling 156 

V.6 Summary of results 159 

VI. CONCLUSIONS l6l 
RECOMMENDATIONS 163 
REFERENCES 165 

Appendices 

A. Biot theory; numerical description 168 
B. Fourier transforms 172 
C. Calculation of reflection coefficient 173 
D. Transducer characteristics l8l 

SUMMARY 185 
SAMENVATTING 187 
NAWOORD 189 
CURRICULUM VITAE 191 

- 5 " 



List of symbols 

a.P 
a(w) 
c, e(co) 
T 
6 
6. . 
Tl 

A 
♦ 
♦t 

•eff 

* (t) v 

Pll .Pi 2 .Pz2 

O. . 

(0 

V 
Bcp 
bF(m) 
D, dom 

G(t) 

G'(t) 

HI 
Jo 
K, 

cl dry 

horizontal Fourier transform parameters (s/m) 
attenuation coefficient (1/m) 
tortuosity 
vertical propagation coefficient (s/m) 
structural factor (Biot) 
Kronecker delta 
viscosity (kg/msec) 
wavelength (m) 
porosity (fr. BV) 
total porosity (fr. BV) 
effective porosity (fr. BV) 
neutron porosity (lmst p.u.) 
volume density of injected fluid volume 
volume injection function (m' ) 
density (kg/m3) 
mass coefficients (Biot) (kg/n] ) 
average stress in solid part of porous medium (N/m2) 
frequency (rad/sec) 
transform parameters 
3 i + 3 i + 3 i x -x y -y z —z 
compaction factor (Wyllie equation) 
damping factor (Biot) (kg/m's) 
dominant grain size (micron) 
medium grainsize at 50 % cum. weight fraction (micron) 
Green's function, response to a step in the rate 
of change of volume injection (1/m) 
Green's function, response to an impulse in 
the rate of change of volume injection (1/ms) 
hydrogen index of dry clay fraction 
zero order Bessel function 
bulk modulus of skeleton (N/m2) 
bulk modulus of fluid part of porous medium (N/m2) 
bulk modulus of composite (N/m2) 
bulk modulus of half-space filled with liquid (N/m2) 

- 7 " 



N 
P,Q,R 
P 
Q 
R, 

S 
Sh 
S 
o S w 
S . wirr 
T 
T arr 

T ,T ,T + - s 
U 
V 
Vsh 
d, trs 
f 
h 
h , z r r 
V Zt 
k 
m 
s 
t 
At 
u_ 
x.y.z 
r.e 

shear modulus of porous medium 
elastic parameters (Biot) 
pressure 
quality factor 
reflection coefficient for the relected wave 
resistivity of formation 100 % saturated with 
water 
resistivity of formation water 
average stress in fluid part of porous medium 
hydrocarbon saturation 
trask sorting 
water saturation 
irreducible water saturation 
surface permeability 
arrival time 
transmission coefficients 
particle displacement in fluid part of rock 
velocity 
shaliness 
horizontal distance transmitter - receiver 
frequency 
thickness 
height above interface of receiver 
height above interface of transmitter 
permeability 
cementation factor 
Laplace transform parameter 
time 
interval transit-'time 
particle displacement in solid part of rock 
carthesian coordinates 
polar coordinates 

(N/m*) 
(N/m2) 
(N/m2) 

(Ohmm) 
(Ohmm) 
(N/m2) 
(fr. PV) 

(fr. PV) 
(fr. PV) 

(sec) 

(») 
(m/s) 
(fr. BV) 
(«) 
(Hz) 
(B) 
(m) 
(m) 
(m2) 

(1/s) 
(sec) 
(usec/ft) 
(m) 

Superscripts 
i -» incident field 
r •> reflected field 



Subscripts 
+ . P 
-, psl 
b 
L 
Lmst 
Sst 
c 
fl 
ma 
s 
sh 
t 

•* 
-» 
-» 
•> 
-* 
-> 
-» 
-* 
•* 
•» 
•* 
-> 

fast compressional wave 
slow compressional wave 
bulk 
half-space filled with liquid 
limestone 
sandstone 
compressional wave 
fluid in the pores 
matrix 
shear wave 
shale 
time 

- 9 -



I. INTRODUCTION 

1.1 General introduction 

Information on subsurface layers is commonly obtained by borehole 
measurements. The measurements are performed by logging tools which are 
lowered into the hole. When pulled up again, the tools record certain 
physical quantities of the surrounding formations at very small depth 
intervals. A continuous display of these recordings is called a log. 
Logs are run in almost every well drilled. The costs associated with 
logging are large: they make up 5 ~ 10 % of the total well costs. 
The logs are used to determine the petrophysical properties of the 
formations of interest. Some ten different logs are run in one bore
hole, such as Gamma Ray, resistivity, nuclear and acoustic logs. Each 
one is related to a different physical property of the rock. However, 
not every possible information on rock parameters can be obtained at 
present. Especially the acoustic behaviour of rocks is under-utilized 
in formation evaluation although it shows great potential for giving 
additional information on many rock parameters. 
Acoustic behaviour of rocks is studied by way of acoustic logging 
tools. The tools send out acoustic pulses, which are picked up again 
after they have travelled several feet along the borehole through the 
formation. Acoustic logs are run in two versions: the standard "Sonic" 
or "Acousti"-log and the full waveform log. The sonic or acoustilog 
records only the arrival time of the fastest compressional wave 
returning at the receiver. The full waveform log records the total 
acoustic trace returning at the receiver. 
Since its introduction in the early 1960's, the sonic log has been 
widely used as a porosity indicator. It is also employed to calibrate 
seismic reflection data and to obtain a qualitative indication of the 
mechanical rock properties, e.g. rock strength. The amplitude of the 
compressional wave is also used to obtain an indication of the quality 
of the cementbond in cased boreholes. Recent publications suggest the 
application of acoustic logs in the interpretation of fractured reser
voirs (Liu, 1986, Brie et al., 1988). 
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The second version of the acoustic logs, the full waveform log, records 
- a much larger data se t . At ce r t a in depth increments i t records a l l 

acoustic waves propagating along the borehole in time as well as in 
amplitude. Each of these waves gathers information about the reservoi r 
on i t s way, so the t o t a l wavetrain package r e f l e c t s the acoustic 
characteristics of the formation through which i t has travelled. 
A proper i n t e r p r e t a t i o n procedure therefore could provide accurate 
quan t i t a t ive es t imates of s e v e r a l r e s e r v o i r p a r a m e t e r s , among 
o t h e r s : v a l u e s of t o t a l and ef fec t ive po ros i ty , l i t ho logy , rock 
strength and even permeability. But despite the promising p o t e n t i a l , 
the full wavetrain i s hardly used in formation evaluation because i t i s 
very diff icul t to extract the information from the recorded wavetrains. 
And despi te l a rge e f for t s made by many people in recent years, the 
interpretation of the wavetrains has not reached the commercial app l i 
cation stage. 
The reason for th is i s found in the complexities of the received wave-
t r a in and the r e s e r v o i r s to be evaluated. The presence of mudcake, 
irregular borehole diameter, mud invading into the formation, e t c . , a l l 
influence the recorded wavetrains to such an extent that the contribu
tion of a number of rock parameters is not clear. Furthermore, almost 
any two rock samples obtained from cores or outcrops will differ in 
more than one aspec t . An empirical approach to study the acoustic 
behaviour by comparing field data, thus encounters large diff icul t ies 
in the assignment of a difference in acoust ic response to one s ingle 
rock property. At best, a broad, general trend can be found. 

1.2 Description of the project 

To overcome these problems, a laboratory study was s t a r t e d a t the 
faculty of Mining and Petroleum Engineering a t Delft Universi ty of 
Technology in 1983- The project was supported f inanc ia l ly by the 
European Economic Community under contract number TH/01.35/83-
The projec t i s ca l led "Acoustic measurements on reservoir rock" and 
aims at improving the interpretation of the wavetrains in the broadest 
sense. 
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For the project an empirical way is adapted to obtain i t s goal, whereby 
acoustic measurements are performed on a range of rock samples, differ
ing in one aspect only. The difference in acoust ic response of the 
samples then is linked to that specific rock property. The experiments 
are performed under both atmospheric and in-s i tu conditions. 
The empirical approach requires that the properties of each sample are 
fully known and that many samples are ava i l ab l e , which d i f fe r in one 
property only. Such a range of samples can hardly be found from natural 
rocks. I t was therefore decided to construct and use a r t i f i c i a l rocks 
ins tead . Of course, these a r t i f i c i a l rock samples have to exhibit 
c h a r a c t e r i s t i c s s imi la r to na tura l r e se rvo i r rocks to enab le the 
results to be extrapolated to real logs. Construction of such synthetic 
sandstone rock samples constitutes a fundamental part of the project. 
Simultaneously the theoretical aspects of the projects were studied and 
the required research f ac i l i t i e s were designed. 
The objectives of the project can be l is ted as follows: 
1) Development of a t h e o r e t i c a l model to p red ic t and i n t e r p r e t the 

measured acoustic signals. 
2) Development of a procedure to const ruct s u i t a b l e a r t i f i c i a l rock 

samples. 
3) Measuring microseismograms at atmospheric and in-s i tu conditions on 

a range of n a t u r a l and s y n t h e t i c rock samples with varying 
properties. 

*)) Optimizing the measurement and evaluation technique of the acoustic 
wavetrain experiments. 

5) Linking the acoustic responses to the sample propert ies. 
6) Applying the results of t h i s study to f i e l d data and obta in rock 

proper t ies from the wavetrains , such as permeabi l i ty , different 
types of porosity and mechanical rock strength. 

To achieve these objectives, the following research f a c i l i t i e s had to 
be designed: 
1) A measurement system for atmospheric experiments. 
2) A high pressure/high temperature c e l l , a s o - c a l l e d b o r e h o l e 

simulator. 

To realize a l l these objectives, the total project was s p l i t i n t o two 
p a r t s . The f i r s t par t covered the design and const ruct ion of the 
research f a c i l i t i e s , f i e ld examples, the t h e o r e t i c a l modelling and 
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i n i t i a t e d the measurements on synthetic rock samples under atmospheric 
conditions. I t was rounded off successfully in January 1988. The second 
part was s tar ted in Oct. 1988 and will continue the measurements under 
atmospheric conditions, the measurements under i n - s i t u condi t ions on 
na tura l and syn the t i c rock samples and the application of the results 
to field data. 

1.3 Outline of th is thesis 

As the t i t l e already suggests, th is thesis covers most of the work on 
the f i r s t pa r t of the p ro j ec t . The design and const ruct ion of the 
borehole simulator fal l outside the scope of this paper. 
The present study investigates field data from boreholes, obtained from 
commercial full waveform logs, as well as laboratory measurements on 
synthet ic rock samples. The term "reservoir rock" as used in the t i t l e 
of th is thesis , therefore has to be seen in the broadest sense. I t 
re fe rs to natural reservoir formations as well as a r t i f i c i a l l y created 
rock samples. The thesis also includes the theore t ica l aspects of the 
projec t and a thorough study into the construction of a r t i f i c i a l rock 
samples. The separate topics of the project are re f lec ted in the lay
out of this thes i s . Each chapter is devoted to one subject and together 
they give a de ta i l ed account of the work car r ied out so far on the 
p r o j e c t . The current chapter gives a general in t roduct ion to the 
present study and s ta tes the objectives. 
Chapter two presents the resul ts of two field studies. Two wells were 
studied in which a full waveform log was run. One well is d r i l l e d in a 
shaly sandstone reservoir , the other penetrates a dolomite formation. 
An extensive petrophysical evaluation was carried out to describe both 
reservoi r s in d e t a i l . The standard petrophysical methods failed to 
account correctly for the shale fraction in the sandstone r e se rvo i r , so 
a s p e c i a l e v a l u a t i o n procedure was developed to give a proper 
description of th is formation. An attempt was made to c o r r e l a t e the 
recorded wavetrains with the petrophysical description. The results of 
this correlation are given and the limitations of the study on acoustic 
behaviour using natural reservoir rocks are discussed. 
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Chapter three treats the construction of the a r t i f i c i a l rock samples 
needed for the acoustic experiments. Three different methods to produce 
synthetic samples, are discussed. The problems encountered during the 
processes and t he i r so lu t ions , are t reated extensively. The general 
properties of the resulting samples are given. The chapter ends with a 
comparison between the a r t i f i c i a l samples and natural rocks. 
Chapter four comprises the t h e o r e t i c a l a s p e c t s of the p r o j e c t . 
Theoret ical models which pred ic t the acoust ic s ignals that will be 
recorded in the experiments, are developed and acoust ic t ime-pressure 
t races are ca lcu la ted for a configuration similar to. our measurement 
set-up. As a basis for the models, the Biot theory of propagation of 
acoustic waves in porous media i s used. The influence of several rock 
parameters upon the recorded wavetrains i s i nves t iga t ed . A parameter 
study is performed to determine the optimum measurement configuration. 
Chapter five repor t s on the acoust ic experiments. I t combines the 
r e s u l t s of a l l previous chap te r s . The measurements on a r t i f i c i a l 
samples and the system i t se l f are described. The acoustic responses are 
correlated with the sample properties and compared with the theoretical 
predictions. 
The t h e s i s ends with a l i s t i n g of the conclusions drawn from the 
present study. Recommendations for the follow-up project are given. 
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I I . FIELD EXAMPLES ACOUSTIC WAVETRAIN LOGGING 

I I . 1 In t roduct ion 

In th i s chapter the a p p l i c a t i o n of a c o u s t i c w a v e t r a i n s to fo rma t ion 
e v a l u a t i o n i s i n v e s t i g a t e d i n two f i e ld examples. The f ie ld examples 
c lea r ly ind ica t e the l i m i t a t i o n s of using n a t u r a l r e se rvo i r f o r m a t i o n s 
for acoust ic research . 

Two wells are s tud ied , d r i l l e d in d i f f e ren t r e se rvo i r fo rma t ions . Both 
fo rmat ions a r e gas bear ing but the l i tho logy i s completely d i f f e r e n t . 
One formation i s a shaly sandstone while the o ther i s a t i g h t d o l o m i t e 
r e se rvo i r . 

Both wells were d r i l l e d in the ear ly 1980 's . A complete s e t of logs was 
run and both formations were completely cored with a recovery of almost 
100 per cent . Core measurements were a v a i l a b l e t o check the r e s u l t s 
ca lcula ted from the l o g s . 
Pr ior to the i n t e r p r e t a t i o n of the wavetrain da ta an e x t e n s i v e p e t r o -
p h y s i c a l e v a l u a t i o n was made of each of t he two w e l l s in o r d e r to 
charac te r ize the logged formations in d e t a i l . In the case of t h e s h a l y 
sands tone r e s e r v o i r a spec ia l log ana lys i s procedure had to be used to 
evaluate the format ion p r o p e r l y , because a problem was encoun te r ed 
r e g a r d i n g the s h a l e f rac t ion present in the formation. The mineralogy 
of the shale f r ac t ion was not c o n s t a n t o v e r t h e r e s e r v o i r i n t e r v a l . 
This influenced the log response of the sha le f rac t ion and the s tandard 
e v a l u a t i o n p r o c e d u r e d i d n o t r e s u l t i n an a c c u r a t e r e s e r v o i r 
d e s c r i p t i o n . T h e r e f o r e , a new e v a l u a t i o n method had to be developed 
to properly define the p r o p e r t i e s of the s h a l e f r a c t i o n w i t h i n each 
s u b i n t e r v a l of t h e r e s e r v o i r . Th i s work was p r e s e n t e d a t t h e 26th 
Annual Logging Symposium of the S o c i e t y of P r o f e s s i o n a l W e l l Log 
Analysts in Da l las , June 1985 (Visser and van Baaren, 1985)-
In the following, a shor t descr ip t ion of t h e a c o u s t i c l o g g i n g in the 
example w e l l s i s p resen ted f i r s t . Then the two inves t iga ted wel l s are 
discussed s e p a r a t e l y . 
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II .2 Acoustic logging 

Measurement configuration 
The acoust ic wavetrains were recorded in the two field examples with a 
"long-spaced" sonic sonde. The tool contains two p a i r s of t ransducers 
separated by a d is tance of 8 feet. 
The t ransducers of each p a i r are 
spaced 2 feet apart (Fig 2.1). 
In the two f i e l d examples four 
d i f fe ren t modes were recorded with 
t r a n s m i t t e r - r e c e i v e r spac ings of 
respec t ive ly 10, 8, 12 and 10 feet. 
The acoustic signals of mode 1 and k 
have t r a v e l l e d the same distance 
through the formation (10 feet) and 
should therefore be identical, which 
provides a measure of the consistency 
of the log readings. 
A wavetrain was recorded every 6 
inches in dep th as the too l was 
pulled along the formations. 
Each recorded mode is displayed in a 
"Variable Density Log", f ig 2 .2 . In 
th is log black bands correspond to positive amplitudes, white bands to 
negative. The magnitude of the amplitudes i s represented by varying 
shades of grey. 

8' 

2' 

Fig 2.1 
Acoustic logging sonde 

Borehole compensation 
The data represented in the logs are direct recordings. They have been 
influenced by various environmental e f f e c t s , such as mud, mudcake, 
borehole rugos i ty , fractures, t i l t i ng of the sonde etc . Most of these 
effects can be eliminated by applying a so-called borehole compensation 
procedure. Since only four mode recordings were available for the field 
examples, the borehole compensation has been carried out as i l lus t ra ted 
in f i g . 2 . 1 . The arrival times of a wave in two different mode record
ings were subtracted. This resulted in an interval t rans i t time over a 
formation interval of 2 feet corresponding to the fat lines in fig 2 .1 . 
The four modes of recording thus determined th ree in te rva l t r a n s i t 
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times, each one recorded with the tool in a different location in the 
borehole. These times were averaged. 
No procedure exists that will compensate the amplitudes of the recorded 
acoustic traces. Besides containing possible information about the 
reservoir, the amplitudes of the measured waves will be affected too by 
the previously listed environmental effects. 
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Fig 2.2 Variable density display of the recorded wavetrains. 

At the left, the Gamma Ray log is displayed together 
with the borehole compensated transit time of the 
compressional wave. 

The shear and compressional wave arrival times used in the field ex
amples have been handpicked from the variable density log. A borehole 
compensation has been applied to the data as outlined above. The resul
ting interval transit times of the compressional waves correlate well 
with the values obtained by the standard BHC Sonic in an independent 
logging run. 
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I I .3 Shaly sandstone formation 

The f i r s t field example i s a shaly sandstone re se rvo i r which has a 
ra ther complex lithology. Mixtures of clay minerals in various propor
tions are present in the formation. The standard evaluation procedures 
cannot d i s t i n g u i s h between these mixtures and a special procedure had 
to be devised to obtain an accurate reservoir description. 
Since a de t a i l ed knowledge of the formation is essential to interpret 
the recorded wavetrains correctly, the petrophysical evaluation of the 
well i s discussed here extensively. The consequences for the wavetrain 
interpretation are given in the next section. 

II .3-1 Petrophysical evaluation 

Description of the reservoir 

The fo rmat ion i s a gas-bear ing, calcareous shaly sandstone. The 
reservoir interval i s 19 m. , which has been completely cored with a 
recovery of almost 100 percent. There is no gas-water contact present 
in the well under consideration. 
The formation has been deposited in a shallow marine environment which 
slowly changes into a deeper marine sediment. The sand contains upwards 
gradually more clay part icles and clay streaks unti l the deposit passes 
into shales which form the caprock. The average amount of shale present 
i s approximately 25 percent BV (bulk volume). At the time of deposition 
strong bioturbation took place and the i n i t i a l thin sequences of sand 
and sha le were thoroughly mixed. Consequently, the shale fraction i s 
present in thin laminae as well as dispersed throughout the pore space 
of the reservoir. 
The to ta l porosity encountered in the well ranges from 10 to 21 percent 
BV. The watersaturation in the flushed zone is approximately 70 % ■ 
Several thin bands of calcareous conglomerates occur in the formation. 
They consist of material eroded from nearby highs. Probably due to this 
influx of foreign material, the properties of the shale fraction in the 
formation are not constant . In every formation subinterval the shale 
fraction appears to be characterized by a different set of log values. 
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Statement of the problem 

Before the log recordings of the reservoir can be interpreted in terms 
of porosity and lithology, they have to be corrected for the influence 
of the shale fraction present in the formation. For this correction it 
is usually assumed in well log analysis that the shale fraction within 
the reservoir possesses the same characteristics as nearby thick shale 
layers. This implies that the log values recorded opposite overlying 
shale layers can be used to correct the log values in the reservoir 
itself. 
But in this particular sandstone formation this approach is not appro
priate. The shale layers forming the caprock just above the reservoir 
show a wide range in recorded log values and it is not possible to 
derive the shale properties appropriate for the reservoir section. 
The extreme values recorded opposite these shales are for the different 
logs: 

Gamma Ray ("API) 
100 
114 

CNL (p.u.) 
20 
41.5 

FDC (g/cc) 
2.51 
2.40 

Sonic (us/ft) 
95 
115 

The variation in the log values opposite the shales is illustrated in 
fig 2.3. It is a crosspiot of density (FDC) versus neutron porosity 
(CNL). 
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Fig 2.3 
Density-Neutron crosspiot. 
Log values are squared and 
multiplexed. 
Shale layers are encircled. 
Dashed lines refer to pure 
lithologies, i.e.: 
sst = sandstone 

lmst = limestone 
dol = dolomite 
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All log values recorded over the total reservoir interval including the 
caprock, are p l o t t e d . The logs have been squared and multiplexed, but 
otherwise not cor rec ted . The log readings opposi te the caprock are 
enc i rc led . The p lo t shows clear ly the impossibility to establish the 
100 % shale point unambiguously. 
Furthermore, the use of one specific shale point in the evaluation does 
not give satisfactory results as shown in fig 2.4. The crosspiot shows 
the volume percentage sandstone derived from two combinations of two 
logs: the density and neutron logs on one hand and the neutron and 
sonic logs on the o ther . The rock matrix i s assumed to consist of a 
combination of sandstone and limestone (based on the core description). 
The log values used to construct t h i s p lo t were corrected for the 
influence of shale using the average properties of the caprock. The two 
combinations of logs do not provide the same r e s u l t s when compared 
layer by layer. Each combination more or l e s s i nd i ca t e s a sandstone 
containing some limestone, but they do not agree with each other. 

Fig 2.k 
Vol. percentage sandstone 
derived from the combined 
dens i ty and neutron logs 
versus 
vol. percentage sandstone 
derived from neutron and 
sonic logs. 
Logs were corrected for 
shale using the average 
log readings opposite the 
caprock, ( i . e . one shale 
point) . 

(CNL-Sbnic) 

If another 100 % shale point is chosen from the observed range, the 
correlation between the two log combinations does not improve signifi
cantly. The wide scatter in the plot remains, only this time other sub-
intervals of the reservoir correlate well. This points to the fact that 
different shale points should be used to correct different subintervals 
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of the reservoir for shale, to obtain a maximum correlation between the 
rock composition derived from Density/Neutron and from Neutron/Sonic 
log combinations. In other words: the type of shale present in the 
reservoir is not the same for each subinterval. 

Evaluation procedure 

If the shale point is not unique for the whole reservoir section, the 
question arises: "Which shale point is valid for which reservoir 
subinterval ?". Unfortunately, a GammaRay Spectrolog which could 
provide information about this, was not run in this well. Therefore the 
shale properties had to be extracted from the existing logs. This was 
achieved by matching the porosity and lithology obtained from the FDC-
CNL and Sonic-CNL crossplots for each layer by way of adjusting the 100 
% wet shale properties (Visser and van Baaren, 1985). 
The evaluation method can be expressed in the following mathematical 
form. The responses of the FDC, CNL and Sonic logs are given by: 

p b = 

* = 
N 

At = 

1 = 

« 

* 

* 

pfl 

Nfl 

Atfl 

* + V , 

+ v -sst 

+ v -sst 

sst 

- + V. 

P + V, sst lrast 

* + V Nsst lmst 

sst lmst 

+ V 

lmst sh sh 

* + V * Nlmst sh Nsh 

At, + V . At , lmst sh sh 

(2.1) 

(2.2) 

(2.3) 

(2.1) 

where: * = effective porosity 
p., *N, At = log readings of density, neutron and sonic log 

pfl' *Nfl' Atfl = l o S reatJinB o f 1 0° " pore fluid 
V ,_, V, , V . = volume fractions of sandstone, limestone and shale sst lmst sh 

Due to the unknown shale point this set of four non-linear equations 
contains 7 unknowns: *, V ^, V. ._, V , , p , , *., , and At . . 

sst lmst sh ^sh' Nsh sh 
To be able to solve these equations a relation has to be found between 
the 100 % shale responses of the three logs. As already shown in 
fig 2.3, the log responses vary widely opposite the overlying shale 
layers. If we now assume that any shale fraction within the formation 
itself is characterized by a mixture of the shales above the reservoir, 
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all possible shale points are represented by a straight line connecting 
the extreme log values in the caprock. The line is drawn in fig 2.3 and 
can be expressed as: 

Pbsh = 2-5! " (*Nsh " 20) * "O^ 1 (2-5) 

with p = density log response to shale (g/cc) 
4> . = neutron log response to shale (p.u.) 

A similar expression is found from the logs for the relation between 
the shale response of the neutron and sonic logs in this particular 
well. 
The number of unknowns in equations 2.1 - 2.4 now is reduced to five 
and one more independent relation is required to solve the set. This 
extra equation is provided either by the porosity measurements on the 
cores, or by an independent shaliness indicator such as the Gamma Ray 
log. The Gamma Ray was used to provide the extra relation. It gives an 
estimate of the prevailing shaliness according to: 

Vsh = (GR - GR ) / (GR - GR ) (2.6) 

with: V , = volume percentage of shale present in the layer 
GR = response of Gamma Ray log ("API units) 
GR , = response of GR opposite the clean formation 
GR = response of GR opposite 100 % shale (in t h i s case also 

subjected to the variation opposite the shale layers) 

Now the set of equations is completely determined. 
An extra complication in this well i s the presence of gas in the pores. 
The gas influences the log readings, so the log readings have to be 
corrected for gas-ef fec t as well as for sha le . Therefore the above 
equations had to be solved in an i t e r a t i v e way. In each s tep of the 
i te ra t ion the porosity was calculated from eqs. 2.1 - 2.4. The porosity 
in i t s turn determines the amount of gas correction needed for the well 
logs, using a watersaturation of the invaded zone of 70 % . After that, 
eqs 2.1 - 2.4 provide a new estimate of the porosity. The i tera t ion was 
stopped when the porosit ies computed in two successive s teps , did not 
differ more than .5 porosity per cent. 
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Resul t s of the evalua t ion procedure 

Applying the evaluat ion method to the r e s e r v o i r i n t e r v a l of i n t e r e s t 
p r o v i d e d the p o r o s i t y , l i t h o l o g y , s h a l i n e s s and t h e cor responding 
loca t ion of the 100 % wet s h a l e p o i n t for each l a y e r . The r a n g e in 
d i f f e r e n t s h a l e p o i n t s thus e s t a b l i s h e d can be grouped i n t o f ive 
spec i f i c values ( t ab l e 2 . 1 ) . The use of one of t h e s e f i v e 100 % wet 
s h a l e p o i n t s t o d e t e r m i n e t he fo rmat ion p r o p e r t i e s in a p a r t i c u l a r 
layer gives s u f f i c i e n t l y p rec i se r e s u l t s . 

Table 2 .1 Range in 100 % wet shale log responses as determined by the 
evaluat ion procedure for the neutron, dens i ty and sonic logs 
(compressional wave). 

■Nsh (lmst p . u . ) P b s h (g/cc) 
20 2.51 
25 2.48 
30 2.46 

35 2 . 43 
4 l . 5 2.40 

The new method of determining the sha le p r o p e r t i e s wi thin the r e se rvo i r 
i t s e l f , ins tead of f o l l o w i n g t h e s t a n d a r d p r o c e d u r e of r e a d i n g the 
v a l u e s from the l o g s in a nearby th ick sha le l a y e r , r e s u l t s in a much 
b e t t e r c o r r e l a t i o n between the log-der ived p a r a m e t e r s . F ig 2 . 5 shows 
t h e volume p e r c e n t a g e sandstone derived from a combination of FDC and 
CNL versus the amount of sandstone de r ived from a combina t ion of CNL 
and S o n i c l o g s . I n t h i s p l o t t h e logs were c o r r e c t e d u s i n g the 
a p p r o p r i a t e s h a l e p o i n t s a s de te rmined by t h e s p e c i a l e v a l u a t i o n 
method. Compared with f ig 2.4 (where the logs were correc ted us ing the 
s tandard one shale p o i n t ) , the improvement i s e v i d e n t . Using t h e new 
method, no t only t h e co r r e l a t i on between the logs i s much b e t t e r , but 
the log-derived l i t ho logy c o r r e l a t e s well with the l i t h o l o g y obse rved 
in th in sec t ions made from the cores (Visser and van Baaren, 1985) • 

4 t s h ( u s / f t ) 
95 
100 
105 
110 
115 
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Fig 2.5 
Vol. percentage sandstone 
derived from the combined 
density and neutron logs 
versus 
vol. percentage sandstone 
derived from neutron and 
sonic logs. 
Logs were corrected for 
s h a l e u s i n g t h e new 
e v a l u a t i o n p r o c e d u r e , 
( i . e . five shale points). 

Apart from a b e t t e r , more detailed lithology description, the method 
results in a more accurate estimate of the poros i ty (Visser and van 
Baaren, 1985). The ca lcula ted t o t a l poros i ty i s now in very good 
agreement with the independently measured core p o r o s i t i e s . As a 
consequence, the method also affects the calculated quantity of gas in 
place. The hydrocarbon sa tu ra t ion ca lcula ted with the Waxman-Smits 
equation i s , using the conventional and the proposed shale correction 
method, respectively: 

1 shale point : I Sh* * = 3.80 
5 shale points : I Sh* * = 3.44 

So, the amount of hydrocarbons calculated using the standard procedure 
is 10.5 percent too high. 

Types of shale present in the reservoir 

Having established the validity of different shale points for different 
p a r t s of the r e s e r v o i r , i t i s s t i l l necessary to explain why the 
properties of the shale fraction vary. To clarify the phenomenon, three 
poss ible causes have been investigated: shale distr ibution, s i l t - index 
and mineralogy of the clays, of which the las t one i s considered to be 
the most important. 
- a) shale distr ibution 
The dis t r ibut ion of the shale fraction has been calculated from an FDC-
CNL crosspiot (Poupon, Clavier et a l . 1970) and i s shown in f ig 2 . 6 . 

IUU 
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The total volume percentage of shale present in the formation is sub
divided into its dispersed, structural and laminar fractions. 
Inspection of this plot shows that, roughly speaking, half of the total 
shale volume is dispersed shale, one-third is structural and one-sixth 
is laminar shale. Although the total shale content changes with depth, 
the relative quantities of the three types of distribution remain more 
or less the same (except for those areas where the core description 
indicates heavy bioturbation; here the quantity of laminar shale almost 
reduces to zero). And as the dispersed, structural and laminar 
fractions remain present in the same relative amounts, the log proper
ties of the total shale fraction should not vary significantly. So it 
may reasonably be assumed that the differences in shale properties can 
not be explained by shale distribution effects. 

- b) Silt index 
Although in general the shale p roper t i e s vary with changing s i l t 
content, s i l t i s probably not responsible for the d i f fe ren t shale 
points in this well. Dispersed shale does not contain s i l t . So any s i l t 

SHAUNESS 
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— i — 1 — I — T 

SHALE-DISTRlSUTION PROFILE 

Fig 2.6 
Volume percentage shale in the 
reservoir versus depth. 
The to ta l volume of shale i s 
subdivided into i t s dispersed, 
structural and laminar part . 
The arrows ind ica te areas of 
e x t e n s i v e b i o t u r b a t i o n 
observed on the cores. 
Depth i n t e r v a l = 21 m. 
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Fig 2.7 
Hydrogen Index of the dry 
shale fraction versus depth. 
The hydrogen index has been 
c a l c u l a t e d accord ing to 
eq. 2.7-
Depth interval = 21 m. 
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present has to be contained in the structural and laminar shale 
fractions.. To explain the range in shale properties observed in the 
well, silt would have to be abundantly present. Even to such an extent 
that all the structural and laminar shale fractions would have to exist 
exclusively of silt. This is very unlikely; the more so as hardly any 
silt is evident in the thin sections made from the cores. 

- c) Clay mineralogy 
The third possible cause for the varying shale properties that was 
investigated, is the mineralogy of the shales. The mineralogy can be 
characterized by its hydrogen index, which may be expressed as follows 
(Juhasz,1979): 

<j> _ u> 
HIcl dry - vj (1 - » t sh) <2-?> 

hydrogen index of the dry clay mineral mixture 
shale content (fraction BV) 
Neutron porosity, corrected for gas (not for shale!) 
total porosity 
total porosity of the wet shale fraction 

The hydrogen index has been calculated for each layer of the reservoir 
using the total porosity of the appropriate shale points. This porosity 
has been computed from the density values of the shale points using a 
dry shale density of 2.65 gr/cc. 
The resulting HI-profile is displayed in fig 2.7 . The hydrogen index 
.of the shales in the formation ranges from 0.1 to 0.34. Thus the shales 
consist of various mixtures of clay minerals as illite/montmorillonite 
(HI = 0.12) and chlorite/kaolinite (HI = 0.32). 
Cation exchange capacity values measured on the cores correlate well 
with the implied clay mineralogy suggested by the HI-profile, confirm
ing the varying clay mineralogy, which therefore appears to explain the 
varying shale properties over the reservoir interval. 

where 
H I T ^ = cl dry 
Vsh = 
*N 
♦t 
* ,_ tsh 
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II .3.2 Wavetrain interpretation 

In the following section the wavetrain data recorded in the sandstone 
formation are corre la ted with the r e s u l t s from the p e t r o p h y s i c a l 
evaluation in the previous paragraphs. Indications from the wavetrains 
that point towards the presence of varying shale p r o p e r t i e s , a r e 
d i s c u s s e d . The influence of shale upon the i n t e r p r e t a t i o n of the 
wavetrains is treated in detai l and attention i s given to the required 
correct ions to the data . The wavetrains are interpreted in terms of 
l i thology and poros i ty . At the end of t h i s c h a p t e r , a combined 
l i t h o l o g y / p o r o s i t y crossplot i s presented tha t provides accurate 
estimates of the formation parameters. 

