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A CORRECTION ON THE EFFECT OF SHALINESS

by
Bamhang Widarsono and Fakhriyadi Saptono

ABRSTRACT

The presence of shale in sedimentary rocks terds fo introchce camplexity tn any formation evaluation activities. This is
als the cave when efforts are spent in extoblishing a method that enables analysts to extimate porosily and waler saturalion
[from seixmic survey, The method, which i @ combination of laboratery measurement, mathematical modeling (Gassmann
model), and Jog interpretation, has heen proposed earlier However, scatter and inconsistencies in comprexsional wave
velocities with regard to porosity and water saturation was offen encotntered when it came to apply the method. This
certainly affects the reliability of acoustic velocity data that is peeded by the method. Therefare it is the objective of the
work presented in this paper to modify the methad with an emphasis af accommodating the effect af shaliness.

The effect of shaliness, as well av variation in metrix density, fends to complicate the relations between acoustic
welocitios, acaustic impedance, and Poisson ratio on one stde and parosity and water saturation on the other side. This
pases difficulties to one part of the porsity-water saturation estimation method, in which it relies almost entirely on
comsistency hetween the shove-mentioned rock and acoustic properties. Thix cortainly rechices the neliability of the method
Thercfore, the weight of this work lies on recognizing the effect of shaliness through division of the rack and acoustic
praperties following a sét of ranges in chale fraction and matrix density [t was hoped that the division wanld reduce the
depree of scatter and inconxistencies mentioned earlier

T fucilitate the imvestigalion, two seix of core samples laken from a samdstone off reservoir in Central Sumatra and o
limestone reservoir in Natuna, Upon application of the method, the divistan proves tiself encouraging when applied on the
Central Sumatra sandstone, but does not deliver a satisfactory outcome when applicd on the Notuna limestone.  This 1s
probubly due to the large influence exerted by the limestone s pore configuration. Nevertheless, the work has provided the
required modification an the exiting method, hence making i more reliable. Another valuable result is the underlining of
the postulate stating that any presence of shale has 1o be handled separately if accurate reswlts are fo be accomplished

I INTRODUCTION

The distribution of poresity and water safuralion
throughout reservoar body 18 considered as an important
factor in the effort to develop reservoirr models, Vianous
endeavors have been devoted to establishing reliable
methods for serving the purpose. Developments in recent
vears have witngssed the increasing attention on the
possibility of utilizing seismic survey data {especially the
3D for supporting reservosr characienzation. This includes
estimating the distribution of inter-well porosity and water
saburation

The interest on understanding the relations between
avoustic properties and rock petrophyvsical propertics has
alwavs been in existence since 1950s. Early investigations
by Kimg (1966), Gregory (1976), and Domenico (1976)
had shown that there are relationships between ncoustic
velocitics and waler saturation, as suggested by some
acoustic propagation theories such as those proposed by
Gasmenn (1951 and Biot (1956), However, the resulils were
received with skepticism when it came to a suggestion that

they be applied on seismic data, Recently, rapid
developments in seismic processing technology have revived
the hope to use scismic data for determining porosity and
water saturation throughout reservoir  For instance, King
(1996a, 1996b) optimistically discussed the feasibility ol
applying the relationship on the concept of 4D seismic
monitoring. In implementing such concept further
understanding over relationship between acoustic velocities
and rock propertios 15 necessary.

Widarseno and Saptono (1997) in their laboralory
works proposed a procedure for preparing laboratory data
of acoustic measurement on reservoir rocks for the purpose
of scismic-guided reservowr characterization. The procedure
was refined further in Widarsono and Saptono ( 1999). The
method, in the procedure, is a combination between
mathematical modeling (based on Gassmann, 1951) of
scoustic velocities oa shale-free (clean) rock samples, well-
log interpretation, and laboralory acoustic measurements
on cores al various water saturations. In applying the
method, problems were encountered in the form of
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inconsisiencics between compressional velocities, porositics,
and water saturation. [t was strongly suspected that shaliness
and variation in rock density are the main causes. It is
therefore the purpose of the works presented in this paper 1o
provide a further understanding regarding the matter. 1t is
hoped that an improved understanding will provide better
procedure that can provide more accurale models for
supporting scismic-guded reservoir characienization

