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Abstract

Over the last 60 years or so, many rock
physics theoretical and empirical relations had been
proposed and applied as a guide to seismic and log
interpretation. With the recent advances in AVO
processing and interpretation and elastic inversion,
these rock physics transforms had proven to be
powerful tools to the explorationists.

Among these transforms there are some
theoretical models that establishes physically based
relations between petrophysical rock properties to its
seismic behavior, but usually it depends on many
parameters related to rock and pore structure and
composition. On the other hand, there are numerous
empirical or semi-empirical relations that require
easily obtained parameters, but generally are strictly
valid only on particular rock types similar to those
used for the transform deduction.

On this paper we discuss some popular rock
physics relations and propose modifications to typical
and important Brazilian rocks based on laboratory
measurements.

Introduction

As geophysicists we get only few information
about reservoirs. We know something about its
geometry from seismic transit time and we try to
obtain every information we can from seismic
amplitude and velocities. But our colleagues
geologists and reservoir engineers don't care about
transit time and velocity, and they are right.

Nowadays there’s a lot of techniques, much of
them combining seismic and log data or even a priori
models, trying to extract useful information from
seismic data. Geostatistical methods, volumetric
AVO interpretation and inversion, and elastic
inversion are some tools that had been used to get
litologic and fluid information.

Although these are powerful tools, we must
have in mind that we start with nothing better than a
seismic and well log data set. So, it's very important
to calibrate first our rock and well data, ensure that
we are confident about our logs, before we can
calibrate seismic and well data. Even if we deal with
techniques that doesn’t involve well data, it’s better to
know first the relations between the desired
petrophysical properties and the observed seismic
behavior.

In this scenario, alot of rock physics relations
have emerged. Generally the most famous includes
velocity-porosity  relations, velocity-density and
velocity-clay content relations and also compressional
to shear velocities relations. Among the recent
contributors on literature we can point out Batzle,
Castagna, Han, Mavko, Nur, Tosaya, Yin and their
associates. Although a general formulais very useful,
it's important to refine the rock physics relations to
our particular case as much aswe can. It’s common to
find out that some bias on porosity, diageness,
fracturing or mineralogy leads to one peculiarity in
the rock physics transform.

On PETROBRAS activities in AVO, acoustic,
elastic and geostatistical inversion, we have found out
that usually we can do a much better job not
discarding, but adapting some literature relations to
the target field, specialy if we have one amount of
information that is too expressive to throw out, but
too small to construct more elaborated models.

On this paper we present some cross checking
examples from PETROBRAS Rock Physics
Laboratory data and the literature regressions,
pointing out some discrepancies, maintaining our
confidentia rights.

Shear to Compressional Velocities Relations

In our day-to-day work we deal with seismic
volumes that register the P wave arrivals, but it’s well
known that non-zero offset data carries shear wave
velocity information. Also, if we try to calibrate these
data with well logs, we will notice that there are a lot
of wells that doesn’t contain shear wave sonic log, or
it isrestricted to asmall depth range.

In gpite of some neural network and
multivariate panaceas, the Greenberg-Castagna
method has proven to be a very useful and reasonable
approach to aobtain shear wave velocity. Obvioudly,
sometimes it fails on particular cases, especialy if we
have some mineralogical peculiarity. There are a lot
of examples where just one laboratory based
adjustment of the original equations gave very good
results.

Figure 1 presents the crossplot between Vp
and Vs for some water-saturated Brazilian
sandstones, along with the Greenberg-Castagna line
for pure-quartz sands. Each symbol represents a
different reservoir. We would like to point out that
the red points corresponds to Terciary sands, while
every other data refers to Cretaceous sandstones. It's
curious that one particular Cretaceous sand (the blue
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points) behaves just like the Terciary one. The
crossplot in figure 2 was obtained after calibrating the
Greenberg-Castagna coefficients for one particular
reservoir. There the measured and predicted shear
wave velocities over all the geologic column are
presented. Note that one interval, which contains
igneous rocks, falls a little bit far from the perfect
prediction line.
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Figure 1 - Vs-Vp cross plot for some water saturated
Brazilian sandstones. The line represents the Green-
berg-Castagna equation for sandstones.
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Figure 2 - Shear velocity from sonic log and obtained
by Greenberg-Castagna calibrated. The line repre-
sents perfect prediction.
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Figure 3 presents the comparison for the
Krieff's prediction and the measured shear wave
velocities for 174 Brazilian limestone samples. Note
that Krieff’s method does a fairly good job, although
it tends to give systematic lower shear wave veloci-
ties.
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Figure 3 - Shear wave velocities of water saturated
Brazilian limestones measured and predicted by
Krieff's method. The line represents perfect fit.
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water saturated Brazilian sandstones.
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Observing figure 4 we may notice that the
Krieff's method doesn’t work so well for sandstones,
and tends always to give a higher shear wave velocity
than the real value.

Velocity-Porosity Relations

Since the fifties people try to deduce or infer
useful velocity-porosity relations. Wyllie's time-
average equation was conceived to obtain porosity
from sonic log, and is still used, although not always
recommended, to obtain porosity form seismic datain
deterministic or even sthocastic inversions. In fact,
many other authors, like Raymer et al. (1980), Han et
al. (1986), had proposed other equations to predict
velocity from porosity or vice-versa. Particularly the
Nur’'s critical porosity concept are quite attractive
because of its inherent physical coherence. Also, we
cannot forget models like those from Dvorkin and
Nur (1996). It is recommended to draw specific ve-
locity-porosity laws for the case under study, instead
of applying genera laws, if we have a representative
data set. Figure 5 presents one example for Brazilian
limestones.

It is curious to note the similar acoustic im-
pedance to porosity correlation observed on two dif-
ferent Brazilian sands, one Cretaceous and other
Terciary age, asillustrated in figure 6.
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Figure 5 - Velocity-porosity relation for dry Brazilian
limestones.
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particular Brazilian sands.
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Velocity-Density Relations

We are always handicapped when dealing with
seismic data. In spite of it's large, continuous cover-
age, and although amplitudes are related to imped-
ance, we cannot obtain a real impedance measure-
ment. The best we can do is to infer contrasts. So, it's
good to know some velocity to density relations to
refine our interpretation and inversion projects. The
famous and effective Gardner equation can be used,
or the new proposals from Castagna, but, again, if we
know something about our rocks, we have to use it.

Figure 7 shows a cross plots between com-
pressional wave velocity and density for water satu-
rated Brazilian sandstones in which each different
symbol represents one case. It can be notice that the
Castagna's proposed equations could give a good
estimation for densities but, again, we can make it
better by calibrating the equation to our target reser-
Vair.

Velocity Per meability

Although it's not physically justified, some-
times we are quite lucky to have a good velocity-
permeability relation. The plot on figure 8 shows a
blind test where we had put the permeability log ob-
tained form velocity and porosity logs with absolute
permeability data obtained from core samples. This
particular well was not used on the construction of
our velocity-porosity-permeability function. In this
case we know that the particular diagenetic history of
the reservoir is responsible for this good correlation:
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the decrease in reservoir permeability are due to cal-
cite cementation, that leads also to higher velocities.
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Figure 7 — Velocity-density cross plots for Brazilian
sandstones.