Indications for a varying shale point from the wavetrain 

A t s / A DENSITY gr/cc 

I , - ' I 

The shear ( i t ) to compressional (At ) t r a n s i t time r a t i o i s essen
t i a l l y a constant for a given lithology (Pickett 1963, Nations 197*0-
Experimental values range 
from 1.6 for sandstones to 
1.9 for limestones. 
In f i g 2.8 the i t - r a t i o 
determined in this well is 
p l o t t e d a l o n g s i d e the 
grain d e n s i t i e s measured 
on t h e c o r e s . The At-
values were handpicked 
from the wavetrain log and 
they were borehole compen
s a t e d as d e s c r i b e d in 
section I I . 2 . 
The r a t i o curve not cor
rected for shale agrees 
well wi th the l i thology 
suggested by the measured 
densities. The curve which 
r e su l t s from app ly ing a 
sha l e cor rec t ion to the 
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Fig 2.8 
At /it versus grain density measured 

on cores 
corrected for shale 
(one 100X wet shale point) 
not corrected 

Depth interval = 21 in. 
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log data using one shale point, shows a much worse c o r r e l a t i o n . (The 
applied volumetric shale correction is discussed in the next section). 
The i t / i t ra t io reaches unreal is t ic values up to 2.0 in some pa r t s of s c 
the reservoir, while in others the correlation remains good.Considering 
another shale point from the range observed opposite the shale layers 
does not improve the correlation; the same inconsistency remains, but 
other p a r t s of the reservoi r now c o r r e l a t e well with the d e n s i t y 
measurements. This same phenomenon was noticed with the petrophysical 
evaluation discussed in the previous chapter; a shale correction using 
one shale point makes the correlation between the parameters worse. 
If the results of the petrophysical evaluation are applied and a range 
of shale poin ts i s used to correc t the acoustic logs for shaliness, 
where each reservoi r in te rva l i s character ized by i t s own spec i f i c 
shale p r o p e r t i e s , the co r r e l a t i on between the t rans i t times and the 
grain densities improves considerably (fig 2 .9) . 

DEPTH 

(m) 

Fig 2.9 
i t / i t versus grain density measured on cores 

corrected for shale (five 100# wet shale points) 
not corrected 

Depth interval = 21 m. 

F igu res 2 .8 and 2.9 show c l ea r l y tha t the i t /At r a t i o gives a 
qualitative indication of the v a l i d i t y of the shale cor rec t ion . The 
t r a d i t i o n a l cor rec t ion r e s u l t s in an unrea l i s t i c t ransi t time rat io 
(fig 2.8) , while the improved correction (fig 2.9) shows a much b e t t e r 
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correlation with the measured core densities. The At /it ratio arrived 
s c 

at without any correction, also yields a good correlation. Which of the 
two At /At -profiles shown in fig 2.9 is the most representative, 
cannot really be demonstrated by the comparison to grain densities. 

Corrections applied to the acoustic data 

As was shown in the preious section, the shale correction is critical 
to interpret the acoustic data correctly. The results of this acoustic 
field study strongly depend upon the type of shale correction used. It 
is thus important to describe the followed procedure in detail, so an 
extensive coverage is given here of the applied correction. 
A second factor which influences the acoustic wavetrains, is the 
presence of gas in the formation. Although this influence is in this 
case of minor importance in comparison with the shale correction, it 
should be accounted for, too. 

- Gas effect 
Congressional wave velocity is sensitive to the compressibility of the 
fluid that saturates the pores. As the compressibility of this fluid 
increases, as it will with the addition of gas, the compressional wave 
velocity decreases. Shear wave velocity is not sensitive to the 
saturating fluid. So, before interpreting the wavetrain data, the gas 
effect upon the compressional wave has to be accounted for. 
Raymer, Hunt and Gardner (1980) propose a decrease of 4 us/ft to 
correct the transit time for gas in a fully gas saturated reservoir. 
However, since the depth of investigation of the sonic log is very 
shallow, the investigated part of the formation will normally not be 
saturated with gas due to the invasion of mud filtrate. In the field 
example considered here, the flushed zone gas saturation varies between 
0 and 50 percent of the pore volume. Accordingly, a gas correction was 
applied which varies with the gas saturation of the flushed zone. The 
compressional transit times were corrected by -3 ps/ft for a 50 % gas 
saturation, the correction diminishing with decreasing gas saturation. 
In general, the correction amounts to approximately -2 ps/ft over the 
interval of interest. 
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The exact magnitude of the applied cor rec t ion i s debatable , but the 
correc t ion i s r e l a t i v e l y small and will affect the calculated t ransi t 
time r a t i o only to a l imited degree. A change in Ate of -2 u s / f t 
r e s u l t s in a s h i f t of approximately 2.5 % in the ca lcula ted ra t io 
(At = 85 usec/ft , At = 1̂ 3 u s e c / f t ) . The inaccuracy of the recorded 
t ransi t times i s about 1 usec/ft , so inaccuracies introduced by the gas 
correction l i e in the same order of magnitude as the natural scat ter of 
the acoustic data. 

- Shale correction 
The shale cor rec t ion of the data is much more important. The presence 
of shale influences both compressional and shear waves. And even though 
only small amounts of shale are usual ly p resen t , the reduction in 
velocity associated with i t is large; the shale content i s second in 
importance only to porosity in reducing wave speeds. Both the type of 
d i s t r i b u t i o n and the mineralogy of the shale a f fec t the a c o u s t i c 
p roper t ies of the shale f rac t ion . In our field example both effects 
play a role in the shale correction. 
Very l i t t l e has been published about the way the shale distr ibution 
affects the recorded wavetrain. I t i s clear though, that the wavetrain 
i s affected d i f f e r e n t l y by laminar and s t r u c t u r a l shale on the one 
hand, and dispersed shale on the other. Laminated and structural shales 
are subjected to the overburden pressure . During burial most of the 
water contained in the shales i s driven out in successive stages of 
compaction u n t i l a hard shale s treak remains. Dispersed clay on the 
other hand, i s formed by precipitation of ions from the formation fluid 
in the pore space. No pressure differential i s exerted on them and they 
can grow f ree ly in the pores, frequently forming the well-known 
blooming s t r u c t u r e s . The completely different geometry of the shales 
distributed in the three different ways, r e s u l t s in unequal acoust ic 
character is t ics . 
I t i s however very dif f icul t t o determine these c h a r a c t e r i s t i c s for 
each type of d i s t r i b u t i o n sepa ra te ly . The petrophysical evaluation 
in our examples shows that the shale f rac t ion i s always a mixture of 
the three types of distr ibution (fig 2.6). Consequently, a log reading 
cannot be obtained for each distribution separately. The acous t ic log 
readings , t he re fo re , were corrected for the shale effect using the 
following general volumetric correction regardless of the distr ibution: 
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At = (it, - V . » it , , ) / (1 - V , ) (2.8) 
log sh shale sh v ' 

where 
it = interval transit time of the formation as if no shale were 

present, (us/ft). it, = borehole compensated transit time as read from the log log At , , = transit time of 100 % shale shale 
V , = amount of shale present (fraction bulk volume) sh 

The equation was used for compressional as well as shear waves. When 
correcting the shear wave for shale, all At-values in eq. 2.8 refer to 
shear waves. When correcting the compressional wave, all it-values are 
compressional. The quantity of shale to be used in the equation, is 
taken from the results of the evaluation procedure described in section 
II.3.1, equations 2.1 - 2.4. 
The equation assumes that the shale fraction i s present in hor izontal 
s t reaks perpendicular to the direction of propagation of the acoustic 
waves. This assumption is valid for laminar shale and, to a somewhat 
lesser degree, for s tructural shale. I t i s questionable whether i t also 
describes the e f fec t of dispersed shale adequately. Mineralogical 
effects are accounted for in equation 2.8 by way of the i t , , -values, 

shale 
the shear and compressional wave t r a n s i t times in 100 % sha l e . The 
improved evalua t ion method pos tu la tes the presence of f ive shale 
mineral mixtures in the well, each one possessing i t s own shale point . 
Determining the shale points automatically resul ts in a compressional i t , , -value for each shale mineral mixture . The method does not shale 
p rov ide t h e s e v a l u e s for the shear wave, but they can eas i ly be 
correlated. The signature of the shear wave on the VDL-logs i s ra ther 
blurred in the overlying shale layers, but the shear t ransi t times in 
the shales l i e approximately between 165 and 185 u s / f t . Knowing that 
five shale points are present and correlating with some layers of which 
the lithology is exactly known, the five different shear t r an s i t times 
could be determined. The respective At , -. -values for the shear and 
compressional waves are given in table 2 .2 . The table also l i s t s the 
shear to compressional t r a n s i t time r a t i o belonging to each shale 
mineral mixture together with their hydrogen index. The t r a n s i t time 
r a t i o appears to vary with the mineralogical composition of the shale. 
The shales with a low hydrogen index ( i l l i t e / montmorillonite) exhibi t 
a high t r a n s i t time r a t i o and a low ra t io is found for shales with a 
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high hydrogen index (chlorite/kaolinite). Mineral mixtures in-between 
show a transit time ratio proportional to the constituents. 

Table 2.2 Shear and compressional transit times for the five shale 
mineral mixtures present in the reservoir. 

1 
2 
3 
4 
5 

compr. A t s h a l e 

95 
100 
105 
110 
115 

us/ft 
shear At . n shale 

163 
168.5 
17** 
179.5 
185 

ps/ft 
At-ratio 
1.72 
1.69 
1.66 
1.63 
1.61 

Hydrogen Index 
.12 
.18 
•23 
• 27 
• 33 

Lithology determination from the wavetrains 

The shear (At ) to compressional (At ) transit time ratio essentially 
is a constant for a given lithology. For the formations most commonly 
encountered in oil or gas exploration, the ratio has values of (Pickett 
1963, Nations 197**): 

sandstone At /At =1.6 s c 
dolomite = 1.8 
limestone = 1.9 

These constants are experimental values determined on reservoir rocks 
on a worldwide basis. They are valid for clean (no shale content), 
waterbearing formations. 
The gas- and shale-corrected compressional and shear transit times of 
our field example are plotted in fig 2.10. The transit times were 
corrected for shale with equation 2.8, using the appropriate shale 
values of table 2.2, and the shaliness derived from the petrophysical 
evaluation. The constant lithology lines are drawn according to the 
experimental values of Nations (1974). The plot shows a sandstone 
reservoir containing on average some 25 % limestone. Some of the layers 
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« > 
Fig 2.10 
At versus At . s c 
Transit times have 
been corrected for 
shale. 
SST = sandstone 

LMST = limestone 

«0 HO us/ft 
its 

plot close to the limestone line. They correspond to the conglomeratic 
influx of carbonates. By linear interpolation the composition of the 
matrix can be determined 

lOG-i 

from the plot. The resulting % SST , 
percentage sandstone has been 
plotted versus the percentage 
sandstone determined from a 
Neutron-Density crosspiot in 
f ig 2.11. The agreement is 
good; all layers are grouped 
around the 45° line. This good 
agreement is remarkable con
sidering that the established 
lithology is very sensitive to 

Sire. SSI IFOC-CNL) 

the At /At -ratio. The dashed s c 

Fig 2.11 
Volume percentage sandstone 
derived from acoustic wave-
trains vs. vol. perc. sst from 
lithology crossplots. 
Dashed l i n e s r e f e r to 
lithology calculated with an 
inaccuracy of 1 % in the 
transit time ratio. 

lines in fig 2.11 correspond 
to the quantity of sandstone 
calculated with an error of 
1 % in the transit time ratio. 
The accuracy in the t rans i t 
time ra t io as a resul t of 
reading the compressiona1 and 
shear wave arrival times from the VDL-log, already amounts to 1.5 % • 
So none of the layers plotted in fig 2.11 exceeds the scatter in the 
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log measurements. This r e s u l t confirms the v a l i d i t y of the applied 
shale correction procedure. I t also shows that a quantitative lithology 
analysis using the wavetrains alone, i s as accurate as a combination of 
two other independent lithology indicators in th is field example. 

Lithology determination from the wavetrains without shale correction 

The previous section showed that a good estimate of the l i thology can 
be ob ta ined from the wavetrains. However, a very e labora te shale 
correction was required to obtain the desired resu l t s . I t i s therefore 
i n t e r e s t i n g to investigate how the wavetrain behaves without any shale 
correction at a l l . 
The shear- to-compressional-wave t ransi t time ra t io determined for the 
five shale mineral mixtures (ref. Table 2.2), does not d i f fe r la rge ly 
from the r a t i o expected for a clean sandstone matrix ( i t / i t = 1.6). 
Furthermore, the unconnected wavetrain ra t io cor re la tes well with the 
core density measurements as described at the beginning of th is chapter 
(ref. f ig 2.8). These two facts indicate that i t should be poss ib le to 
make a reasonable estimate of the lithology from the wavetrains, even 
if they are not corrected for shale. This assumption i s confirmed by 
fig 2 .12 , where the t r a n s i t times not corrected for shale, have been 
crossplotted. 
The p l o t shows a sandstone containing some limestone. I t indicates a 
sandstone percentage which i s only an average 10 volume percent too 
high in comparison with the shale corrected lithology plot (fig 2.10). 
So the quant i ta t ive l i thology ind ica t ion i s good. The t r a n s i t time 
r a t i o read s t r a i g h t from the VDL-log appears to give a good "quick 
look"- ind ica t ion of the matrix l i tho logy in t h i s shaly sandstone 
example, without the (usually) elaborate shale correction. 
The uncorrected log values plot closer together in fig 2.12 than the 
corrected ones in fig 2.10. This i s caused by the type of porosity by 
which the p l o t s are influenced. As i s explained in the fo l lowing 
sections, the plot corrected for shale indicates the effective porosity 
in the reservoir, whereas fig 2.12 relates to the total porosity. 
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Fig 2.12 At versus At . 

Transit times not corrected for shale. 

Porosity determination from the wavetrains 

The transit times of the compressional and shear waves in a formation 
are determined by the lithology as well as by the porosity of that 
formation. In order to make a correct prediction of the porosity from 
the wavetrains, this lithology dependence has to be eliminated first. 
For this purpose the "Wyllie time-average equation" (Wyllie et al,1956) 
was used. It is the equation most commonly used in the oil industry to 
relate the At-compressional to porosity: 

At = * At-, + (1 - 4) At (2.9) 
c fl ma 

compressional transit time, (us/ft) 
transit time pore fluid, (= 185 us/ft) 
transit time matrix, (us/ft) 
porosity, (fraction BV) 

with At 
Atfl = 
At = 
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The equation re la tes the t ransi t tine of the compressional wave to the 
porosity while incorporating the lithology dependence of the acoustic 
data. I t i s valid for clean l i thologies, not for shaly reservoirs. The 
porosi ty fea tu r ing in eq 2 .9 , corresponds to t he i n t e r c o n n e c t e d 
poros i ty . A correction factor has to be included if any secondary non-
interconnected pores are present. 
The equation was established only for compressional waves. I t cannot be 
used to derive the porosity from the shear wave. Liquids do not sustain 
shear waves, so a At-, does not exist for shear waves. 
The compressional and shear wave t rans i t times recorded in our shaly 
sandstone formation are p lo t ted versus the porosity in figs 2.13 and 
2.14, respectively. The shale ef fec t i s el iminated from the p lo t ted 
t ransi t times as well as from the porosity. 
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Fig 2.13 
Compressional it versus porosity 
Data are corrected for shale. 

Fig 2.14 
Shear At versus porosity. 
Data are corrected for shale. 

The lithology dependence of the acoust ic waves i s indicated in both 
p lo ts by drawing the At - * relationship for sandstone and limestone. 
The Wyllie equation was employed to construct th is relationship for the 
compressional wave, using a matrix t r a n s i t time of 55-5 u s / f t for 
sandstone and of 47-5 us/f t for limestone. A r e l a t i o n s imi lar to the 
Wyllie equation, which relates the shear At to porosity does not exist . 
The lithology l ines drawn in f ig 2.14 are derived from the compres
s ional t r a n s i t t imes , using a Atg/Atc rat io of 1.6 for sandstone and 
1.9 for limestone. 
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The transit times in both plots were corrected for shale using the 
volumetric shale correction given by eq 2.8. The plotted values 
represent the reservoir as if no shale were present. 
The porosity (*) was corrected for shale effects, too. The plotted 
values represent the porosity calculated as if no shale were present. 
They were calculated from the effective porosity determined with the 
petrophysical evaluation procedure (eqs. 2.1 - 2.4), according to: 

* = ♦ * (1 - V ) eff v sh' 
where 

♦ „- = actual effective porosity given by eqs 2.1 - 2.1), 
Vsh = shaliness given by eqs 2.1-2.4, (fr. BV) 
* = porosity as if no shale were present, (vol. %) 

Figures 2.13 and 2.14 show a well-defined trend of the compressional 
and shear wave transit times with porosity. The variation with lithol-
ogy, however, is large in both plots. In order to make an accurate 
porosity estimation from the transit times, the lithology of the 
formation has to be known fairly accurately. 
The relation between transit time and porosity is steeper for the 
compressional than for the shear wave. This is in agreement with the 
observations made by Pickett (1963) and Nations (197.4). A small 
inaccuracy in transit time will affect the derived porosity less when 
using the shear wave than when using the compressional wave. On the 
other hand, the first arrival of the shear wave often is difficult to 
determine on the logs, which will result in a larger inaccuracy in the 
calculated transit time. Taken together, the two effects, will probably 
cancel out and it does not offer any.advantages to derive the porosity 
from the shear wave instead of from the compressional. 

Combined porosity-lithology crosspiot 

In the previous section it was noted that the lithology of the 
formation has to be known to make an accurate porosity estimate from 
the wavetrains. The lithology itself can also be derived from the 
wavetrains, as shown earlier. So the obvious solution is to combine the 
porosity and lithology determination in one crosspiot. 

(2.10) 

(vol. %) 

- 39 " 



In fig 2.15 At has been p lo t ted versus i t . The At-values are cor
rected for shale. The lines denoting a constant lithology are graduated 
for porosity using the Wyllie time average equat ion. In doing so, i t 
was assumed tha t the poros i ty i s equally d i s t r i b u t e d among the two 
li thologies. The graph is valid for "clean" l i thologies , containing no 
shale. 

60 

eo-

its ) ̂ s/ft 

Fig 2.15 
At /At -ratio to lithology transform graduated for porosity. 

The lithology indicated by the plotted layers has already been discus
sed in the previous paragraph. 
The porosity values following from the porosity graduation were con
versed to total porosity and compared with the core porosities in fig 
2.16. The conversion was carried out according to: 

>t = ♦ • (i - vsh) ♦ vsh* * t s h a l e (2.11) 

with ♦ = total porosity 

tshale 

* = porosity derived from fig 2.15 
. = shale fraction present 

amount of water contained in the shales 
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The Vsh and 0 values used in the equation, were derived from the 
tsnaxe 

petrophysical evaluation (eqs 2.1 - 2 .4 ) . The * was ca lcula ted 
t sna J.e 

from the appropriate wet shale point as determined by the improved 
evaluation procedure, using a dry shale density of 2.65 gr/cc for each 
shale type. The conversion is necessary because fig 2.15 is valid for 
shale-free formations only. It yields porosity values for the shale-
free portion of the formation. The porosity values measured on the 
cores, on the other hand, correspond to the total porosity of the 
formation; i.e. they include the effective porosity of the formation as 
well as the porosity associated with the shale fraction. 

Fig 2.16 
Total porosity derived 
from wavetrains versus 
core porosity. 

20 h 

Fig 2.16 shows tha t the acous t i ca l ly derived t o t a l porosity values 
compare very well with the porosity derived from the cores, e spec ia l ly 
i f one takes in to account that the core porosit ies have been measured 
on small plugs (1 inch diam.), whereas the t r a n s i t times are average 
values over a two-feet formation interval . 
The general trend in the graph ind i ca t e s the core p o r o s i t i e s to be 
s l i g h t l y higher , which i s probably due to pressure relaxation of the 
core material. The core measurements are carried out under atmospheric 
circumstances, whereas the reservoir i t s e l f i s subjected to the over
burden pressure. The atmospherically measured p o r o s i t i e s can be some 
0.5 to 1 porosity percent higher than the in-s i tu porosit ies, which are 
derived from the acoustic t rans i t times. 
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I I . 4 Dolomite formation 

The second field example is a very homogeneous gas-bearing dolomite 
r e s e r v o i r , pa r t of the Zechstein-2 carbonates. The formation consists 
exclusively of dolomite. No contaminations of any kind are present. 
The i n t e r p r e t a t i o n of the wavetrain logs recorded in t h i s well i s 
hampered by the presence of non-interconnected porosi ty and by the 
presence of many fractures in the formation. Furthermore, the porosity 
encountered in the reservoir i s very low. These effects added together, 
make i t impossible to draw any de f in i t e conclusions from this field 
study. 
The discussion of th is formation proceeds in the same manner as in the 
previous field example. The petrophysical evaluation of the r e se rvo i r 
i s given f i r s t , followed by the wavetrain interpretation. 

I I .4 .1 Petrophysical evaluation 

Description of the reservoir 

The reservoir i s characterised by a pure dolomite l i tho logy. The cap-

and baserock both cons is t of thick anhydrite layers. The dolomite is 
separated from the anhydrite caprock by a shale streak with a thickness 
of approximately 1 metre. 
The reservoir formation i s very t ight; the porosity ranges from 1 - 3 % 
BV, and pe rmeab i l i t i e s measured on the cores are around 1 mDarcy. Due 
to dolomitisation some secondary porosity is present. 
The well was completely cored with a recovery of 100 percent. A full 
logging s u i t e was run in the w e l l . Core measurements a r e a l s o 
available. 
The formation i s heavily fractured. Some 70 fractures can be recognized 
on the cores as well as on a Fracture Identification Log. This explains 
the re la t ively high gas production-rate obtained during a production 
tes t . 
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The reservoir characteristics are: 

net reservoir thickness 
average porosity (X<t>*h/£h) 
average watersaturation 
porosity column (Z**h) 
S h column (I**h*Sh/I**h) 

4 2 . 7 m. 

1.8 % BV 

50 % 

. 8 m. 

.k m. 

Due to the very low porosity values the accuracy of these numbers i s 
poor. The e r ro r in the poros i ty estimates is at leas t ± 0.5 % BV, so 
the values only give a quali tat ive indication of the reservoir. 
The well has been dr i l l ed deviated; the maximum deviation encountered 
is 15-3 degrees. The formation of interest was intersected at an angle 
of approximately 2 degrees, so no deviation correction is necessary for 
the reservoir section. 

Types of porosity encountered in the formation 

The range in porosity values encountered in this homogeneous formation 
i s very small, i . e . 0.5 " 3 % BV. As a consequence, the matrix density 
is high, which resul ts in a relat ively high degree of s c a t t e r in the 
various porosity logs. 
A comparison of the log-derived porosities with the core measurements 
shows that the core porosities are significantly lower. The log derived 
porosities range from 0.5 to 3 % BV, while the core p o r o s i t i e s range 
from 0.2 to 1.1 % BV. This discrepancy was found to be caused by poorly 
connected porosity in the reservoir. 
On the cores the poros i ty was measured by the wet-and-dry-weight 
method, where the submerged weight of a sa tura ted core sample i s 
compared to the dry weight in order to calculate the grain volume. If 
some of the pores are connected by very narrow pore t h r o a t s , the 
sa tura t ion may not be complete, resulting in too large grain volumes 
and hence too low poros i ty va lues . The Density and Neutron logs 
however, ind ica te the t o t a l poros i ty , regardless of the pores being 
interconnected or not. 
The presence of poorly connected pores has been checked by porosity 
measurements using the Boyle meter on core plugs. The Boyle meter uses 
gas pressure to determine the porosity and is not influenced by very 
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narrow pore throats. This method gave a porosity of 2.5 % BV, whereas 
the wet-and-dry-weight method measured only 0.5 % BV on the same plug. 
The Boyle meter thus confirms that some of the porosity is poorly 
interconnected. The amount of poorly connected porosity is small but it 
is relatively high compared to the primary porosity in this tight 
formation. 
As the porosity values derived from the Neutron log agree well with 
those measured by the Boyle meter, the Neutron log is assumed to give 
the correct porosity and the Neutron porosity is used in the following. 

II.4.3 Wavetrain interpretation 

Lithology determination 

The transit times of the shear and compressional waves are crossplotted 
in fig 2.17- The pure lithology lines in this plot have been drawn in 
accordance with the experimental values of Nations (197**); i-e. it /At 
is equal to 1.8 for dolomite and 1.9 f°r limestone. 
The transit times recorded in this dolomite reservoir do not indicate 
the lithology as accurately as they did in the previous sandstone field 
example. The plot clearly shows a carbonate reservoir, but indicates a 
large limestone content, whereas the formation consists almost ex
clusively of dolomite. 
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Fig 2.17 Shear At versus compressional At 
in the dolomite formation. 
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X-ray diffraction and röntgen fluorescence analysis confirmed that the 
reservoi r cons is t s almost exc lus ive ly of dolomite with very small 
f ract ions of l imestone and t r aces of quar tz . The l a t t e r minera l 
probably f i l led some of the fractures in the formation. 
The pure dolomite lithology is not reflected in the At /At - r a t i o . At 
most, the t ransi t time ra t io only gives a quali tat ive indication of the 
lithology in this well. 

Porosity determination 

Wyllie eq. 

The t ransi t times of the compressional and shear waves a re p lo t ted 
versus the poros i ty in f igs 2.18 and 2.19 respectively. The plotted 
porosities are taken from the Neutron log and include primary as well 
as poorly interconnected porosity. The "Wyllie time-average equation" 
(eq. 2.9) i s drawn for the compressional wave, using a matrix t r a n s i t 
time of A3.5 us / f t . Although the Wyllie-equation is not valid for shear 
waves, a similar expression can be obtained for the t ransi t time of the 
shear wave by calibrating At from At using a constant ra t io of 1.8 . 
This line is drawn in fig 2.19. 
Fig 2.18 shows tha t using 
the W y l l i e e q u a t i o n t o 
obtain the porosity from the 
compress ional wave w i l l 
r e s u l t in values t ha t are 
s l i g h t l y too low. This i s 
probably caused by the non-
connected pores to which the 
compressional wave does not 
respond. The Wyllie equation 
indicates porosities between 
0 and 2.5 percent BV, which 
i s s l i gh t l y higher than the 

core porosities but lower than the porosities given by the Neutron log. 
Application of the calibrated "Wyllie equation" to the shear wave would 
yield too high porosity estimates in comparison with the Neutron log 
( f i g 2 .19 ) . The many f rac tu res in the r e se rvo i r sect ion may have 
increased the calculated shear t rans i t time. 

SO ; i 0 t 

Fig 2.18 
Compressional At versus porosity 
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Fig 2.19 
Shear At versus porosity 
Line i s ca lcula ted from 
Wyllie equation in com
binat ion with a Ats/Atc 
ra t io of 1.8. 

Both porosity plots show quite a b i t of scattering due to poorly inter
connected porosity and the presence of many f r a c t u r e s . The e f fec t of 
these fac to rs upon the wavetrains i s only quali tat ively known, thus 
making a quanti tat ive interpretation of the acoustic waves impossible 
in t h i s wel l . And in any case, the formation i s too homogeneous and 
therefore the range in encountered porosit ies too small, to be able to 
observe any well defined trend. 

I I . 5 Discussion of resu l t s 

The two field studies clearly indicate the l imitations of using natural 
reservoir formations for acoustic research. But they also show some of 
the p o t e n t i a l a p p l i c a t i o n s of the sonic wavetrain in formation 
evaluation. In the shaly sandstone formation the shale and hydrocarbon 
corrected shear- to-compressional t r a n s i t time r a t i o gave accurate 
estimates of the porosity and lithology. The wavetrains a lso ind ica te 
that the p r o p e r t i e s of the shale f rac t ion are not constant in the 
formation; i t may offer additional information for evaluat ing complex 
shaly reservoi rs . In the dolomite formation the At appears to give an 
indication of the connected porosity. 
The t rends however, only became vis ible after extensive reworking of 
the recorded data. The shaly sandstone example required an extensive 
shale cor rec t ion to the data se t in order to determine the matrix 
properties. In this part icular field example the cor rec t ions could be 
worked out and the same approach may be applicable to other wells in 
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the same field. But it will be very difficult to compare the results 
with other fields which may require a completely different shale 
correction. The same goes for the results from the dolomite reservoir, 
where the exact influence on the wavetrain of the poorly connected 
porosity and the fractures can only be guessed at. 
Due to these circumstances it would be premature to base any definite 
conclusions on the interpretation of only these two field examples. 
Further field studies of shaly reservoirs should be performed to 
check the conclusions reached here and to explore the possible 
applications of the wavetrains in shaly formations any further. On the 
same grounds it is important to investigate some more carbonate 
formations. Preferably, these formations should have a wide porosity 
range to overcome the limitations of the dolomite example. 
Field studies are not able to reveal the precise correlation between a 
specific rock parameter and the recorded wavetrain, because too many 
unknowns are present. Geometrical effects of the borehole left aside, 
no two formations are alike. An empirical approach to investigate 
acoustic behaviour by comparing field data, always encounters great 
difficulties in ascribing certain characteristics of the wavetrain to a 
particular reservoir property. The correlations are always obscured by 
the many factors that influence the wavetrains in an unknown manner, 
viz.: 

- 1) In general the rock is not homogeneous over a length of 2 feet, 
being the vertical resolution of the acoustic recording. The 
acoustic data are average readings and are hard to compare with 
core data, which are measured on small plugs (1 inch diam.). 

- 2) Local effects upon the wavetrain have to be taken into account, 
such as wash-outs, borehole size, borehole rugosity, mud, mudcake, 
fluid content of the formation (gas), stress effects. 

- 3) In general it is not possible to find two rocksamples differing 
only in one specific property. The bulk rock parameters constitute 
a combination of several smaller effects. 
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From field data, at best a broad, general c o r r e l a t i o n can be found 
between the recorded acoustic data and the petrophysical parameters of 
the formation. To study the acoustic behaviour of rocks in d e t a i l , i t 
was therefore decided to go back to the l abora to ry . By performing 
experiments on a r t i f i c i a l ly made rocks most, of the above mentioned 
e f fec t s can be i so la ted . Environmental effects are eliminated and, if 
made properly, the a r t i f i c i a l rock samples are homogeneous and the 
p r o p e r t i e s of t he samples are under con t ro l . Having es tabl i shed 
co r r e l a t i ons between the a c o u s t i c measurements and the sample 
parameters, the obtained relations can then be applied to well-data to 
improve the wavetrain interpretation in the f ield. 
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I I I . ARTIFICIAL SANDSTONES 

I I I . l In t roduc t ion 

The f i e l d examples of the previous chapter showed t h a t a t b e s t a ve ry 
g e n e r a l c o r r e l a t i o n between acous t ic parameters and formation charac
t e r i s t i c s may be d e r i v e d in an e x p e r i m e n t a l approach u s i n g n a t u r a l 
c o r e s . Too many rock p r o p e r t i e s vary between specimen to be able to 
o b t a i n s p e c i f i c r e s u l t s . The u s e of a r t i f i c i a l r o c k s a m p l e s was 
the re fore i nd i ca t ed . When a proper conso l ida t ion technique i s employed, 
homogeneous samples with known p r o p e r t i e s can be p r e p a r e d . Also, by 
v a r y i n g t he base m a t e r i a l s of the samples, i t i s poss ib le to vary the 
formation c h a r a c t e r i s t i c s of i n t e r e s t . This provides the opportunity to 
c o n s t r u c t a r ange of rock specimen v a r y i n g in one aspect only; t h a t 
aspect can then be l inked to the a c o u s t i c response of the rock samples. 
In o r d e r to subsequently e x t r a p o l a t e any c o r r e l a t i o n s between acoust ic 
and syn the t i c rock parameters to n a t u r a l r e s e r v o i r f o r m a t i o n s , i t i s 
e s s e n t i a l for the samples to resemble n a t u r a l rocks . The samples should 
exh ib i t a l l the i n t r i n s i c c h a r a c t e r i s t i c s of a na tu ra l r e s e r v o i r r ock . 
A labora tory procedure was developed for the cons t ruc t ion of a r t i f i c i a l 
rock samples t h a t f u l f i l l t h i s requirement . A c o n s o l i d a t i o n t e c h n i q u e 
i s u sed , which resembles the n a t u r a l p rocess of cementation of r e se r 
vo i r formations. F i r s t a dense packing of loose sand gra ins i s prepared 
and then the gra ins are cemented a t the g ra in con tac t s to form a porous 
rock. 
Three types of cementing mater ia l have been t e s t e d , v i z . : 

- s i l i c a produced from s i l i c o n t e t r a c h l o r i d e , so -ca l l ed s i l i c a - l o c k , 
- s i l i c a produced from m e t h y l s i l i c a t e , and 

- a r a l d i t e . 
The a r a l d i t e cement proved to be the most appropr ia te one. Despite con
s i d e r a b l e e f f o r t s , reproduc ib le , comple te ly homogeneous rock samples 
c o u l d n o t be o b t a i n e d u s i n g t h e s i l i c a - l o c k method, a l though t h e 
e x i s t i n g i n h o m o g e n e i t i e s d id no t appea r to i n f l u e n c e the a c o u s t i c 
response of the samples s i g n i f i c a n t l y . 
In t h i s c h a p t e r f i r s t a rev iew i s g iven of t h e v a r i o u s p u b l i s h e d 
methods used to produce syn the t i c cores . Then the requirements that the 
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samples have to fu l f i l l to be suitable for our acous t ic experiments, 
are l i s t e d . The chemical aspects of the consolidation process and the 
consolidation procedures themselves, are treated. Extensive coverage i s 
given to the inhomogeneities generated in the samples using the s i l ica-
lock method and to the various experiments performed in order to elimi
nate the i r r egu la r i t i e s . The chapter ends with a general description of 
the sample properties and a comparison with natural rock. 

I I I .2 Review of synthetic cores 

Art i f ic ia l ly made porous media have been used by several inves t iga tors 
for acous t ic or res i s t iv i ty measurements. The porous media reported in 
this context range from commercially available metalliferous mater ia ls 
to laboratory-made sandstones cons is t ing of loose grains cemented 
together. In the following a succinct review of the synthet ic cores 
reported in the l i t e r a t u r e will be given to see which cores will sui t 
our needs best. Since we in our project are i n t e r e s t e d in mater ia ls 
resembling na tu ra l reservoir rocks as closely as possible, the review 
will be limited to quartz grains glued together somehow. 