IL THE EFFECT OF SHALINESS ON ACOUSTIC
PROPERTIES — A PERSPECTIVE

Acoustic propagation properties of elastic media, as
described in vanious textbooks (e.g. Fjaer et al, 1992), are
relatively simple when compared to media that bear pores
and cracks, Various theories, such as one proposed by
Gassmann (1951), Biot (1956), and Kuster and Tokzos
(1974), include more complications by incorporating rock
frame, pore-fluid, and rock-grain compressibility into the
velocity equations. It is obvious that the presence of shale
alfects the matrix properties such as dry bulk modulus and
rock frame bulk modulus, and consequently akeo the acoustic
transit time (e.g. t and 1 ), hence velocities (e.g. V and V ),
Such alteration alfo resiilts in altered mechanical fropertits
such as Poisson ratio, bulk modulus, and Young s modulus,
as can casily shown by the theory of elasticity {or acoustic
propagation in ¢lastic medium) of porous medium.

In general, the presence of shale certainly complicates
matiers i reservoir characterization. Various studics have
unirevealed the complexity between various rock properties
and signals used in surveving them wheon the cases include
shale presence. As shown by Hartley (1941, for example,
porosity predictions from any empirical relations using
acoustic-wave transit time are worse for shaly sands
Diespite the efforts that have been spent on them, effects of
shale on acoustic velocities are not very well understood.
and therefore difficult to account for:

The shale-related complexities can be apprebended
through the different ways by which shale is defined. Grim
(1968), with excellence, pointed out that there are differences
i the way engmeers and geologists define shale, To most
engineers shale is regarded similar 1o soil excepl that the
term 15 applicd to material that is slightly harder and is
definitely argillaceous. Some also define shale s formed
by any sili- and clay-size materials. On the other hand, to
maost geologist shale is a finc-grained, earthy, sedimentary
rock with a distinet laminated character due to a general
parallel arrangement of flake-shaped or clongate particles.
Occasionally, however, natural materinls are called shale
with little regard 1o composition, often with very little clay-
mincral component.  Regardless the dilferences, these are
to emphasize the wide range of minerals thet could form

shale, including quartz and carbonates. This is indeed the
reason behind the dillicultics in establishing a typical and
specific acoustic charactenisics for shale. This is best
reflecied by the large range of compressional wave velocity
(V,) of 7,000 - 17,000 fi‘sec for various shale, compared
to sandstones (9,000 - 16,000 fi/sec) and limestones
(13,000 — 18,500 fi'sec), as shown by Timur (1987),

Various investigators have also reporied difTerent
findings. Some reported that the presence of shale afTects
the acoustic wave velocities significantly.  Fer instance
Koerperich (1980) showed that the presence of shale in
Bill Snbling sandstone tends to increase the V. while the
reverse 18 true for a similar presence in Bill Stribling
limestone. There were also investigators who observed
diferent alteratson on acoustic velocilies caused by differcnt
shale structures (cg Minear, 1982). All these findings
enforce the prevailing presumption that the presence of shale
has to be treated carefully, and by no means be generalized
in ity influcnce,

1. CASE HISTORY - THE NEED TO INCLUDE
THE EFFECT OF SHALINESS

As mentioned earlier, Widarsono and Sapiono (1997)
propeded a procedure to prepare data of laboratory acoustic
measurement on reck samples ot various water saturpbion
and overburden pressure. In gencral, the procedure consists
aof several main steps:
|, Measurement of compressional ["'u", example. Figure

1a}, oz well as shear wave velocities, ¥, ot varous

amanged waler saturation and overburden pressure

The corresponding Poisson ralio are calculated using

the two velocities (example: Figure 1h)