Conclusions

As shown here with some examples, although
some general rock physics transforms can predict
some petrophysical to seismic properties correlations
in Brazilian rocks, a more detailed analysis can be
done by calibrating these relations to particular fields.
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Abstract

Shear wave velocities are used here as an indicator
for failure mechanism contributions in rock
compessive tests. Eleven high porosity carbonate
samples & tested with shear wave velocity
monitoring. Eight of them follow forced linear
confiningdeviatoric stress paths while the remaining
three are uniaxial strain tests. Using the shear velocity
profile acquired on each test and a pre-defined model
for shear failure, it was possible to analyze the
contrikution of failure mechanisms: shear failure and
pore colhpse.

Introduction

High porosity reservoirs offer ideal conditions for
dewelopment of pore collapse, as showed by Soares
(2000). Such rock failure mechanism may be the
cause of some known production field subsidence and
abrup decreasing on production rates.

As described by Scott Jr et al. (1998), among main
rock strén mechanisms are elastic deformation,
dilatance, pore collapse and normal consolidation.
Elastic deformation occurs at low stress levels and
doesnot cause reservoir damage. Dilatance occurs
mainly at low confining pressure and high deviatoric
stress and it is accompanied of intense rock micro
fissurng and increase of rock volume. In
compressin triaxial tests, dilatance occurs after
elastic deformation and immediately before shear
failure. Pore collapse occurs mainly on highly porous
sandstone or limestone, under high stress levels, but
insufficient to reach the shear failure envelope. This
failure mechanism involves rupture of grain-grain
contacts, which results in collapse of the whole
porous framework. Normal consolidation occurs after
the collapse of pores, with grain rearrangement,
constant decrease of porous volume and, as a
consequenceock compaction.

All these reservoir deformation phases may be
monitored through measurements of wave velocities.
Scott Jret al (1998) show how these phases may be
recoqnized in a wave velocity profile. During elastic
deformdion there are closing of microfissures and all
possiblegrain-grain contacts are done. This results in
an approximately linear increase of wave velocities.
Dilatance, which immediately precedes shear failure,
strongly diminishes the shear velocity gradient. On
the otter hand, pore collapse mechanism includes
loss of rock cohesion due to cement rupture. This
damages grain-grain contacts and, as a consequence,

wave \elocities decrease. This pore collapse effect is
especidly observed for shear wave velocity.

The mebanism which dominates rock failure, shear
or pore collapse, depends on the relationship between
the effective confining pressure (hydrostatic) and the
tectanic stresses (deviatoric). Paths of stresses with
low confining to deviatoric stress ratio, preferably
induces rock shear failure, while high confining to
deviatoric stress ratio tends to induce rock pore
collapse. Triaxial tests, with constant confining
pressure, can lead to shear failure or pore collapse,
dependig on the confining pressure level. Low
confining pressure leads to shear failure while high
pressuresnduce pore collapse. Uniaxial deformation
tests, where confining pressure is increased according
the rate need to avoid lateral sample expansion, have
a nonfinear stress path. This is an intermediate path
between those of hydrostatic and triaxial tests, and as
a consquence, can lead to shear failure, pore
collapse, or a sum of contributions of both failure
mechanisms

Simply andyzing how shear velocity varies along
rock mechanics tests, it is possible to identify the
point ofrock failure. To clearly identify the dominant
mechanism of rock failure, however, it is necessary
anadditional information. Here it was used a function
which defines the shear failure envelope, according
the non-linear Mohr-Coulomb criterion (Soares &
Dillon, 2000). This function defines the shear failure
envelog in terms of rock dynamic shear modulus and
confining pressure. Comparison between the stress
path andthe shear failure envelope, for each test,
identified whether the failure was primarily due to the
shear failure or pore collapse contribution.

Laboratory tests

Eleven core samples, extracted from a 70m thick
carbonate interval, were tested. Rock samples were
cylinders around 2in long and 1.5in of diameter.

Before tests, they were cleaned, dry and saturated
with mineral oil. Relative depths to the shallowest

sample (9102) and lab-measured porosities are

presentd in Table 1.

To analye the influence of stress paths on occurrence
of pore collapse, pre-defined linear paths of stress
were adopted for eight tests, while the three others
were uniaxial deformation tests, what means non
linear stress paths. Figure 1 presents the stress path
for each sample/test.
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Results

To identify the predominant failure mechanism of a
given test, it was plotted, in the same frame, the stress
path, the shear velocity profile and the shear failure
envelope. After Soares & Dillon (2000, the ultimate
rock strength 0,¥ may be expressed as a function of
the effective confining pressure o5 and the dynamic
rock shear modulus Gyas

of _ —b+4b? +4a0§
o1 =

2a
where a, b, d and e are regression coefficients. For
carbonates a = 0.00082, b = 0.5888)5, d = 0.855462
and e=0.30956. Stresses are given in MPaand G4 is
in GPa. Deviatoric sress is the difference 6, - 057,
and so, the shear failure envelope may be computed
for the confining / deviatoric stress plane.

Figure 2 and Figure 3 show, for each tested sample,
the stress path (red), the shear failure envelope
(black) and the shear wave velocity profile (blue). In
these figures, stress paths and shear envelopes have
coordinate values on the left axis while shear velocity
profiles have coordinate values on the right axis.
Vertica segmented lines indicate the point of rock
failure, as suggested by shear velocity profiles.

In Figure 2, tests of rock samples 912, 9162, 9120,
9144 9177 and 9147 show initial decrease on shear
velocity over the confining pressure indicated by
segmented lines, indicating failures. In these tests,
stress paths do not yet achieved the shear failure
envelope at failure Therefore, for tests on Figure 2,
failure occur primarily due to pore collapse.

Tests of samples 9138, 9129, 9020, 913 and 9159,
showed in Figure 3, do not show decreasing of shear
velocities, instead, sometimes show a shear velocity
threshold when the stress path crosses the shear
failure envelope. This is an indication that in these
tests the dominant mechanism was shear failure.

Should be noted that stress paths of Figure 3 have
higher inclination than those of Figure 2, and shear
velocity profiles in Figure 3 do not show decreasing
at the point of failure, asthose of Figure 2. Therefore,
pore collapse would be the dominant failure
mechanism only for low inclination stress paths.

+dGy +e (Gyf

Conclusions

Based on these results we conclude that the dominant
failure mechanism is mainly defined by the stress
path. High confining pressures with low deviatoric
stresses lead to pore collapse, while low confining
pressures with high deviatoric stresses lead to shear
failure. Shear wave velocity monitoring permits the
identification of both failure mechanisms.
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Table 1 — Samplesreative depth and porosity.