Grains mixed with cement 

Synthetic rock samples consis t ing of quartz sand grains mixed with 
commercia l ly a v a i l a b l e cement, have been used for acoust ic and 
r e s i s t i v i t y measurements by Viksne e t al (I96I) and Mandel e t a l 
(1957). 
The dry sand-cement mixture i s s t i r r e d u n t i l homogeneous. After 
a d d i t i o n of water the wet mixture i s subjected to pressure for 5 
minutes after which the cement i s allowed to set . The advantage of this 
method i s t h a t the amount of cement can be varied. By regulating the 
quantity of cement, porosities between 2.1 and 30-^ % were obtained. 
A disadvantage of the method i s the uncont ro l lab le location of the 
cement within the sample. I t seems unlikely that the method will result 
in samples with a homogeneous porosity distr ibution. A second serious 
shortcoming of t h i s method i s the r e su l t i ng coat ing of the quartz 
grains by a thin film of cement. No grain-to-grain contacts are present 
in the produced samples and above a cement content of 17-5 % the grains 
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even s t a r t ed to f loa t in a cement matrix. This resul ts in a congres
sional ve loc i ty of the samples which s t r o n g l y depends upon the 
manufacturing pressure of the cores. Another drawback of the method i s 
that i t i s only appl icable for small s ized samples. The p r e s s u r e 
required to compact the sand-cement mixture in practice sets a limit to 
the size of the samples that can be manufactured. For larger samples i t 
would also be diff icul t to obtain a homogeneous sand-cement mixture and 
thus a homogeneous sandstone sample. 

Glass beads 

Plona (1980,1982) employed synthetic rocks made of glass beads (diam. 
177-210 um) sintered at the grain contacts by heating. The length of 
time in the oven determines the degree to which the porosity decreases 
from its initial value of 38 %, corresponding to a dense random packing 
of hard spheres. 
As with the samples of Viksne et al, the porosity of the glass bead 
samples is variable. In contrast to the previous method, the grains are 
here cemented at the grain contacts and there is no cement filling up 
the pores. But again only relatively small core samples are possible 
and it is difficult to obtain homogeneous samples, especially larger 
ones. Furthermore, due to the perfect roundness of the glass beads, the 
packing characteristics differ from those of natural sandstones. 

Mortar 

Lebreton e t al (1978) used l a rge samples made of mortar for their 
acoustic measurements. Mortar (cement, sand, water, addi t ive) was 
poured in a la rge p i t with dimensions 5 ' x 5 '* 4 0 ' , and allowed to 
harden. 
Very large samples can be manufactured with this method but i t seems 
impossible to produce them homogeneously. The packing of the grains 
will be very bad and can not be controlled in any way. The permeability 
of the samples i s mainly caused by f rac tures and the p o r o s i t y i s 
created by vugs and channels. 
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Silica-lock 

In 1980, Davies and Meijs published the s i l ica- lock method for con
s o l i d a t i n g sand g r a i n s . The method was developed to prevent sand 
production in unconsolidated gas wells. The s i l ica- lock method consists 
of flowing vaporized silicon tetrachloride through a waterwet sandpack. 
At the grain con tac t s in the sand, water i s held by capillary forces. 
The si l icon tetrachloride reacts with this irreducible watersaturation 
to form amorphous s i l i c a , thus cementing the grains together. 
The method i s well su i ted for manufacturing a r t i f i c i a l sands tone 
samples. I t does not d i s tu rb the packing of the treated sand as only 
vapour i s flowed through the sandpack. The dimensions of the sample are 
not l imi ted to a c e r t a i n s i z e . Before treatment, the small amount of 
irreducible water in the sandpack i s concentrated around the g ra in - to -
grain c o n t a c t s . So the amorphous s i l i ca formed during the process is 
only present in small quantities around the grain contacts. The gra in-
to -g ra in contac ts themselves are not disturbed in any way. Since the 
quant i t ies of s i l i c a formed during the process are small and t h i s 
mater ia l i s concentrated mainly at the gra in contacts , the process 
resul ts in a very small reduction in porosity and permeability. 
A disadvantage of the process is the violent reaction of silicon tetra
chloride with water. I t requires s t r ingent safe ty precautions in the 
laboratory. 

Epoxy resin 

Another process developed to overcome sand trouble in producing wells 
by consolidating loose sand uses an epoxy res in to "glue" the sand 
grains together (Havenaar and Meijs, 1963). As with the silica-lock 
method, the process leads to consolidated sands without s ign i f i can t 
reductions in permeability or porosity. 
The resin i s applied in the form of a so lu t ion to the dry sandpack. 
From the d i lu te solution a limited amount of resin i s deposited predo
minantly around the grain contacts, thus glueing the grains together. 
A disadvantage of t h i s procedure is that the resulting cement i s not 
heat res i s tan t . 
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The consolidation methods described above, all have their advantages 
and shortcomings. The consolidation processes developed to cure sand 
production (i.e. the last two) resemble natural sandstone rock best. 

III.3 Sample requirements 

The empirical approach of the project sets serious limitations to the 
artificial rock samples that can be used in our experiments. On the one 
hand it is required that one specific rock property can be singled out 
to be correlated with the variations in acoustic response, on the other 
hand the samples should resemble natural reservoir rock as closely as 
possible. The requirements to which the samples have to conform can be 
specified as follows: 

1) The samples have to resemble actual reservoir material as closely as 
possible. 

2) The consolidation process must be such that one property of the 
sample can be changed, keeping all other rock parameters more or 
less constant. For instance, it has to be possible to change the 
size of the grains making up the sample while all other parameters 
(such as porosity, roundness, sorting, cementation) remain the same. 

3) The grains of the samples should be rock supporting, i.e. no thin 
film of cement should be present between the grain contacts.. 

4) The cementbond ideally should have the same acoustic characteristics 
as the grains (or at least the characteristics should be known 
exactly). 

5) It has to be possible, within limits, to regulate the amount of 
cement. 

6) The cement should be evenly distributed throughout the sample. 

7) The rock properties of the samples must be known in detail. 
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8) The specimens have to be homogeneous in all directions (isotropic). 

9) The samples have to be reproducible. 

10) The dimensions of the manufactured samples have to be variable. 
Small samples need to be made for transmission measurements while 
the refraction measurements require large specimens (40»40x4o cm) 
to eliminate the disturbing influence of reflections from the 
sample edges. 

11) The specimens should have enough strength to allow physical 
handling. 

12) The samples should be water- and oil-resistant. 

13) The samples should be sufficiently pressure- and heat-resistant to 
allow measurements under in-situ circumstances. 

Comparing the above listed requirements with the consolidation methods 
reported in the literature, the Silica-lock method and the method using 
epoxy resin cement produce the best results. Provided the loose sand 
grains are properly packed prior to cementation, both methods produce 
artificial samples which closely resemble natural sandstone reservoir 
rock. The properties of the samples can be fully controlled and the 
dimensions of the samples are not limited in any way. These methods 
have thereforebeen selected for the acoustic research project. 

III.4 Chemical aspects of the consolidation methods 

Three alternative chemical processes were used to consolidate the loose 
sand. They are: 
1) Reaction of vaporized silicontetrachloride with a connate water 

saturation in the sand to form amorphous silica at the grain 
contacts, (silica-lock process). 

2) A process equal to silica-lock but using an organic silica compound 
as a reagent. 
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3) Imbibing the sandpack with a solution of ara ld i te , an epoxy re s in , 
and a l lowing the res in to harden a t the gra in con tac t s , thus 
forming a bond of high mechanical strength. 

Of the three methods, both the s i l i c a - l o c k and the ara ldi te method 
produce well-consolidated rock samples. The samples constructed by the 
s i l i c a - l o c k method however showed macroscopic fracture-like irregula
r i t i e s . Although acoustically the samples appear to behave homogeneous
l y , the i r r e g u l a r i t i e s make them l e s s r e l i a b l e for fundamental 
research. To overcome the problems with the s i l i c a - l o c k method, an 
a l t e r n a t i v e s i l i c a compound was t e s t ed as a conso l ida t ing agent; 
methyls i l ica te . But t h i s organic s i l i c a compound produced b r i t t l e 
samples which were too delicate for normal handling. 

Silicontetrachloride 

The s i l i c a - l o c k process is based upon the hydrolysis of s i l iconte t ra-
chloride: 

SiCl, + 2 H20 -> Si02 + k HC1 (3.1) 

The reaction is complete and progresses very fast and violently. During 
the reaction large amounts of gaseous hydrochloric acid are formed. The 
violent character of the reac t ion with water and the s t rong hydro
chlor ic acid production requi re s t r i n g e n t safety precaut ions when 
handling si l icontetrachloride. 
The conversion of SiClt into amorphous s i l i c a progresses along several 
intermediate s t ages . F i r s t the hydrolys is reac t ion of SiCl, takes 
place . The resulting s i l i c i c acids then polymerize into a gel in which 
water i s trapped. Finally the gel i s dehydrated and turned i n t o a hard 
amorphous s i l i ca acting as a cement bond between the sand grains in the 
sample. 
During hydrolys is of SiCl t a chlor ine atom together with a hydrogen 
atom from the water sp l i t off as gaseous HC1. The open place in the 
SiCl t s t r u c t u r e formerly occupied by the chlorine atom is taken by a 
hydroxyl group. This process i s repeated un t i l hydrolysis i s complete. 
(Donker, 1986). 
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Fig 3-1 Hydrolysis of silicontetrachloride 

The hydrolysis of silicontetrachloride is very fast and violent. 
The endproducts of the hydrolysis probably are Si(OH)» (= orthosilicic 
acid H2 SiO, ) and/or meta silicic acid H2SiO, . 
Silicon does not form classical double bonds with oxygen. The silicic 
acids produced by the hydrolysis polymerize to form siloxane chains and 
networks. 
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OH 

0 
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OH 
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OH 
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OH 

- Si — 
OH 

0 

Fig 3.2 Polymerization of H2SiO, 

Water is trapped inside the growing siloxane network and a gel is 
formed. The silicagel is a strong bonding agent that can bridge the 
distance between the particles of the sandstone sample. 
The initially jelly-like gel is dehydrated spontaneously (= syneresis) 
and by evaporation of water until a hard, dense cement remains. The 
dehydration is accompanied by shrinkage of the silica network. 

Methylsilicate 

The hydrolysis of methylsilicate is: 

nSi(0CH,h + ^ ^ 0 •» n Si(0H)t + *)n CH3 OH (3-2) 

During the reac t ion the same s i l i c i c acids are formed as with the 
si l ica-lock process. The s i l i c a p a r t i c l e s polymerize and form a gel 
binding the sand grains of the sample. Methanol however i s produced 
instead of Hydrochloric acid. This alcohol has a lower surface tension 
than water and this could positively influence the shrinkage effects of 
the cement. The r a t e of hydrolysis of me thy l s i l i ca t e i s very much 
slower than t h a t of S i l i c o n t e t r a c h l o r i d e . The react ion can be 

- 56 -



accelerated strongly by using an acid or a base as catalyst. As a 
result the rate of reaction can be controlled to a certain degree. 
A disadvantage of the use of methylsilicate as a bonding agent is that 
methylated silicon compounds are very toxic. 

Araldite 

A third consolidation method tested is the addition of an epoxy resin 
to the loose sandstone grains. A mixture of commercially available 
araldite AY103 and hardener HY956 is added to the sand grains as an 
adhesive. The mixture hardens and glues the grains together. 
The hardening process of araldite commences as soon as it is mixed with 
the hardener. This seriously inhibits a homogeneous distribution of 
cement throughout the sample. To solve this problem the araldite was 
mixed with acetone. The solution has a low viscosity and it retards the 
hardening process strongly. 
The consolidation of loose sand using araldite is a relatively simple 
method. No stringent safety precautions are required as the reaction is 
a slow hardening process and the araldite is not toxic. Using acetone 
as a solvent yields no undesired side-effects and results in a control
lable process. 

III.5 Sample construction 

Artificial sandstone samples were constructed in different dimensions. 
Refraction measurements require large samples to prevent reflections 
from the sides of the sample interfering with the desired signals. For 
those measurements large cubic blocks were manufactured with ribs of 
l)0xk0xt\0 cm. Transmission measurements require only thin slices of core 
material. For these experiments it is sufficient to construct 
cylindrical samples with a diameter of l*t cm and a length of 15 cm. 
Simply because of the dimensions, it is much easier to make the smaller 
cylindrical samples than the large blocks. Therefore only four large 
samples were manufactured up till now, each with a different grain 
size. All other sample construction experiments were carried out using 
the smaller cylindrical dimensions. 

- 57 -



The construction process of the artificial rock samples proceeds in 
three separate stages. First the sand grains are compacted to obtain a 
homogeneous sample. Then the sandpack is saturated and drained to 
obtain a connate fluid saturation at the grain contacts. Finally the 
sand is consolidated by flowing silicontetrachloride through the sample 
or by evaporating the acetone from the araldite/acetone mixture. 

III.5-1 Compaction of the grains 

The packing of the sand grains is important to obtain a homogeneous and 
reproducible rock sample. 
The vessel in which the cylindrical samples are consolidated is shown 
in fig 3-3- The container can be sealed with a lid to allow consolida
tion using silicontetrachloride in a later stage of the process. At the 
bottom of the vessel a 2 cm thick layer of very fine glass beads with a 
diameter of 35~70 urn is placed in order to drain the pack consisting of 
coarser sand grains. The main body of the container is filled with the 
sand grains that will form the rock sample. The sand grains are 
separated from the fine glass beads by a perforated plate to prevent 
the two grain sizes from mixing during the compaction process. 

The loose sand grains in the vessel are compacted to the highest degree 
of compaction to get a good packing of the grains and to assure the 
reproducibility of the samples. 
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Three techniques were tested to compact the sand: 
- vibration of the container. 
- the 7-sieves technique. 
- raining-in of the grains in the water-filled container. 

The f i r s t and second techniques resulted in the lowest porosity of the 
sandpack and thus in the best compaction. The f i r s t technique i s the 
simplest and consequently a l l cy l i nd r i ca l samples were compacted by 
vibrating the sample conta iner on a v ib ra t ion t a b l e , together with 
gentle hammering on the side of the container. During the process the 
degree of compaction i s monitored by measuring the weight and volume of 
the sand in the con ta iner . In t h i s manner a porosi ty of the uncon-
solidated sandpack of 38-39 % w as reached for a l l samples. 
The la rge cubic samples were compacted by a S t i l e t to vibrator table 
which vibrates with a frequency of 50 Hz, with a variable amplitude of 
vibration. 

I I I .5 .2 Drainage of the sandpack 

The cement must be present only at the grain contacts in order to 
obtain homogeneous rock samples with predictable reservoir characteris
t i c s which are comparable to na tu ra l formations. The consolidation 
fluid (water or araldite/acetone), therefore, has to be present only at 
the grain contacts too. This can be achieved by creating an irreducible 
fluid saturation in the unconsolidated sandpack. The c a p i l l a r y forces 
then assure tha t the remaining fluid i s located at the grain contacts 
only. 
A connate fluid saturation in the sand i s obtained by employing a thin 
layer of fine sized g l a s s beads a t the bottom of the consol idat ion 
vessel ( f ig 3-3) , making use of the difference in capillary pressure 
cha rac te r i s t i c s of the fine and the coarser sandbeds, as shown in 
f ig 3-^- If a c e r t a i n pressure d i f f e r e n t i a l i s applied to the total 
sandpack, the fine grained layer will remain fully saturated while the 
coarser f rac t ion i s drained almost to i t s i r r educ ib le sa tu ra t ion , 
provided no pressure jump exists over the in te r face d iv id ing the two 
fractions. 
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F i r s t the c o n s o l i d a t i o n v e s s e l 
containing the compacted sand is 
fully saturated by imbibition from 
the bottom of the vessel. The flow-
rate is slow to prevent the l iqu id 
from l i f t i ng the compacted sand. 
After t he sand has been f u l l y 
s a tu ra t ed , a pump i s connected to 
the fine-sized glass beads compart
ment. The pump slowly sucks liquid 
from the f ine-grained l aye r . The 
cap i l l a ry pressure characterist ics 
of t h e f i n e b e a d s s t r i v e t o 
ma in t a in the s a t u r a t i o n of the 
layer at 100 percent, so l i qu id i s 
drained from the coarser grain pack 
located above. 

vatersnturation 100 % 

Fig 3-4 
Capi l la ry pressure curves of fine 
and coarser grains. 
* -• pressure exerted on the coarse 

sand by the fine beads during 
drainage. 

— sand 

connate 
water 

Pumping l i qu id from the fine grain pack 
u l t imate ly r e s u l t s i n a connate water 
s a tu ra t ion in the sand grains that will be 
consolidated to form the rock sample. At 
t h a t moment the sa tu ra t ion in the fine 
sized layer is much higher (f ig 3-**). but 
t h i s i s i r re levant as the only function of 
the fine beads i s to drain the coarse sand 
pack. 
During the drainage process care has to be 
taken t h a t the f l o w - r a t e of the pump 
remains small. The liquid has to be drained 

in a continuous flow from the sample. If a break-through of air towards 
the pump occurs, the drainage will stop and can not be restarted again; 
the sample then becomes useless. 
The drainage process results in a homogeneous connate water sa tura t ion 
in the sandpack (fig 3-5)• Drainage end-effects are only present in the 
thin layer of fine sized grains below the actual rock sample. 
The connate water i s located at the grain contacts. The quantity of 
water remaining in the pores after drainage amounts to 10 - 15 percent 
of the pore volume of the sandpack. 

Fig 3-5 
Water distribution 
after drainage. 
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III.5-3 Consolidation methods 

After the sand is given a connate water saturation, it is consolidated. 
This process is discussed separately for the three consolidation 
methods that were used. 

Silicontetrachloride 

The laboratory set-up for the consolidation of rock samples using 
silicontetrachloride is shown in fig 3-6. Because of the toxic proper
ties of SiCl,, it is a closed circuit consisting of a nitrogen pressure 
cilinder, a vessel containing liquid SiCl, , a sample container and a 
vessel for the neutralization of the produced HC1. Safety switches are 
included in the set-up to be able to shut off the SiCl, -supply in case 
of emergencies. 

Fig 3.6 Experimental set-up for the consolidation of sand grains 
by the silica-lock method. 
p,q = pressure and flow meters 
s = safety switch 

In the process nitrogen acts as a carrier gas for the different reac
tion products. From the pressure cilinder the nitrogen is lead through 
a vessel containing liquid SiCl, . The nitrogen carries SiCl,-vapour 
along through the unconsolidated sand. The sand is prepared beforehand 
so that it contains only an irreducible watersaturation. The connate 
water reacts with the SiCl, to form an amorphous silica cement. 
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During the consolidation experiments two distinct zones were observed 
in the sand: 
- a zone of dry appearance where the reaction takes place: 

SiCl* (gas) + 2 H20 (liq) -> Si02 (gel) + 't HC1 (gas) (3-3) 

- a yellowish zone moving ahead of the reaction front. 
In this zone heat production occurs due to the dissolution of HCl in 
the connate water. HCl is formed as a by-product of the consolidation 
reaction. The acid is initially liberated into the gas phase and is 
carried along by the nitrogen carrier gas. Further downstream the HCl 
is dissolved in the water contained in the porespace, i.e. 

4 HCl (gas) -» H HCl (aq) (3.1) 
The dissolution of HCl in water is an exothermic process; it is accom
panied by heat production. The yellowish colour of the zone is caused 
by the presence of iron in the sand. 
The amount of HCl formed at the consolidation reaction is large. The 
transformation of 1 ml water into amorphous silica produces 2.5 litre 
of HCl in the gas phase. As a result, the zone of HCl-dissolution 
rapidly moves away from the reaction front and the connate water in the 
whole sample is quickly saturated with HCl. The excess quantity of HCl 
is channelled through a vessel containing NaOH which neutralizes the 
acid. 
The construction of synthetic rock samples using the silica-lock method 
is quite an elaborate process, especially for the large cubic blocks. 
Starting from the packing of the grains it takes just over a week in 
time to consolidate a large rock sample. 

Araldite 

As far as araldite cement is concerned the consolidation procedure is 
very simple. To make sure that the grains are bonded only at the grain 
contacts, a drainage technique is used as with the silica-lock method. 
The sand is fully saturated with an araldite solution and then drained 
to its connate fluid saturation. 
The hardening process of araldite commences as soon as it is mixed with 
the hardener. This seriously inhibits a homogeneous drainage of the 
sample. After approximately 30 minutes the araldite is already too 

- 62 -



adhesive to the grains and too viscous to be drained from the sample. 
Especial ly in l a rge r specimens t h i s r e s u l t s in a c o n s i d e r a b l e 
difference in ara ldi te content between the top and bottom of a sample. 
To overcome t h i s , a r a l d i t e i s mixed with ace tone . The r e s u l t i n g 
solut ion has a low v i scos i ty and i t r e t a r d s the hardening process 
strongly. In this way an irreducible saturation can be obtained in the 
entire sample. 
An additional advantage of the presence of acetone i s the n e u t r a l i z a 
t i o n of the h e a t production during the hardening process of the 
araldi te . The produced heat i s effectively compensated by the evapora
t ion of the acetone from the mixture, which i s an endothermic process. 
During hardening, the sample does not noticeably become warmer. 
Another advantage of the use of acetone i s that i t allows the amount of 
cement in the sandstone samples to be controlled. After drainage, the 
volume of l iqu id held at the gra in contac t s by capi l lary forces i s 
virtually independent of the v i scos i ty of the s a t u r a t i n g l i q u i d . As 
acetone can be mixed in any ra t io with a ra ld i t e , th is ra t io to a large 
extent determines the quantity of araldi te at the grain contacts. 
After the sand i s drained to i t s connate water saturation with the 
araldite/acetone mixture, the layer of fine-sized beads i s removed from 
the container. Air i s flowed through, allowing the acetone to evaporate 
and the araldi te to harden. The hardening process takes about three 
weeks for the large samples. 

The smaller, cy l ind r i ca l samples are dr ied in a heated a i r oven a t 
50 °C for maximum bondstrength. After three days in the oven these 
samples are completely consolidated. 

Methylsilicate 

Only small samples were produced to tes t a consolidation process using 
me thy l s i l i c a t e . The samples were prepared in g lass tubes having a 
diameter of 39 mm and a length of 15 cm. 
After compaction, the sand was saturated with a 1 N HCl-solution, the 
acid functioning as a catalyst for the consolidation reaction. The sand 
was drained to i t s connate f luid saturation level and methylsilicate 
was pumped very slowly through the tube. The flow provided an excess 
q u a n t i t y of m e t h y l s i l i c a t e in the sand and i t a l so removed the 
methanol, produced as a by-product of the r e a c t i o n , from the sample. 
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The flow was stopped a f te r approximately three hours and the sample 
dried by flowing a i r through the sand for four days. 
The r e s u l t i n g syn the t ic rock sample was fully consolidated but very 
b r i t t l e ; grains could easily be scraped off the s ides of the sample. 
The b r i t t l e n e s s of the sample probably resulted partly from the evapo-
r i z a t i o n of methylalcohol from the hardening g e l . The end of t h e 
r e a c t i o n was hard to determine; successive experiments, however, 
allowing longer reac t ion times, s t i l l r e su l t ed in b r i t t l e samples. 
Another possibi l i ty i s that the flow of methylsilicate through the sand 
par t ia l ly replaced connate water, leaving l e s s water and thus l e s s 
cement at the grain contacts. 
A combination of methylsilicate together with si l ica-lock was tested as 
an a l t e r n a t i v e method. F i r s t the sand was consolidated using methyl
s i l i ca t e , result ing in a homogeneous but b r i t t l e sample. After that, an 
addi t iona l t reatment with the s i l i c a - l o c k method was applied to the 
same sample to give i t strength. This did not prove to be successfu l . 
Problems were encountered during the saturat ion and drainage of the 
sample consolidated with me thy l s i l i c a t e . At f i r s t , sa tura t ion took 
place at normal r a t e s but i t slowed down considerably a f t e r a few 
minutes. Drainage of the sample afterwards fa i led almost completely, 
leaving a wa te r sa tu ra t ion of approximately 50 % of the pore volume 
instead of the usual 10 -15 % • I t appeared that the s i l i c a deposited 
by means of the me thy l s i l i ca t e i s not qu i t e s t a b l e . The react ion 
appeared to be p a r t l y r eve r s ib l e ; the dr ied s i l i c a cement absorbed 
water and became a gel again. The absorption of water caused the cement 
to swell , thus decreasing the permeabil i ty by p a r t l y blocking the 
pores. Permeabi l i ty t e s t s using a l iqu id permeameter confirmed the 
significant reduction in permeability. 

The m e t h y l s i l i c a t e method, therefore, i s not suitable to consolidate 
synthet ic sandstones . The produced samples are too f r i a b l e to be 
properly manageable. Moreover, the apparent tendency of the s i l i c a 
cement to absorb water again, thus turning in to a ge l , precludes the 
use of me thy l s i l i c a t e in combination with the si l ica-lock method as a 
consolidation process. 

- 64 -



III.5.4 Selection of sand 

The sand used to manufacture the rock samples is the commercially 
available "Maaszand" (purchased from Sigrano bv.). The sand is very 
pure and clean, consisting for 99-^ % of quartz with minor traces of 
Fe203, Al2Oj and K-, Na-, Ca-oxides. The matrix density of the sand is 
2.65 gr/cc. 
Four tons of sand have been sieved in four grain size fractions, using 
sieves of 106, 150, 212 and 300 pm. A sieve analysis of each fraction 
is shown in fig 3-7 • 

Fig 3-7 
Sieve analysis of the four sand 
fractions used to manufacture 
rock samples. 

200 100 jm 
grain size 

The four f r a c t i o n s a r e very wel l to extremely well so r ted . The medium 
gra in s i ze and the Trask s o r t i n g for the four f r ac t i ons a r e : 
f r a c t i on : 1 D5 „ 320 pm S0 1.02 

2 • 230 um 1.04 
3 170 um 1.07 
<i 130 pm 1.09 

The Trask s o r t i n g i s d e f i n e d a s S„ = J ( S 2 5 / S 7 5 ) , where S2 5 and S7 5 

r e f e r to the grain diameters a t the cumulative weigth f r a c t i o n s of 25 
and 75 % i n t h e s i e v e a n a l y s i s . The roundness of t h e g r a i n s i s 
subrounded to subangular . 
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I I I . 6 Sample description 

This section presents the resul ts of the three consolidation processes. 
Scanning electron microscope photographs of the produced samples are 
shown and the samples are discussed in genera l . The spec i f i c rock 
properties of the samples are discussed in section I I I . 9 . 
At the end of t h i s chapter a summary is given, stat ing a l l advantages 
and disadvantages of the three consolidation methods. 

Silicontetrachloride method 

The construction of a r t i f i c i a l sandstones employing the s i l i c a - l o c k 
method r e su l t ed in well-consolidated samples. The method effectively 
replaces the connate water present on the surface of the sand grains 
and concentrated at the intergranular contact points by a strong s i l i ca 
cement. The produced rock specimens have a high mechanical strength and 
have excellent reservoir character is t ics . 
Figs. 3-8 a,b and c are Scanning Electron Microscope (SEM) p ic tu res of 
a sand consolidated with si l icontetrachloride. The amorphous s i l i ca can 
be seen to form thin coatings on the sand gra ins and to be placed in 
small areas around the grain contact points. This is exactly what is 
desired to retain the reservoir characterist ics of the sand pack. The 
pore structure i s hardly affected by the cement. 
The quant i ty of cement i s d i r e c t l y linked to the water sa tu ra t ion 
before the si l icontetrachloride treatment. Higher connate water satura
tions resul t s in the formation of larger quanti t ies of cement. Of the 
four d i f f e r en t sand f rac t ions used to manufacture rock samples, the 
fraction containing the smallest grains therefore was expected to have 
the h ighes t cement content a f t e r consolidation due to i t s capillary 
c h a r a c t e r i s t i c s . However, a change in cement c o n t e n t was h a r d l y 
noticeable among the four grain size fractions. Addition of propanol to 
the connate water to minimize the surface tension of the fluid did not 
result in a significant reduction of the cement content e i ther . 
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Fig 3-

Fig 3.8b 

2 0 K U K 1 2 8 8 1 7 7 3 1 B . 8 U 1 9 8 7 

Fig 3.8 SEM photographs of sand consolidated with silicontetrachloride. 
a. magnification 200 x 
b. detail, magnification 1200 x 
c. magnification 2000 x. 
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Fig 3-8c 

The only way to increase the cement content of a sample seems to be to 
carry out several si l ica-lock treatments on the same rock sample. Each 
successive treatment increases the amount of cement in the sample and 
the procedure has to be repeated unt i l the desired quantity of cement 
i s reached. 
In the cement i t s e l f f ractures are present ( f ig 3-8 b and c ) . The 
cracks are caused by e i t he r the expansion of the s i l i c a gel in the 
f i r s t s tage of the consolidation, or the shrinkage tensions due to the 
dehydration of the gel . The fractures are omnipresent; no cementbonds 
can be found which do not exhibit these cracks. Although a l l bonds are 
broken, the samples as a whole remain a coherent mass. No reduction in 
strength i s observed, no grains come off the surface of the samples. I t 
implies tha t the cracks only occur at the outward surface of the 
cement. The inner part of the cement remains intact binding the grains 
together. 
Besides the cracked cementbonds, the samples also show fracture-like 
i r regular i t ies on a macroscopic scale. Specimens manufactured in narrow 
glass tubes often break in to several pieces during consolidation. In 
larger specimens the i r r e g u l a r i t i e s a re a p p a r e n t as c r a c k - l i k e 
s t ruc tu r e s or d is turbances in the packing of the sand grains. A more 

- 68 -



detailed investigation into the nature and possible causes of these 
irregularities is given in the next section. 
Although the fractures seemingly do not influence the strength and the 
acoustic properties of the rock specimens, they still make the samples 
less suited for acoustic research purposes. The presence of crack-like 
structures introduces inhomogeneities in the rock samples. The width of 
the fractures is very small and is not detected by the acoustic waves 
due to the wavelengths used in the acoustic'experiments (.5 - 1 cm), 
but the lateral extent of the fractures may seriously limit a propagat
ing wavefront. In any case, the results obtained from a cracked rock 
sample remain slightly suspect. 
An advantage of the samples produced by the silica-lock method is that 
they are temperature-resistant, so that experiments under in-situ 
circumstances may be performed in the future. 

Methylsilicate method 

SEM-photographs showing a synthetic sandstone which is consolidated 
employing methylsilicate are given as figs 3-9 a and b. 

pig 3-9 SEM photographs of sand consolidated with methylsilicate. 
a. magnification 200 x 
b. detail, magnification 1000 x. 
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Fig 3.9b 

As with the silica-lock method, the sand grains are covered with a thin 
coating of silica. But very little bonding material is present between 
the sand grains (fig 3-9b). This lack of cement explains the brittle-
ness observed in the samples constructed using the methylsilicate 
process. 
The grains as well as the preparation of the unconsolidated sand pack 
are identical for the silica-lock and the methylsilicate method. The 
absence of bonding material therefore has to be associated with the 
reaction process of the methylsilicate itself. 
During the hydrolysis of methylsilicate, methanol is formed as a by
product of the reaction. The presence of this alcohol in the pores 
slows down the rate of hydrolysis until the reaction ultimately stops. 
To eliminate this problem the methylsilicate was pumped very slowly 
through the sandpack during the consolidation process. The fluid flow 
should carry the produced methanol away and remove it from the sand, so 
the alcohol no longer would obstruct the reaction. However, part of the 
methanol apparently dissolved in the connate water, thus lowering the 
surface tension and changing the capillary conditions at the grain 
contacts. As a result, not only the alcohol was removed from the sand 
by the fluid flow, but presumably part of the connate water too, 
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leaving l i t t l e water at the grain contacts to be converted into s i l ica 
cement. The cement i t s e l f also shows shrinkage cracks (fig 3-9b). 

Araldite method 

In comparison with the previous two consol idat ion methods, cementing 
the sand gra ins with a r a l d i t e as a bonding mater ia l i s r e l a t i ve ly 
problem-free. The produced samples are wel l -consol idated and have a 
high mechanical s t r eng th . Figs 3-10 a and b are SEM-photographs of a 
sample. The a r a l d i t e i s present around the grain contacts and as 
coat ing on the individual sand grains, thus preserving the reservoir 
character is t ics of the sand pack. 
A disadvantage of the method i s the completely different composition of 
cement and sand grains. Araldi te i s an epoxy res in while the grains 
cons i s t of qua r t z . The overall sample i s a two-component grain struc
ture which may affect the prediction of certain reservoir c h a r a c t e r i s 
t i c s . All bulk rock p rope r t i e s of the samples should therefore be 
measured explici t ly instead of der iv ing them from r e l a t i o n s between 
rock parameters given in the l i t e r a t u r e . Another disadvantage of 
a ra ld i t e cement i s tha t no experiments can be performed a t higher 
temperatures. The cement i s not heat-resis tant ; the samples can not be 
used for in-s i tu experiments. As opposed to the s i l i c a cement i t i s 
easy to produce samples so le ly cons i s t ing of araldi te cement. I t i s 
thus possible to determine the properties of the pure cement. 
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Fig 3-10 SEM photographs of sand consolidated with araldite. 
a. magnification 200 * 
b. magnification 1000 x 

The quantity of cement in the samples can be varied within certain 
limits by mixing the araldite and acetone in various proportions. The 
acetone is added to the araldite to retard the hardening process and to 
lower the viscosity of the mixture. After drainage of the fully satura
ted unconsolidated sand pack, the amount of araldite/acetone mixture 
remaining at the grain contacts is more or less constant at 10 - 15 % 
of the pore volume. The acetone evaporates from the mixture leaving the 
araldite to harden and form the cement. So the quantity of cement 
depends on the initial proportion in which the araldite was mixed with 
the acetone. The amount of cement can only be varied a few percent of 
the total bulk volume of the sample but this is enough to change the 
mechanical strength of the rock samples. 
An attempt to construct a sample by saturating the sand with pure 
araldite with no acetone added failed because of early hardening. The 
sample would have had no porosity because all the pores would have been 
filled with araldite. This would have presented a good opportunity to 
study the effect of araldite cement in the sand. But the experiment 
failed because as soon as the araldite was mixed with its hardener, it 
began to harden and the sand would not saturate anymore. 
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Table 3-1 The advantages and disadvantages of the samples produced by 
the three consolidation methods. 