2 Application of mathematical model (see Appendix) on
the data, creating o relationship (crossplot) between
V.. Poisson ratio, porosity and waler saturation
(exmmple: Figure 2),

3. Conversion of the crossplot to in sitw (i.e. reservolr)
condition using a plot between V' from the validated
model (V_,...) versus WV from well-log interpretation
resulls [‘h"r, e 8 for the same porosity and water
saturation values taken from log inlerpretation resulis
An example of the plot is presented in Figure 3. Note
the scatter shown by the data. The mentioned
conversion is actually needed to calibrate the crossplot,
which 1s itself basically developed in laboratory
condition,

4. Remodeling of the converted V, and other propertics,
and establishing a new crossplot similar 1o the one
presented in Figure 2

3. Model validation using data from well-log. Using the

16
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Gassmann model and the theory of elasticity for brittle
material (e g presented by Timur, 1987) the validation
is made under tolerance of porosity of 2 % (porosity
unit) and Poisson ratio of 0.002. The calculated S__,
values are compared to their corresponding S_,  used
os reference.

6. Assuming the lithology model is valid throughout the
relevant reservoir, the crossplot is considered ready for
estimating porosity and water saturation whenever V,
anvd Poisson ratio data from seismic survey has been
made available

The process of modeling and establishment of the
crossplot in Figure 2 is under an assumption thal the
reservour rocks are clean (shale-free) in nature. However,
this is not alwavs the case for reservolr rocks. 1t 15 a rule
rather than an exception that shale 15 wsualy present m
reservorr rocks. This is best reflectied by the scatter shown
by the plot in Figure 3, even though variation in lithology 15
also expecied o be responsible.

To observe and take into ncount the effect of shaliness,
n set of sandsione cores from a producing well in Central
Sumatra (oil) was taken for ncoustic measurcments in
laboratory  In addition, a set of reel’ hmestone cores from
MNatuna (gas) was also taken for measurement. Followang
the standard arrangement for the measurement, dato wos
obtmned and processed using the procedure descnbed above.
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Figure 3
Vs V8V, used for conversionicalibration into in situ condition and without
acomodating the effect of shaliness

Figure 1 presenis an example of the measuroment resulis
for the Central Sumatrn cores whereas Figure 2 represents
modeling result (crossplot) on the liboratory data Simular
tredtment was also given o the limesione data.

Using the results of log intorpretation (Figures 4 and 5
for the Central Sumatra and Natuna wells, respectively)
the V values that represent pairs of porosity and waler
saturation values receive their corresponding vV values
thot represent the same pairs of porosily and water
saturation. The plat between the two velocities ([or the
Central Sumatra sandstonc) is presented in Figure 3. Using
the expression from lincar-regression the relationship shown
in Figure 2 is then converted 1o o similar crossplot bul

considered valid for i situ conditson {Figure 6a for Central
Sumntra sandsione) After estoblishing the crossplot for
situ condition, for the purpose of model validation, water
saturation values from model (5, ..} and their
corresponding water saturation values from log {5“'},
having the same values of porosity, are plotted, The
“validated” crossplot 1s presenied in Figure 6a, whereas
the validation process is presented in Figures 6b through
id. Following the scheme presentod in step 5 above it is
obvious that the scatter shown by the §_ plot 15 virtualy
intolerable. The “validated™ crossplot shown in Figure 6a
is therefore sctually not valid Similar process has also been
performed for the MNatuna limestone.

8
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P-Wave Veloolly ve Polason Ratio
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Figure Ga
An example of the resulling crossplols.
{in situ condition) for the Central Sumatra sandstone and without acomodating effect of sliness
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The scatter in Figures 3 and &b cerfainly reduces the
reliability of the crossplol (Figure 6a). Considering the
relative ease to malch log porosity using the model (Figure
Bic), it 15 obvious thal the scatter shown by the 5 plot s
influenced by minerals in the rock matrix. Thére are,
basically, two causes that probably inflict this accurrence,
namely variation in lithology (including density) and
vanabion in shale content (shaliness), These two faciors
were indeed nol taken into consideration. By acknowledging
the respective influence of the two factors it is hoped that
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the degroe of scatter can be reduced.