Sample Reative | Porosity
Reference| Depth (m) (%)
9102 0.00 30.2
9020 0.30 314
9120 3305 314
9129 35.90 319
9135 3775 237
9138 38.65 24.0
9144 40.80 289
9147 41.80 27.6
9159 46.10 251
9162 47.20 30.2
9177 5275 311

9159
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9138 |
9147
9020 |
9177
9144 | |
9120
9162 | |

Deviatoric stress (MPa)

9102
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Figure 1 — Stress paths for al samples.
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ABSTRACT

Advantages of using shear waves have already been
known for a long time, specialy when used together
with compressinal waves. Applications include well-
bore stability analysis, gas detection, evaluation of
formation anisotropy, interpretation and calibration
of AVO analysis. Specificaly with AVO modelling,
when shear-wave logs are not available or when
doubts about log accuracy arise, it is possible to pre-
dict the Vs logs using some of the models published
in literature. In this paper, using data from two off-
shore wells, we compare the performance of two
models for predicting V's: the well-known Greenberg-
Castagna and an artificial neural networks method
named backpropagation. Each method showed advan-
tages and limitations and depending on the quality of
preliminary information avail able one of the methods
can prevail over the other.

INTRODUCAO

A informacdo da onda S tem um papel fundamental
numa série de aplicacdes, possibilitando entre muitos
beneficios aidentificacdo de fluidos e de litologias e a
interpretacdo e calibracdo das respostas de AVO
(Amplitude versus Offset). Por uma miriade de moti-
vos o perfil de onda S pode ndo estar disponivel ou
entdo pode ter a sua qualidade comprometida, segja
pelas limitacBes das ferramentas ou por problemas
relacionados ao proprio poco. Devido a proble-
mas e também pela crescente demanda por calibra-
¢oes de andlise de AVO surgiram varios métodos de
geracdo perfis sintéticos de onda S. Em 1997, Lira et
al. realizaram um estudo comparativo entre a técnica
de Greengberg-Castagna (GC), Krief e asrelacfes Vp
X Vs obtidas de medic¢des laboratoriais de amostras de
rocha para quatro pogos offshore brasileiros. Observa-
ram que GC obteve resultados superiores a0 método
de Krief nesta area, sendo, no entanto, inferiores aos
resultados obtidos com as relacfes geradas a partir de
dados de laboratério. Todavia, devido ao ato custo
envolvido na testemunhagem, as amostras de rocha
estdo disponiveis apenas em alguns pogos, e mesmo
nesses pocos a amostragem € restrita a pequenos
intervalos, e conseqlientemente limitando as relacdes
VpxVs a esses intervalos. Por isso, e também com o
objetivo de buscar sempre solugdes cada vez mais
precisas, novos métodos tém sido testados e suas
performances constantemente comparadas com 0s

modelos ja estabelecidos. Neste sentido o método de
Greenberg-Castagna € comparado com uma ferra-
menta que tem tido uma grande aplicacdo nos mais
diversos campos do conhecimento e destacando-se
por sua capacidade de solucionar problemas ndo line-
ares. asredes neurais.

GREENBERG-CASTAGNA

Greenberg e Castagna (1992) desenvolveram um
meétodo de geracdo de perfis de Vs a partir de relacoes
empiricas estabelecidas com base em perfis e em
dados de laboratorio entre Vp e Vs para rochas mo-
nominerdicas (arenito, dolomita, calcita e argila)
saturadas com salmoura. O método consiste basica-
mente em se determinar de forma iterativa valores de
Vp e Vs para rochas saturadas com salmoura que sdo
entdo levados a condicdo de saturacédo darocha in situ
através da técnica de substituicdo de fluidos (Equa-
¢Oes de Gassmann, 1951) gerando dessa forma um
perfil calculado de Vp e de Vs. Esse processo se
repete até que até que as velocidades compressivas
calculadas gerem valores de Vp similares aos do
perfil segundo algum critério de convergéncia. Atin-
gido o critério, considera-se determinado o perfil de
Vs para a saturacdo in situ. Este método requer o
conhecimento da litologia, saturacdo e dos médulos
elasticos e densidade dos congtituintes minerais e dos
fluidos saturantes

REDES NEURAIS

Redes neurais sao métodos computacionais néo linea-
res que ndo requerem um modelo matemético inicial
para obter a solugdo de um problema. E recomendado
na solucéo de problemas complexos, onde aincognita
gue se quer determinar € funcéo de uma série de fato-
res inter-relacionados. A idéia bésica é que a rede é
capaz de aprender a solucdo aplds ser apresentada a
um conjunto previamente selecionado de dados de
entrada e saida. Durante o processo de aprendizado é
importante o acompanhamento da performance da
rede utilizando paratal critérios de convergéncia bem
definidos, pois a partir de um certo ponto ela comeca
a memorizar a resposta e, dessa forma, a perder sua
capacidade de generalizar, ou seja, sua habilidade de
produzir resultados precisos quando apresentada a um
conjunto diferente de dados. Para confirmar a aplica
bilidade da rede gerada, apds o treinamento a rede é
testada com um novo conjunto de dados e s entéo,
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ao obter resultados satisfatorios, a rede é reamente
aprovada. A arquitetura de rede empregada neste
trabalho é a Backpropagation (BP), que por ser amais
bem compreendida do ponto de vista matemético e
operacional, € a mais utilizada no mundo. Detalhes
sobre o funcionamento deste tipo de rede pode ser
encontrado em Wassermann (1989).

RESULTADOS
POCO A
Greenberg-Castagna

A partir dos dados de litologia, saturagcéo e do
perfil de Vp calculamos o perfil sintético de Vs para
dois pocos da area utilizando a técnica de GC. O
resultado para o pogo A, onde foi corrida a ferramenta
DSl, pode ser visto na figura 1. Observa-se que o
perfil calculado apresenta uma boa concordancia com
o perfil original, exceto no reservatério. A razéo para
esta discrepancia pode ser devido a ocorréncia de
invasdo por filtrado de lama ou por uma impreciséo
na quantificacdo da saturagdo. Uma indicacdo da
invasdo da formagdo pelo filtrado de lama é a diminu-
icdo do didmetro do poco observado no perfil de
Caliper, causada pela formac&o do reboco na parede
deste. Outra é a comparacdo dos perfis de resistivida-
deLLDelLLS.

(m)

X300

@
-]
=
k-]
=]
2
&
o

Figural: Suite de perfisdo poco A, onde foi
acrescentado o perfil sintético de Vs de GC.
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Como a ferramenta de Vp tem pouca profundidade de
investigacdo, é comum que ela mega porcles da ro-
cha que est&o pelo menos parcialmente invadidas pelo
filtrado. Baseado nestas consideracfes e no fato de
que o perfil de Vs é estimado a partir de VP, calcu-
lou-se um novo perfil de Vs, sendo que a condi¢éo de
saturacdo informada foi de uma formacdo totalmente
invadida. O resultado pode ser visto naFigura 2. Aqui
temos o perfil original e o novo perfil de G.C, com a
condicdo de invasdo informada. Observa-se que agora
ha uma boa amarragéo entre os dois perfis. A correla-
¢do entre eles é de 87 % neste intervalo. Este resul-
tado é uma indicacdo de que o método de GC pode
ser uma ferramenta de controle de qualidade dos
perfis obtidos por ferramentas dipolares quando o
volume dos constituintes litol 6gicos e a saturagao sao
informados corretamente.