( + = advantage, - = disadvantage) 

To all three methods applies: 
+ sand grains are rock supporting 
+ homogeneous cement distribution 
+ homogeneous porosity and permeability distribution 
+ samples not limited in size 

consolidation method: silica-lock 
+ hard sandstone sample 
+ cement consists of silica 
+ high-temperature resistant 

+/- amount of cement variable 
- microscopic cracks in cement 
- cement can not be produced separately 

crack-like irregularities in the samples 
consolidation method toxic 

consolidation method: methylsilicate 
+ homogeneous 
+ cement can be produced separately 
- very brittle 
- consolidation reaction partly reversible 
- cement not water-resistant 
- no further consolidation technique can be applied 
- consolidation method very toxic 

consolidation method: araldite 
+ homogeneous 
+ hard sandstone 
+ amount of cement variable 
+ cement can be produced separately 

cement consists of araldite (an epoxy resin) 
- cement is not high-temperature resistant 
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Summary 

The advantages and disadvantages of the samples produced by the three 
investigated consolidation methods are listed in table 3-1-
The consolidation method using methylsilicate is not suitable. The 
produced samples are too brittle and the consolidation reaction is 
partly reversible. Upon saturation with water, the cement swells which 
results in blocked pore throats. 
The silica-lock method and the araldite method both produce well-
consolidated sandstone samples. The resulting samples are well suited 
for an empirical approach to investigate the acoustic behaviour of 
porous rocks. The silica-lock method would have been best, if not for 
the presence of the inhomogeneities in the samples. 

III.7 Irregularities in the samples using Silica-lock 

The silica-lock method would have been an ideal procedure to construct 
artificial sandstones but for the presence of crack-like features in 
the samples. The features occurred merely as irregularities in the 
larger samples while thin cylindrical samples often broke up into 
several pieces. Numerous experiments were performed in an attempt to 
pinpoint the causes for this phenomenon and to solve the problem, but 
so far without success. The fractures in the samples appear to be 
inherently associated with the consolidation mechanism itself. 
During the consolidation process the sand is subjected to several 
volume changes, viz: 

- heating of the sand caused by the dissolution of produced hydro
chloric acid in the connate water 

- expansion due to the polymerization of the silica gel at the grain 
contacts 

- shrinkage of the cement due to dehydration 

The volume changes introduce tensions in the samples as a whole which 
in their turn cause the irregularities to appear. Although some of the 
tests successfully reduced the number of cracks their appearance could 
not be eliminated completely. 
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I I I . 7 -1 Description of the i r regu la r i t i e s 

The fracture-like features manifest themselves in a way depending on 
the geometry of the sample. Small samples break completely, while in 
larger samples the features are apparent merely as disturbances in the 
packing of the grains. The features do not always show but i f present, 
they exhibit a regular pattern. 

- thin cylindrical samples 

Rock samples were constructed in long narrow glass tubes with an inner 
diameter of 3 cent imeters . Short samples (± 10 cm) did not show any 
i r regu la r i t i es at a l l , but larger ones (± 36 cm) were fractured. 

Fig 3-11 Crack-like i r regular i t i es in the samples 
produced with the si l ica-lock method. 

After careful removal of the g l a s s , the long samples appeared to be 
broken i n t o 5 separate pieces, each about 7 cm long. All long samples 
manufactured in the glass tubes broke in this same regular p a t t e r n . In 
repeated experiments the location of the fractures could be predicted 
to within a distance of approx. 1 cm. 
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- medium-sized cylindrical samples 

Larger samples (diam. 7 cm, length 30 cm) exhibited horizontal as well 
as v e r t i c a l i r r e g u l a r i t i e s . The vert ical features were radially dis
tributed, usually with one dominant fracture-like feature r igh t across 
the end surface of the sample. These specimens, however, were not 
completely broken. The fractures did not extend throughout the sample. 

- large samples 

Larger cylindrical samples (diam. 14 cm, length 15 cm) showed the same 
phenomena, although no dominant vert ical fractures were present. The 
location of the i r r e g u l a r i t i e s was usual ly r e s t r i c t e d to the outer 
edges of the sample; the inner core was free from cracks. 
The very large cubic blocks with ribs of Ü0 cm were heavily f rac tured . 
The blocks showed a few dominant hor izonta l cracks but the general 
orientation of the features seemed to be induced by shrinkage tensions. 
I t looked s i m i l a r to the pattern that can be observed in dry crumpled 
clay sur faces on the e a r t h . The locat ion of the f rac tu res was not 
res t r ic ted to the outside edges of the block ei ther . 

The fractures in the larger samples seem to be closed. Only very seldom 
i s a c l e a r gap v i s i b l e a t the locat ion of the fracture. Rather, the 
fracture-l ike features make the impression of being a disrupture in the 
order ly packing of the grains. The features are noticed by the missing 
of sand grains at the surface of the sample. After brushing the loose 
grains from the samples the cracks become vis ible . So i t seems that the 
f r ac tu res are f i l l e d with sand gra ins but tha t the g ra ins in the 
fracture plane are not cemented. 
The continuity of the rock samples over the fracture planes was t e s t ed 
by drainage experiments on some consolidated specimens. The samples 
exhibited fracture-l ike features perpendicular to the flow-direction of 
the d ra inage . The samples were fully saturated and then drained to an 
irreducible watersaturation in the usual manner by pumping water from 
f i n e - s i z e d beads benea th the sand samples. Most of the samples 
exhibited an evenly distributed saturation after dra inage, ind ica t ing 
no signif icant uplift ing of the sand body at the fractures. 
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III.7-2 Possible causes of fracturing 

I t i s not c lear at which s tage in the consolidation process the i r 
regulari t ies develop. Usually the fractures become v i s i b l e only a f t e r 
the sample i s r e t r i eved from i t s ho lde r . I t i s un l ike ly that the 
features develop during the s a t u r a t i o n or drainage of the uncon-
sol idated sand. The regular pa t t e rn of the f rac tu res excludes the 
possibil i ty of i r r e g u l a r packing of the g ra ins or an inhomogeneous 
w a t e r s a t u r a t i o n i n t h e sand a f t e r d r a i n a g e . (A few t imes 
i r r e g u l a r i t i e s were observed in the sand a f t e r d r a i n a g e , which 
developed in to f rac tu res during consol idat ion. But i t occurred only 
twice so i t seems to be purely coincidental.) 
The i r r e g u l a r i t i e s , t he re fo re , appear to develop during or shortly 
after the consol idat ion p rocess . A t e s t programme was s t a r t e d for 
be t t e r understanding the circumstances under which the consolidation 
takes place. In the experiments a t t e n t i o n was focussed on the three 
possible origins of the fractures: 
- thermal effects of the dissolution of HC1. 
- expansion of the sample. 
- shrinking of the cement bonds. 

- Expansion and heat production during consolidation 

Experiments were performed to monitor the lengthening and temperature 
va r i a t ion of a sample during consolidation. The experimental set-up i s 
shown in fig 3-12. 
A perspex tube of 7 cm diameter and 30 cm length was f i l led with sand. 
The tube was greased on the inside and covered with a p l a s t i c fo i l to 
eliminate friction between the sand and the tube as much as possible. 
A perforated disc was embedded in the sand a t a few cent imeters from 
the top. The disc was connected to a micrometer which measured the 
elongation of the sample. A thermo couple was placed in t h e sand 
halfway from the top to measure the temperature ins ide the sample 
during the experiment. 
At the top of the sample holder evaporized SiCl t was guided into the 
sand using nitrogen as a carr ier gas. The produced HC1 gas was removed 
at the bottom of the container. 
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I t took ca . 6 hours for the sand to 
fully consolidate. The temperature and 
t h e d i s p l a c e m e n t were r ecorded a t 
intervals of 10 to 20 minutes. 
The t e m p e r a t u r e i n the sample i s 
p lo t t ed versus time in f ig 3-13- The 
graph dep ic t s the local temperature at 
the t i p of the thermo couple in the 
sand. 
The r i se in temperature is caused by the 
d i s so lu t ion in the connate water of the 
HC1 produced during the hydrolys is of 
s i l icontetrachloride. The dissolution of 
HC1 causes a heat front to move through 
the sand in the d i r ec t i on of the gas 
flow. The heat f ront i s observed as a 
yellowish zone moving ahead of the zone 
of consolidation. The front moves fas t 
due to the l a r g e q u a n t i t i e s of HC1 
produced and the relat ively small amount 
of connate water present in the sand. I t 
reaches the bottom of the sample in 49 minutes whereas the consolida 
tion took approx. 6 hours to complete. 
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Fig 3-12 
Set-up for the measurement 
of expansion and temperature 
changes during the consol i 
dation process. 
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Fig 3-13 
Local temperature in the sand 
during consol ida t ion p rocess . 
Arrow denotes time at which the 
consolidation front reaches the 
thermo couple. 

Fig 3-14 
Axial elongation of the sample 
during consolidation. 
Arrow denotes time at which the 
consolidation front reaches the 
perforated disc. 
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After 27 minutes the HCl-front reaches the t ip of the thermo couple. I t 
i s shown as a sharp increase in temperature in fig 3 -13• At this moment 
the temperature r i s e s to 46 °C as opposed to a room temperature of 
21°C. After the HCl-front has passed the thermo couple, the sample 
cools down again . At the time the consolidation front reaches the t ip 
of the thermo couple after approx. 180 minutes, the temperature in the 
sand at that par t icular location is decreased to ± 28 "C. 
No change can be observed in the temperature curve as the consolidation 
front passes the thermo couple. I t confirms tha t the consolidation 
reaction i t s e l f i s not accompanied by s i g n i f i c a n t heat production. A 
change in t e m p e r a t u r e in t he sand i s exc lus ive ly caused by the 
dissolution of the gaseous hydrochloric acid. At the time of consolida
tion most of the temperature effect has already disappeared. 
The axial elongation of the sandstone sample during the experiment i s 
p l o t t e d in f ig 3•1^- At the s t a r t of the consol idat ion the metal 
spindle connecting the perforated disc to the micrometer i s heated by 
the passing HC1 f ron t . The extension of the spindle is recorded as a 
sharp l inear increase in the elongation curve. After ca. 15 minutes the 
HC1 hea t - f ron t has passed the d i sc . Thereafter no further change in 
elongation i s recorded unti l the consolidation front passes the disc 
a f t e r about 100 minutes. This i s accompanied by an increase in the 
elongation. As the consolidation proceeds the sample expands further 
u n t i l an e l o n g a t i o n of 550 um i s r eached as the sand i s ful ly 
consolidated. 

While s t i l l contained in the experimental s e t -up , the consolidated 
sample was saturated with water. A further extension of 80 um could be 
not iced. This s t range effect i s probably explained by further relaxa
tion of s tresses bu i l t up in the sample during the expansion. 
The expansion of the sand was confirmed by a l l other experiments using 
s i l icontetrachlor ide. An increase in volume was always evident . After 
consol ida t ion the sand f i t t e d in the sample holder very tightly and 
could be removed from i t only by considerable e f fo r t . No reduction in 
length was observed at any time during the above or any other experi
ment. 
The sample constructed in the t e s t was very good. Apart from a few 
small i r r egu la r i t i e s at the bottom surface of the sample no fractures 
were p re sen t . (Of course the sample was broken at the location of the 
disc) . 
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Expansion mechanism 
As the consolidation front reached the perforated disc in the experi
ment the HCl heat wave had long since left the sample. But while the 
sand cooled down, it still continued to expand. To find an explanation 
for this effect a rock sample was prepared in a glass tube. Against the 
side of the tube a videorecorder with a magnifying objective was 
placed. The recorder monitored the consolidation process and stored it 
on tape. 
Upon contact with SiCl, the outer surface of the connate water was 
turned instantaneously into a solid silica layer (Fig 3-15)- Following 
this initial rapid solidification of the outer surface, silicontetra-
chloride slowly diffused through the silica layer. Then the inner water 
slowly solidified. This solidification of the inner water proceeds 
along two stages. First a silica gel is formed by the polimerization of 
the hydrous silica (ref. p. 56). Then the gel dehydrates into amorphous 
silica. It seems reasonable to assume that the polymerized silica gel 
occupies a larger volume than the initial volume of water at the grain 
contacts, which causes the sample to expand. This mechanism also may 
result in a separation of the individual grains. 
The expansion of the water turning into silica gel itself was not 

visible on the video tape. But then 
the effect will hardly be noticable 

grain on a grain sized scale. 
However, the tape seemed to indicate 
the appearance of cracks in the 
cement before the inner water was 
completely solidified. 

Consolidation of the connate T h i s e x p a n s i o n mechanism also 
water. Outer boundary is 
solidified instantaneously. provides a plausible explanation for 

the cracked appearance of the cement 
bonds while the total sample retains a high mechanical strength. The 
cracks are surface phenomena and the inner cement formed at the later 
stages of the reaction binds the grains. 

- Shrinkage of cement 

Another explanation for the cracked appearance of the cement bonds may 
be the shrinkage due to the dehydration of the silica gel. The gel 
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initially forms a honeycombe-structure containing small pores filled 
with water. The flow of dry nitrogen carrier gas through the sample 
causes this water to evaporate. The small pores induce strong capillary 
forces and upon evaporation of the water the structure collapses. The 
cement thus decreases in volume. This could explain the cracks in the 
cement bond, but not the crack-like features in the samples. It would 
imply that the irregularities are caused by shrinkage tensions in the 
overall sample, which in turn would imply that the total sample would 
shrink. This was never noticed during an experiment. The samples always 
expanded during the silica-lock process. 

III.7.3 Attempts to reduce the effect of expansion of the samples 
during consolidation 

Several experimental techniques have been devised to eliminate, or at 
least to neutralize the expansion effect. The tested methods are: 
- using an irreducible HC1 solution at the grain contacts in the sand, 
- using a sample holder containing a flexible wall during consolidation 
- consolidating under pressure. 

- Consolidation with an irreducible hydrochloric acid saturation 

An obvious method to remove the temperature effect from the consolida
tion process is to prevent the HC1 gas from dissolving. Therefore the 
connate water has to be replaced by a saturated HC1 solution. The 
consolidation proceeds exactly as before only this time hydrochloric 
acid instead of water is used to saturate and drain the unconsolidated 
sand. The technique works very well; no rise in temperature whatsoever 
was observed during the experiments. Employing the method also results 
in much improved rock samples. Real open fractures no longer occur, but 
irregularities in the samples are still not altogether absent. 

- Consolidation using a flexible wall 

An isotropic expansion will not introduce tensions in the rock samples. 
So by allowing the samples to expand freely in all directions, fractur
ing should be minimized. To this extent a flexible coating was placed 
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on the inside of the sample holder . The coat ing consis ted of a 2 mm 
thick p l a s t i c foam. The pores in the foam could be compressed thus 
allowing the sample to expand. The ins ide of the sample holder was 
greased too to allow for axial expansion. 
This technique also showed an improvement in the constructed samples, 
but s t i l l the samples were not perfect. 

- Consolidation under pressure 

An opposi te technique is not to allow the sample to expand at a l l . The 
cement then expands into the porespace of the porous rock. The grains 
are not dislocated and no disrupture of the orderly packing of the sand 
occurs. However, a high pressure apparatus to construct the samples in 
this manner was not available. The most that could be done, was to f i l l 
the sample holder completely with sand and firmly close the l i d . 
Natural ly t h i s did not work properly; the forces introduced by the 
expansion were much too strong to be contained in a simple manner. The 
big blocks were manufactured in a cubic container. The sides of this 
container are 2 cm thick steel plates . During the consolidation of the 
sand they just bent outwards. 

Uneven consolidation front 

Some experiments were in te r rup ted halfway through the consolidation 
stage to inspect the consolidation front. The t e s t s were performed on 
medium sized cylindrical samples. 
The f ront i s not f l a t . I t exh ib i t s a prot ruding cone shape in the 
middle of the sand, while the outer s ides stay behind. So the inner 
core of the samples i s consolidated f i r s t . I t expands while the sand at 
the ou t s ide i s s t i l l unconsolidated. Due to the expansion the uncon-
solidated sand around the consolidated core i s up l i f t ed and f ractures 
are generated at the outside of the samples. 
This uplif t ing phenomenon was actually observed in some of the samples. 
I t may a lso explain why the fractures in the cylindrical samples are 
r e s t r i c t ed to the outs ide area and the samples are not completely 
broken. 
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III.7-'t Attempts to reduce the effect of shrinkage of the cement 

The following attempts were made to eliminate the effect of the 
shrinkage of the cement upon the discontinuity features in the samples: 

- influencing the capillary pressures in the sand pack and thus the 
amount of connate water. 

- using a carrier fluid which prevents the cement from dehydrating, 
i.e. kerosene instead of nitrogen. 

- repeating the consolidation process. Any cracks generated during the 
first consolidation are filled with cement during the second run. 

- Reduction of capillary forces 

In an attempt to influence the capillary forces in the sand, a small 
amount of propanol was added to the connate water. The propanol reduces 
the surface tension of the water which in its turn lowers the capillary 
forces. The use of propanol has several advantages: 
- a small amount of propanol is needed to reduce the surface tension of 
water by aprox. 50 percent. (5-10 vol. percent) 

- SiClt reacts in a similar way with propanol as with water 
- the capillary forces within the silica gel are reduced, resulting in 
less shrinkage of the cement 

- the amount of connate water in the total sample is reduced 

A reduction in the amount of connate liquid in the sand can therefore 
be expected as a result of the reduced surface tension. It means that 
more water should be drained from the unconsolidated sand in a drainage 
experiment. This, however, does not happen. The drainage process is 
only accelerated by the presence of propanol. The final amount of 
drained liquid is the same for water and a water/propanol mixture. 
The reduction in surface tension of the connate water does not prevent 
the cement from fracturing either (fig 3-16). 
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Fig 3.16 SEM photograph of sand consolidated with silicontetrachloride. 
Surface tension of the connate water has been lowered by the 
addition of 5 vol. per cent of propanol. 

- Kerosene as a carrier fluid 

Experiments were carried out using kerosene as a carrier fluid for the 
silicontetrachloride. SiCl4 was dissolved in kerosene and the solution 
was pumped slowly through the sand pack. Using this technique, the 
quantity of SiCl4 present in the sand can be accurately dosed by 
regulating the flow rate of the fluid and by, controlling the dilution 
of the mixture. Furthermore a stable consolidation front can be 
obtained. 
At any time during the process the sand is completely filled with 
fluid. The silica gel therefore does not dehydrate rapidly as is the 
case when dry nitrogen is used as a carrier of SiCl, . This may prove to 
have an advantageous effect upon the shrinkage of the bonds. 
The large amounts of gaseous HCL formed by the consolidation were very 
troublesome in the tests. Cyclohexane was added to the kerosene to 
neutralize the HC1, but did not work properly. It did not neutralize 
all the produced HC1. Besides, it formed a reaction product which 
blocked the pores so the experiment had to be stopped prematurely. 
The rock samples produced in the tests were too small to draw any 
definite conclusions but the technique may have the potential to 
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construct crack-free samples. But it is necessary to overcome the 
problem of the neutralization of the HCl. Possible neutralizers are of 
organic origin and are very toxic. The consolidation procedure there
fore requires an extensive laboratory set-up and stringent measures 
have to be taken to control the process. 

- Repeated consolidation 

Some samples were consolidated twice. The idea behind these experiments 
was that no matter how the samples were fractured, the cracks would be 
filled with water and consolidate during a consecutive experiment. This 
however failed. Cracks in the cement were still present if not larger 
(fig 3.17). 

Fig 3-17 SEM photograph of sand consolidated twice with 
silicontetrachloride. 
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III.7-6 Conclusion 

Recapitulating it can be stated that there are two possible sources for 
the crack-like features in the samples constructed using the silica-
lock process: 
1" expansion of the connate water as it turns into a silica gel while 

the outside is already solidified, 
2° shrinkage due to dehydration. 
The features most likely originate from the expansion of the sand pack. 
In all experiments the sand was observed to expand. A shortening of the 
rock samples was never observed. 
Despite considerable efforts to change the physical conditions of the 
consolidation process, the problem could not be completely resolved. 
Still, the later samples showed a great improvement over the first 
ones. Open fractures were no longer present and the irregularities 
looked merely like discontinuities in the packing of the grains. Even 
samples without any irregularities were constructed but it was not 
possible to reproduce them properly. 
Employing kerosene as a carrier liquid in the process showed promising 
results. However, the technique requires extensive laboratory utilities 
which were not available at the time. Therefore it was decided to 
discard the silica-lock method in favour of a consolidation process 
using araldite as a bonding agent. The latter technique did succeed in 
producing good rock samples. 
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III.8 Sample properties 

In the following pages a description of the general charac te r i s t i cs o.f 
the syn the t ic r e se rvo i r rocks i s given. Samples manufactured by the 
si l ica-lock method as well as araldi te samples are treated. 

- homogeneity 

In order to determine the connate water 
d i s t r i bu t i on after drainage in an uncon-
solidated sandpack, the sample was cut 
into separate pieces of about 3 cm. The 
difference in d e n s i t y of each p i e c e 
before and after drying yielded the water 
content. 
The water was found to be very evenly 
distr ibuted throughout the sample. The 
weight percentage varied from 3 % &t the 
top to 3-5 % near the bottom. The satura
tion profile i s given in fig 3-18. 

The consolidation process transforms the 
f luid in to cement. This i s clearly evi
dent from the density d i s t r i b u t i o n in a 
consolidated sample shown in fig 3-19-
The sample was manufactured using the 
s i l i c a - l o c k method. The densi ty of the 
rock was measu red by a gamma-ray 
transmission scanner at the Laboratorium van Grondmechanica in Delft. 
A T-source and detector were moved simultaneously along the sample. The 
a t tenuat ion of the T-rays in the sample i s proportional to the density 
of the rock. After the f i r s t measurement the sample was ro ta ted over 
90 degrees and the scan was repeated. 
The density curves of fig 3-19 show an even density distr ibution with a 
s l i g h t increase towards the bottom of the sample. This agrees exactly 
with the connate water saturation shown in fig 3-18. 
The measurements in the two perpendicular directions match very well, 
indicating no la tera l density variations in the sample. 

weight percentage 
water 

5 3 1 

Fig 3-18 
Water distribution in sand 
pack after drainage. 
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Fig 3-19 
Density p r o f i l e of a sample con
solidated with silicontetrachloride 
measured by a Y-ray transmission 
scanner. 
The average d e n s i t y along the 
sample is shown for two d i rec t ions 
at right angles. 

- porosity 

The poros i ty of granular rocks is mainly determined by the packing and 
sorting of the grains and by the amount of cement that f i l l s the pores. 
In the case of the a r t i f i c i a l samples, the packing and sorting of the 
grains are nearly optimum and l i t t l e cement i s present. The porosity of 
the unconsolidated sand therefore i s about 40 % BV, which i s reduced to 
approximately 37 % BV by the consolidation process. The porosity of the 
samples may vary sl ightly with the degree of packing of the grains. All 
produced samples have a porosity which l ies between 35 and 40 % bv. 
Because of the extremely good so r t ing of the gra ins and the even 
d i s t r ibu t ion of the cement in the samples, the poros i ty i s evenly 
distributed too. All pores are interconnected. 

- permeability 

Due to the la rge grains of the samples, the permeability is high. I t 
correlates well with the empirical equation presented by van Baaren 
(1979) . which r e l a t e s the permeability to the porosity and the grain 
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size of a sandstone. The equation was tested on sandstone reservoirs in 
Nigeria, Venezuela, the North Sea area, Brunei and Serawak and shows 
good results with clean, non-shaly formations. 
The permeability is calculated according to: 

k = 10 D2 »c-3.6« 
dom 

,m+3-64 (3-5) 

where 
k = one phase permeability, (mD) 

D, = dominant grain size, (micron) 
4 = porosity, (fraction of bulk volume) 
m = cementation factor 
C = empirical constant derived from the sorting 

In fig 3-20 the permeability calculated by equation 3-5 is plotted 
versus the permeability of the samples measured with a liquid permea-
meter. To calculate the k-values from equation 3-5, a value of m = 1.45 
was used. The original paper by van Baaren did not present an empirical 
constant C valid for sandstones as well sorted as these samples, but by 
extrapolation of his empirical range a value of C = .6 was derived. 
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Fig 3-20 
C a l c u l a t e d v s . measured 
permeabi l i ty of a r t i f i c i a l 
rock samples. 
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P e r m e a b i l i t i e s of samples produced by a l l t h r e e conso l ida t i on methods 
are p l o t t e d . The poros i ty of a l l samples i s 37 ± 2 % BV. 
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The measured permeabilities of the samples produced with methylsilicate 
are abnormally low. This i s caused by swell ing of the cement upon 
contac t with water ( re fer p .64) . The samples produced by the s i l i ca -
lock and the araldi te method show a very good co r r e l a t i on between the 
measured and calculated permeabilities. 

- cement 

The quantity of cement in the samples is low; i.e. ± 3 % bv for the 
silica-lock method as well as when using araldite cement. 
Due to the very violent reaction of SiCl, with water, the silica-lock 
cement can not be manufactured separately. It is not possible to inves
tigate the cement properties separated from the bulk sample. 
Araldite cement on the other hand, is easily manufactured and acces
sible to physical measurements. The density of the cement is 1.12 g/cc. 
Its compressional velocity is 2115 m/s. The shear velocity of the 
cement is ± 1000 m/s. 

- cap curve 

A capillary pressure curve measured on a sample containing araldite 
cement is given in fig 3-21. The grain size of the sample is 130 pm. 

Fig 3-21 
Capillary pressure curve of 
a sample consolidated with 
araldite. 
Grain size = 130 um. 
Total pore volume = 6 ml. 
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As expected, little pressure is needed to start injecting mercury into 
the sample. The pore size is large, due to the relatively large grain 
size when compared to natural rock. After the initial influx of mercury 
into the sample, almost no pressure increase is required to saturate 
the sample fully. This implies that a very even pore throat distibution 
is present in the sample; all pore throats are sized about the same 
order of magnitude. 

- cementation factor 

The cementation factor of a rock is defined as: 

R / R = *"m (3.6) 
o ' w \-> / 

where 
R = resistivity of the rock fully saturated with water 
R = resistivity of the water 
<> = porosity 
m = cementation factor 

The cementation fac tors were determined for the syn the t ic rock by 
r e s i s t iv i ty measurements on fully water-saturated samples. The measured 
values range from 1.4 - 1.5 for both si l ica-lock and araldi te cemented 
samples. These values compare well with the empirical values found for 
natural reservoir rocks (m = 1.5 for well sorted, f r i ab l e rocks under 
in-s i tu circumstances). 

- strength 

The s t r e n g t h of the syn the t ic samples was tes ted on a un i -ax ia l 
pressure bench. The v e r t i c a l and hor izon ta l s t r a i n s were recorded 
versus the s t ress applied to a sample (fig 3-22) 
The E-modulus and poisson ra t io resulting from these measurements are: 
Araldite cement: E , = k.2 GPa , poisson ra t io = .25 

mod 
Silica-lock: E , = 6.5 GPa , poisson ra t io = .10 

mod 
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Fig 3-22 
Uniaxial pressure t e s t on 
sample with araldite cement 
Grain size = 230 um. 

- wettabil i ty of the samples 

The wettabil i ty of the si l ica-lock samples with water i s excellent. The 
w e t t a b i l i t y of the a r a l d i t e cement samples with water i s less , but 
improves a f t e r the samples are submerged for a while . Great c a r e 
therefore has to be taken to saturate the araldi te samples correctly. 

- aging of the samples 

Fig 3-23 SEM photograph of silica-lock cement 
showing similar cracks after a time lapse of 1 year 
as shortly after consolidation. 
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The samples have not been observed to deteriorate with time. Measure
ments repeated after the samples were submerged for several months, 
always gave the same r e s u l t s . Fig 3-23 shows an SEM photograph of a 
cementbond produced by the s i l i c a - l o c k method, a f t e r the sample was 
l e f t dry for approximately 1 year. No noticeable changes exis t between 
this cementbond and a bond photographed shor t ly a f t e r consol idat ion 
(fig 3.10c). 

III.9 Comparison of artif icial samples with natural rock 

The previous section showed that the properties of the produced samples 
correlate well with those of na tu ra l r e se rvo i r rock. Relat ionships 
between rock parameters of natural reservoirs also apply to the a r t i f i 
cial rocks. 
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Fig 3-24 Thin sections of sandstone samples. 
a. Nivelstein sandstone 
b. Artificial sandstone 

- 93 -



Figs 3-24 a and b show thin sec t ions of a natural core and a sample 
containing araldi te cement. The natural core was taken from the outcrop 
of the Nivelstein Sandstone in Limburg, Holland. The sandstone is very 
well sorted and contains no shale. 
Both rocks have a porosity of around 37 % BV. Comparing the two rocks, 
i t can be concluded tha t the a r t i f i c i a l sample i s a t l e a s t as well 
packed as the n a t u r a l rock. No bridging of the grains to form large 
pores i s present. The pore structure of both rocks i s al ike. 
A characterist ic property of natural rock is that i t s acoustic velocity 
increases with pressure applied to the rock. I t i s genera l ly assumed 
tha t t h i s phenomenon i s r e l a t ed to improved grain-to-grain contacts 
caused by the closing of microcracks under p re s su re . I n i t i a l l y , the 
ve loc i ty rap id ly increases with pressure. Then i t levels off unti l i t 
i t reaches i t s end value asymptotically. 
The phenomenon i s clearly shown by fig 3.25a, where the axial velocity 
has been plotted versus the applied uniaxia l p re s su re . The core was 
taken from the EselfUhrter Sandstein, which i s a very homogeneous rock. 
The rock has a high shale content. 
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Fig 3-25 Compressional velocity versus uniaxial pressure. 
a. EselfUhrter Sandstein 
b. Art i f icial sandstone (Silica-lock) 

Fig 3.25b shows the same experiment, but now performed on a sample 
constructed with the sil ica-lock method. The a r t i f i c i a l sample shows 
the same phenomenon. Araldi te cement samples also exhibit this same 
character is t ic . 
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Summarizing it can be stated that the artificial rock samples, produced 
by the laboratory methods developed during the course of the research 
project, exhibit most of the required characteristics. 
The silica-lock method and the araldite method both produce well 
consolidated sandstones. The properties of the samples can be control
led and are homogeneous throughout the sample. Slight inhomogeneities 
are introduced in the samples by the silica-lock method (the crack-like 
discontinuities), but these irregularities appear not to influence the 
acoustic response of the samples. The araldite samples have the disad
vantage that they are not heat-resistant. 
The artificial samples exhibit the same petrophysical characteristics 
as natural reservoir rock and they are therefore suitable for acoustic 
research. Results obtained from the synthetic rock samples are expected 
to be applicable to natural formations. 
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IV. MODELLING OF ACOUSTIC WAVETRAINS 

IV. 1 In t roduc t ion 

The i n t e r p r e t a t i o n of acoust ic s igna l s recorded dur ing acous t i c expe r i 
ments can be v e r y c o m p l i c a t e d . Mathematical models which p r e d i c t the 
received s i g n a l s then are very useful to i n t e r p r e t the measurements . A 
compar ison between t h e r e c o r d e d and t h e c a l c u l a t e d w a v e t r a i n s may 
g rea t ly s implify the evaluat ion of the received time t r a c e s . Mode l l ing 
a l s o may h e l p to d e t e r m i n e the optimum experimental conf igura t ion to 
enhance c e r t a i n f e a t u r e s to be i nves t i ga t ed . 

Fo r t h e s e p u r p o s e s two models were deve loped which s i m u l a t e the 
acous t ic measurements performed in the p r o j e c t . The models use the Biot 
t h e o r y t o d e s c r i b e t h e wave p r o p a g a t i o n in the sandstone block. Two 
v e r s i o n s of t h i s t h e o r y a r e u sed , which l e a d t o t h e two d i f f e r e n t 
models . One model uses the high frequency l i m i t of the Biot theory. In 
t h i s high frequency l i m i t the sandstone e f f e c t i v e l y reduces t o a l o s s 
l e s s p o r o u s medium. This model was developed by de Vries (1985). I t 
c a l c u l a t e s the a c o u s t i c response by the Cagniard-de Hoop technique. The 
o b t a i n e d s o l u t i o n i s exact and requ i res l i t t l e computing t ime, but the 
model does not inc lude i n t e r e s t i n g formation p r o p e r t i e s such as permea
b i l i t y . T h e r e f o r e a second model was deve loped which uses the fu l l 
frequency range of t h e Biot theory, including d i s p e r s i o n and a t t e n u a 
t i o n . The p re s su re - t ime h i s t o r i e s a re ca lcu la t ed us ing a Four ier -Bessel 
approach. 

The conf igura t ion of both models i s s imi l a r to t h e experimental s e t -up ; 
a pa i r of t r ansduce r s i s located in a l ayer of water above a f l a t block 
of sandstone. The models compute the wavetrain recorded a t the r ece ive r 
when the t r a n s m i t t e r sends out an acous t ic p u l s e . 

In t he f o l l o w i n g , a s h o r t l i t e r a t u r e rev iew of wave propagation in 
porous media i s g i v e n f i r s t . The B io t t h e o r y , b e i n g t h e one mos t 
a p p r o p r i a t e f o r o u r e x p e r i m e n t s , i s i n c l u d e d and t h e i n f l u e n c e of 
c e r t a in formation parameters upon the wave propagat ion i s i n v e s t i g a t e d 
t h e o r e t i c a l l y . Then the mathematical models a r e d i scussed . The e f fec t 
of formation c h a r a c t e r i s t i c s on the ca lcu la ted wavet ra ins i s shown and 
numerical r e s u l t s a r e presented for various measurement conf igura t ions . 
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IV.2 Wave propagation in porous media 

Porous rock cons i s t s of a dense packing of solid grains with inter
granular pore space. The grains are cemented t o g e t h e r forming a 
skele ton. The intergranular pore spaces are usually interconnected and 
allow fluid to flow through the rock. 
In t he theory of wave propagation seve ra l approaches towards the 
modelling of porous media are made. One approach i s tha t the skeleton 
of a granular mater ia l resembles a packing of spherical par t ic les in 
i t s response to s t r e s s e s . Another proposed model for porous media 
cons is t s of a continuous matrix containing a low concentrat ion of 
inclusions. 
The porous medium used in the granular skeleton model closely resembles 
real reservoir rock. I t consists of a skeleton formed by a packing of 
s p h e r i c a l p a r t i c l e s . The pores within the granular skeleton are 
interconnected and f i l led with a fluid. The e l a s t i c constants of the 
skeleton can be ca lcula ted from the properties of the e las t i c grains 
and the known packing geometry. Gassman (1951) derived an expression 
for the bulk modulus of compression (and thus the compressional wave 
velocity) in terms of porosi ty and the bulk moduli of the various 
components. In t h i s theory the r e l a t i v e motion between f lu id and 
skeleton during the passage of an acoust ic wave i s neglected. The 
elas t ic constants are computed for s t a t i c s t resses . 

A general theory of wave propagation in l inear e las t ic two-phase media 
was formulated by Biot (1956a.b). The two-phase medium consists of an 
elast ic solid matrix fully saturated with a viscous f lu id . The theory 
decouples the average motion of the solid and fluid part of the rock. 
Energy dissipation i s related to the relat ive motion between the rock 
matrix and the viscous pore f luid during the passage of an acoustic 
wave. The theory t reats the full frequency range and yields wave speeds 
as well as attenuations. A fundamental resul t of the Biot theory is the 
existence of three dis t inct bulk waves in a f l u i d - f i l l e d porous and 
permeable so l id medium: a fast compressional wave, a shear wave and a 
slow compressional wave. In the low-frequency l imi t the Biot theory 
agrees exactly with the Gassman equations (Geertsma and Smit, 1961). 