V. CONSIDERATION OVER SHALINESS AND
VARIATION IN ROCK MATRIX DENSITY

The first stop in distinguishing the effect of shalingss
and variation in rock density s 1o create division of relation
between ¥V and porosity based on differences in matrix
density, hence analyzing the first factor. Both V' and porosity
are taken from log interpretation results wherdhs the matrix
density (r_) is determined through a rearrangement on

po=p,(1-g)+85, p, +6(1-5_)Jp.. )

where r, r_, and r,_ are respectively densities of rock (bulk
density ), water, mnd hydrocarbon, Mote that r, 15 from density
log whereas porosity () and water saturation (S_) are from
log interpretation result. In order to make the distingtion
easier, the V| is expressed in the form of acoustic impedance
(Al =% xr) The use of acouslic impedance i1s also
considerdd advaniageous considening the case 1o produce
from sesmuc survey. The plot is presented in Figure 7
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The plot for the Central Sumatra sondsione shows that
mosl daia are represented by matnix densitics between 2.6
and 2.7 grice. Due 1o thewr bmiled number, most of doin
points representing values outside this range are excluded
from the plot. The establishment of the predominant matrix
density range is likely 1o reduce significantly the some aff
the scatter (as shown by V_plot in Figure 3) possibly raised
by uncertainty in matrix density. Although the matrix density
range can still be considered wide the vaniation of matrix
density as a scattering factor has been limited. More
thorough division in matrix density range needs to be

- B griee

—  Af, mimier * prior

L] ] iw I 5. Fil I I a
Pareasas,
Figure &
Division based on matrix density
{Halns lrestons)
i ]
™ '
-" o . 5 g I‘h ;ﬂ
I e - : ""--.7hi|_
.-l-_
— vl M. W
|
» ] aa Fi " 2 g iF (1)

performed in the Dulure

Attention is now devoted 1o the second Tactor, shaliness,
In o manner simalar 16 the observation on the elfect of matnx
density, the effect of shaliness 13 observed through a plod
between V_ and porosity values laken from log interpretation
result (Figure Ba}, for data poinis thal are represented by
matnix densify values within the range of 2.6 — 2.7 grice
The most striking evidence shown by the plot is the relatively
obvious grouping among data presenting four ranges of shale
fraction (V) with three most representidive curves. Notice
the convergence shown by the three curves indicating the
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Figure 11b
Vp-model vs Vp-log, used for conversionicalibration
into in situ condition after acomodating the effect of
shaliness. Vshale=0 - § %, rm= 2.5 - 26 grice
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into In situ condition after acomodating the effect of
shaliness. Vshale= 8- 10 %, rm= 26 - 2.7 gricc
{Central Sumatra Sandstone).
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P-Wave Velocity vs Poisson Ratio
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Examples of the resulling crossplots (in situ condition)
for the Central Sumalra sandstone, with acomodating effect of shaliness:
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Model validation through comparison of Poisson Figure 13b
Ratio values after acomodating the effect of Model Validation through comparison of Porosity
shaliness (Central Sumatra sandstone) after mh%
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diminishing effect of shaliness on rocks with high porosity
Note that the V, values between the presented values are
not plotted in order 1o provide o clear view on the division
Further analysis is made by plotting the V' versus S_ for
vanous porosity. Figure 8b is an example Tor data points
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represented by WV, = B - 10 % ranges (examples are for
porosity ranges of 19 - 20 % and 22 - 24 %). By similar
plots for other ¥, ranges, there will be several plots similar
to the one presented in Figure 8b, In conclusion, it is obvious
that plots in Figure & have proved that the effect of shaliness
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Model Validation through
comparison of Porosity after acomodating
the effect of shaliness
{Central Sumalra sandstone)
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Model validation through comparison af Polsson
Ratio values after acomodating the effect of
shaliness [Central Sumatra sandstone).
Vshale=0- 5%, rm= 2.5 . 2.8 gricc
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can be anabyzed and later it will be proved that shale's
scallering effect can be minimized.