Back Propagation
A BP que empregamos para obter o perfil deonda S é
congtituida por duas camadas internas e tem como

dado de entrada o perfil de onda P e o perfil de raios
gama. O perfil deonda P éum parametro “natural”,

uma vez que tanto Vp quanto Vs sdo afetados de

VSGCZ LLS
2000 0.1 1 10

LLD
1

1000

x
@
&
3
]

Profundidade (m)

Figura 2: Ao alterar a saturacdo do reservato-
rio, aamarracéo do perfil de Vs melhorou.
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forma similar pela litologia e pela porosidade. Some-
se a isso o fato do perfil de Vp estar disponivel em
praticamente todos os pogos dessa area. Quanto ao
perfil de raios gama, € de conhecimento geral que a
guantidade de argila € um fator que também influen-
cia bastante a velocidade da onda cisalhante. (Han et
al.,1986). No processo de treinamento da rede foram
tomados cuidados na selecdo de dados que fossem
representativos das litologias encontradas e sem pro-
blemas ambientais. Foram utilizados dois pogos no
treinamento, sendo que em um deles a ferramenta de
sbnico utilizada foi o DSI enquanto que para o outro
poco foram corridas as ferramentas X-MAC e DS,
sendo porém em intervalos distintos. Na etapa seguin-
te quando se avaliou a aplicabilidade da rede foram
empregados mais dois pocos, onde em cada um deles
foi corrida uma ferramenta diferente.

Para 0 poco A obteve-se um resultado ligei-
ramente inferior ao do método de GC. Como pode ser
visto na Figura 3 o0 método de BP no trecho do reser-
vatério onde ha o problema da invasdo da formacéo
amarrou bem com o trecho do perfil contaminado.
Isto ocorreu mesmo treinando somente com porgdes
do poco sem problemas ambientais, pois no momento
de se gerar a solucdo esta € dada a partir de um perfil
de Vp que tem trechos registrados dentro da zona
invadida.

B
°
=
2
= x0004
E
8
a

Figura 3 — Solucéo da BP para o pogo A

POCO B

Greenberg-Castagna

Na Figura 4 temos os dois perfis de VS do
poco B para comparagéo: o obtido pela ferramenta X-
MAC e o calculado pela técnica de GC. Valores mais
altos de Vs correspondem a ocorréncia de diabasio,
gue ficou bem marcado no perfil de GC. No perfil
calculado o contraste de velocidade entre o arenito e a
rocha sobreposta a esta € menor que o que se observa
no perfil de campo. Para o arenito os valores calcula-
dos foram superiores ao do perfil, ocorrendo o com-
portamento inverso para as argilas. Porém é impor-
tante observar que o perfil sintético conseguiu prever
a quebra na velocidade. Quanto a causa da discrepan-
cia entre os perfis, esta pode estar relacionada a uma
descricdo litologica simplificada, o que levaria a
imprecisdes no calculo da Vs pelo método de GC.

Peigdeemy 1oy

Figura 4: Perfis do Poco B onde se compara o
perfil sintético de Vs de GC com o original.

Back Propagation

Na geracdo do perfil sintético via Back Pro-
pagation foi aplicada a rede obtida anteriormente.
Para o poco B aresposta gerada foi um pouco melhor
gue a obtida pelo método de GC, exceto no nivel do

917



#

Perfissintéticosde Vs.

diabasio. Observando-se a Figura 5, nota-se que o
método de BP ndo conseguiu identificar o diabasio.
Esse resultado é fungdo da informagdo disponibiliza-
da durante o treinamento, quando nenhum dado deste
litologia foi apresentado arede. No restante do perfil
estudado a amarracéo do perfil gerado foi muito boa,
mesmo no intervalo acima do diabasio onde o método
de GC néo funcionou bem.

VSHH
2000 3000 4000

GR

2000 3000 4000 S0 100 150

X160 5

)

X260

Profundidade (m)

X360 2

=

Figura 5: Suite de perfis do poco B junto com a
solucéo daBP paraVs.

COMENTARIOS

Observou-se que 0 método de Greenberg-Castagna
pode ser muito Util mesmo quando o perfil de Vs
existe, pois pode servir como uma ferramenta de
controle de qualidade deste. No caso do poco A o
perfil sintético indicou problemas que poderiam estar
ligados a invasdo de filtrado ou na informacdo da
saturagdo do perfil. A analise de outros perfis dispo-
niveis permitiu esclarecer a situagéo. Ainda sobre este
método, a solucdo gerada vai depender sempre da
aplicabilidade da teoria de Biot-Gassman e da quali-
dade da informagdo necessé&ria a priori, como a lito-
logia e a saturagéo.

O método de redes neurais também apresen-
tou resultados satisfatorios, porém a sua aplicabilida-
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de depende da disponibilidade de pogos com perfis de
Vs de boa qualidade para as fases de treinamento e
teste e também da representatividade dos dados apre-
sentados a rede. A presenca de perfis de diferentes
companhias de servico ndo foi um problema uma vez
gue havia dados suficientes para caracterizar as duas
ferramentas. Uma possivel vantagem deste método é
gue uma rede treinada apenas com perfis que por suas
caracteristicas técnicas Iéem aém da zona invadida
poderia gerar perfis ndo contaminados.

Por outro lado, por tratar-se de um método
deterministico, no modelo de Greenberg-Castagna
tem-se um maior controle das incertezas do resultado.
Inclusive, segundo Wasserman (1989), toda rede
possui um certo grau de imprevisibilidade.
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Abstract

In gas-saturated sediments, the Poisson's ratio (PR)
decreases with decreasing differential pressure
(confining minus pore pressure). In liquid-saturated
sediments the opposite is true: PR increases with
decreasing differential pressure. This means that in
gas-saturated sediments, PR decreases with
increasing pore pressure and in liquid-saturated
sediments it increases with increasing pore pressure.
This effect can be used as a new tool for seismic pore
pressure and pore fluid monitoring during production
as well as for overpressure detection from AVO and
elastic impedance inversion, as well as from cross-
well, sonic logs and measurements ahead of the drill
bit.

Introduction

Typically, elastic-wave velocity in gas-saturated rock
is measured in the laboratory by varying confining
pressure while maintaining constant pore pressure.
Because velocity reacts to the differential (confining
minus pore) pressure, such data can be used to predict
in-situ velocity variations in rock with gas due to pore
pressure changes at constant overburden. Velocity at
in-situ saturation can be calculated from the rock-
with-gas velocity via Gassmann's (1951) fluid
substitution. Therefore, velocity-versus-pressure data
combined with fluid substitution can be used to
predict rock elastic property changes in reservoirs
during production (Figure 1). Also, these data are a
basis for interpreting seismic measurements for pore
pressure and fluid variation in time and space.

The time scale of laboratory experiments is
much smaller than the geologic time scale of
overpressure development. Still, the laboratory
experiments where pressure changes rapidly can be
used to model the important transient (late-stage)
overpressure mechanisms that are invoked when the
pressure of the fluid in the rock mass is allowed to
increase relative to hydrostatic through (a)
aquathermal fluid expansion; (b) hydrocarbon source
maturation and fluid expulsion; (c) clay diagenesis;
(d) fluid pumping from deeper pressured intervals;
and (e) decrease in overburden due to tectonic activity
(Huffman, 1998).

The decrease in Vp with increasing pore
pressure has been used for overpressure detection and
production monitoring (e.g., Moos and Zwart, 1998).
Yet, velocity does not uniquely define pore pressure
because it also depends, among other factors, on
porosity, mineralogy, and texture of rock.