A different approach towards the modelling of porous media is that of a 
continuous matrix containing a low concentration of inclusions. The 
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model i s applicable to rocks containing i so la t ed pores as well as to 
suspensions of s o l i d p a r t i c l e s in f l u ids . In these models effective 
bulk moduli on a macroscopic scale are ca lcu la ted for the porous 
medium. (Walsh 1966, O'Connell and Budiansky 1971*, Kuster and Toksöz 
1974). 
As a model of reservoir rocks the solid matrix with isolated inclusions 
has serious l i m i t a t i o n s . Since in te rac t ion among inc lus ions i s not 
incorporated the model does not allow fluid flow from one pore into 
another, which i s one of the major c h a r a c t e r i s t i c s of rea l r e se rvo i r 
rock. Such 'effective medium' theories cannot predict the two dis t inc t 
compressional waves that are given by the Biot theory and t h a t have 
been ve r i f i ed experimental ly (Plona, 198O). Furthermore Johnson and 
Plona (1982) showed that the nature of the grain-to-grain contacts can 
have a l a rge e f f e c t on the acoustic properties of a porous material. 
This would imply t h a t ' e f f ec t ive medium' theor ies which do not ex
p l i c i t l y take in to account the grain-to-grain contacts can only be of 
limited usefulness. 
Apart from the wave v e l o c i t i e s , a t t en t ion has been focussed in the 
l i te ra ture on energy dissipation of waves propagating through porous 
rock. Several attenuation mechanisms have been proposed, such as matrix 
anelast ici ty, f r ic t ional dissipation at the grain boundaries, r e l a t i v e 
motion between f l u i d and so l id , squ i r t ing phenomena, scattering and 
viscous r e l a x a t i o n . Each of these mechanisms may be more o r l e s s 
important depending upon the physical circumstances. Johnston et a l . 
(1979) have given an extensive review of proposed a t tenua t ion mecha
nisms in relat ion to laboratory measurements. 
In this thesis we wil l use the Biot theory as a basis to in t e rp re t the 
a c o u s t i c measurements on rock samples. The experiments have been 
carried out at high frequencies, i . e . f = 500 kHz and the rock samples 
under cons idera t ion have high poros i t i e s and permeabil i t ies . Under 
these circumstances fluid flow as described by Biot gives an important 
contribution to the overall attenuation (Stoll and Bryan 1970, Johnston 
et al 1979). The present study is carried out in an empirical way by 
comparing the acoustic responses of different rock samples of which the 
properties are known in de ta i l . Therefore the absolute determination of 
a t tenuat ion coefficients ascribable to the various physical mechanisms 
is not of primary in te res t here. I t is only required that the a t tenua
tion due to mechanisms other than fluid flow be not excessively large 
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and not change appreciably over the range of rock samples measured 
(this condition can be checked by measurements on dry samples). It is 
then justified to interpret the results of the measurements in terms of 
the Biot theory. 

IV.2.1 Biot theory 

A general theory of wave propagation in linear e las t ic two-phase media 
was presented by Biot in 1956. This theory has been widely accepted and 
many authors have used i t to i n t e r p r e t t h e i r measurements, among 
others: Wyllie e t a l .1962, Yew and Jogi 1976, Johnson e t a l 1982, 
Berryman 1980, Ogushwitz 1985- Several others have used i t as the basis 
for t he i r own work: Geertsma and Smit 196l, S to l l and Bryan 1970, 
Berryman 1981, Feng and Johnson 1983- In recent years the theory 
received a strong impetus when the slow P-wave predicted by Biot was 
verif ied exper imental ly . Plona (1980) observed the slow P-wave in an 
ultrasonic transmission measurement performed on sintered glass beads. 
His r e s u l t s have been identified by Berryman (1980,1981) with the Biot 
theory. Van der Grinten et a l . (1985), van der Grinten (1987) observed 
the second compressional wave in shock tube experiments on a r t i f i c i a l 
sandstone samples. 

In the Biot t h e o r y , t he porous so l id cons i s t s of a skeleton or 
aggregate which i s s t a t i s t i c a l l y i so t rop ic . I t contains a f lu id that 
f i l l s the interconnected pore space. The skeleton i s made of an elast ic 
so l id . I t i s assumed to be macroscopically homogeneous; i . e . the 
aggregate i s made out of elements which are small r e l a t i v e to the 
wavelength of the waves and in turn the s i ze of the pores i s assumed 
small compared to the size of an element. This presents an upper limit 
to the frequency for which the theory is valid. 
Biot t r e a t s both the individual and coupled behaviour of the frame and 
pore fluid. Fluid flow in the pores 'is described by Darcy's Law. Energy 
dissipation is caused by the flow of the viscous pore fluid as i t moves 
relative to the frame during the passage of an acoustic wave. The model 
predic ts that wave velocity and attenuation in a porous rock depend on 
frequency, the moduli of the constituents of the rock, the viscosity of 
the pore fluid and on porosity, grain diameter and permeability. 
The theory predicts three dis t inct waves: 
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- a fas t compressional wave corresponding (approximately) to in-phase 
notion of the skeleton and pore fluid. 

- a slow compressional wave corresponding (approximately) to out-of-
phase motion of the skeleton and pore fluid. 

- a shear wave propagating in the solid with an iner t ia l contribution 
from the pore f luid. 

A br ief numerical formulation of the Biot equations is given in appen
dix A. 

Fig 4.1 Velocity and attenuation of fast P-, slow P- and shear 
wave versus frequency, according to Biot theory. 
Formation parameters are l is ted in Table k.1. 

An i l lus t ra t ion of the wave propagation through a porous formation 
calculated with the Biot theory i s shown in fig k.1. The equations 
given in appendix A were used. The velocity and at tenuat ion have been 
p lo t t ed versus frequency for the fas t P-, the slow P- and the shear 
wave. The skeleton and f lu id p roper t i es used in the c a l c u l a t i o n s 
r e p r e s e n t a conso l i da t ed sandstone with wate r - f i l l ed pores . The 
formation properties are l i s ted in Table 4 .1 . 
The fa s t compressional wave i s non-dispersive. I t s velocity i s v i r 
tually independent of the frequency. The attenuation i s low. The shear 
wave i s s l ight ly dispersive in the low frequency range (up to ± 70 kHz. 
for this part icular formation). The model predicts a higher attenuation 
for the shear than for the compressional wave. The slow P-wave is very 
dispersive at low f requencies . I t s speed levels off too for higher 
frequencies. The attenuation coefficient i s high. 

- 100 -



IV.2.2 Formation parameters 

The pu rpose of a c o u s t i c l o g g i n g i s t o d e r i v e in format ion about the 
logged r e s e r v o i r from the r e c o r d e d w a v e t r a i n s . I t i s t h e r e f o r e 
n e c e s s a r y t o r e l a t e t h e p h y s i c a l p r o p e r t i e s of the r o c k to t h e 
q u a n t i t i e s governing wave p r o p a g a t i o n . The Bio t model i s very w e l l 
s u i t e d f o r t h i s a p p r o a c h . I t s e q u a t i o n s a r e d i r e c t l y e x p r e s s e d in 
phys ica l ly meaningful formation parameters . Assuming a B i o t - t y p e wave 
p r o p a g a t i o n i t i s t h e r e f o r e p o s s i b l e to s i m u l a t e n u m e r i c a l l y t h e 
inf luence of a s p e c i f i c rock parameter on the wave c h a r a c t e r i s t i c s . 

Table 4 . 1 . Formation parameters 

pore fluid 
K_ compression modulus 
p„ density 
ti viscosity 
skeleton 
K compression modulus of the grains 
K, compression modulus of the skeleton 
N shear modulus 
P density of the grains 

* porosity 
c tortuosity 
k permeability 
T surface permeability 
ó structural factor 

A t o t a l number of eleven v a r i a b l e s en ters B i o t ' s formulae. These p a r a 
mete r s however , c anno t be v a r i e d independently. A change i n poros i ty 
f o r i n s t a n c e , w i l l have an i n f l u e n c e on t h e b u l k modu lus of t h e 
a g g r e g a t e t o o . The r e l a t i o n s between the rock parameters w i l l have to 
be accounted for i f the formation model i s to be r e a l i s t i c . 

.225 E10 N/m2 

1000 kg/m3 

1 E-3 kg/msec 

.379 E l l N/m2 

.453 E10 N/m2 

.37 E10 N/m2 

2650 kg/m1 

36.5 % BV 
2.48 
1 E-12 in2 

0. 
/ 8 
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In the following s ec t i ons , the ef fec t of two important r e s e r v o i r 
properties, the porosity and permeability, on the wave propagation are 
investigated numerically according to the Biot theory. 

- Porosity 
The amount of porosity influences the frame moduli of a formation which 
in turn determine to a large extent the v e l o c i t i e s of the three bulk 
waves. A change in porosity thus has a large effect on the wave speeds 
in a porous rock. 
This is evident from fig k.2 where the velocity of the fast P-, slow P-
and shear wave are plotted versus porosity. In const ruct ing th i s p l o t 
the vers ion of the self-consistent theory of Berryman (1981) has been 
used to provide the re la t ionship between the poros i ty and the frame 
moduli. 
The tortuosity needed in the calculations is given by c = • , where 
m = 1.8 = cementation factor. (Perez-Rosales 1982) 
For convenience the relation between the porosity and the permeabil i ty 
has been modelled by the Kozeny-Carman r e l a t i o n (Lambe and Whitman 
1969) in this example: 
k (1 - 0 ) 2 /* ' = k„ (1 - *o )*/*o . w i t h k0 = 1 Darcy at <t>0 = .20. 

The other parameters are as l is ted in Table 4 . 1 . 

V 
fcn/i 

Fig k.2 
Velocity of fast P-, slow P-
and shear wave vs. porosity 

> # 
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- Permeability 
Another important parameter for o i l - or gas-producing reservoirs is the 
permeability. To ensure that the large porosity effect does not obscure 
the influence of the permeability on the wave propagation, the porosity 
i s kept constant in the following example. Instead the permeability i s 
varied by changing the size of the individual quartz grains making up 
the ske le ton . The permeability then changes according to (van Baaren, 
1979): 

»■ » ° L e-3'64 • " • " «.il 
where D. = dominant grain size, C = .7 = constant related to sorting, 
* = porosity and m = cementation factor. 
The influence of the dominant grain size and permeability i s shown in 
fig 4 .3 . I t i s assumed that the bulk modulus of the skeleton K, remains 

b 
constant for varying grain sizes. The grain size parameter 'a' occur
ring in. the frequency dependent dissipation factor F(K) (eq. A.19) is 
taken to be ' /, of the grain size (Stoll 1974). The plotted range in 
grain diameters (50 - 350 um) corresponds to a permeability range from 
O.38 to 18.6 Darcy. 

a 
(nf1) 

100 

U 

200 

t1 

V 
km/s 

500 iW" 
13.7 k IDorcy) 

100 200 300 1)11») 
Ddom 

Fig 4.3 Dominant grain size (and permeability) vs. velocity 
and attenuation of the bulk waves according to Biot. 

The v e l o c i t i e s of the three bulk waves are hardly affected by the 
permeability. Only the slow P-wave, which is the one l ea s t access ib le 
to measurement shows a slight decline in velocity with increasing grain 
s ize . The attenuation coefficients however change s i g n i f i c a n t l y over 
the range of plotted permeabilities. 
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IV.3 Modelling of acoustic waves in a liquid/porous solid configuration 
with a flat interface. 

Two mathematical models have been developed which predict the received 
acoustic signals in our measurements. The configuration of the models 
is similar to the set-up used in the measurements under atmospheric 
conditions. It consists of a flat porous rock submerged in a liquid. 
The emitting and receiving transducers are located in the liquid above 
the block. 
The propagation of waves in the porous rock is described by the Biot 
theory. Two distinct cases are treated: 
- the full frequency range including dispersion and attenuation of the 
bulk waves due to fluid flow. 

- the high frequency limit of the theory. 
In this high frequency limit of the Biot theory energy dissipation due 
to fluid flow in the pores becomes negligible. The porous solid effec
tively reduces to a loss-less medium. This model is developed by de 
Vries (1985)-
Both models calculate the pressure response in the fluid at the 
receiver due to the excitation of a monopole point source. A convolu
tion of this system response with a known source wavelet then yields 
the desired acoustic trace. The models predict the arrival time and 
pulse shape of the various waves arriving at the receiver; i.e. the 
direct and reflected waves in the fluid, the shear and compressional 
waves in the solid and the surface waves if present. 
In the high frequency limit the solution is obtained by the Cagniard-
de Hoop technique. The solution is exact and requires little computer 
time. However, the model does not include attenuation due to fluid flow 
and thus permeability of the rock, as given by the full Biot theory. 
The model incorporating the full frequency range on the other hand, 
includes the full Biot theory. It calculates the pressure response at 
the receiver by way of an Fourier-Bessel approach. It models the effect 
upon the recorded wavetrain of all the formation parameters occurring 
in the Biot theory. The exact solution of the Cagniard-de Hoop 
technique allows to check the Föurier-Bessel approach. 
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IV.3-1 Configuration 

The configuration of the models is similar to the experimental set-up. 
A block of porous rock is submerged in a liquid. The liquid is taken to 
be a homogeneous, ideal fluid. The porous solid is a macroscopically 
homogeneous and isotropic elastic medium with fluid-filled pores. The 
fluid in the pores does not have to be similar to the fluid above the 
porous solid. To avoid confusion the half-space filled with liquid 
above the porous block will be denoted by the subscript L(iquid) while 
the fluid in the pores will be given the subscript f. 
The interface between the liquid and the porous rock is a flat plane. 
Besides by the formation parameters, the characteristics of the inter
face are determined by the communication between the fluid in the pores 
of the solid and the liquid above the block. It can be characterized by 
open pores, sealed pores or some situation in between. 
The liquid and the porous solid are both taken to be half-spaces (i.e. 
0 < z < *> and 0 > z > -<•> respectively) . In the experiments this 
condition is approximated by placing a thick layer of water above a 
block of large dimensions. Any acoustic reflections from the surface of 
the water or the sides of the block then arrive outside the time inter
val of interest. 
The transmitting and receiving transducers are both located in the 
liquid. The pressure response at the receiver is then equal to the sum 
of the direct wave between transmitter and receiver through the liquid, 
the reflected wave at the interface and the refractions from the porous 
medium. 
Cartesian coordinates are defined 
with the origin 0 at the interface. 
The z-axis is taken perpendicular 
to the interface, pointing upwards 
into the liquid. 
The transmitter is located at z=h , 
(h > 0) and the receiver is 
located at z = h , (h > 0) r r 

Fig A.4 Geometric configuration 
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IV.3.2 The wave equations 

In the l iquid half-space the pressure i s the fundamental unknown. This 
i s the quantity that i s measured by the receiver in the experiments. In 
the liquid the to ta l acoustic wave field is equal to the superposit ion 
of the inc iden t f i e l d and the reflected field. The incident field is 
the f i e ld tha t would be generated i f the l i qu id were of i n f i n i t e 
ex ten t . The r e f l e c t e d f ie ld i s the difference between the to ta l wave 
field and the inc iden t f i e l d . Hence, the acous t ic pressure in the 
liquid, P. , i s given by : 

PL = P* + P [ (4.2) 

The superscripts i and r refer to the incident and reflected waves 
respectively. 
The transmitted wave field in the porous medium consists of a fast and 
slow compressional wave and a shear wave. In the porous solid the 
particle displacements of the fluid V_ and the solid u are the unknown 
quantities. The different wave fields are connected by the boundary 
conditions at the interface between the liquid and the porous sandstone 
block. 

Waves in the liquid 
The half-space 0 < z < <= is filled with an ideal liquid. The pressure 
in the liquid P. satisfies in the absence of volume forces the inhomo-
geneous wave equation : 

V P L " VL 3t P L + "lA *v " ° (/»'3) 

where $ i s the volume density of injected fluid volume. 
Assuming that the point source i s a monopole source, then 

*v = * v ( t ) öfx.y.z-lXj.) (4.4) 
where * (t) represents the volume injection function. 

Spli t t ing the t o t a l wave f ie ld in the l iqu id i n to the inc ident and 
re f lec ted f i e l d , equation 4.3 can be decomposed into two differential 
equations: 
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Incident: V* pj - v[' aj. pj = - p ^ $y (4.5) 

Reflected: V.* P£ - v[ 3fc P[ = 0 (4.6) 

To solve equation (4.5) use.is made of the Fourier transforms with 
respect to time and space as defined in appendix B. 
As a result we have : 

31 ^L + "X ̂ L = Pi/*v(<,)) 6 ( z _ h T ) (4-7> 
with TL = (V[8- a'- M 1/l ; Re.Im (YL) £ 0 

The solution to this inhomogeneous differential equation is well known: 

. iuY |z - hi 
P* = A1 e L fc (4.8) 

(!) p 6 (ü)) 
with A1 = — ^ (4.9) 

L 

To solve the equation for the reflected wave, (4.6), again use is made 
of the Fourier transforms as defined in appendix B. This gives : 

32 Pf + <»V P.r = 0 z > 0 (4.10) 

Z Li LI LI 

A solu t ion of t h i s homogeneous d i f f e r e n t i a l equation i s : 

-iioY. z iwY z 
P[ = A" e L + A+ e L (4.11) 

The first term represents a downgoing wave in the fluid, the second 
term an upgoing wave (pos. z-direction) . Considering only the upgoing 
wave (A =0), it can be expressed as the reflection coefficient at the 
interface (R. ) times the incident wave. This yields: 

. iwY. (z + h ) 
P[ = RL A1 e L C (4.12) 

where R. i s t he r e f l e c t i o n - c o e f f i c i e n t a t t h e i n t e r f a c e , and A i s 

given by equation (4 .9 ) -
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Waves in the porous rock 
Biot's equations are used to describe the wave propagation in the 
porous sandstone block. In the rock, the particle displacement of the 
solid part, u_, and of the pore fluid, U, are the fundamental unknown 
quantities. 
The wave motion in the rock can be decomposed into a divergence-f ree 
part (shear wave) and a curl-free part (fast and slow compressional 
waves). The total displacements in the solid and fluid part of the rock 
are the sum of each of these contributions, so: 

solid part û  = u + u_ + u (4.13) 
and 
fluid part U = U^ + U_ + U (4.14) 

The subscripts "+", "-" and "s" refer respectively to the fast and slow 
compressional waves and to the shear wave. 
The expressions for the particle displacements in the rock are derived 
in appendix C. 

IV.3.3 The pressure response in the fluid 

In the laboratory experiments the acoustic pressure is measured by the 
receiver in the liquid above the rock sample. This pressure is equal to 
the superposition of the contributions of the incident and the 
reflected wave field : 

PL =pj -P[ (4.15) 

In order to obtain a synthet ic seismogram in the time domain, the 
received signal can be written as a convolution of the input s ignal 
with the system response: 

PL(t) = 3fc [ Q(t) * GL(t) ] (4.16) 

where Q(t) i s the source wavelet (= p 3 * (t) <5(x,y,z-h ) ) and G. (t) 
t v t ij 

i s the system's Green's function. I t i s the response to a s tep in the 
rate of change of volume injection. 
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Equation 4.16 can also be written as: 

PL(t) = [ Q(t) * G^(t) ] (4.17) 

with G'(t) = 3 G. ( t ) . G'(t) now represents the response to an impulse 
in the rate of change of volume injection. 
So to generate a synthetic wavetrain the expression for the system's 
response in eq. 4.16 or 4.17 has to be found. The calculation of this 
Green's function w i l l be performed in the frequency domain and i s 
transformed back to the space-time domain by a Fast Fourier program. A 
convolution with the emitted pulse then y i e ld s the desi red acoust ic 
trace. 
In the following paragraphs expressions in the frequency domain are 
derived for the incident and the reflected f ield. The response function 
of the reflected field i s calculated for two d i f f e r e n t models of the 
porous s o l i d . The f i r s t model incorporates a reservoir rock that i s 
described by the full frequency range of the Biot theory. I t includes 
d ispers ion and a t tenua t ion of the waves due to viscous fluid flow in 
the pores of the solid. The second model uses the high frequency l imi t 
of the theory to descr ibe the porous solid. The solid then becomes a 
loss-less medium. A solution of the Green's function in the time domain 
for t h i s model is obtained by applying the Cagniard-de Hoop technique. 

IV.3.4 Incident field 

The transform-domain equivalent of equation (4.17) i s for the incident 
field: 

pi = - ">%L \M G^ (4.18) 

The expression for the incident field in the transformed domain was 
given by eq. 4.8. Comparing this with (4.18) it follows that 

- i 1 i ü ) TL |z " htl 
GL = - 2 Ï ^ L * « - ^ 

Transforming this equation to the space-frequency domain, we have : 
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2 <o oD 1 io ï |z - h I iu(ax + fiy) 
"L* " f» ' ' " 2Ï3f, « 6 dadP ik-20) 

In t roducing po la r coord ina tes : 
x = r cos 9, y = r s in 9 rèO, 0£6S2n, (4.21) 

and new v a r i a b l e s of i n t e g r a t i o n K and X : 
a = K cos X, p1 = K s in X OÉXS», 0£XS2n, (4.22) 

we get : 
dadp = K dicdx 
ax + f,y = <r cos(X - 6) (4.23) 

2 2 2 
a + p" = ÏC 

Equation (4.20) changes i n to : 

- • • ™ 1 i<üTi l z " n4.l 2n . . „. 
_ , i , . . I Ü ) , 1 L' t ' , ïmcrcoslX - 6) . , 
G' (r ,6,z ,ü)) = 0 — 2 / 7 6 i c / e v ' dxdK 
L ö" • \ • (4.24) 
, 1 , iuKrcosfx - 8) ,„ T . . ... __. 

where _— ƒ e dx = J0 (Krio) , (4.25) 

a zero order Bessel function of the first kind. 
Using the analytical solution of the Sommerfeld integral: 

. id)T, |z - h. I 1 L' t' , , , ,i(i)R. — e J0 (K<ur) KdK = exp (-̂ -) (4.26) 

with R = (r* + (z - h J Y / z 

we arrive for the incident field in the space-frequency domain as: 

2 

where -w p.* (ID) is the source term. 
Eq.4.27 is the monopole solution of the wave equations for an infinite 
homogeneous medium. It represents the direct wave between transmitter 
and receiver, which has an amplitude of l/8ti2R and is time shifted from 
the origin by an amount of R/V. . 
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IV.3-5 Reflected f ie ld: full frequency range 

The full frequency range of the Biot theory is given in appendix A. 
To o b t a i n the system's response of the re f lec ted f i e ld , we wri te 
analogue to the incident field: 

P[ = - ü.%L iv(a>) G^r (4.28) 

Comparing t h i s with the expression for the re f lec ted f i e l d in the 
transformed domain (eq. 4.12) we arr ive, after changing the variables 
of integration (eq. 4.23), at the expression for the Green's function 
in the frequency domain: 

» R. iuT (z + h ) 
G^r(r,9,2,(0) = ^ / ^ e Z J0 (cru) K 6K (1.29) 

The reflection coefficient R. is calculated in appendix C, using Biot's 
theory to describe the wave propagation in the rock, plus continuity of 
stress and displacement at the boundary. The vertical propagation 
coefficients of the bulk waves then are given by: 

_2 2 1 / _2 2 1 / _2 2 1 / 
T = (V - K ) '* , T = (V - K ) '* , T = (VQ - K ) ' l , 

II 2 1 / " " S » & 
\ = (VL - K ) /l (4.30) 

The expression for the velocity in the rock of the compressional waves 
is given by eq. A.22 and of the shear wave by eq. A. 25 of appendix A. 
The speed of the ideal liquid above the porous solid is equal to: 

VL = (KL/pL)'/! (4.3D 

In equation 4.29 only one integration variable remains. 
The velocities calculated with the Biot theory are complex-valued. 
Therefore in solving equation 4.29 a square root singularity occurs 

2 _2 

only at < = V . This singularity can be removed by splitting up the 
integral into two parts. In both parts of the integral the singularity 
is then removed by a suitable substitution for K. 
So we get: 
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G' r = I ♦ I I 

where 

V"1 R iwY (z + h ) 
1 = 57 ' T" e J . ( K M . ) K d< ( 4 . 3 2 ) 

n o ' L 

Substitution of ic = s l " ^ 0 £ * S n/2 

L 

changes integral I into : 

n/2 R. iü)T, (z + h ) . , . , 
T i(u f L L t ,sinj> , sin ifr cos ^ , , ,,. _._.. 
1 = 57 ' ~ e J. <—v~ rtü) "v v - d+ (4-33) 

0 L L L L 
with the propagation coefficients : 

, VL VL VL 
T L = VL C O S * (/*-3't) 

<= R. iwl (z + h ) 
I I = | r / ;r- e fc Jo (<cor) < d< (4.35) 

VL 

Substitution : K = —r:—*■ ; 5 è 0 
L 

gives 

» R. itoY. ( z + h . ) . _. . _. . u -
T T ia , L L t - .cosh £ , cosh E smh E , , ,,, _,-, 
11 = 57 ' r e Jo (~v ur) ~v ~v dC ( 4 : 3 6 ) 

0 L L L L 

with the propagation coefficients 

T = ( v - 2 . c o s h ^ ) ' / , i T = ( v - 2 . cosh_E_ } V , 
+ + V V 

, = ( v - ' . cosh_E. ) ' / 2_ T isinh_E_ ( 4 3 7 ) 

S S V L VL 
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The expression for the Green's function in the frequency domain now 
becomes : 

G^ r(r.z,u) = 1 + 1 1 (4.38) 

where the integrals I and II are given by resp. eqs. 4.33 and 4.36, and 
the corresponding propagation coefficients by respectively eqs. 4.3^ 
and 4.37. 

IV.3-6 Numerical considerations 

The Green's function calculated with eq. 4.38 is transformed back to 
the space-time domain with the help of a fast Fourier transform 
program, according to equation B4. A question of practical importance 
relates to the minimum number of points in the frequency domain where 
the integral has to be evaluated and the accuracy to which extent 
eq. 4.38 has to be solved. 

Sampling in u-domain 
As far as the sampling in the u-domain is concerned the problem is 
relatively simple. The waveform received at the transducer is real. 
This condition is assured by taking G'(-u) = G' (o>) where the asterisk 
designates the complex conjugate, so only positive values of omega have 
to be considered. The frequency bandwidth for which the function has to 
be evaluated is given by the characteristics of the transducers and by 
the frequency bandwidth of the emitted pulse. 
To avoid aliasing the sampling rate must conform to the sampling 
theorem, i.e. At £ 1/2fN . where the Nyquist frequency is the highest 
frequency present in the signal. 
In every step of the frequency sampling the integrals (4.33) and (4.36) 
must be solved. Integral I is extended over the fixed interval 0£<|iSn/2, 
while integral II includes the evanescent part of the wavefield. The 
latter rapidly approaches zero due to the high frequencies at which is 
being modelled, (centre frequency =.5MHz). 
Moreover the integration is complicated by the oscillatory behaviour of 
the Bessel function included in both integrals. Fig 4.5 shows the real 
and imaginary parts of integrals I and II. The frequency is 50 kHz, the 
formation parameters as listed in Table 4.1. 
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Fig 4.5 Real and imaginary part of Gr'(r,6,z,») = int.I + int.II 
frequency = 50 kHz., zfc = z r = .001 m., trs = .13 m. 

Fig 4.6 Real and imaginary part of Ĝ 'fr, 8,z,w) = int.I + int.II 
frequency = 500 kHz., z = z = .001 m., trs = .13 m. 

t r J 
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The integrals are solved numerically by means of the trapezoidal rule. 
To acquire the desired accuracy a sufficient number of samples have to 
be taken in between the zero-crossings of the integrated functions. 
However this number of zero-crossings varies with frequency. Fig 4.6 
shows the same response function as before, but now at a frequency 
f = 500 kHz. 

Sampling in the ic-domain 
The arrivals of the different waves are distinguished in the IO-K domain 
by sharp discontinuities. To reach the desired accuracy the sampling 
rate in the K-domain has to be intensified at those arrivals. To this 
end the trapezoidal rule in combination with the Romberg interpolation 
method is used to evaluate numerically the integrals. 
The interval to be integrated is divided into several subdivisions. 
Each subdivision is evaluated by the trapezoidal rule and by two 
successive Romberg interpolations. If the difference between the two 
interpolations is bigger than a specified value, then the subdivision 
is again divided into smaller segments in which the evaluation takes 
place. The procedure is repeated until the desired accuracy is reached. 
The numerical method automatically takes into account the variation of 
the oscillatory behaviour of the functions with frequency. It also 
accurately evaluates the discontinuities in the functions by reducing 
the numerical step distance and thus increasing the sampling rate in 
those regions. 

Reflection coefficient 
The reflection-coefficient appearing in the expressions is solved from 
appendix C by way of Cramer's rule, i.e. : 

\ = A5 / A (4.39) 
where A = determinant of the matrix formed by the coefficients of 

equations C.17 - C.21. 
and A5 = determinant of the same matrix, where the fifth column of 

the matrix is replaced by the vector occurring at the 
right hand side of eq. C.17 - C.21 

The variable of integration X still present in the equations drops out 
of the solution for R. . 
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Calculated example 
An example of the calculated Green's function in the space-time domain 
i s given in f ig k."J. The parameters of Table 4.1 were used as input. 
The direct wave through the fluid is not included, i . e . the incident 
field i s neglected. The Green's function was calculated for a frequency 
range of 0 - 1 MHz. The number of samples was 409, with an increment in 
frequency of Af = 2km Hz. 

-200 o t-,m„ 
time-

Fig 4.7 Impulse response in the time domain, k = 10 Darcy 

200>is 

The a r r i v a l s of success ively the compressional, the body" wave in the 
liquid reflected on the interface and the pseudo-Stoneley or Scholte 
wave can be dis t inguished clearly in fig k.7• The l a t t e r is a surface 
wave propagating along a fluid/solid interface. 
Due to the high frequencies and the o s c i l l a t o r y behaviour of the 
integrals to be solved, the calculation of a Green's function requires 
very much computation time. For the impulse response shown here i t 
amounts to approximately 800 minutes on a Gould 32/77 computer. 

IV.3.7 Reflected f ie ld : high frequency limit 

The second model which was developed to simulate the experiments 
incorporates the high frequency limit of the Biot theory. 
The energy dissipation of the bulk waves in Biot 's theory is described 
by the fac tor ibF(<)/io*p „. In the high frequency l imit of the theory 
(ci)-*») th is factor approaches zero. The solid becomes loss- less and the 
veloci t ies of the bulk waves are real-valued and no longer dependent on 
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the frequency. I t i s therefore possible to solve the wave equations by 
the Cagniard-de Hoop technique in this high frequency limit of the Biot 
theory. The model was developed by de Vries (1985). The solution of the 
Cagniard-de Hoop technique i s exact . I t thus allows to check the 
results of the Fourier-Bessel approach. For the sake of completeness, a 
b r i e f desc r ip t ion of the method is given here. For more detai ls the 
reader i s referred to the original work of de Vries (1985). 

In o r d e r to be a b l e to use t he Cagnia rd-de Hoop technique the 
transform to the frequency domain i s given by a one-sided Laplace 
transform: 

p(x,y,z,s) = I" e " s t p(x,y ,z , t ) dt ('f.'tO) 
0 

with real and positive parameter s . 
The Fourier transform with respec t to space i s given by eq. B2 and 
substi tuting a = ia and P = ifl. 
The result ing expression for the system's Green's function now becomes 
(de Vries 1985): 

J R. -s(iax+ipy+7 (z+h )) G[ = - V / dp ƒ —f- e L Z da (l\M) 
hn -<•> -<= 2s 1. 

The Green's function G. is the response to a step in the rate of change 
of volume injection. 
The Cagniard-de Hoop technique (de Hoop I960) transforms the integra
tion with respect to a and f$ into the real integration: 

G[ = T/° e"St g(x,y,z,T) dt (4.42) 
arr 

by changing the path of integration in the complex p-plane such that 
the term in the exponent i s purely real and posi t ive. Lerch's unique
ness theorem then ensures that: 

G[ (x.y.z.x) = 0 "°< T < Tarr ('*-tt3) 

g(x,y,z,-t) Tarr<T<e° 
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Applying the Cagniard-de Hoop technique by s u b s t i t u t i n g : 
a = K cos 8 - q s i n 6, fj = K s in 8 ♦ q cos 6 
p = iK 
Re {pr + TL(z + h t ) } = T (l\M) 
Im {pr + TL(z + hfc)} = 0 

The following express ion for the space-time Green's function r e s u l t s : 

■ ° -<T<THW 

Q B W ( T ) Im{R L (p%)} 

= I — f " 5 T T T dq THW<T<TBW 
0 2„ {TBW(q)-x } '« HW BW 

QBW(x) im{R L (P%)} 
G

L = ' ~i—i TTT dq 
V T > 2" {TBW(q)-T > ' ' 

Q R W ( T ) . R e { R . ( p % ) } 
' , , » w dq T <T<T (4.J»5) 

0 2ii {x -TBW(q)} / l BW H W e n d 

Q B W ( T ) Re{R L (p%)} 
1 ~1~> » ÏT d q THWend<T<° 
0 2„ {T -TBW(q)} /l ^ ^ 

The limits of integration are: 

Q B W ( T ) = { — — ! r-rr - ^ } , / J C*-"6) 

(d + ( h r + h t ) ) / j V+ 

T h t + h r 1 1 >/ » 1 >/ 
Q B W ( T ) = { ( a - -V^4-4) 2) - 4) u c»-t7) 

™ Q V. V V 
L + + 

and TBW(q) = { d 2
+ ( h t + h r ) Y / j { 4 + q 2 } ' 7 ' C*-^) 

T,„, and T,,,, a r e the a r r i v a l times of the head wave and the body wave in HW BW 
the f l u i d . T„,, , i s t he t ime beyond which t h e r e a r e no head wave HWend 
con t r ibu t ions any more. To obtain the e x p r e s s i o n s fo r t h e s h e a r head 
wave, V has t o be replaced by V in the equa t ions . 
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The square root singularities occurring at the end points of the q-
integration are removed by the transformation: 

2 2 2 2 2 
qn = Q n- l c o s * + Q S i n * (4.49) 

where Q i s an endpoint of the integration. 
An example of the system's s tep response i s given in f i g 4 .8 . The 
a r r i v a l s of the various waves a t the rece iver are distinguished by 
discontinuities in the curve. 