The fact 15 rather different for the Natuna limestone
The same treatment was also given to the Natuna limestone
Plot between Al and parasity shown in Figure 9 docs not
give a clear separation between rocks with different mairix
density. Further, Figure 10 also suggests that the clear
division, based on V', ranges, shown by the Central Stmatra
sandsione 15 not the case for the Natuna limestone. The plat
olherwise exhibits not-so clear division. The coiplexity
normally shown by limestone is probably the cause of the
meonsisiencies. Consequently, no further processes ane given
to the Natuna limestone

The V_- 5_plot, such as ane in Figure Rb, is o facilitate
the creation of new Vst = Viig PlOUS which will replace
the one presented in Figure 3. By inputiing pairs of
predetermined porosity and waler saturation values, Vi
values from log [\-’Euj are determined using the the V' - §_
Plots. The same pairs were also used i determining e v,
from the crossplot, hence Vs I8 Figure 2. The resulting

piet — Vg PIOIS, fOor eV, =0 -5 % and 8 — 10 %, are
presented i:LJI?i;m: Ila and U1 respectively, It is obyvious
that the plot is substantially better compared to the “for all
V., values” plot in Figure 3. This plot was then used for
converting the crossplot in Figure 2 into m sriw condition
Due to betier data, this conversion is for the Cenitral Sumatra
sandstone anly.

Following the same procedure, Vst = V., Dl for
other W, ranges were ereated using which any {"_ values
measured in laborstory (V_ i), a5 well as other propertics
(see Widarsono and Saplono, 1997), are converied 1o in
st condition. The resulting crossplots (Tor Vh = 0 - § 9%
and & — 10 %) are presented in Figure 12 Similar crossploty
can also be created for other V, ranges  Thus, instead of
having just one ¥ _-Poisson ratio-f-8_ crossplot the cffort to
establish a kind of correction on the presence of shaliness
has resulted in a set of more reliable crossplots. The
reliability is also exhibited by their relatively wider ares
covered by the two crossplots when compared to the
crossplot in Figure 6a. With more crossplots represenling
other V, ranges the chance of having interpretable seisnuc
data for determining porosity and S increases significantly

In validating the crossplots, 5_ values fram the crossplot
(3, pusa) Are plotted against S_ values from log (S ) for
the same porosity values (figures in Figure 13 for I:rh v,
=8~ 10 % and 00 - 3%), The validation process follows
the sume procedure as used previously, The validation plot
proves iiself betier when compared to the plot in Figure 1,
shown by the munimum data scatter. The evidence shown
by the validation has enforced the need 1o analvze and
correct the effect of shale presence. This also proves the
approach taken in correcting the effect of shaliness works

ESTIMATING POROSITY

well, at least for the Central Sumatra sandstone

V. FURTHER DISCUSSION

The different results shown by the two have pointed
oul two major concerns. The first ts concerning the couses
that have brought the difference.  Considering matrix
prapertics that contribule significantly 1o controlling the
wave propagation, it 1s expected that differences in nitneral
compogition and pore configuration play an important role
The shale presence in the Natuna reef is indeed minor when
compared to the case of Central Sumatra sandstone
Howover, it is commonly acknowledged that reef limestones
are often characterized by more complex pore systems and
variation i shffness (ie vanation in bulk modulus, an
clastic property that controls "k"r] compared to normal
sandstones. This certainly results in more irregulasity m Y,
when porosity and water saturation are taken as reference.
The second concern 5 that even though shale presence in
Natuna limestone is less, and probably surpassed by other
fnctors, caution has 1o be taken when dealing with differont
shale in different rocks. DiiTerent shales are hikely (o affect
the V -Poisson ratio-f-S_ crossplot in different ways, This
18 consistent with the commonly known difficulty 1o
gcneralize the effeet of shale on acoustic wave propagation
No attempts, however, are made to investigale more
thoroughly the differences between the two shale, since it
will not affect the overall conclusion significantly,