We propose to resolve this non-uniqueness and

improve the reliability of pore pressure detection by
using PR calculated from the P- and S-wave velocity
as an overpressure indicator. A combination of PR
(often referred to as the elastic impedance) and the
acoustic impedance (the product of the P-wave
velocity and bulk density) allows one to determine
both pore pressure and pore fluid (Figure 2).

Water
Flood

BRINE

Vp (km/s)

Gas
o Injection

N

Gas out of
Solution GAS
Il Il Il 1 \
5 10 15 20 25 30

Pore Pressure (MPa)

Figure 1 - Laboratory velocity data for a sand
sample. Velocity versus pore pressure for 30
MPa confining pressure. Arrows show velocity
variation during three different production
scenarios. For example, during gas injection,
oil is replaced by gas and pore pressure
increases; during water flood, oil is replaced by
water and pore pressure increases; during gas-
out-of-solution drive, oil is replaced by gas and
pore pressure decreases.

Poisson's Ratio and Pressure in Rocks with Gas

PR (V) can be calculated from the compressional- and
shear-wave velocity (Vp and Vs, respectively) as

v=0.5(Vp* / Vs> =2)/ (Vp* [ Vs* —1).

Nur (1969) was probably first to record the
decrease of PR with decreasing differential pressure
in room-dry granite and dolomite samples. Nur and
Wang (1989) state that the Vp/Vs ratio in gas-
saturated rocks increases with increasing differential
pressure. Wang (1997) supports this statement by
laboratory velocity measurements in carbonate
samples. This effect appears to be general and can be
observed in many sandstone and sand samples. Data
from some of them are given in Figure 3 where the
porosity range is between zero and 40% and the clay
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content range is between zero and 45%. The
compressional-wave velocity varies significantly
among these samples but PR invariably decreases
with increasing pore pressure.

Poisson's Ratio
o

Pore "
Pressurg Gas out of
1k Solution
GAS
O Il Il Il
3 4 5

P-Impedance (km/s g/cc)

Figure 2 - Poisson’s ratio versus P-wave
impedance. Bold gray arrows show the
direction of pore pressure increase. Only the
gas-out-of-solution production scenario is
shown.
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Figure 3 — Gas-saturated rocks. Poisson’s ratio
(PR) versus pore pressure (Pp) at constant
overburden.

Data collected on dozens of sandstone samples
are summarized in Figure 4a where the dry-rock PR
at normal and high pore pressure is plotted versus
porosity. The ranges of the low-pressure and high-
pressure PR do not significantly overlap. At the same
time, depending on porosity, mineralogy, and texture,
the low-pressure velocity in some samples may be in
the same range as the high-pressure velocity in others
(Figure 4b).

Dvorkin et al. (1999) theoretically explain this
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PR versus pressure effect as a result of opening of
compliant microcracks at increasing pore pressure.
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Figure 4 — PR versus porosity and Vp versus
porosity in gas-saturated sandstones at high and
normal pore pressure. PR values at high pore
pressure are distinctively different from those at
low pore pressure.

Poisson's Ratio and Pressure in Rocks with Liquid

The Poisson's ratio versus pressure behavior in rocks
with liquid is opposite to what we observe in rocks
with gas. The higher the pore pressure, the softer the
rock and the larger the relative increase in the bulk
modulus between dry and water-saturated samples.
With the shear modulus being the same for the dry
and saturated rock (Gassmann, 1951), PR increases
with the increasing pore pressure. An example of
such behavior is shown in Figure 5 for sand samples.

SO 71T T T T T 7T
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g -
0
g o
173
2 44+ ... E
£ ..
42+ E
Prasad (2000)
qob—L 111 b))
(0] 4 8 12 16 20

Pore Pressure (MPa)

Figure 5 — PR versus pore pressure in two
water-saturated sand samples (Prasad, 2000).

The same effect is shown in Figure 6a for a
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number of sand samples in a medium-to-high porosity
range. In Figure 6b we plot PR at high pore pressure
versus Poisson's ratio at normal pore pressure for a
suite of gas- and water-saturated sands. The vertical
and horizontal axes of this graph have the same scale.
PR of water-saturated sand at high pore pressure is
larger than that at normal pore pressure while PR of
sand with gas at high pore pressure is smaller than
that at normal pore pressure.
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Figure 6 — a. PR versus porosity in sands with
gas and water at high and normal pore pressure.
The pressure related change in PR is opposite in
gas- and water-saturated sands. b. PR at normal
pressure versus PR at high pressure in gas- and
water-saturated sand.

Pressure and Fluid Diagnostic Charts

An approximation of Zoeppritz equations states that
P-wave reflection R(6) at an angle 6 depends on the
contrasts of the P-wave impedance Ip and Poisson's
ratio V at the reflecting interface:

1

R(8) = R(0)cos” 0 +d(1 Y

)sin® @,

where R(0) is the normal reflection:
R(0) = A(0.51n Ip),

where A is the change across the reflecting interface.
By combining the above two equations, we have:

In/ 1 In/
R(O)=A(—L)+ A -—2L)sin” 6.
(6)=A(—5) + A= = —")sin

The last equation indicates that it is possible to
determine the P-wave impedance from normal
seismic reflectivity and Poisson's ratio from

reflection at an angle.

Let us explore whether it is possible to identify
pore pressure and pore fluid in the Poisson's ratio
versus P-wave impedance plane. In Figure 7 we
present such cross-plot for sands saturated with
water, oil, and gas, and at varying pore pressure.
First of all, we can clearly identify the water, oil, and
gas domains in this plane. Second, within each
domain, we can identify pore pressure following the
directions indicated by the arrows.

Poisson's Ratio
o

YDROCARBON

3 4 5
P-Impedance (km/s g/cc)

Figure 7 — Pore fluid and pressure diagnostic
chart for sands. PR versus Ip. Water-saturated
sands occupy the top right corner, gas-saturated
sands are in the opposite corner, and oil-
saturated sands are in the middle. The arrows
show pore pressure increase.

Conclusions

The recent progress of geophysical measurement
technology can allow one to extract shear-wave data
from surface and marine (bottom cables) reflection
profiling, well logs, and cross-well measurements,
and, in the future, from measurements ahead of the
drill bit.

Because of this, the observed and theoretically
confirmed effect of Poisson's ratio decreasing with
increasing pore pressure in rocks with gas can be used
as a physical basis for a new method of pore pressure
and pore fluid monitoring and overpressure detection.
This effect was probably implicitly used by Pigott et
al. (1990) and Pigott and Tadepalli (1996) in esti-
mating pressure from AVO inversion in carbonates
and clastics.

The new method offered here can be used to
improve the reliability of traditional methods and
their recent modifications (e.g., Bowers, 1994; Moos
and Zwart, 1998) where only the compressional-wave
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velocity and density or porosity are used and the
shear-wave velocity is used to correct for fluid
effects.

The effect of pore pressure on the saturated-rock
Poisson's ratio can be accurately calculated from the
dry-rock data and then used for overpressure
prediction as well. Laboratory measurements on
representative site-specific rock samples should allow
one to quantify and calibrate the observed effects.

Everything said here about Poisson's ratio applies
to the Vp/Vs ratio as well.