• 5 T 

p R S t / " 

1 1 1 1 

^ V 
H 1 — 1 1 1 1 

Fig 4.8 Step response in the time domain. High frequency limit. 

In computing the step response with the Cagniard-de Hoop technique a 
single bounded integral has to be solved. In contrast to the previous 
high frequency range model the expressions do not show any oscillatory 
behaviour. The numerical evaluation therefore requires much less 
computer time. The time needed to calculate a single trace amounts to 
approximately 10 minutes on a Gould 32/77 computer. 

IV.3.8 The convolutions 

In the laboratory measurements the acoustic pressure in the fluid i s 
recorded by the r e c e i v e r . In order to model the experiments the 
system's Green's function has to be convolved with a c e r t a i n source 
pressure pulse. The pulse emitted by the transmitter in the experiments 
i s taken as the source s igna tu re . A convolution with the Green 's 
function then models what really will be measured. The source signature 
is shown in fig 4.9- The source wavelet was determined by recording the 
d i r ec t wave from t r ansmi t t e r to receiver through the fluid. It was 
recorded in mi l l i - Volts. 
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time—9' freq.—» 1 MHz 

Fig 4.9 Input signal, a. time b. amplitude spectrum. 

The direct wave is described in terms of * by the expression for the 
incident field in the frequency domain: 

PL = ÏÏ^R P L V W > e x p (-vr} (4-50) 

For the reflected pressure in the liquid can be written (see A.28): 

pf = - co p.i (») G.'r L v' (4.5D 

The expression in front of the Green's function in eq 4.51 can now be 
written as: 

- </pL*v(co) = 4nR pi exp(=ffi (t.52) 

So a m u l t i p l i c a t i o n in the frequency domain of the measured input 
signal with the Green's function yields, apart from a factor 4nR, the 
desired microseismogram. 
The model using the high frequency limit of the Biot theory ca lcu la t e s 
the step response function of the system. The reflected pressure in the 
liquid then is equal to : 

K = s pL«v(») Q[ 0.53) 

The term s p. ♦ in eq 4.53 is now, in terms of the incident field: 
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s p, * L v 4nR s P* exp({j*) (1.5^) 

The input pulse of fig 4.9 has to be convolved with the time-derivative 
of the s tep response of the model using the Cagniard-de Hoop technique 
to compare the result with the result of the Fourier-Bessel approach. 
Figs 4.10 and 4.11 show the input s ignal convolved with the system-
response function of fig 4.7 and with the time-derivative of the system 
response function of fig 4.8, respectively. The agreement between the 
results of the two different models is very good. I t implies that the 
Fourier-Bessel approach i s working properly. The amplitude of the P-
wave calculated by the fu l l frequency model (f ig 4.10) i s s l i g h t l y 
smaller than when calculated with the loss-less solid model (fig 4.11). 
This i s to be expected as the attenuation of the P-wave is low (Q=1500, 
refer f ig 4 . 1 ) . The difference between the models becomes apparent in 
the amplitude of the Stoneley wave. 

tmV) 

time-
Fig 4.10 Convolution of the input signal with the system response 

as given in fig 4.7. k = 10 Darcy 

ImV) 

time ■ 

Fig 4.11 Convolution of the input signal with the time derivative 
of the system response as given in fig 4.8. 
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IV.3.9 Numerical resul t s 

In this paragraph pressure-time his tor ies computed for various l i q u i d / 
porous so l id systems in the higher frequency ranges are presented. The 
low-frequency range (O-'tO kHz) has been t r e a t e d e x t e n s i v e l y by 
Rosenbaum (1974)• The aim of the modelling is to investigate theore t i 
ca l ly the effect of rock parameters upon the recorded w a v e t r a i n 
according to B i o t ' s theory and to find the optimum configuration that 
allows the desired effects to be recorded with maximum deta i l . 
A t o t a l of f i f teen parameters en te r the model for the liquid/porous 
solid configuration. Although these parameters a l l have physical s i g 
nificance, i t i s impossible to cover them a l l . The presented models are 
therefore limited to the various reservoir samples that are used in the 
e x p e r i m e n t s . Also some geometr ic configurat ions are shown t h a t 
theoretically enhance the observed acoustic effects . 
Depending upon the boundary condit ions at the interface between the 
porous block and the l iquid, several surface waves may show up in the 
computed t r a c e s , such as a pseudo Rayleigh wave propagating along a 
vacuum/solid interface, and pseudo Stoneley or Scholte waves, propagat
ing along a l iquid/solid boundary. If the pores of the rock are sealed 
at the i n t e r f a c e , a surface wave occurs which i s slower than the 
slowest wave in the rock, i . e . the slow compressional. Feng and Johnson 
(1983) gave a thorough treatment of these surface waves and t h e i r mode 
of occurrence. 
The full frequency range model i s compared to the model that uses the 
l o s s - l e s s solid description of the Biot theory. The input data for the 
presented plots are given in Table 4 . 1 . Any changes from t h i s s e t of 
parameters i s given with the f igu res . As the d i r e c t wave between 
transmitter and receiver through the fluid can be shielded off in the 
actual experiments, i t has not been included in the models e i ther . 

Standard configuration 
Figure 4.12 shows the pressure-time history computed for the loss- less 
solid. The input parameters of the model are given in Table 4 . 1 . The 
velocities of the bulk waves in the solid and fluid are: 
V = 2608.8, V = 1386, V ,= 706.8 and V = 1500 m/s. p s psl L 
The acoustic pressure is expressed in mVolts because the sensi t iv i ty of 
the recording system in Volts/Pa i s unknown. The calcula ted pressure 
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associated with the fast compressional arrival is much smaller than the 
reflected wave in the water. To enhance the details in the trace the 
amplitudes have been reduced by a factor 10 just after the compres
sional arrival. 

time-

Fig 4.12 High frequency l i m i t 
2 - z r = 1 mm, c = 3 , t r s = 12 cm. 

In the computed waveform the a r r i v a l s of, s u c c e s s i v e l y , the compres
s i o n a l (P) , t h e r e f l e c t e d body wave (W) and the pseudo-Stoneley wave 
(St) c l e a r l y show up. The shear wave i s no t p r e s e n t . I t s v e l o c i t y i s 
l e s s t h an tha t of the water above the block and the re fo re i t s c r i t i c a l 
angle i s imaginary valued; i t does not r e f r a c t i n to the f lu id . 

Distance above i n t e r f a c e 

The amplitude of the surface waves decays away from the i n t e r f a c e . This 
e f f e c t i s shown i n f i g 4 . 1 3 . I t shows a t r a c e ca lcu la ted for a con
f i g u r a t i o n where the r e c e i v e r has been p l a c e d 5 mm above t h e porous 
b l o c k . The pseudo-Stoneley wave can scarce ly be d i s t ingu i shed anymore, 
whe r e a s t he a m p l i t u d e s of t he P-wave and t h e r e f l e c t i o n on t h e 
i n t e r f a c e hardly change. 

120 

ImVI 

0 

-120+ 1 1 -
0-

Jjr~ 

-H 1 _ _ | 1 1 1 —I 

t i m e _ _ «•>« 

Fig 4.13 High frequency limit 
zt= 1 mm, zr = 5 mm, c = 3, trs = 12 cm. 
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Interface conditions 
The surface waves are s ens i t i ve to the way the i n t e r f ace has been 
prepared. In actual logging practice, the interface of a porous forma
tion i s always covered by a thin, almost impermeable mudcake. I t i s not 
c lear how the mudcake behaves acoustically in rea l i ty , but as a f i r s t 
approximation we can investigate the limiting case of completely sealed 
off pores at the i n t e r f a c e . (This condition can be achieved in the 
actual experiments by covering the rock sample with a thin impermeable 
f o i l ) . This p a r t i c u l a r case in the high frequency limit i s shown in 
fig 4.14. The amplitude of the ref lected wave in the f luid has been 
reduced by a factor 10 in this plot. 

W :10 St JF 

time-
200 jis 

Fig k.lk High frequency l imi t 

time 
V75^is 

Fig 4.15 High frequency limit 
c = 1.79, t r s = 10 cm, T = » 

Compared to f ig 4.12 (completely open pores) the amplitude of the 
pseudo Stoneley wave (St) i s reduced considerably. I t also shows a low 
frequency con ten t . Furthermore a surface wave (Jf)shows up whose 
ve loc i ty i s l e s s than the slowest wave speed in the porous block. 
(V „= 557 n/s) . We may ca l l th i s a "Johnson-Feng" surface wave as 
they were the f i r s t to describe this wave theoretically. Changing the 
properties of the porous solid so that the slow P-wave becomes fas te r 
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(e = 1.79, v
p s l= 933 m/s), fig 4.15, the "Johnson-Feng" surface wave 

becomes stronger and faster (VT„= 785 m/s). 

Sample under silicon oil 
In the actual experiments, the shear wave in our sandstone samples will 
be slower than the wave speed in water. This implies that the shear 
wave can not be detected in a refraction measurement with the sample 
submerged in water. However, if the rock is submerged in a fluid whose 
wave velocity is less than the shear velocity in the rock, the shear 
wave shows up in the recorded trace. This is modelled in fig 4.16. The 
sample is submerged in silicon oil which has a bulk wave speed of 980 
m/s. The shear velocity in the solid is 1386 m/s and the wave (S) shows 
up clearly in the computed time trace. The amplitude of the reflected 
wave in the oil (0) has been reduced by a factor 50. The pseudo 
Stoneley wave is indiscernable from the reflected body wave in the oil. 

time -

Fig 4.16 High frequency limit 
z = z = 1 mm, e = 3, trs = 12 cm, rock under silicon oil. t r 

Full frequency range 
So fa r the given pressure- t ime t races were computed in the high 
frequency limit of the Biot theory. The corresponding synthetic micro-
seismograms covering the f u l l frequency range of the Biot theory, 
including attenuation and dispersion of the bulk waves, are given in 
figs 4.17 to 4.19. 
Fig 4.17 shows the calculated trace with completely sealed-off pores . 
Compared to the l o s s - l e s s case ( f ig 4 . l 4 ) , the pseudo-Stoneley wave 
arrival has become even weaker. The Johnson-Feng surface wave does not 
show up in the trace. 
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time • 200 yi 

Fig 4.17 Full frequency range 
T = » 

Fig 4.18 shows the calculated acoustic trace for a configuration with 
the porous rock placed under silicon oil. As in the loss-less case the 
compressional and shear wave arrivals can be distinguished clearly. The 
reflected body wave in the oil shows less interference with the pseudo-
Stone ley wave. 

Permeability 
Fig 4.19 shows a calculated acoustic trace for a configuration with the 
rock submerged in water. The permeability of the porous rock is taken 
to be 1 Darcy. The effect of a change in permeability can be shown by 

S 0:15 

time- 200 JIS 

Fig 4.18 Full frequency range 
Rock sample under silicon oil. 

ImVI.. 

0 -f- Y 

time ■ 

Fig 4.19 Full frequency range 
k = 1 Darcy. 
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comparing fig 4.19 with fig 4.10, the l a t t e r of which includes a porous 
solid with k = 10 Darcy. 
The permeabil i ty appears to have a la rge effect upon the calculated 
amplitude with which the pseudo-Stoneley wave i s generated. In the Biot 
equat ions, the permeabil i ty appears in that part which describes the 
attenuation of the bulk waves. The effect of permeability is therefore 
not present in the model using the loss-less solid limit of the Biot 
theory. 
To quantify the effect of permea
b i l i t y , several microseismograms 
have been calculated where in each 
t race a d i f fe ren t value of p e r 
meabili ty has been assigned to the 
porous block. 
The peak-to-peak amplitudes of the 
arrivals of the compressional and 
the pseudo-Stoneley waves have been 
plotted versus the permeability of 
the porous solid in fig 4.20. 
The amplitudes have been normalized 
to the peak-to-peak amplitudes of 
the arr ivals in the loss-less solid 
case ( f ig 4 .11) . I t appears tha t 
the amplitude of the compressional wave i s hardly affected but tha t 
the amplitude with which the pseudo-Stoneley wave i s generated, i s 
highly sensitive to the permeability of the porous rock. To model the 
effect of permeabil i ty correctly, the theoretical model including the 
full frequency range of the Biot theory should be used. 

10 
Ptrmeobility -

100 Darcy 

Fig 4.20 
Peak-to-peak amplitudes of 
the arrivals versus permea
bility. The amplitudes are 
normalized to the loss-less 
case (fig 4.11). 

Comparison of the models 
Provided the wave propagation in the porous solid obeys Biot's theory 
the model incorporating the high frequency limit can be used very well 
to predict the recorded waveforms in laboratory refraction measure
ments. The model needs little computer time to calculate a synthetic 
seismogram and it predicts the correct arrival times of the various 
waves at the receiver as compared to the full theory. It can therefore 
be of valuable assistance when interpreting an experimentally acquired 
wavetrain. 
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However, the high frequency limit model does not include the e f fec t of 
permeabi l i ty of the rock upon the waveforms, which is an important 
parameter of o i l and gas producing reservoirs. The model incorporat ing 
the f u l l frequency range of the Biot theory including attenuation and 
dispersion of the bulk waves, has to be used to predict the effect of a 
change in t h i s parameter. In doing so, the amplitude of the pseudo-
Stoneley wave appears to be highly sensitive to the permeability of the 
porous rock along whose in te r face i t propagates. This may provide a 
means to obtain the permeability from the recorded wavetrains. 
The amplitudes of the surface waves decay away from the interface. The 
receiver therefore has to be placed close to the in te r face to obtain 
maximum deta i l in the recorded surface wave amplitudes. 
In the acoustic traces calculated with the l o s s - l e s s so l id with com
p l e t e l y sealed off pores, a "Johnson-Feng"-surface wave shows up which 
yields information about the slow compressional wave propagating inside 
the porous block. Using the full frequency range, this wave does not 
show up. I t i s un l ike ly tha t t h i s surface wave, i f e x i s t i n g , i s 
detectable under the conditions prevailing at our experiments. But this 
surface permeability of the in te r face s t i l l needs more experimental 
investigation. 
I t i s not possible to measure the shear wave in our measurement set-up 
with the r e s e r v o i r sample submerged in water due to the properties of 
our samples. Modelling ind ica te s that the shear wave wi l l show up 
d i s t i n c t l y on the t races i f a liquid above the sample i s chosen that 
has a very low wave speed; for instance silicon o i l with a ve loc i ty of 
980 m/s. 
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V. ACOUSTIC MEASUREMENTS 

V.l Introduction 

This chapter of the thesis discusses the experimental set-up for the 
acoustic measurements and gives some prel iminary resul t s . First, a 
description of the data-acquisition system i s given. This system was 
developed in cooperation with the Technisch Physische Dienst. I t is a 
general set-up for acoust ic experiments and can be used to perform 
transmission as well as re f rac t ion measurements. Both measurement 
techniques were used during the course of the project. The transmission 
measurements provide a means of determining the properties of the bulk 
waves in the rock on small, relatively easy to produce, rock samples. 
I t i s poss ib le to measure not only the compressional and shear waves, 
but also the slow compressional wave predicted by the Biot theory. The 
re f rac t ion experiments on the other hand, more closely resemble the 
measurements made by acoustic tools in actual well logging. 
A range of a r t i f i c i a l rock samples has been constructed on which 
acoustic measurements are currently performed. The manufactured rock 
samples d i f fe r in gra in s ize and cement content. The objective is to 
link the acoustic responses of the samples to t h e i r rock p rope r t i e s , 
such as poros i ty , l i t ho logy , rock s t reng th and permeabi l i ty . The 
experiments are s t i l l being carried out and the i n t e r p r e t a t i o n of the 
results i s s t i l l in i t s i n i t i a l phase. 

The synthetic rock samples appear to be suitable for acoustic research. 
The slow P-wave, as predicted by the Biot theory, can clearly be dis
tinguished. The porosity versus velocity r e l a t i o n s h i p s val id for the 
a r t i f i c i a l rock samples, show similar character is t ics as the correla
tions encountered in natural reservoir rock. The shear-to-compressional 
t r a n s i t time r a t i o appears to be spec i f i c for the synthe t ic rock 
samples. This agrees well with the observat ions made in the f ield 
examples in chapter I I . 
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V.2 Data acquisi t ion system 

The data a c q u i s i t i o n system was developed in cooperation with the 
Technisch Physische Dienst (TPD) in Delft. A schematic representa t ion 
of the system i s given in f ig. 5-1- The heart of the system is a high 
frequency oscilloscope annex A/D-converter. Pre-programmed acoust ic 
pulses are suppl ied by a programmable waveform generator. The signals 
are transmitted and received by a single pair of t ransducers of which 
the r ece ive r i s a t tached to an X-Y-Z pos i t ion ing system. The total 
acquisition system i s controlled by an IBM XT computer. The required 
software for t h i s set-up was specifically developed. A short descrip
tion of the various components of the system i s given below. The trans
ducer charac ter i s t ics are described in appendix D. 

| Plotter | 

z 

Fig 5-1 Data-acquisition system 

A programmable waveform generator (PWG) is employed to generate the 
acoust ic s i g n a l s . The PWG was purchased from the TPD. I t converts a 
pre-programmed 12-bit digi ta l pulse shape into an analogue s igna l . The 
d i g i t a l s i g n a l s a re stored on floppy d i sc . This ensures an exactly 
reproducible acoustic input pulse into the measurement system. The PWG 
can process any analytical pulse shape. The apparatus also incorporates 
an internal clock to synchronize the total acquisition system. 
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The analogue signal from the PWG is amplified 50 dB by an ENI 2100L 
power amplifier before it is passed to the transmitter. This is 
necessary to obtain enough power in the signal for the transmitting 
transducer to generate an acoustic pulse. 
The data acquisition system contains a single set of transducers. Two 
sets are available for the measurements. One set has a centre frequency 
of around 0.5 MHz, the other of around 0.25 MHz. The transducers are 
described in more detail in appendix D. 
After the receiving transducer, a Brüel & Kjaer wideband conditioning 
amplifier type 2638 is included in the acquisition circuit. The 
amplifier contains various high and low cut filters and applies an 
amplification to the signal that can be regulated from 0 - 60 dB in 
steps of 1 dB. 
The heart of the acquisition system is a LeCroy 9^00 digital oscillos
cope. It is a two-channel, 8-bit A/D-converter with a maximum single 
shot sampling rate of 100 Megasamples per second. The scope contains 
two 32000 data point acquisition memories. It also contains a software 
package for elaborate signal processing on the digitally stored 
waveform. The processing options include a signal averaging technique 
which is used during the measurements to reduce the noise level in the 
recorded waveforms. This method of attenuating noise relative to the 
signal is based on the fact that a repetitive signal added to itself n 
times, increases in amplitude by a factor n, while incoherent noise 
only increases by a factor /n. Thus after n sweeps, the signal-to-noise 
ratio is improved by a factor /n. Of course, the averaging method 
requires the signals to be exactly repetitive, which condition is 
ensured by the use of the PWG. The digitally stored pulse shape and the 
internal clock of this apparatus make sure that each repeated signal is 
exactly the same in amplitude as well as phase. In our experiments, 
using a sweep-interval of .01 sec, it appeared that after approximately 
1000 sweeps any white noise was effectively suppressed. Fig 5-2 
illustrates the noise reduction by averaging the signal. It shows a 
trace recorded as a single shot (fig 5-2a) and the same signal after 
1000 times averaging (fig 5.2b). 
The pair of transducers is mounted on a stiff frame. The position of 
the transmitter is fixed. The receiver is connected to the z-axis of an 
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Fig 5.2 
Noise reduction by signal averaging 
a) single shot 
b) same trace after 1000 times 

averaging 

x-y-z positioning system which i s attached to the frame. The position
ing system consists of three perpendicular axes. Each axis contains a 
spindle which is connected 
to a stepping motor, thus 
allowing the displacement 
of the receiver in th ree 
perpendicular direct ions. 
At any time, the ac tua l 
pos i t ion of the receiver 
i s r e g i s t e r e d by t h e 
acquisition software. 
The a c c u r a c y of t h e 
p o s i t i o n i n g system i s 
high (0.05 "am / 300 mm 
d i s p l a c e m e n t ) and t h e 
system has a s m a l l e s t 
s t e p d i s t a n c e in each 
d i r ec t i on of 0 .025 mm. 
These accuracy figures refer to the relat ive displacements between two 
locations of the receiver. The transmitter, on the other hand, i s not 
at tached to the pos i t ion ing system. I t s position i s fixed during the 
measurements but can be changed (by hand) within the s t i f f frame. This 
i m p l i e s t h a t i t i s no t p o s s i b l e to have a fixed or ig in of the 
coordinate system with respect to the locations of both transmitter and 
rece iver ( i . e . the loca t ion of the receiver i s accurately known, but 
the location of the transmitter i s not) . To overcome this problem, the 
t r an smi t t e r and receiver are positioned f la t against each other prior 
to each measurement session. That particular location of the rece iver 
then i s taken as the or igin and any following displacements are 
registered. 

The data acquisition i s controlled by an IBM XT computer. I t reads the 
data-fi les from the scope and s tores them on floppy d i s c s . I t a lso 
s t e e r s and r e g i s t e r s the displacements of the positioning system. A 
plot ter i s connected to provide any graphical displays of the data. 
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The accuracy of the data acquisition system is illustrated by fig 5.3. 
It shows the arrival time of an acoustic pulse in water at various 
transmitter-receiver distances. The receiver was stepped away from the 
transmitter with steps of 2 cm. At each increment the arrival time of 
the pulse was measured. The signal was averaged 500 times prior to the 
time measurement. The data show a straight line whose slope is propor
tional to the velocity in water. The line intersects the vertical axis 
at a value of t, * 1.9 usec. This is caused by the delay time of the 
total system and by the fact that the transducers were not exactly 
touching at the start of the experiment. 
The difference in arrival time between two successive steps is: 
At = 13.55 ± .02 usec / 2 cm. 
It corresponds to a water velocity of V = 1̂ 76 ± 2 m/s. 
The given inaccuracy of these values is very small and relates to the 
total acquisition system. It includes errors in measuring the arrival 
time, errors introduced by averaging the signal and inaccuracies in the 
positioning of the x-y-z system. 
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Fig 5-3 Arrival time of acoustic pulse in water 
versus transmitter-receiver distance 
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V.3 Transmission measurements 

Acoustic t ransmission measurements through sl ices of rock provide a 
means to determine the properties of the bulk waves propagating through 
the rock sample. I t i s possible to detect not only the fast compres-
sional wave and the shear wave, but also the slow compressional wave as 
p red ic ted by Biot (1956a,b). The required rock samples are relatively 
small and therefore easy to manufacture. In the following sec t ions , I 
descr ibe the experiments, d iscuss the determination of the velocity 
and attenuation of the bulk waves in the rock, and then discuss the 
accuracy of the resu l t s . 

V.3-1 Description of the experiments 

transmitter 

Water 
Refracted waves: 

shear 
Pslow 
Pfast 

The experimental technique i s similar to the one used by Hartmann and 
Jarzynski (197*0 and Plona (1980). The measurement configuration i s 
depicted in f ig 5.^. I t consists of a pair of transducers with a rock 
sample placed in between. The sample is placed on a rotation tab le for 
varying the angle of incidence of the emitted wave. The total set-up is 
immersed in water to provide acoustic coupling. 
An e m i t t e d p u l s e t r a v e l s as a 
compressional wave to the rock . 
Upon r e a c h i n g the rock surface, 
mode conversion occurs. Three bulk 
waves are generated in the porous 
rock: a fast compressional wave, a 
shear wave and a slow compressional 
wave. The r a y p a t h s of the bulk 
waves are re f rac ted according to 
Snel l ius ' s Law. When the bulk waves 
reach the other side of the rock, 
they a r e conver ted again i n t o 
c o m p r e s s i o n a l waves and a r e 

recorded by the receiver as compressional waves in the water. The bulk 
waves propagate with different velocities in the rock and they there
fore arrive at the receiver separated in time. Due to the d i r ec t iona l 
c h a r a c t e r i s t i c s of the transducers and to the dimensions of the rock 
sample, no wave i s received that has d i f f rac ted around the block. 

Fig 5.4 Configuration 
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Although the wave velocities of the shear and slow compressional waves 
may be less than that of water, their responses are not obliterated by 
any direct wave in the water. 
The mode conversions at the rock surface (and thus the recorded time 
trace) depend upon the angle of incidence, 6. Fig 5-5 shows four traces 
recorded on the same rock sample at different angles of incidence. The 
rock is an artificial sandstone sample cemented by araldite. 

- 6 = 0° (fig 5-5A) 
At normal incidence no shear waves are generated in the rock. The 
recorded trace shows a compressional wave (a) and mul t ip le r e f l ec 
t ions equ id i s tan t in time (d ,e) . The slow P-wave (c) has a velocity 
which i s approximately one-third the speed of the fast compressional 
wave. I t therefore arrives close to the f i r s t multiple reflection. 

- 0 < 8 < 6 ._ _ 
e n t . P 

As the angle of incidence i s increased to 35° ( i . e . close to the 
c r i t i ca l angle of the fast P-wave), the t r ace given in f i g 5-5B i s 
recorded. The fas t compressional arr ival has weakened considerably 
while now the shear wave (b) i s excited s t rong ly . Mult iple r e f l ec 
tions of the fast P-wave have disappeared from the trace and the slow 
P-wave (c) stands out c l ea r ly . The f a s t P-wave shows a t ime-shi f t 
towards an e a r l i e r arr ival time. The distance travelled through the 
rock becomes longer with increasing angle of incidence and because 
the fast P-wave velocity i s higher than the speed in water, the pulse 
arrives sooner. 

e n t . P 
The angle of incidence i s increased beyond the c r i t i ca l angle of the 
fas t P-wave in f ig 5-5C Only two waves remain: the shear wave (b) 
and the slow P-wave (c). Both waves have a ve loc i ty t ha t i s slower 
than the ve loc i ty in water, so both waves exh ib i t a t ime-shi f t 
towards a la ter arrival time. 

- 6 = 70° 
If the angle of incidence i s increased s t i l l fur ther (f ig 5-5 n , 
6 = 70° ) , both the shear wave and the slow P-wave remain present in 
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the recorded trace. The waves are slower than the wavespeed in water 
and they therefore do not refract critically. 

Sample properties: 

Vp = 2420 m/s 
Vs = 1390 m/s 

Vslp = 850 m/s 
thickness = 17-3 mm. 

c/1 

Fig 5-5 Recorded signals at different angles of incidence. 
a) 9 = 0° , b) 6 = 35° , c) 8 = 55° , d) 9 = 70° 
Amplitudes are normalized on highest peak in the trace. 

I t may be d i f f icul t to identify the arrivals of the three bulk waves in 
one single recorded t race . When the rock sample i s thin, the separation 
in time between the various arr ivals i s minimal. In this case, i t i s 
convenient to perform measurements at several angles of incidence and 
p lo t the recorded t r ace s in one single graph. An example i s given in 
fig 5-6. The recorded acoustic traces are plotted versus the angle of 
incidence a t increments of 5 degrees. The sample i s an a r t i f i c i a l 
sandstone cemented by ara ld i te . I ts thickness i s 29 mm. The d i f f e r en t 
waves are clearly identified. The f i r s t arrival i s the fast P-wave. I t 
disappears a f t e r the c r i t i c a l angle of incidence of around 40° i s 
r eached . I t s ve loc i ty i s f a s te r than the wavespeed in water; the 
arr ival bends to the l e f t with increasing angle. The second a r r i v a l i s 
the shear wave in the rock. I t becomes visible at an angle of incidence 
of 15 - 20° and i s strongly generated at angles above 45°. I t s velocity 
i s l e s s than the wavespeed in water; the curvature of the arr ivals i s 
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to the right. The third arrival is the slow P-wave. At small angles its 
arrival is drowned by the strong arrival of the first multiple reflec-

70°-

50°-

=, 30' 

w> time Ips) 22C 

Fig 5-6 Recorded traces at increasing angles of incidence. 
Araldite cemented sandstone rock with thickness of 29 mm. 
Traces were averaged 1000 times. 

tion of the fast P-wave. At increased angles (in this example at * 25° ) 
the multiple is not received anymore due to its side displacement. The 
distinction between the multiple refection and the slow P-wave is 
easily made on account of the curvature of the arrivals in the plot. 
The fast P-wave is faster than the wavespeed in water, so the arrivals 
of the multiple reflection bend to the left, whereas the slow P-wave 
arrivals curve to the right. 

V.3-2 Velocity determination 

The velocity of the waves in the rock are determined by comparison of a 
recorded trace with a trace recorded in water only. If no rock sample 
is present, the arrival time of the pulse is simply given by the dis
tance between the transducers (TRS) divided by the wave velocity in 
water: 

T = TRS / V, arr ' L (5-1) 

- 137 -



I f a rock sample i s p l a c e d between t he t r a n s d u c e r s , the waves a r e 
r e f rac ted according to S n e l l i u s ' Law: 

V,/ V = s in (9 . ) / s in (6 ) L' r i ' r (5-2) 

in which 
V. . V L r wave v e l o c i t i e s in water and rock 
6 . , 8 = angle of incidence and of r e f r a c t i o n . 

The raypath i n the l a t t e r c a s e 
i s i l l u s t r a t e d in f i g 5.7- The 
d i f fe rence i n a r r i v a l time of a 
p u l s e between an experiment in 
water and an exper iment wi th a 
rock s a m p l e , depends upon the 
v e l o c i t y of t h e p u l s e in t h e 
r o c k (V ) and t h e t r a v e l l e d 
d i s t ance in the rock ( x ) . 
The a r r i v a l t ime of a wave i s 
now given by: 

Fig 5-7 
Ray path 

trs 

T = [TRS - x cos(6 - 6 . ) ] / V. + x / V r I J ' L r (5-3) 

Hence t h e d i f f e r e n c e between t he a r r i v a l t imes wi th and w i t h o u t a 
sample, i s : 

At = T - T = x c o s ( 6 - 8.) / V. - x / V 
a r r v r I ' ' L ' r 

(5-1) 

Furthermore, 
x = d / cos 8 r 
y = x s i n ( 6 r - 8±) 

(5-5) 
(5-6) 

S u b s t i t u t i n g e q s . 5-5 and 5-2 i n t o eq . 5 - ^ . an e x p r e s s i o n fo r t h e 
v e l o c i t y of the wave in the rock i s obtained: 

V, 

V At V Vr 
c o s ( a r c s i n ( — s i n 8.) - 8.) - — c o s ( a r c s i n ( r r - s i n 8.)) 

V. i i d V. l 

(5-7) 
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where V. , V = v e l o c i t i e s in water and rock L r 
6 . = angle of incidence 
d = th i ckness of rock sample 
At = d i f f e r e n c e i n a r r i v a l t ime of a p u l s e b e t w e e n an 

e x p e r i m e n t i n water and an expe r imen t w i th a rock 
sample placed between the t r ansduce r s . 

Af te r an i n i t i a l e s t i m a t e , V i s ca lcu la ted from eq. 5-7 by i t e r a t i o n . 
The i t e r a t i o n i s stopped when the d i f f e r e n c e in V in two s u c c e s s i v e 
s teps i s l e s s then 1 m/s . 
Once the ve loc i ty in the rock i s known, the t r a v e l d i s t ance of the wave 
i n s i d e the b l o c k , x, and t h e t r ave r se displacement, y, can be ca lcu
la ted from eqs. 5-2, 5-5 and 5 -6 . The equat ions a r e a p p l i c a b l e t o a l l 
t h r e e bulk waves in t h e rock , i . e . the f a s t and slow P-waves and the 
shear wave. 

In d e r i v i n g t he e q u a t i o n s , s e v e r a l assumptions are i m p l i c i t l y made, 
i . e . : - the emitted wave i s a plane wave 

- the emit ted sound beam i s s t r a i g h t and p a r a l l e l 
- the rock i s homogeneous 
- the f l a t faces of the rock are p a r a l l e l . 

The v a l i d i t y of these assumptions was confirmed e x p e r i m e n t a l l y and i s 
d i s c u s s e d in sec t ion V.3-4. where the accuracy of the r e s u l t s from the 
transmission measurements i s d iscussed. 
A c o m p l i c a t i n g f a c t o r in the determination of the a r r i v a l time of the 
wavelet r e q u i r e d in e q . 5 -7 . i s t h a t i n an a t t e n u a t i n g medium th e 
v e l o c i t y i s d i spe r s ive and the frequency content of a pu lse changes as 
i t t r a v e l s a l o n g , due t o t he p r e f e r e n t i a l damping of t h e h i g h e r 
f r e q u e n c i e s . T h i s c a u s e s t he r e c e i v e d wavelet t o have a very gent le 
onset and the measured f i r s t a r r i v a l t ime a p p e a r s t o be dependen t on 
the s e n s i t i v i t y s e t t i n g of the osc i l l o scope . This i s i l l u s t r a t e d in f ig 
5 .8 . Fig 5-8a shows a pu l se recorded with a maximum vol tage range of 5 
Vol t s s e t on the scope. As the scope conta ins an 8 -b i t s A/D-converter, 
t h e maximum number of l e v e l s of d e t e c t i o n i s 256 and t h e minimum 
vol tage level t ha t can be de tec ted , i s 19.5 mV. Fig 5-8b shows the same 
t r a c e , but now the s e n s i t i v i t y of the scope i s i n c r e a s e d by a f a c t o r 
10. The f i r s t d e t e c t a b l e negat ive offse t now i s 1.95 mVolt. 

- 139 -



So, to measure the a r r i va l time of the wavelet e i t h e r a minimum 
detec t ion leve l has to be s e t for the f i r s t a r r iva l , or a cross-cor
relation technique has to be used. 