With the addition of sccommodating shale presence,
there are two additional steps that have to be added 1o the
procedure proposed by Widarsono and Saptona (1997), If
the main steps presented carlicr in this paper are taken as
the main steps, then the activities presenied in Figures 7
and 8 arc o be added afier step 2. An improvement on (he
earlier proposed procedure has therefore been made. Mare
thorough studics in aspects such as differences in shale types,
frequency-related acoustic wave velocity dispersion, as well
s more concentration on variation in lithology, can further
be dane in the future This will produce & more relisble
method for estimating water saturation and porosity
throughout reservorr from seismic surveys  Having the
above-mentioned faclars been taken into consideration, it
15 very possible that the method will produce o significant
number of V -Poisson ratio-f-5_ crossplots. This will
certainly creaie o separate problem i the method is 1o be
applied in real scismic data. In this case, o SUpporing
method that facilitates pattern recognition, such as artificial
neural network, is really required.

V. CONCLUSIONS

A set of conclusions that hos been dravwn from (he work
cmphasizes:
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I. With regard to porosity and waler saturation, the
presence of shale in sedimentary rocks tends to create
wconsistencies and scatier in V. This is clearly proved
by the results for Central Sumatra sandstone before the
application of the new approach

2. The presence of shale in rocks has to be analyvzed and
taken into consideration if a method for predicting water
soturation and porosity from scismic survey is to be
applied in the field.

3. The introduction of a set of V,-Poisson ratio-f-5_
crossplots has increased the chance of having a larger
quantity of ilerpretable "u" and Poigson ratio dota
oblained from seismic survey

4. Different shale that are present either in the same or
different sedimentary rocks has to be handled separntely
in order to accommaodate thewr vared acoustic/elastic
characteristics,

3. Although it is accepled that shale presence introduces
complexity on acoustic wave velocities, hence the
reliability of the proposed method, it 15 suspected that
pore configuration and variation in matnix density could
also play an imporiant role

6. The prospect of producing a relatively large number of
V -Poisson ratio-f-5_ erossplots emphasizes the need
1o’ apply method that has the capability of pattern
recognition, such as artificial neural network
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AFPPENDIX

Gassmann model for acoustic velocities in saturated
porous medium (from Timur (1987)) can be expressed by:

I_1::Fd+..r[!:rj ‘h'j}
/ 2,

and

G (A-2)

where P18 the P-wave modulus for the rock frame (or dry
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rock), and /YK ) is the function of the incompressibility of
the Mluid in the pore spaces. The P-wave modulus for the
dry rock can be expressed, in turn, by
P, =K, +3G, (8:3)
Hﬂdlhel'm:ti.nnﬁ'xf,hy
(1-4)"
K

MK =K, e

==L -K,

{ ‘Ji +(K, }K‘ (Ad)

in which & s incompressibility {or bulk modulus), (7 is shear
modulus, and the subscript o,  and m refer 10 the rock
frame (or the drv rock,), Muid, and rock matrix.

For rock containing both water and hvdrocarbon, the bulk
density is expressod as:

o =8-p, +(1-P)p, v

where:

-i ‘ﬁ
Pr=8.p.+(1-5,)o, s

ESTIMATING POROSITY

and the flud incompressibility, X, which is the inverse of
compressibility, ¢, is given by:

K — A= I (A-T)
e, S, +(1-8)c.

where § denotes saturation, and the subscript he refers to
hydrocarbon.

Rock frame incompressibility, E n Equantion A-3,
which 15 the mverse uf:mmrnnh:.hw of dry rock, €, is
related to PV compressibility, ¢, . by

| | A8
ety (A-8)

Ey #-E"-!-E”

By knowing ¥ and ¥ in Muid saturated rock ps well as in
the dry rock, tHe Poisson ratio, #, can be caleulated through
the use of

[If.r_, f. )‘ =9
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