Finally, a pore pressure and fluid diagnostic chart
shown in Figure 7 can be displayed in different axes,
such as, for example P- and S-wave impedance
(Figure 8). Another possibility, commonly used
nowadays, is a Ap versus Up cross-plot, where A and
U are the Lame elastic constants, and p is the bulk
density.
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Figure 8 — Pore fluid and pressure diagnostic
chart for sands. P-wave impedance versus S-
wave impedance. The upper linear trend is for
sand with water, the lower trend is for sand with
gas, and the middle trend is for sand with oil.
The arrow shows pore pressure increase.
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The effect of in-situ stress on the acoustic transmission response

of sandstone rocks.

Enrique Diego Mercerat! Kees Wapenaar! Jacob Fokkema'and Menno Dillen

Abstract

Ultrasonic experiments have revealed an interest-
ing scaling behaviour in the acoustic tranmission
response of several sandstone rock samples. The
acoustic traces have been recorded for a great vari-
ety of ambient pressures that simulate the charac-
teristic in-situ stresses to which reservoir rocks are
submitted.

Some assumptions on the micro-structure and
mineralogy of the rocks are made. From them,
a mathematical model for the pressure-dependent
scaling behaviour is derived and tested using nu-
merical modelling techniques. Even simple one-
dimensional layered models for wave propagation
through the sandstone rocks show scaling be-
haviour on the transmission response similar to the
effect observed in the experimental traces, suggest-
ing our model as a good starting point to analyze
the pressure-dependent behaviour of such reservoir
rocks.

Introduction

A couple of years ago, ultrasonic transmission mea-
surements in sandstone rock samples have been
carried out at the Laboratory of Rock Mechanics,
Department of Applied Earth Sciences, Delft Uni-
versity of Technology. An interesting scaling be-
haviour of the acoustic transmission response was
observed. It appeared that not only the arrival time
reduces when the ambient pressure increases, but
that the width of the wavelet reduces by approxi-
mately the same relative amount. Changes in the
amplitude of the seismic signals were also recorded
with changing pressure. It seems possible that as
a result of changing ambient pressure, some elasto-
dynamic rock parameters will change, causing the
observed differences in the arrival time, amplitude
and width of the transmitted pulse. The aim of
this work is to propose a possible theoretical expla-
nation of the observed phenomena. First, a quick
review of the experiments is outlined. After that,
the analytical derivation of the scaling model and
some numerical results are presented.

T Centre for Technical Geoscience, Department of Applied
Earth Sciences, Delft University of Technology, The Nether-
lands.

Experimental data

Pressure machines and acoustic

installation

Due to different sample shapes, two pressure ma-
chines were used to perform the experiments: the
uni-axial pressure machine (for prismatic samples)
with maximum applied pressure of 20 MPa, and
the tri-azial pressure machine (only for cubic sam-
ples), which pressure range lies between 2 MPa
and 82 MPa, in the three perpendicular axial
directions. In each pressure plate, three piezo-
electric broad-band transducers are mounted, one
P-transducer and two mutually perpendicular po-
larized S-transducers. They have a central fre-
quency of 1 MHz and they are in direct contact
with the sample and pressed, by means of a spring,
with a constant force on the block.

Rock $msn

Several sandstone rock samples were used in the
experiments. They are all rather clean sandstones
containing quartz, feldspar and, to a lesser extent,
some rock fragments. They represent typical reser-
voir rocks with a wide range of porosity values (5
% - 20 %). For a detailed mineralogical and petro-
physical characterization of the rocks, we refer the
reader to Dillen (2000).

Figure 1: Thin section micro-photograph
Rotliegend sandstone

923



1

Mercerat, Wapenaar, Fokkema & Dillen

In Figure 1, a micro-photograph of Rotliegend
Sandstone can be seen. This thin section comes
from a core drilled in a well at the northern Nether-
lands’ off-shore, and it was not used for the ultra-
sonic experiments. From the matrix structure, it
is possible to hypothesize that different grains can
react differently to large in-situ stresses. Harder
quartz grains may remain unchanged, while softer
grains (i.e. feldspar, clay cement) or grain contacts
may strongly change their acoustic parameters as a
function of applied pressure. Also some reordering
of the grains following preferable directions (for ex-
ample, perpendicular the to main effective stress)
can occur.

Scaling behaviour

Pressure-dependent dynamic characteristics of the
sandstone rocks are fully described in Dillen (2000)
and Swinnen (1997). In this work, we are specially
interested in the scaling behaviour of the transmis-
sion response. It is worthwile to mention that the
scaling of the traces has been observed in every
sandstone sample and both in P and S waves ar-
rivals. Also it has been carefully checked that the
time and amplitude changes are not source effects,
therefore it is the propagation through the sand-
stone that changes with changing pressure. In Fig-
ure 2, the scaling behaviour in the Rotliegend sand-
stone can be clearly seen. The time-axis seems to
be scaled by a single factor when the ambient pres-
sure is changed from one value to the other. Also
the amplitude changes when changing the pressure.

The binary layered medium

approach

In order to study the scaling behaviour analyti-
cally, we start by making a number of assump-
tions: we consider the sandstone horizontally lay-
ered. Secondly, the layered medium consists of only
two types of material (hence the name binary lay-
ered medium), and the third assumption is that
changes in the ambient pressure do not affect the
layer thicknesses, but only the material acoustic pa-
rameters. Figure 3 exemplifies the assumed model
for two different pressure states.

With these assumptions the depth-dependent
normal-incidence plane-wave reflectivity r(z) obeys
the following scaling relation

r8(2) = Bra(z), (1)

where the subscripts A and B refer to two differ-
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Figure 2: P-waves for increasing pressure (tri-axial
pressure machine) in Rotliegend sandstone
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ent ambient pressure states. When the material
parameters of both layer types react similarly (in
a relative sense) to changes in the ambient pres-
sure then § = 1; when they react differently, then
B # 1. The average vertical slowness s of the ma-
terial obeys the following relation

SBp=aQs4. (2)
In the following section we will evaluate the scaling
behaviour of the transmission response of binary
layered media analytically.

Scaling behaviour of the transmission
response

The normal-incidence plane-wave transmission re-
sponse of a layered medium can be expressed in
the frequency domain in terms of a ‘generalized pri-
mary’ propagator W(z1, z¢,w), according to

W(217207w) = P(Zla ZO:""J)M(Zla ZO:""J) (3)
= exp{—jwsAz} exp{—A(2w5)Az},
where Az = z; — 29. The first exponential de-

scribes the (flux-normalized) primary propagation
from depth level zy to z; and the second exponen-
tial accounts for the internal multiples generated at
all interfaces between those two depth levels. The
function A is the Fourier transform of the ‘causal
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Figure 3: Two different pressure states in a binary
layered medium. Left: state A (lower pressure),
Right: state B (higher pressure)

part’ of S(z), according to

Alk) = /0 T eplojka}S()dzs  (4)

where S(z) is the autocorrelation of the reflection
function r(z), expressed by,

21—z
S =gz O )
Note that equation (3) is the well-known
O’Doherty-Anstey  relation  (O’Doherty and
Anstey, 1971), except that A(k) in equation (4)
is expressed in terms of a spatial rather than a
temporal autocorrelation function. The depth-
time conversion takes place in equation (3), where
A(k) is evaluated at kK = 2w5. Assuming r(z)
obeys equation (1), A(k) has the following scaling
behaviour
Ap(k) = % Aa(k), (6)
where the subscripts A and B refer again to two
different ambient pressure states. For these two
pressure states the generalized primary propaga-
tors read