3 
I : 161.162 (is T = 164.188 ^JS 
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time (>is) ■ time (ys) 

Fig 5-8 Arrival time of a wavelet recorded with different 
A/D converter sensitivity settings. 
a) minimum A/D level = 19-5 mV 
b) minimum A/D level = 1.95 mV 

Fig 5-9 shows the velocities of the P-wave, the shear wave and the slow 
P-wave, calculated from the recorded traces shown in fig 5-6. The angle 
of incidence was varied from 0° to 70° in steps of 5° • For each angle, 
the first arrival time was determined for each wave using a minimum 
detection level of 1 % of the highest amplitude of the wavelet, and the 
velocity was calculated according to equation 5-7- The velocities are: 
P-wave : 2̂ 64 m/s 
Shear wave : 13̂ *+ m/s 
slow P-wave : 891 m/s 

The calculated velocity values show a slight scatter of ± 0.5 %< but do 
not depend upon the angle of incidence. The calculated velocity of the 
P-wave decreases slightly close to its critical angle. The shear wave 
is clearly present in the recorded traces from an angle of 45° onwards. 
Its velocity then remains constant. This also holds for the slow P-
wave. 
The travel distance through the block for the compressional wave is 
about twice as long at an angle of incidence of 30° as at an angle of 
0° . The calculated velocity for both angles is the same. It appears 
that the dispersion and attenuation effects as discussed before, do not 
significantly affect the determined first arrival time. The samples are 
too thin for the effects to become noticeable. So the first arrival 
time of a wavelet provides a measure for the velocity of the rock 
sample. The slight scatter in the data can be suppressed by averaging 
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the velocities determined at different angles of incidence. This method 
was used to determine the velocities in the rest of this chapter. 
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Fig 5.9 Velocity calculated from first arrival time of the recorded 
wavelets versus angle of incidence. 
Data from fig 5-6 

V.3-3 Attenuation determination 

The attenuation of the waves is determined from the recorded signals by 
comparing the amplitude spectra recorded on two slices of the same rock 
sample, but with different thicknesses. Because attenuation implies a 
preferential loss of the high frequencies, a change in the amplitude 
spectra occurs as a wave travels along. This change is linked to the 
attenuation coefficient. 
The spectral amplitude of a wave can be written (Ward and Toksöz, 1971) 

V 
.-.-•-•-. -»-»- Pilo 
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A(f.x) = G A0(f) exp [ - a(f) x] (5.8) 
where 
G = geometrical factor including spreading, transmission and 

reflection, 
a(f) = attenuation coefficient, 
x = distance travelled, 
f = frequency. 

The ratio of the amplitudes for two slices of rock then becomes: 

A.tf.x.) 
ln A,(f,x,) = a ( f ) [Xj " X l ] + l n (G'/G^ <5-9) 

where x, and x2 are the thicknesses of the slices. 
Furthermore, the attenuation coefficient a is a linear function of'the 
frequency for a given sample (Ward and Toksöz,1971, Bourbie et al,19&7) 

a(f) = n f/ Q(f) V (5.10) 
with Q(f) = quality factor and V = velocity. 
Strictly speaking, equation 5-10 does not satify causality (Aki and 
Richards, 1980, p. 171). But if the difference in thickness of the two 
slices is small, then significant dispersion effects have no time to 
occur and equation 5-10 may be used as a first approximation (Bourbie 
et al, 1987). 
The term ln (Gj /G2 ) is independent of the frequency for a given mea
surement set-up, so by comparing measurements on two slices of the same 
rock sample but with different thicknesses, the attenuation coefficient 
can be determined from the slope of the plot of ln (A,/A2 )/[x2 - Xj ] 
versus frequency. The technique is illustrated in fig 5-10, which shows 
the determination of the attenuation coefficient of the P-wave from 
three slices of the same rock sample. The measurements were carried out 
at an angle of incidence of 0°. Fig 5-10a shows the amplitude spectra 
of the recorded traces. Figs 5.10b and c are the spectral ratios of the 

Table 5-1 
slice no. 

1 
2 
3 

thickness 
5.13 cm 
2.71 
2.0*) 

P velocity 
245*1 m/s 
2464 
2156 

a (f , ) centre 

a,_, = 21.1 1/m. 
a,_, = 21.1 1/m. 
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combina t ions of s l i c e 1 wi th s l i c e s 2 and 3- The a t t enua t ion coef f i 
c i en t s a t the cen t re frequency compare very well f o r the two combina
t i o n s , i . e . a i_ j = 21 .4 1/m and a,_, = 21.1 1/m. This shows that the 
o r i g i n a l rock sample , from which the t h r e e samples were sawn, was 
homogeneous (This was a l s o i n d i c a t e d by the P-wave v e l o c i t i e s of the 
three s l i c e s , which are the same). 4 0 

15 T 

1 1 1 1 1 1 1 1 1 1 1 
. 5 t 

frcq (MHz) 

. 5 
Frequency (MHz) 

H 1 1 1 1 1 1 1 1— 

. 5 1 
freq (MHz) 

Fig 5-10 Determination of a t t enua t ion c o e f f i c i e n t by s p e c t r a l amplitudes 
on three s l i c e s of a rock sample 
a) Amplitude spec t r a b , c ) Amplitude r a t i o s 

The t e c h n i q u e r e q u i r e s a s i g n a l which i s no t d i s t u r b e d by o t h e r 
a r r i v a l s . The wavelets have to be completely s e p a r a t e d i n t i m e ; l a t e r 
a r r i v a l s should n o t be o v e r l a p p i n g t h e t a i l end of the wave le t of 
i n t e r e s t . The t r aces t h e r e f o r e have t o be measured a t t h e ang le s of 
i n c i d e n c e where t h i s does n o t happen t o t h e wave le t of i n t e r e s t . A 
taper then can be a p p l i e d t o remove t h e unwanted a r r i v a l s from the 

t r a c e . 
Typical a t t enua t ions measured on the syn the t i c samples, a re : 

P- wave : a = 10 - 20 1/m., Q * 60 - 30 

S-wave : a * 35 1/m.. Q = 31 
Psl-wave : a = 110 1/m., Q * 17 
These values compare well with experiments repor ted in the l i t e r a t u r e 
fo r s a t u r a t e d sandstones, where Q-factors range from 10 to 50 (Bourbie 
1987, Johnston e t a l 1979, Toksöz e t a l . 1979)- The q u a l i t y f a c t o r s 
always appear t o be lower f o r s h e a r than f o r ( f a s t ) compress ional 
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waves. Comparing the results from the synthet ic samples with p red ic 
t ions ca lcu la ted by the Biot theory (a = 0.4, a = 10 and a , * l80 

p s psl 
1/m., refer fig 4 .1) , i t appears that the predictions for the shear and 
compressional waves are much lower than the measured values. For the 
slow P-wave, on the other hand, i t p red ic t s a higher a t t e n u a t i o n 
c o e f f i c i e n t . The major t rend , however, i s the same for the measured 
values and the predictions. 

V. 3 • *• Accuracy 

The calculation of the velocity and attenuation from the transmission 
measurements i s s e n s i t i v e to several experimental e r r o r s , such as 
inhomogeneity of the rock, dispersion effects, divergence of the sound 
beam, small inaccuracies in the determination of the angle of incidence 
and in the thickness of the sample, non-parallelism of the faces of the 
rock, e tcetera . Most of these effects can be determined experimentally. 
Dispersion appears not to have a significant effect on the ca lcula ted 
r e s u l t s , because the ve loc i ty is constant for varying angles of 
incidence. Since the length of the ray path through the rock var ies 
with t h e angle of incidence ( increasing the angle from 0° to 35° 
increases the travel path by a factor 2 for the P-wave, for instance) , 
the t r a v e l distances appear to be too short for the dispersion effects 
to become noticeable. Inhomogeneities and non-parallelism of the faces 
of the rock also wil l become apparent as a velocity varying with angle 
of incidence. 
The measurements a r e performed in the far f i e ld of the transducers 
(appendix D). This ensures that the emitted wave i s a plane wave and 
that the spreading of the sound beam is negligible. 
More random effects, such as the time span associa ted with one A/D-
level and small inaccuracies in the setting of the angle of incidence, 
are l eve l l ed out by averaging the velocity values obtained at the 
various angles of incidence. 
All in a l l , the calculated velocity values are accurate to within + 1% 
i f the experiments are executed carefully. 
For the determination of the attenuation coefficients, the accuracy i s 
much l e s s . To begin with, the measurements are performed under water. 
The e lec t r ic contacts therefore are l iable to s l igh t corrosion, which 
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manifests itself directly in a reduced strength of the received signal. 
To circumvent these effects, a reference signal has to be recorded to 
which all other measurements are normalized. The signal recorded in 
water is chosen as the standard for the experiments. During each 
measurement session at least one water signal is recorded to which all 
recorded traces are normalized. The normalized traces of the sample 
then can be compared. 
The experimental errors are equal to the ones discussed above and can 
be checked likewise. For a correct measurement of the received amplitu
des, the receiving transducer has to be displaced sideways. The ray 
path of a wave leaving the sample is displaced from the incoming wave 
over a distance proportional to the angle of incidence (fig 5-7) • As 
the region of highest sensitivity of the transducer is restricted to 
the middle area of its surface, the receiver has to be displaced side
ways until the strongest signal is received. This provides another 
check on the geometrical errors. At a certain angle of incidence the 
measured displacement should be equal to the displacement calculated by 
equation 5-6. 
The measurements are performed on thin slices of rock. The difference 
in travel paths between two slices is small, so a small error in the 
travel distance has a relatively high contribution to the inaccuracy of 
the calculated attenuation coefficient. But the biggest difficulty is 
the small bandwidth of the transducers. The attenuation coefficient is 
determined from the slope of the spectral amplitudes versus frequency. 
As the frequency bandwidth is small, the slope has to be determined 
from a very small region in the plot. This contributes significantly 
to the inaccuracy. In general, the accuracy of the attenuation coeffi
cient from the spectral amplitudes is believed to be within 10 - 20 % 
(Bourbie 1987) 

V.4 Refraction measurements 

A second type of acoustic measurements which is performed, is the so-
called refraction measurement. In a refraction experiment the transmit
ter and receiver are both located on the same side of the rock to be 
measured. The transmitter emits a pulse which is refracted critically 
at the rock surface. The wave travels through the rock just below its 
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surface and i s recorded by t h e r e c e i v e r . Such e x p e r i m e n t s e x h i b i t a 
much c l o s e r r e s e m b l e n c e to t h e measurements made in ac tua l borehole 
logging than do the t ransmiss ion measurements. Using t h e t r a n s m i s s i o n 
t e c h n i q u e , i t i s p o s s i b l e t o measure t h e bu lk waves in the rock , 
whereas the r e f r a c t i o n experiments, as in a c t u a l l o g g i n g , only r e c o r d 
the waves t h a t r a d i a t e away from the rock su r f ace . 

V. 4 .1 Configurat ion 

liquid 

The c o n f i g u r a t i o n of t he measurements i s d e p i c t e d i n f i g 5 . 1 1 . I t 
cons i s t s of a rock sample with a f l a t surface submerged in wafer . The 
t r a n s m i t t e r and r e c e i v e r a re loca ted in the water above the rock. As a 
wave reaches the rock, i t genera tes P, slow P and s h e a r waves in the 
rock as w e l l a s s u r f a c e waves which p r o p a g a t e a long the i n t e r f ace . 
Waves in the rock , whose v e l o c i t i e s a re h i g h e r than t h e wavespeed in 
w a t e r , r a d i a t e back i n t o the water and a r e picked up by the rece iver . 
This means t h a t the s low P-wave 
w i t h a v e l o c i t y of 900 m/s as 
opposed to the water v e l o c i t y of 
1500 m / s , i s n o t r e c o r d e d i n 
these exper iments . 
The rock sample i s a cube with 
r i b s of 40 cm. The d i m e n s i o n s 
a r e chosen t h i s l a r g e to ensure 

tha t m u l t i p l e r e f l e c t i o n s from 
t h e s i d e s and b o t t o m of t h e 
sample , do n o t i n t e r f e r e w i t h 
t h e a r r i v a l s of i n t e r e s t . Any 
r e f l e c t i o n s from t h e w a t e r 
surface can simply be e l iminated 
by inc reas ing the th ickness of the water l ayer on top of the sample. 
A s e i s m i c r e c o r d i s c o n s t r u c t e d by moving the r ece ive r away from the 
t r a n s mi t t e r in a h o r i z o n t a l plane and recording the acous t i c s igna l s at 
e q u i d i s t a n t i n t e r v a l s . Such a scan i s p l o t t e d in f ig 5 .12 . The sample 
i s an a r t i f i c i a l sandstone cemented by a r a l d i t e . 
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Fig 5.11 Configuration 
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Fig 5.12 
Acoustic scan on 
artificial rock sample. 
step interval = 1 cm. 
250 kHz transducers. 
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In the plot the arrivals of the compressional wave and the wave in the 
water that has reflected once on the rock surface, can clearly be 
distinguished. The velocity of the waves is given by the slope of the 
line connecting the arrival times. For the compressional wave this 
results in: V = 2320 m/s. P 

V.4.2 Optimisation of the measurements 

The refraction measurements are still in an early experimental stage. 
Several scans were recorded, predominantly to optimise the measurement 
configuration. 
From the orientating experiments several conclusions can be drawn: 

1) The sample dimensions CfOx^Ox^O cm) are large enough to prevent any 
multiple reflections from interfering with the arrivals of interest. 
The path length of the multiple reflections is so large that the 
arrivals fall outside the recorded time window. 

2) The direct wave through the water and the reflection on the rock 
surface can to a large extent be shielded from the recorded trace by 
placing an aluminum reflector or a sponge between the transducers. 

3) The directional characteristics of the transducers require that a 
wave is emitted close to its critical angle for it to be detected by 
the receiver. It implies that separate scans with different angles 
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of incidence are necessary to detect the compressional and the shear 
waves. 

4) As predicted by the theore t ica l modelling, the shear wave can be 
detected if the sample is submerged in sil icon oi l instead of water. 
The velocity of the shear wave is such (V = 1300 m/s) that the wave 
r ad ia t e s i n to the immersion liquid when the liquid is o i l (V = 98O 
m/s), but not when the liquid is water (V = 1500 m/s). An example of 
these measurements i s shown in section V.6. 

5) No surface waves were observed in any of the s c a n s . This was 
probably due to the location of the transducers. The dimensions of 
the transducers and their directional charac te r i s t ics hamper the i r 
pos i t ion ing close to the rock surface. Furthermore, the theoretical 
modelling shows that due to the small wavelengths, the amplitude of 
the s u r f a c e waves has already died away at d is tances of a few 
millimeters away from the rock surface. So to measure the surface 
waves, a d i f f e r e n t set of transducers should be purchased. They 
preferably should be s t r i p t ransducers , which do not exhibi t a 
s trong d i r e c t i o n a l s e n s i t i v i t y and therefore can be located very 
close to the rock surface. 

V.5 Measurement resu l t s 

A range of a r t i f i c i a l rock samples varying in grain s ize and cement 
content , has been constructed. The resulting samples differ mainly in 
permeability and rock s t rength . Currently, these samples are being 
investigated using the acoustic transmission technique and the measure
ments are being interpreted. The present section of the thesis repor ts 
on the resul ts obtained so far. 

V.5.1 Samples 

The samples that were used in the transmission measurements are l is ted 
in Table 5-2. All samples consist of sand grains cemented by a r a l d i t e . 
The cement content was varied by changing the araldite/acetone rat io in 
the fabrication process. 
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The p e r m e a b i l i t y and porosi ty of a l l samples were measured. The 
permeability was determined by forcing water through the samples of 
known dimensions at a constant pressure different ia l . From the measured 
flow ra te , the permeability was calculated by way of Darcy's Law. 
The porosi ty was determined on small plugs (2 cm diameter) taken from 
the samples, using a porosimeter as well as the wet-and-dry-weight 
method. However, an accurate determination of the bulk volume of the 
plug, required for both methods, proved to be a problem. The usual 
procedure of measuring the bulk volume in the porosimeter by submerging 
the plug in mercury, did not work proper ly . The mercury invaded the 
plugs s l i g h t l y , due to the la rge pore th roa ts of the samples. This 
resulted in a porosity determined by the porosimeter, which was too 
small . On the other hand, the determination of the bulk volume of the 
plugs by measuring the dimensions with a vernier c a l i p e r , did not 
account for the surface rugosity of the plugs. I t yielded a value which 
was sl ightly too large and consequently, the wet-and-dry-weight method 
gave too high po ros i t y va lues . The porosity of the plug then was 
approximated by averaging the resul ts of the two methods. This gave a 
porosity for each sample with an accuracy of approximately ± 1 porosity 
percent. , 

V.5.2 Results 

Type of cement 
Fig 5-13 shows the P-wave and shear wave velocity versus the angle of 
incidence for three d i f f e r en t types of syn the t i c porous ma te r i a l s . 
Sample A i s a g l a s s f i l t r e p l a t e , cons i s t ing of g lass s in te red 
together. Sample B i s an a r t i f i c i a l sandstone cemented by s i l i c o n 
t e t r a c h l o r i d e and sample C i s a sandstone cemented by ara ld i te . The 
porosity of a l l three samples i s 39 % BV- T n e g lass p l a t e has a high 
rock s t r eng th . I t s veloci t ies are high, but i t i s very inhomogeneous. 
The velocity of the P-wave varies with the angle of incidence from 3135 
to 2578 m/s. The two a r t i f i c i a l l y made reservoir rock types both are 
homogeneous. The sample made using silicon te t rachlor ide has s l i g h t l y 
higher P- and S-wave v e l o c i t i e s than the araldi te sample. This is no 
surprise: the sample i s cemented by amorphous quartz which probably has 
a P-wave velocity of around 1)000 m/s, depending on the amount of micro 
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porosity present. The araldite cement on the other hand, has a velocity 
of only 2000 m/s. 

P-wave 

1700 ■ 

1S00-

l i O O -

S-wove 

A 

B 

C 

0 K 20 30 10 50 60 70 

A = sintered glass 
filtre plate 

B = silica-lock 
C = araldite 

Angle of incidence 

Fig 5-13 Velocity of compressional and shear wave versus angle of 
incidence for three types of porous media. 

Fracture-like i r regu la r i t i es 
The i r r e g u l a r i t i e s which were observed on the samples cemented by 
silicon tetrachloride, appear not to influence the acoustic response of 
the sample. A comparison of two samples of which only one showed such a 
f r ac tu re - l ike i r r e g u l a r i t y , indicated no d i f f e r e n c e in r ece ived 
acoustic s igna l , both for transmission and refraction measurements. 
This i s consis tent with the observation made in chap te r 3 t h a t , 
although a sample may exh ib i t such an i r regular i ty , i t is not accom
panied by a reduction in e las t i c i ty modulus. 

Velocity versus porosity 
The porosity is plotted versus the P- and S-wave v e l o c i t i e s in figs 
5.1i)a and b for the samples l i s ted in Table 5.2. The velocities of both 
waves decrease with increasing porosity. By linear regression a best -
f i t l i ne i s drawn in both p l o t s . This y ie lds for the compressional 
wave: 

V = 3933 - 39-2 « (5-11) 
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and for the shear wave: 
V 3*155.6 - 55-6 * (5-12) 

In both equations the porosity i s expressed as percentage of the t o t a l 
bulk volume. The accuracy of these equations i s small due to the 
inaccuracies in the porosity values and the very l imited range over 
which the correlation is established. 
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Fig 5.14 Velocity versus porosity 
a) shear wave b) compressional wave 

The Wyllie time average equation is drawn in fig 5.14b. The equation is 
expressed as: 

it it ma 
it fl it 1 / Bcp (5-13) 

where * i s p o r o s i t y and i t . i t and i t „ . are the interval t ransi t 
ma 11 

times of the rock, the matrix and the pore fluid, respectively. 
The Wyllie equat ion yields good porosity estimates in formations with 
low to medium porosity, but in unconsolidated sands i t c a l cu la t e s a 
poros i ty from the ve loc i ty data , which is too high. In these circum
stances, an empirical correction factor is applied to the equation, 
Bcp. The f a c t o r a c t u a l l y cor rec t s for the lack of good acoust ic 
coupling between gra ins a t the high po ros i t i e s occurring in these 
circumstances. I t ranges from 1 to 1.6, depending on the formation 
encountered (in fig 5-l4b the relation is drawn using Bcp = 1). 
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As is to be expected, a similar phenomenon is observed for the 
synthetic rock samples. The samples are consolidated by compacting 
loose sand grains and afterwards adding cement to glue the grains 
together. Thus the nature and the distribution of the grain contacts is 
more or less similar to those of unconsolidated sands. In the artifi
cial samples, any near-contacts between the grains are filled with 
cement, but the cement itself is an acoustically slow medium. Hence, a 
similar dependence of velocity on the porosity is found for the 
synthetic samples as for "unconsolidated" sands. The relation between 
the velocity and porosity of the synthetic rock samples runs parallel 
to the Wyllie equation, but is shifted to the left (fig 5-l4b). Using a 
correction factor of Bcp =1.4 would bring the Wyllie equation in 
perfect agreement with the velocities measured on the artificial rock 
samples. 
The same results are obtained when a porosity vs. velocity relation 
proposed by Raymer et al. (1980) is used. Their proposed transform is 
based entirely on comparisons of independent porosity measurements and 
velocity data. Unfortunately they gave no details of their data. 
The proposed relation is split up into three separate porosity ranges: 
from 0 - 37 % (shown as RHG1 in fig 5.14b), from 37 - 47 % (RHG2), and 
for porosities higher than 47 % . The first part represents the range 
in porosities normally encountered in reservoir rock , the second part 
unconsolidated sands and the third part represents newly deposited 
sediments and suspensions of particles in liquids. Here again, the part 
representing the unconsolidated sands gives a better fit to the 
measured velocities. 
So it appears that the artificial rock samples behave as natural high-
porosity reservoir rock. The Wyllie equation indicates porosity values 
which are too high compared with the independent porosity measurements, 
but a very good fit is obtained when a compaction factor of Bcp = 1.4 
is used. This seems to confirm the validity of the porosity versus 
velocity relation obtained for the synthetic rock samples (eq. 5-H)-
No empirical field equations are available to check the relation 
between porosity and shear wave velocity (eq. 5-12). But the constant 
shear to compressional velocity ratio (which is discussed in the next 
section) implies that the shear wave velocity versus porosity relation 
exhibits the same behaviour for the synthetic samples as for natural 
rock. Equations 5-H and 5-12, however, do not present a means to 

- 153 -



remove the-problems encountered in the porosity determination of the 
synthetic rock samples by the standard methods. The scatter in the data 
is too large for that. To improve this situation, a set of rock samples 
should be manufactured which cover a wide range of porosity values (by 
changing the sorting of the sand grains). Velocity measurements then 
can give a more accurate relationship valid for a wider porosity range. 
This also becomes important when, in the follow-up project, measure
ments are to be performed on natural reservoir rocks. In general, these 
rocks will have a lower porosity than the synthetic samples and the 
relations valid for high porosities cannot simply be extrapolated 
towards lower porosity ranges. 

Compressional versus shear velocity 
The compressional velocity is plotted versus the shear velocity in 
£ig 5-15. The plot shows a very good correlation with a constant 
velocity ratio of: 

V / V = 1.89 (5-It) 
p o 

2600 

v 

m/s 

21.00 

2700 

1100 1300 1500 
v$hear m / s 

Fig 5-15 Compressional versus shear velocity 

This value is characteristic for the sandstone samples cemented with 
araldite. A constant velocity ratio for a given rock type is consistent 
with the results from the field studies in chapter 2 and with observa
tions reported in the literature (Pickett 1963, Nations 197*0 • The 
field examples, however, show significantly lower velocity ratios (i.e 
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= 1.6). This is probably due to the fact that the empirical values are 
established under in-situ circumstances (high confining stress). 

Quantity of cement 
In principle, the amount of cement in a sample can be calculated from 
the equations: 

p,_ = V p + V p , with V + V + * = 1 (5.15) 
b q Kq c Kc q c 

where p, = bulk density of the sample 
p , P = density of quartz respectively cement q c 
V , V = volume fraction of quatrz respectively cement q c 

* = porosity 

For the synthetic samples the app l ica t ion of equation 5-15 does not 
give s i g n i f i c a n t r e s u l t s . The quant i ty of cement in these samples 
(± 2 % of the t o t a l volume) i s too small in comparison with the 
inaccurac ies in the porosi ty va lues . The quantity of cement that i s 
calculated i s 1 - 2 % of the t o t a l sample volume, regardless of the 
a r a ld i t e / ace tone r a t i o during the fabrication process. But a qualita
t ive impression of the influence of the amount of cement can be 
obtained by comparing the acoust ic response of samples manufactured 
with a different araldite/acetone ra t io . For this purpose we can com
pare samples 4, 5 and 6 with samples 7. 8, and 9 from Table 5-2. All 
six samples have the same grain s i z e . Samples 7, 8 and 9 were con
s t ruc ted using a twice as high araldite/acetone ra t io . These samples 
are therefore expected to contain approximately twice as much a r a l d i t e 
as samples 4, 5 and 6. The r e s u l t s of the ve loc i ty measurements on 
these samples are: 

sample 
4 
5 
6 
7 
8 
9 

* 
36.4 
37-2 
37-9 
36.7 
36.8 
36.5 

permeability 
20 
21.7 
20 
12.9 
11.1 
15-5 

V p 
2461 
2444 
2494 
2590 
2607 
2598 

V s 
1344 
1338 
1348 
1498 
1457 
1423 

V . sip 
892 
872 
865 
911 
901 
900 

araldite 
acetone 
1:2 
1:2 
1:2 
1:1 
1:1 
1:1 
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Samples 4, 5 and 6 have a permeability which is significantly higher 
than samples 7, 8 and 9. whereas the porosity is more or less the same 
for all samples (keeping in mind the accuracy of the porosity of ± 1 % 
BV) . Furthermore a large difference in compressional and shear wave 
velocity is noticed for the two sets of samples. The small difference 
in porosity between the two sets cannot explain the difference in 
velocity (refer eqs. 5-H and 5-12). It has to be accounted for by a 
larger quantity of cement. So it seems that for the synthetic rock 
samples, the compressional and shear wave velocities are sensitive to 
the quantity of cement in a sample. When comparing the acoustic respons 
of two different rock samples, this has to taken into account. In the 
future project therefore, an effort should be made to develope a method 
which accurately determines the quantity of cement in the samples. 

V.5.3 Modelling 

The slow P-wave can c lea r ly be dis t inguished in the transmission 
measurements. The coupling of the solid gra ins with the f luid in the 
pores of the rock, as described by the Biot theory, therefore plays an 
important role. The Biot theory is at least quali tat ively applicable to 
the synthet ic rock samples. The v e l o c i t i e s predic ted by the theory 
agree well with the velocit ies measured on the samples. The attenuation 
predic ted by the theory for the compressional and shear waves of a 
reservoir rock similar to the synthetic rock samples, i s s ign i f ican t ly 
l e s s than the a t tenua t ion ac tual ly measured (refer V.3.3)- The dif
ference can partly be explained by losses due to s o l i d - s o l i d f r i c t i o n 
a t the grain c o n t a c t s . The Biot theory does not incorporate th i s . I t 
only accounts for the so l id- f lu id f r i c t i on due to microscopic f luid 
flow in the pores. .Another reason may be the existence of inaccuracies 
in the values for the input parameters of the model. The Biot theory 
requires the spec i f i ca t ion of eleven formation parameters. Most of 
these are readily measured but others, notably the moduli of compres
s ion, are not. For the l a t t e r , Biot and Willis (1962) indicated so-
called jacketed and unjacketed compressibility t e s t s to determine the 
e las t ic parameters of the rock. But these tes ts are hard to real ize . 
However, even a f t e r f i t t i n g the input parameters, the discrepancy 
between the calculated and measured attenuation remained. So i t appears 
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that attenuation mechanisms other than s o l i d - f l u i d f r i c t i o n play an 
impor tant ro le for the syn the t ic rock samples. I t i s thus highly 
recommended to incorporate internal losses due to solid-solid f r i c t i o n 
at the grain boundaries in the Biot model. 
Up t i l l now, the theoretical models developed in chapter IV have merely 
been used to investigate the influence of formation parameters upon the 
received acoustic traces according to Biot, and to optimize the experi
mental configuration of the refraction measurements. The influence of 
formation parameters is discussed in chapter IV i t se l f . The opt imisa t 
ion of the experimental configuration resulted in the detection of the 
shear wave, which hitherto had not been observed. This i s i l l u s t r a t e d 
by f igures 5-l6 and 5-17 which show a scan recorded with a rock sample 
placed under water and under s i l i c o n o i l r e spec t i ve ly . Both figures 
show a scan ac tua l ly measured and a synthetic scan calculated for the 
same configuration. 
The a r t i f i c i a l rock sample was constructed using the s i l i c a - l o c k 
technique. The transducers were located a t i 7 ™ above the rock sur
face. The d i r ec t wave and the reflection on the surface were shielded 
with an aluminum plate . The synthetic scans were calculated by the high 
frequency l imi t of the Biot theory. The input parameters were chosen 
such that V = 2618 m/s, V = 1428 m/s, V . = 935 m/s and p s ' psl 
V = 1500 m/s. w ' 

Fig 5.16 
Sample under water 
a) recorded scan 
b) modelled scan 

Fig 5.16a 
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Fig 5.16b 

time (ys) 

Fig 5.16 shows the recorded and s y n t h e t i c s c a n s w i th the rock sample 
placed under water . In the modelled t r aces a compressional wave (P) and 
a r e f l e c t i o n on the rock surface (W) are p re sen t . The shear wave does 
not r a d i a t e i n t o the water because i t s ve loc i ty i s lower than the wave 
speed in the water . Because the t ransducers a re loca ted r e l a t i v e l y high 
above t he rock s u r f a c e (7 mm), no s u r f a c e waves show up. The same 
a r r i v a l s a re observed in the recorded scan ( f ig 5 . l 6 a ) . 

Fig 5-17 
sample under 
s i l i con o i l 
a) recorded scan 
b) modelled scan 

Fig 5-17a 
dx * 0 .5 mm 
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Fig 5.17b 

1 

Hme (ps) 

Fig 5-17 shows the recorded and synthetic scans with the rock sample 
placed under a layer of silicon oil. In the modelled traces a shear 
wave (S) shows up, besides the compressional (P) and reflected (0) 
waves. In contrast to the previous scan, the shear wave now radiates 
into the liquid above the sample because its velocity is higher than 
the wave velocity in silicon oil (980 m/s). Again the same waves are 
noticed in the recorded scan. 
These examples indicate that the theoretical modelling on the basis of 
the Biot theory, can very well be used to predict what will really be 
measured in a certain measurement configuration. The next step is to 
perform inverse modelling to calculate the formation parameters from 
the recorded acoustic traces. 

V.6 Summary of results. 

A general set-up has been built for performing acoustic measurements. 
Currently transmission as well as refraction measurements on a range of 
artificial rock samples are being performed and interpreted. The trans
mission measurements provide a relatively easy way to determine the 
properties of the bulk waves in the porous rock samples. The various 
arrivals are received separatly in time and hardly any data processing 
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is necessary. The re f rac t ion measurements are s t i l l in an i n i t i a l 
stage. 
The measurement resul ts obtained so far, show that the a r t i f i c i a l rock 
samples are suited for acoustic research. The samples show an acoustic 
behaviour s imi l a r to the one encountered in na tu ra l high-porosi ty 
r e se rvo i r rocks. The porosity versus velocity relation agrees with the 
well-known Wyllie time average equation using a "compaction" factor of 
1. k. This implies that the nature and distribution of the grain con
tacts in the synthetic samples cemented with a r a l d i t e , are s imi lar to 
the ones found in unconsolidated sandstones. The shear to compressional 
t ransi t time ra t io measured under atmospheric condi t ions , i s constant 
and has a value characterist ic for the synthetic samples. The compres
sional and shear wave v e l o c i t i e s are s ens i t i ve to the quant i ty of 
cement in an a r t i f i c i a l sample. They therefore can give an indication 
of the cement content of the samples. 
The Biot theory appears to be qualitatively valid for the a r t i f i c ia l 
rock samples. The slow P-wave is clearly observed in the transmission 
measurements. The a t tenuat ion of the bulk waves predicted by Biot, 
differs significantly from the measured values. I t appears tha t losses 
due to s o l i d - s o l i d friction play an important role besides the solid-
f luid losses as described by the Biot theory. I t therefore seems 
necessary to incorporate these ef fec ts in the theory before inverse 
modelling can successfully be applied. 
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VI. CONCLUSIONS 

1. An empirical approach to study the acoustic behaviour of rocks by 
comparing f i e ld data , encoun te r s l a r g e d i f f i c u l t i e s in the 
co r r e l a t i on of a d i f ference in acoustic response with one single 
rock property. At best, a broad, general trend can be found. 

2. A r t i f i c i a l r e se rvo i r rock samples t h a t are su i ted for acoustic 
research, can be manufactured in the laboratory using the s i l i c a -
lock p r o c e s s or an a r a l d i t e cement. One rock property of the 
samples can be changed, while the o the r p r o p e r t i e s a r e kept 
cons tant , thus enabling to study the influence of that particular 
rock property upon the acoustic response. 

3. The a r t i f i c i a l rock samples exhib i t c h a r a c t e r i s t i c s similar to 
natural reservoir rocks. Petrophysical correlations establ ished in 
the f i e l d , apply to t he s y n t h e t i c rocks, too. The acoustic 
behaviour of the samples also agrees well with observations made in 
the field on high porosity rock and reported in the l i t e r a tu re . 

4. The exis tence of the slow compressional wave in the synthet ic 
samples i s ve r i f i ed unambiguously. The Biot theory therefore 
applies at leas t quali tat ively to the samples. 

5. The model incorporating the high frequency limit of the Biot theory 
predicts the a r r i v a l s of the waves in a r e f r ac t ion measurement 
c o r r e c t l y . I t , however, does not include the influence of certain 
interesting formation properties such as permeability. 

6. The model incorpora t ing the fu l l frequency range of the Biot 
theory, shows that the permeabi l i ty has a large ef fec t upon the 
amplitude with which the surface waves are generated at the liquid/ 
porous rock interface. 

- 161 -



7. Transmission measurements through a slice of rock sample provide a 
means to determine the properties of all bulk waves in the rock. 

8. Under atmospheric conditions, the compressional-to-shear-wave-
velocity ratio has a characteristic value for the synthetic rock 
samples. This value is independent of porosity. 

9. The field studies indicate that full wavetrain logging can give a 
valuable contribution to formation evaluation. 

10. The field study of the shaly sandstone formation showed that: 

- the shale fraction present in a reservoir can consist of a varying 
mixture of different clay minerals. In the sandstone formation 
studied, each mixture is characterized by its own 100 % wet shale 
point, resulting in a range of five shale points, each one valid 
for a different subinterval of the reservoir. 

- the five shale points can be obtained from the conventional logs. 

- as a result of the new evaluation method, the formation properties 
are determined more accurately. Ultimately, this results in a more 
accurate estimate of the hydrocarbon content of the reservoir. 
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RECOMMENDATIONS 

With regard to the follow-up project, the following recommendations can 
be made from the present study: 

1. A range of artificial rock samples should be manufactured which have 
a wider range of porosities, by changing the sorting of the grain 
size of the sand. This should enable the determination of the wave 
velocity vs. porosity relation more accurately for the synthetic 
samples. It may also facilitate the extrapolation of the laboratory 
results to field data in the future. 

2. The effect of the quantity of cement in the artificial rock samples 
should be investigated more closely. A method should be developed to 
determine the quantity of cement in a sample, thus allowing these 
experiments to be performed under more controlled circumstances. 

3. The consolidation of synthetic rock samples using the silica-lock 
process with kerosene as a carrier liquid, should be investigated 
experimentally. Proper silica-cemented samples are required for 
measurements under in-situ circumstances that are to be performed. 

4. For the sake of inverse modelling, the quantitative applicability of 
the Biot theory has to be investigated. 

5. The effects of solid-solid friction losses at the grain contacts 
should be incorporated in the theoretical models. 

6. During the refraction measurements, attention should be focussed on 
the effect of permeability upon the surface waves as predicted by 
the theoretical modelling. The experimental set-up should be 
optimised to allow recording of these surface waves. 

7- In natural reservoir formations, mudcake is present on the borehole 
wall. For a better understanding of its effect upon the acoustic 
response of a formation, measurements should be performed on rock 
samples with a simulated mudcake. 
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Acoustic measurements should be performed on natural reservoir rock 
as well as on a r t i f i c i a l rock samples to fac i l i t a t e the extrapola
tion of the results to field data. 

Acoustic measurements have to be performed under i n - s i t u circum
stances in the 'borehole s imula tor ' to determine theef fec t of 
confining stress upon the acoustic behaviour of the samples. 

More f i e l d s tud ies should be car r ied out over a wider range of 
different formations to determine the v a l i d i t y of the r e su l t s of 
the two f i e ld s tud ies contained in t h i s thesis , in general. For 
th is to provide optimal r e s u l t s , care should be taken to choose 
less complex formations. 
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Appendix A. Biot theory; numerical description 

For the sake of completeness a brief mathematical description of the 
theory is given below. The notation generally follows that of Johnson 
and Plona (1982). 

Stress-strain relations 
The relations between the average stresses in the solid and fluid part 
of the medium, a., and Sö.., and the average particle displacements 
are: 

a.. = (P - 2N)<5.. 3.u, + N(3.u. + 3.u.) + QÓ..3.U. (A.l) 
ij ij k k l j j 1' ij k k v ' 

So. . = - «P.O. . = Q Ó. .3, u. +RÓ..3.U. (A.2) 
ij f ij ij k k ij k k v ' 

where summation over x, y, z a p p l i e s . 
* i s p o r o s i t y , P i s t h e p o r e f l u i d p r e s s u r e and u , U a r e the 

average p a r t i c l e displacements in the so l id and f l u i d p a r t . P, Q, 
R, N are the e l a s t i c parameters of the medium. 
6.. i s the kronecker d e l t a . 

i j 

E l a s t i c parameters 
By assuming t h a t the poros i ty remains constant under the smal l s t r a i n s 
typ ica l of acous t i c waves, the r e l a t i o n s between the e l a s t i c parameters 
{P, Q, R, N} and the bulk parameters of t h e m a t e r i a l {*, p _ , K„, p , 
K , K N} a re given by: (Biot and Wi l l i s 1957. Geertsma and Smit 1961) 

(1 - ♦) (1 - * - K /K ) K ♦ t K K /K 
p = I - « - K V + ' K / K , + V 3 N (A-3) 

b s s f 

(A.4) 

R 1 - 0 - KJK * M /K, ( A ' 5 ) 

b s s i 

Stoll (197̂ 1) introduced dissipation due to matrix anelasticity by 
allowing the bulk modulus of the skeleton, K , and the shear modulus, 
N, to be complex. 

(1 
1 -

- * 
0 -

- vv 
VKs + 

O2 K s 

* 
* 

K s 
VK f 
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Wave equations 
The particle displacement wave equations which result from eq. A.1 and 
A.2 a r e : 

a'u a zu 
P . . 7T7 + Pi i 177 = P V < V - U > + Ö ' C - Ö . ) " N V x ( V x u ) ♦ 

3 t 3 t 3U 3u 
+ b F < * > ( I i " i l > <A '6> 

3 J U 3 * U 3U 3U 
p" I F + pj2 IF = Q 7(v,iL) + R V(V--} " b F(K) ( at ~ at ) (A-7) 

Mass coefficients 
The mass coefficients p1, , pj 2 and p 1 2 are related to the density of 
the solid and fluid part of the medium by: 

P„ ♦ P,, ■ < 1 - ♦> P s o l i d (A.8) 
Pi I + P2J = * Pf (A.9) 

p12 = - ( c - 1 ) 4>pf (A.10) 

The term pa 2 describes the inertial drag that the fluid exerts on the 
solid as the latter is accelerated relative to the former. 

Tortuosity 
Following Johnson and Plona (1982) a complex, frequency dependent 
tortuosity is introduced: 
e(ü>) = c + ibF(-c)/<u*pf (A.11) 

The variable c has been identified with the tortuosity (Wyllie 1962, 
Brown 1980) and is given by: 

e = * F , where F is the formation resistivity factor from Archie's 
formula (1942). Berryman (198O) derived c = '/i (*" + 1) f o r spherical 
solid particles. 
Equations (A.6) and (A.7) now change to: 

a2u 32U 
p" I F + p'2 I F ° p '^-^ + Q V(V--) " N v*(Vxu-> <A-12) 

32u a'U 
p>* I F + p2J IF = Q '^-^ + R n^-] (A-13) 

where now the mass coefficients are complex valued and 
p,, = - (c(ü))-l) «pf (A.14) 
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Dissipation factor 
The parameters b F(K) appearing in eqs. A. 6, A. 7 and A. 11 govern the 
attenuation due to fluid flow. 
b = n *2/k . n = fluid viscosity, k = permeability (A.15) 

The function F ( K ) represents the deviation from Poiseuille friction 
between the fluid and the solid as the frequency increases. It has been 
defined as (Biot 1956a,b): 

F(K) = K T(K)/1»[1 - 2 T(K)/IK] (A.16) 

where T(K) is given by the complex Kelvin function: 
T(K) = (ber'(ic) + ibei' (ic) )/(ber(<) + ibei(ic)) (A.17) 
and K = 6 (ü>kpf/n*),/2 (A.18) 

<5 i s a s t r u c t u r a l f a c t o r and has a value according to Biot of <5 = ƒ8 . 
The parameter K may a l so be defined as (S to l l 197*0 : 

K = a ( u p f / n ) ' / 2 (A.19) 
where a i s a pore s i z e parameter and has a value of approx. J / , t o ' / , 
of the dominant g r a i n diameter. 

Velocity 
The velocities of the different waves are found by applying the diver
gence and curl operators to eq. A.12 and A.13. 
This yields for the compressional waves: 

32 az 
(Pu ^ - P V » ) V . u = (Q V' - Pll — , ) V.U (A.20) 

a' a* 
(Pi2 Jlz - Q V') V.u = (R7« - p22 — 2 ) V.U (A.21) 

There a re two compressional waves whose wavespeeds a re given by: 
B + (B2 - i)AC)1/ /2 

y2 = _ ( A . 2 2 ) 

where A = p,, p2 2 - p, 2 2 

B = Pp22 + Rp,, - 2Qp12 

C = PR - Q2 
The plus sign refers to the fast, the minus sign to the slow P-wave. 
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The curl operator applied to eqs. A.12 and A.13 gives: 

3* 
— ( P l l VxU + Pll VxU ) = N T ' ( Vxu ) (A .23 ) 
d t j — — 

3 J 

— ( P l l Vxu + p J 2 VxU ) = 0 (A .2k ) 
dt2 — 

There i s one shear wave with a ve loc i ty of: 

N 
V* = —, ( A . 2 5 ) 

S P u " P l 2 2 / P j 2 

Particle displacement 
If the relation: 

1 3' 
(yr at» " 7 2 ) ( V -a± ) = ° ( A - 2 6 ) 

is substituted in eqs. A.20 and A.21, the relation between the particle 
displacement of the fluid part and the solid part of the rock, is found 
for the compressional waves: 

with G± = (V~'Pll - P)/(V~2p12 - Q) (A.27) 

For the shear wave it follows directly from eq. A.2k as: 

ïïg = " (Pu/Pu) Mg = (e(»)-l)/e(W) û , (A.28) 

Attenuation 
The attenuation coefficient a of the bulk waves is obtained by taking 
the imaginary part of the complex wave vector q(u) = ID / V(o>) . 

- 171 -



Appendix B: T r a n s f o r m s 

The wave c o n s t i t u e n t s a r e f i r s t c a l c u l a t e d i n t h e t r a n s f o r m e d domain, 

i . e . a f t e r h a v i n g c a r r i e d o u t a F o u r i e r t r a n s f o r m w i t h r e s p e c t t o t i m e 

and t o t h e c o o r d i n a t e s x and y p a r a l l e l t o t h e i n t e r f a c e . 

The t r a n s f o r m s a r e d e f i n e d as f o l l o w s f o r t h e q u a n t i t y p = p ( x , y , z , t ) : 

p ( x , y , z , o ) = _J°" e 1 p ( x , y , z , t ) d t (Bl) 

p f a . p . z . o ) = .jZjZj' e - i ü ) ( a x + P y _ t ) p ( x , y . z , t ) dxdyd t (B2) 

p (x .y . z .<o) = - a I" J" e
i u ( a x + | i y ) p ( a . P . z . * > ) dadp (B3) 

The back t r a n s f o r m i s : 

p ( x , y , z , t ) = -z— ƒ e p (x ,y , z ,ü>) du (Bk) 
£.W - C D 

wi th t h e f o l l o w i n g t r a n s f o r m p a i r s 

3. p ♦ -iio p 
' 2 -

3* p ♦ -d) p 

3 p ♦ i u a p 
X I ! . 

3' p ♦ -a a p 
x _ 

Vp ♦ 3 p + id)(a+p) p 
2 Z ~ 2 2 2 

V p ♦ 32 p - u> ( a +P ) p 
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Appendix C. Calculation of the reflection coefficient 

An expression is derived for the reflection coefficient needed to 
calculate the system's response. The Biot theory is used to describe 
the wave motion in the rock. In doing so, the particle displacement is 
considered to be the fundamental unknown. The total displacement in the 
rock is equal to the sum of the contributions of the transmitted bulk 
waves, viz; the fast and slow compressional waves and the shear wave. 
The particle displacement in the rock is connected to the wave motion 
of the incident wave in the fluid by way of the boundary conditions at 
the interface. 

Transmitted compressional waves 

Biot's equations as given in appendix A, are used to describe the wave 
motion in the porous solid. For the displacement of the solid part in 
the rock follows from eq. A.26: 

V2 y^ - V~' 32t y^ = 0 (C.l) 

The subscripts " + " and "-" refer to the fast and slow compressional 
waves respectively. Only the displacement due to the fast compressional 
wave is treated extensively. The derivation of the expression for the 
displacement due to the slow P-wave proceeds along the same lines. 

The Fourier transform of equation (C.l) is : 

2 - 2 2 ~ 
a u + co T u = 0 (C.2) 
z —* + —»• 

_2 2 2 1 / 
with 7 = (V - a - f> ) /J 

The solution to this differential equation is : 

u = C e + (C.3) 

The solution must remain bounded as z -* -«, so Re 1 i 0 and lm T 2 0. 
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At the i n t e r f a c e the t ransmit ted compressional wave may be expressed as 
the p r o d u c t of t h e t ransmiss ion-coef f ic ien t and the downgoing wave in 
the l i q u i d ( the inc iden t wave) : 

u = T t£ ( z = 0 ) (C.1) 

The displacements of the downgoing wave in the l i q u i d in the x - , y- and 
z - d i r e c t i o n f o l l o w from the t r ans fo rmed e q u a t i o n of motion in the 
l iqu id (no volume forces) : 

r p£ - "L"2 Ï = ° <c-5) 

z 

"i i Q
 4 i i U T L ( h t " 2 ) 

U, = — A e 
L x <i>p. 

iP , i«T. (h - z) 
U,1 = — A1 e L t (C.6) 

Ly oopL 

if. ia>T, (h. - z) 
U,1 = - - t A1 e L fc 

Lz up. 

Combining equa t ions C.3 . C.'t and C.6 we a r r i v e for the displacements in 
the porous medium a t : 

- . T A1 i u < T L h t * V > u = iaT e 
X X p. (l) 

u = i&T e (C.7) 
y y P L » 

i i«(T,h - T+z) 
z L z p. o> 

where T . T . T are the transmission-coefficients in the x-, y- and z-x y z 
direction. 
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Since t h e c o n g r e s s i o n a l waves a r e c u r l - f r e e , the following equation 
holds : 

1 * u^ = 0 (C.8) 
which y i e l d s T = T (= T ) and if. T = T T 

y x + L z + + 

The d i s p l a c e m e n t s of the s o l i d p a r t of the porous medium due to the 
f a s t compressional wave now become : 

. i ico(7.h. - 7 z) + . „ A L t + ' u = iaT e 
x + up . 

u = ipT - ^ - e L fc (C.9) 
y + upL 

. i i<i)(7.h,_ - 7 z) 
u+ - - 17, T -*- e L t + 

z L + top 

Equally for the slow compressional wave : 

- - - A i i u f ï . h - 7 z ) ■' ' ; 
(u , u , u ) = (iaT , ipT , -17, T ) - = - e u (C.10) 

x y z .' <• ~ L - ' up 

The d i s p l a c e m e n t s of the f l u i d p a r t of the p o r o u s medium can b e 
ca lcu la ted using : 

where G i s given by eq. A.27. 

Transmitted shear wave 

For t he p a r t i c l e displacement of the s o l i d par t of the rock due to the 
t ransmi t ted shear wave follows from eqs . A.23 and A.21): 

2 - 2 2 ~ 

3 u + w 7 u = 0 (C.12) 
z - s s—s — 

with 7 = (V - 2 - a - $* ) * Re 7 £ 0 ; Im 7 i 0 
s s s s 
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At the interface between liquid and porous solid transmission occurs as 
well as conversion from compressional to shear motion. 
Taking this into account and the fact that shear waves are divergence-
free (V_ • u = 0), we get for the solid particle displacements due to 
the shear waves : 

.i i(u(Tf, h - T z) 
us = . iT Ts _A_ e L t s 
X S X (tfp. 

A i icü(-r,h,. - If z) 
u s = . iT Ts _A_ e L t s 
y s y opL 

.i iio(7,h - 7 z) 
uS = ( -iaTS -ipTS ) -A- e L fc s 
z x ^ y up 

s s where the coefficients T ,T account for the transmission and conver-
x y 

sion at the interface. 
The transformed shear-wave displacement of the fluid part of the porous 
medium follows by using : 
- = c(M) - 1 " 8) 
-s C((D) -s 

Displacement in the solid 

The total displacement in the porous solid is obtained by superposition 
of the contributions of the various waves in the solid. 

u = u^ + u_ + u (C.lA) 
U = U + U + U (C.15) 
— —̂  —s 

Thus, from e q u a t i o n s C.9. C.10, C . l l and C.13 the t o t a l displacements 
of the s o l i d and f lu id p a r t of the rock are : 
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- . T A1 l w < W V . T A1 i u < \ V Y-Z) 
u = I Q T e + ï a T - e + x + up - up 

. i i id(Y,h - Y z) 
. i T T s _A_ e L t s 

S X ü>p. 

i iüi(Y h - Y z) . i iü)(Y h - Y z) 
u = ipT - * - e L fc

 + ifïT - £ - e " + 

y + WP L - <I>YL 

i iu(Y h - Y z ) 
. i T T s _ A _ e L t s ( c . 1 6 ) 

s y u p L 

i io>(Y h - Y z) , i i " ( \ V Y z) 
u = - i ï T — e L T + - ±1 T - £ - e L ' 

z + + op. - - up. 

s s A1 i 0 , ( T l V T s z ) 
+ ( - i a T S - i p T S ) — e L T S 

x ^ y ' cjp 

Üj = - G± ^ (A.27) 

- = e(m) - 1 - ( 8 ) 
- s e(ü>) ~ s 

w i t h e ( u ) = e + i[bF(ic)/<j)*p ] ( A . l l ) 

G± = ( V l l ~ P ) / ( V ± P 1 2 " Q ) ( A l 2 7 ) 

I n o r d e r t o b e a b l e t o s o l v e t h e f i v e t r a n s m i s s i o n - and r e f l e c t i o n -

c o e f f i c i e n t s o c c u r r i n g i n e q . C . 1 6 , f i v e b o u n d a r y c o n d i t i o n s a t t h e 

l i q u i d / p o r o u s s o l i d i n t e r f a c e a r e r e q u i r e d . These c o n d i t i o n s a r e : 

- The l i q u i d and t h e p o r o u s s o l i d a r e i n c o n t a c t . 

T h e r e f o r e t h e n o r m a l c o m p o n e n t o f t h e p a r t i c l e d i s p l a c e m e n t i s 

c o n t i n u o u s a c r o s s t h e i n t e r f a c e . 

T h i s g i v e s : 

■ l im [0 U + (1 - 4>)u ] = lira [ U* + u f ] (C.17) 
ZT„ L Z Z J 2 1 , L Lz Lz ' 

where ♦ i s t h e p o r o s i t y . 
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The i n t e r f a c e cannot produce any forces . I t can on ly t r a n s m i t them. 
Thus the normal component of the sum of the s t r e s s e s in the f lu id and 
solid p a r t of the porous medium must be e q u a l and o p p o s i t e t o the 
acous t ic pressure in the l i q u i d . 
This condi t ion leads to : 

lim [o + S] = litn (- P* - P.r) zt . l zz J Z4-. L L (C.18) 

o . . and S are the s t r e s s e s in respec t ive ly the s o l i d and f lu id p a r t . 

The l i q u i d canno t s u p p o r t s h e a r s t r e s s e s . So t h e t a n g e n t i a l com
ponents of the s t r e s s in t h e porous s o l i d must become z e r o a t the 
i n t e r f a c e . 
This gives : 

lim [o 1 = 0 
•7+ _ L V7 J 

(c.19) 

lim [o 1 = 0 (C.20) 
z t 0

 L y z J 

The l a s t boundary condit ion descr ibes the permeabi l i ty of the i n t e r 
face. Analogous to Deresiewicz and Skalak (1963) who i n v e s t i g a t e d a 
p o r o u s medium/porous medium i n t e r f a c e , a p a r t i a l l y impermeable 
in t e r f ace can be defined. 

35S3 CSS <\\\v\\^i r ^ KWVAVJ Ca 

(B) (C) 

- liquid 
- interface 
-solid 
-pore fluid 

Fig Cl . In te r face between l iqu id and s o l i d . 

A non-alignment of a por t ion of the p o r e s , (B) , p roduces an i n t e r -
f a c i a l flow area which i s smaller than the one in the porous medium. 
The e f f ec t i s e q u i v a l e n t t o a p a r t i a l l y permeable membrane. Flow 
through such an i n t e r f ace would r e s u l t in a p ressu re drop across the 
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interface. For the pressure drop in the fluid across the interface 
may be written : 

lim P, - lim P, = lim [T*(3 U - 3 u )] (C.21) 
zt, f Z4.0 L zt, L t z t z J 

where T is the "surface permeability" i.e. a coefficient of resis
tance to flow through the surface 
Figure (A) above, corresponds to T = 0 ; a situation of open pores. 
The other extreme, fig (C), equals equation C.21 with T = », or 
3 U - 3_u = 0 (C.22) 
t z t z 
In other words it describes a porous solid with completely sealed off 
pores at the surface. 

Equations C.17, C.l8, C.19, C.20 and C.21 completely determine the 
s s reflection- and transmissioncoefficients R, , T , T , T and T . L + - x y 

For the s t r e s s e s in the f lu id and so l id pa r t of the porous medium B i o t 
gives the equat ions : 

and 

o. . = (P - 2N) 3 . . 3, u, + N (3.U. + 3.u.) + Q 3 . . 3, U, (A.1) 
i j i j k k i J J i i j k k 

3. . S = - * P„ 3. . = Q 3. . 3. u. + R 3. . 3. U, (A.2) 
i j - f i j i j k k i j k k 

S u b s t i t u t i o n of e q u a t i o n s (A.1) and (A.2) in equations C.17 through 
C.21 g i v e s , a f t e r a p p l y i n g t h e F o u r i e r t r a n s f o r m s , t h e f o l l o w i n g 
e q u a t i o n s d e s c r i b i n g the t ransmiss ion- and r e f l e c t i o n - c o e f f i c i e n t s in 
the transformed domain : 
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T (Y 0(G + 1) - Y ) + T h 0(G +1) - Y ) + TS f a ( ~ - , - 1)) 

* T S { P ( - ^ , - 1)} + R, (-Y, ) = - Y. 

T { . SL^l + 2 N ( a ' + p ' , + 2 * ^ 1 ] + T [ . SSJLSL + 2 N ( a< + p 
V V V 

G (Q + R) 
) ♦ r;(-2NaY s} ♦ Ty{-2NPYs] + RL { p j = - pL (C 

2 2 2 
T + {2aYj ♦ T_(2aY_) ♦ T° {-Ys + a ♦ fj ] = O (C 

T+{2fiY + ) ♦ T_{2PT_J + T= (-Y + a + f} } = O 
2 2 2 

(C 

. RG j ' ■ Q RG 2 
T ( ^ + —p + TO Y (G + 1)) + T { ^ + —~ * T* Y (G + 1)) + 

+ VV + + " V V 

+ TS [To'-y-r-l + Ts {iV-f-,) + R. («p.] = - Op. x L a(m) J y l a(<D)J L l LJ L (C 
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Appendix D : Transducer characterist ics 

The a c o u s t i c t r a n s d u c e r s a re important components of the data-
acquisition system. They determine to a large extent the emitted and 
received acoustic signals in an experiment. For a correct interpreta
tion of the measurement results i t i s therefore necessary to know the 
c h a r a c t e r i s t i c s of the used t ransducers . Of importance a r e : the 
frequency bandwidth, the transition between the near and far f ie ld , and 
the spread angle of the sound field. The characteristics of the trans
ducers used for the measurements, were determined experimental ly and 
are given in this appendix. 
Two pairs of transducers were available for the measurements: one se t 
has a centerfrequency of around .5 MHz, the other of .25 MHz. The 
transducers of each pair are identical and can be used for emit t ing as 
well as r e c e i v i n g a c o u s t i c s i g n a l s . Both se t s are non-focussed 
immersion transducers made by Panametrics. The specifications are : 
1° - type V391 0.5 MHz element diameter 1.125". 
2° - type V3469 0.25 MHz element diameter 1". 

The radia t ion pa t te rn produced by the transducers is composed of two 
zones, the near and far field. The near field is situated close to the 
t r a n s d u c e r , i t i s c h a r a c t e r i z e d by i n t e r f e r e n c e s a r i s i n g from 
elementary waves originating from different locations at the transducer 
surface. Further away from the t ransducer , the sound field becomes 
smoother unti l a uniform sound beam i s present in the far field. Such a 
f l a t , p a r a l l e l beam i s necessary in the transmission measurements to 
prevent any interference in the refracted sound beam a r i s ing from rim 
effects. Care should be taken to place the rock in the far field of the 
emitting transducer. 
The distance in front of the transducer of the transition between the 
near and far field, i s given by (Krautkramer, 1983): 

X = 0.25 D2/ A (Dl) 
where D = transducer element diameter 

A = wavelength at the given frequency 
X = distance in front of the transducer of the transition 

between near and far field 
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The values of X for the two sets of transducers are: 
X = 6.7 cm (.5 MHz transducers) 
X = 2.7 cm (.25 MHZ transducers) 

Figures Dl show the acoustic traces recorded in water for the far field 
(Dla) and the near field (Dlb), together with the amplitude spec t ra . 
The t r ansmi t t e r was excited by one "sinus period with a peak-to-peak 
voltage of 320 Volt. The trace recorded in the far field is smooth.The 
t r a c e r ecorded in the near f i e l d (Dlb) shows some in te r fe rence 
(noticeable on the second positive peak and on the worse damping of the 
pulse) which i s a lso present in the amplitude spectrum. The center-
frequency which follows from the amplitude spectrum in the far field is 
4̂6̂  kHz, with a -6 dB bandwidth of 3^5 - 602 kHz. 

2 

Vol t 

e 

- 2 
1 

2 . 5 

Vo l t 

e 

-2.5 
1 

Fig Dl. Time trace and amplitude spectrum of acoustic signal in water. 
0.5 MHz transducers. Bandpass filter: 50 kHz - 2 MHz. 
a) Far field. Transmitter-receiver distance = 25 cm. 
b) Near field. Transmitter-receiver distance = 3 cm. 

Fig. D2 shows the acoustic trace recorded in water with the .25 MHz 
transducers, together with its.amplitude spectrum. In the time trace a 
low-frequency (+ 80 kHz) oscillation is present which stands out 
clearly in the spectrum. This prolongs the duration of the pulse to 
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approximately 30 usec. Such a long pulse is very unfavourable for the 
transmission measurements, because it means that the different waves in 
the rock arrive at the receiver not separated in time. The waves 
interfere and it is very difficult to determine the properties of the 
'separate waves. Therefore the .5 MHz transducers were used exclusively 
in the transmission measurements. 
Another important transducer characteristic is the sound pressure 
profile in the far field. Since the results of the transmission 
measurements largely depend on the refraction of the sound beam at the 
rock surface, a uniform beam is required in the far field with a small 
spread angle. The sound beam then has a uniform angle of incidence and 
refracts uniformly according to Snellius' Law and no distortions of the 
pulse occur due to interference at the rims of the beam. To check this 
condition experimentally, the amplitude of the received signal was 
measured at various locations in front of the transmitter. The measure
ments were performed with the transmitter at a fixed position. The 
receiver was stepped away from the transmitter in axial and traverse 
directions with steps of 5 mm. At each receiver location, the amplitude 
of the highest negative peak of the pulse was recorded in millivolts. 
The results are shown in fig D3. The lines connect the positions in 
front of the transmitter, where equal acoustic pressures were recorded. 
The plot shows a very uniform sound beam with a small spread angle. 
Theoretically, the angle is given by (Krautkramer, 1983): 

-6 dB spread angle = arcsin (.5 A/D) (D2) 
This equation gives a value of k.2° for the spread angle of the .5 MHz 
transducers. This small value is confirmed by fig.D3 which shows an 
almost parallel sound beam. 

2 

Volt M iflMf I / v \ 

13e 152.5 175 6 .25 .5 

Fig D2. Time trace and amplitude spectrum of acoustic signal in water. 
0.25 MHz transducers. Transmitter-receiver distance = 20 cm. 
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Figure D3 also includes the decrease in amplitude of the pulse due to 
the attenuation in the water and due to the increased dis tance from 
source to r ece ive r . This effect i s shown in f i g . D4. I t shows the 
measured amplitudes at various transmitter-receiver separat ions along 
the t r ansmi t t e r - r ece ive r axis drawn in fig D3. The plot shows a rapid 
decrease in amplitude at small transmitter-receiver d i s t ances . Around 
the t r a n s i t i o n zone between near and far field (6.7 cm), the amplitude 
varies very l i t t l e and at distances beyond approximately 12 cm the 
amplitude s t a r t s to decrease. The decrease i s small. At the ranges at 
which the transmission measurements are performed (T-R * 24 cm) , the 
decrease i s equal to - 10 dB/m, which i s negligible in comparison with 
the attenuation of the waves in the porous rock. 
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Fig D3. Acoustic pressure in mVolts at various locations in front of 
the transmitter. (0.5 MHz transducers). 

"is 55 n 
T-P distantt ten) 

Fig D4. Decrease in amplitude along the T-R axis. 
(0.5 MHz transducers). 
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SUMMARY 

The present study gives an account of the work carried out on the 
E.C.-financed project "Acoustic measurements on reservoir rock", which 
aims at improving the interpretation of acoustic logging in boreholes. 
Four separate topics are treated: field examples of acoustic logging, 
the construction of artificial sandstone rock samples, theoretical 
modelling of the laboratory experiments and the design and construc
tion of the measurement system. 
Two field examples are presented concerning wells in which a full 
waveform log was run. One well is drilled in a shaly sandstone reser
voir, the other in a dolomite formation. An extensive petrophysical 
evaluation is carried out to describe both reservoirs in detail. The 
standard petrophysical methods fail to account correctly for the shale 
fraction in the sandstone formation, so a special evaluation procedure 
had to be developed to give a proper description of this formation. 
Besides being very tight, the dolomite formation was heavily frac
tured. Both field examples clearly show the limitations of using field 
data for acoustic research. Too many rock properties vary between 
specimens of natural rocks to be able to obtain any more than a broad, 
general relation between the physical properties and the acoustic 
response of a rock. 
To overcome these problems, a laboratory procedure is developed to 
construct artificial sandstone samples for research purposes. Loose 
sand grains are cemented together at the grain contacts, thus forming 
a porous sandstone closely resembling natural reservoir formations. 
The consolidation method produces very homogeneous rock samples. The 
rock properties are well-defined and can be varied within certain 
limits. The method does not restrict the dimensions of the samples. 
Three types of cement are investigated: 
-1° silica cement formed by the reaction of silicontetrachloride with 

an irreducible water saturation in the loose sand pack. 
-2° silica cement obtained from methylsilicate 
-3° araldite cement, an epoxy resin. 
Both silicontetrachloride and araldite produce well-consolidated 
rocks. The synthetic samples exhibit petrophysical properties similar 
to natural reservoir rocks. The use of methyl-silicate results in very 
brittle samples and is not favourable. 
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A mathematical model is developed which predicts the received acoustic 
signals in the measurements. The configuration of the model is similar 
to the set-up used in the actual experiments. It consists of a flat 
porous sandstone submerged in a liquid. The emitting and receiving 
transducers are located in the liquid above the rock. The propagation 
of the waves in the porous rock is described by the Biot theory. Two 
distinct cases are treated: 
-1° the full frequency range including dispersion and attenuation of 

the bulk waves due to fluid flow in the pores. 
-2° the high frequency limit of the Biot theory. 
In the latter case, energy dissipation becomes negligible and the 
porous rock effectively reduces to a loss-less medium. 
Calculated microseismograms are presented for different measurement 
configurations and for different types of rock. The amplitude with 
which the surface wave is generated appears to be sensitive to the 
permeability of the rock. 
A data acquisition system was built for performing high frequency 
acoustic experiments. It is a multi-purpose set-up, suitable for 
transmission as well as refraction measurements. 
Both transmission and refraction measurements are performed on a range 
of artificial sandstone rock samples under atmospheric conditions. The 
transmission measurements provide a relatively easy way to determine 
the properties of the bulk waves in the porous rocks, whereas the 
refraction measurements more closely resemble actual logging. 
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SAMENVATTING 

De inhoud van deze s t ud i e wordt gevormd door de neers lag van het onder
zoek uitgevoerd in het kader van het door de E.G. gefinancierde project 
"Akoes t i sche metingen aan rese rvo i rges teen te" , met a l s doel het 
verbeteren van de interpretat ie van akoestische metingen in boorgaten. 
Er komen vier verschillende onderwerpen aan de orde:. 
praktijkvoorbeelden van akoestische metingen in boorgaten, de con
s t r u c t i e van kunstmatige zandsteenmonsters, het ontwikkelen van een 
theore t i sch model voor de akoestische experimenten en.ontwerp en 
constructie van de meetopstelling. 
Er worden twee prakti jkvoorbeelden van putten waarin een vol ledige 
akoestische meting werd verricht, behandeld. De ene put werd geboord in 
een kleihoudend reservoirgesteente, de andere in een dolomietformatie. 
Beide formaties worden gede ta i l l ee rd beschreven aan de hand van een 
diepgaande pet rofys ische eva lua t i e . De normale evaluat ieprocedure 
b l i j k t voor de kleihoudende formatie geen correct kleigehalte op te 
leveren. Er moest dus een speciale evaluatiemethode ontwikkeld worden 
om deze formatie j u i s t te kunnen beschrijven. De dolomietformatie was 
niet alleen zeer compact, maar daarnaast ook s te rk gebroken. Beide 
praktijkvoorbeelden geven duidelijk aan, welke beperkingen het gebruik 
van praktijkgegevens oplevert bi j akoestisch onderzoek. Er z i jn teveel 
verschillende gesteente-eigenschappen per monster om hieruit meer af te 
kunnen leiden dan een zeer algemene re la t ie tussen de fysische e igen
schappen en het akoestisch gedrag van gesteenten. 
Om aan deze problemen te ontsnappen, wordt in he t l a b o r a t o r i u m 
kunstmatig zandsteen gemaakt. Losse.zandkorrels worden aan elkaar 
gecementeerd op. de korrelcontacten, zodat een poreus zandsteen wordt 
verkregen dat s te rk g e l i j k t op natuurlijk zandsteen. Deze consolida
tiemethode produceert zeer homogene zandsteenmonsters. De gqs teente-
eigenschappen zijn precies gedefinieerd en kunnen gevarieerd worden. De 
afmetingen van de monsters zijn in principe onbeperkt. 
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Drie soorten cement zijn hierbij onderzocht: 
-1 silica cement, gevormd door de reactie van siliciumtetrachloride met 

capillair gebonden water in het losse, gecompacteerde zand 
-2 silica cement, verkregen met behulp van methylsilicaat 
-3 araldiet cement, een harsachtige substantie 
Zowel de eerste als de derde methode leveren een goed geconsolideerd 
gesteente. De synthetische monsters vertonen petrofysische eigenschap
pen vergelijkbaar met die van natuurlijk reservoirgesteente. De tweede 
methode leverde brokkelige monsters. 
Er is een theoretisch model ontwikkeld, dat de opgevangen akoestische 
signalen bij de metingen voorspelt. De configuratie van het model 
gelijkt de opzet van de werkelijke experimenten. Deze bestaat uit een 
plat stuk poreuze zandsteen, ondergedompeld in een vloeistof. 
Uitzendende en ontvangende transducenten zijn in de vloeistof boven de 
steen geplaatst. De voortplanting van de golven in het poreuze 
gesteente wordt beschreven met behulp van de theorie van Bi-ot. Twee 
verschillende gevallen komen aan de orde: 
-1 het volledige frequentiebereik met inbegrip van dispersie en demping 

tengevolge van vloeistofstroming in de poriën 
-2 de hoge frequentielimiet van de theorie van Biot 
In het laatste geval is de demping te verwaarlozen. 
Berekende microseismogrammen worden gegeven voor verschillende meet
opstellingen en verschillende gesteentetypes. De amplitude waarmee de 
oppervlaktegolven worden opgewekt blijkt afhankelijk van de permeabi-
liteit van het gesteente. 
Een meetopstelling werd gebouwd om ultrasone akoestische experimenten 
uit te voeren. De opstelling is mul ti-functioneel en kan zowel voor 
transmissie- als refractiemetingen gebruikt worden. 
Beide types metingen worden uitgevoerd op een serie gesteentemonsters 
onder atmosferische omstandigheden. De transmissiemetingen maken het 
mogelijk om op een eenvoudige manier de eigenschappen van de bulk waves 
in poreuze gesteenten vast te stellen, terwijl de refractiemetingen 
meer op het normale "loggen" lijken. 
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