Wa(z1, 20, w)
= Palz1, 20, w)Ma(21, 20,w) (7)
= exp{—jwsaAz}exp{—Aa(2w54)Az},

Wg (21, 20,w)
= Pp(z1, 20,w)MB(21, 20,w) (8)
exp{—jwspAz}exp{—Ap(2wsp)Az},

or, using equations (2) and (6),

Wa(z1, 20, w)
= exp{—jawdsAz}exp{—3*Aa(20w54)Az}
= PA(Z]_,Zo,OéW)[MA(Zl,Zo,OZW)]’Bz. 9)

Numerical simulation

In order to test the scaling behaviour expressed by
equation (9), we have performed numerical simu-
lations for the transmission response through a bi-
nary layered medium. The total transmission re-
spounse is calculated by means of forward modelling
of the acoustic wave equation in the frequency do-
main, considering a plane-wave incident from the
top and calculating the plane-wave transmitted to
the bottom of the stack of horizontal parallel lay-
ers. After calculating the transmission impulse re-
sponse, convolution with a Ricker wavelet is carried
out.
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Figure 4: Transmission responses for binary layered
media. Velocity of material 1 = 3500 m/s. Velocity
of material 2 is labeled in the horizontal axis

In Figure 4, transmitted zero-phase Ricker
wavelets through binary layered media are shown.
The rightmost trace corresponds to the smallest
impedance contrast and average slowness f. The
other traces are calculated by fixing one velocity
and decreasing the other, that is increasing the
impedance contrast and the average slowness of the
models. Note that the scaling behaviour in Fig-

In all simulations, the density of the stack of layers is
considered constant
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ure 4 is similar to that observed in the experimen-
tal data for different ambient pressures (Figure 2).
The first, third and fifth traces from the right are
used to check equation (9). The direct path delay
is subtracted from both responses according to the
corresponding time delay for each model calculated
via forward modelling. Thus equation (9) simplifies
to

Mp(21, 20,w) = [Ma(z1, 20,a0))”. (10)

From the model velocities and using equations
(1) and (2), it is possible to calculate the scaling
parameters o and 3 to scale the fastest transmis-
sion response (3500 - 3200 m/s) to the next arrivals
(3500 - 3000 m/s and 3500 - 2800 m/s) in Figure
5.

— 3500 - 3200 m/s

—— 3500 - 3000 m/s

—— 3500 - 2800 m/s
+ scaled

+ scaled
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Figure 5: Detail of the first, third and fifth traces
(from the right) of Figure 4 and scaled versions
from the fastest arrival to the other two using equa-
tion (9).

As follows from the latter formulation, the
scaling model must be applied to the transmission
impulse response, that is, with no source function
included. As a first step in our forward modelling
algorithm, the plane-wave transmission response
through the stack of layers is calculated. Then the
scaling relation (equation (10)) is applied. Finally,
the transmission impulse responses are convolved
with a Ricker wavelet and shifted back to the cor-
rect arrival time. In Figure 5 the results are dis-
played. The match between the scaled versions and
the calculated transmission responses is almost ex-
act. This is another numerical confirmation of the
O’Doherty-Anstey relation, although we know it is
only an approximation to the total transmission re-
sponse through a layered sequence.
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Discussion and conclusions

The attenuation and dispersion of seismic energy
due to superposition of internal multiples may well
be the cause of the scaling of the transmitted
wavelets through a rock sample under varying am-
bient pressure. The wavelet scaling produced by
changes in the impedance contrast between lay-
ers corresponds to the pressure-dependent scal-
ing behaviour observed in the experimental data.
This correspondance suggests that as the ambient
pressure increases, the average slowness and the
impedance contrast within the rock decrease.

Equation (9) quantifies the scaling behaviour
of the transmission response. The a parameter
acts on both the arrival time and the width of the
wavelet when the ambient pressure is changed. The
exponent 32 in the second term accounts for the
amplitude change, but has an effect on the phase as
well. Since this exponent is applied to a frequency-
dependent term, there is not a simple scaling rela-
tion in the time-domain.

Although we have made a number of simpli-
fying assumptions, it is worthwhile to use equa-
tion (9) as a first approximate model for obser-
vations like those in Figure 2. The a and f pa-
rameters are directly related with acoustic char-
acteristics of the layered model (i.e. reflectivity
and average slowness). Estimating them from that
type of measurements for a range of different am-
bient pressures gives valuable information about
the pressure-dependent behaviour of the reservoir
rock. However, more realistic 3-D scattering mod-
els within the rock matrix may also present the
scaling behaviour of the transmission response.
Present research is focused on that direction.
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Theoretical Model for the Geo-electrical Response of Fresh Water Shaly

Sandstones
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Abstract

The electrical behavior of a shaly sandstone
aquifer saturated with freshwater is analyzed
based on the volume-conductivity approach
proposed by Lima and Sharma (1990; 1992). Such
an approach has been shown to be satisfactory to
describe both laboratory and well log data under
saline water saturation. Here we shown that the
electrical behavior and the convex-upward
curvature of a plot of the bulk conductivity against
the electrolyte conductivity reflect not only the
textural and clay mineralogic effects, but also
those due to the salinity of its pore electrolyte.
Analytical expressions are written both for the
conductivity of the aquifer and of their constituent
elements. They are written in a form that
emphasize the conductive behavior of shaly and
clean sandstones, with fresh pore fluid, as
demonstrated by several experimental laboratory
data.

Introduction

The electrical conductivity is one of the most

important physical properties from which we can

evaluate the hydrological characteristics of

reservoir rocks. For shaly sandstones several
empirical relations based on statistical treatments
of experimental observations and/or analytically
supported by sound physical principles have been
proposed in the literature (Waxman & Smits,

1968; Clavier et al., 1984; Worthington, 1985;

Sen et al., 1988; Lima and Sharma, 1990, Revil
and Glover, 1997). Under saline water reservoir
saturations most of these formulas reduce to the
linear relation

0p=2lo.vz] L @

with A as a non-dimensional geometrical
parameter and2; a constant measuring the
conductive contribution added by clays or shaly
materials. In fact2; is a combination of shape
factors of the pore space and of an electric
parameter describing the macroscopic effects of
the ionic double layers around the clay platelets.
For a fresh water reservoir, however, even the
simple Archie’s formula (Archie, 1942) appears to
fail in its application (Alger and Harrison, 1989;

Glover et al., 2000). This mainly results from the
fact that under freshwater conditions, the current
paths through the medium do not behave as
simple parallel resistors arrangement. In addition,
at low salt concentration,’; may be also
controlled by the electrolyte conductivity. This
may explain the restricted use, and sometimes the
discrepant results found in the log interpretation
of groundwater wells, and even in oil well of fresh
water environments (Blenkinsop et al., 1986,
Savena and Sibbit, 1990).

In this paper, based on the grain conductive model
of Bussian (1983) and Lima and Sharma (1990;
1992) we develop a new scheme to describe the
conductive behavior of clays, shales and shaly
sandstones under fresh water saturation. This
analytical scheme has been tested with theoretical
models and different sets of laboratory data from
several sources.

Experimental Evidence

Experimental laboratory results for shaly
sandstones show that a plot @f versusg, are
smooth curves having linear trendscgs- « At

low g, however, they shown a non-linear
behavior reflecting the fact that the electrical
tortuosities through the wet clay material and that
in the free pore channels are quite dissimilar and
intricately connected (Sen et al., 1988; Lima and
Sharma (1992; Revil and Glover, 1998). The
conductive contributions associated with the clays
in the matrices are almost constant and become
most noticeable at lows,. Surface conduction
may even increase at law, due to an increase in
the counterion mobility within the double layers.
These features are well depicted in a log-log plot
of the experimental data (Figure 1). Such behavior
also support the experimental evidence that the
flow of a fluid in such rocks is more closely
related to its electrolyte conduction than to that
within their shaly matrices.

For shales we also observe similar influences.
Figure 2 is a plot ofg;,;, versusegs, for artificial
shales made with waters of different salinities. We
observe linear trends for high porosities, of
positive inclination at highg,, and negative ones
at low g,. In both case, we see a non-linear
behavior at lowpy,
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Figure 1 - g, - o, plot for different shaly
sandstones laboratory data.

Theoretical Developments

The volume conductivity approach, originally
proposed by Bussian (1983) and extended by
Lima and Sharma, (1990; 1992) is physically
consistent with the general behavior described
above. This approach has the great advantage of
circumventing the need for a explicit microscopic
treatment of the electrical conduction through
charged particles. It express the conductivity of a
shale or shaly sandstone by means of the sdf-
similar Buggeman relation as

o :ﬂ _O-L'.S/UW
° F _Uf.sjao
@
- U_w _ija-fs ‘
f _U(/UL'S ,

whereF =g ™ =f™, is the intrinsic formation
factor, m. = m/(m-1), m being a non-dimensional
parameter that depends on the aspect ratio of the
grains and of their topological distribution, O is
the equivalent condictivity of the solid matrix
grain, and g, is the conductivity of the host fluid
filling the interconnected porosity of the medium.
When g, = 0, equation (1) predicts an iso-
conductivity point where g, = . In figures 2 and
3 the curves are computed according to equation
(1), after a best fit determination of o, and m
using equation (2). Parameter m (or m.) has a
strong influence on the tortuosities of the main
conducting paths throughout the medium.
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Figure2 - g, - g, plot for artificial shales is
the different waters (data from
Cremers and Landelout, 1966).

Equation (1) reproduces Archie's equation when
O, = 0, and has a Waxman — Smits (W-S) or a
dual-water (D-W) equivalent expression when
g, >> g, (Limaand Sharma, 1990). It can even
be simplified to an Archie — Winsauer version by

making
az%l-acslao %
_O-L'.Sja-w

a being a function of g,, ., and m, that tendsto 1
as g, — 0. For a given sample, and within a
certain range of water resistivities, a may betaken
as approximately constant. This offers a physical
judtification and a mathematical explanation for
the modified Archie-Winsawer empirical equation
(Winsauer et al., 1952).

Introducing the apparent formation factor defined
as F,= o,0, equation (1) can berewritten as

g, 1-(FIF)}"

CcS

o, 1-F (FIF, )"

(2)

Equation (2) has a form appropriate for use in
quantitative log interpretation. It should be
applied twice: (i) one for the virgin condition
where the rock is completly filled with water of
conductivity o, (F,” = 0,0, , g, beng the
reading of a deep logging tool); another for the
invaded zone with a mud filtrate of conductivity
o, (F.”= a,/0, , g, being the reading of a
shallow logging tool). Thus, knowing @., we can
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solve equation (2) iteratively to find m and g
along the depth of the well.
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Figure 3 - g, - g, plot for a shale sandstones
sample. (data from Waxman and
Smits, 1968).
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Figure 4 - g, - o, simulation plot for clays and
shale using Lima and Sharma (1992)
model.

Evidently equation (1) or (2) can also be applied
to pure shales (seefig. 2). In such cases g, will be
the conductivity of a wet clay particle (including
its bound water), and @, measures the micro pore
space filled with the additional water to complete
saturation. For a clay coating structure of a
representative shaly sand particle, taken as a
sphere, we can use the following equation (Lima
and Sharma, 1990)

= 2po’sh
3-p

cs '

to compute the shaly volume fraction p in the
composed sandstone matrix. In terms of the
sample volume this fraction is given as
Ve =(1_¢e)p-

In Figure 3 we shown the best fit solution
obtained with equation (2) for the shaly sandstone
sample C-26 analysed by Waxman and Smits
(1968). We note that taking only the points falling
in the linear portion, we find g, and m that are
very close to the ones obtained by a straight line
fit to the same points. However, using only the
data points of the non-linear portion, ., andm are
found to be greater than the previous ones by
more than 20%. A smilar result has been
observed also with the shale data of figure 2.

For awet clay particle Limaand Sharma proposed
the following conductivity function

- 26 10 w (3)
¢ 240,

where o, = [/aC;, B, is the surface counter-ion
density necessary to balance the immobile charges
on a clay particle of radius a, and C; is theionic
concentration in the electrolyte. Figure 4 show the
theoretical conductive response for representative
clay particles using three different values of S/a.
We also compute a theoretical shale response
based on equation (1), for B/a = 0,1 with F = 20
and m=2. Note the non-linear behavior at low o,
and the constant plateau for o.. At very low or
very high oy, the eguation (3) may not apply
(Lima and Sharma, 1992). The simulated shale
depict the general behavior observed with
experimental data.

Conclusion

In the present work we review and extended the
macroscopic, grain conductivity approach for
shaly and shaly sandstones, as proposed by Lima
and Sharma (1990). In particular, we examine the
behavior of the pertinent eguations in the low
salinity region, in which g, . g, . We find that
under fresh water saturation the exponent m may
increase with respect to m found in the high
salinity linear regime.
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Summary

It is well known that attenuation data should
be a very powerful tool to rock and fluid type deter-
mination. Attenuation properties are sensitive to rock
and fluid type, partial saturation, presence of cracks
and other parameters which are difficult to obtin by
the conventional seismic method. Nevertheless, seis-
mic wave attenuation studies are very rare compared
to seismic wave velocities and its relationships to
rock properties, in part due to the theoretical and
experimental difficulties involved. Laboratory meas-
urements of attenuation under well-controlled condi-
tions are useful to gain qualitative insights on the
wave propagation process and its relationships with
rock and fluid properties. In this paper we present
some results on the study of seismic attenuation of
Brazilian rocks.

Introduction

Measurement and understanding of seismic
attenuation are difficult tasks. It's well known that
this phenomenon is related to rock and fluid proper-
ties, but some examples in the literature shows dis-
tinct or even conflicting results. More laboratory
studies, under well-controlled conditions, are needed.
Although quantitative results may not be extendable
to field data due to the differences in frequency con-
tent of the experiments, laboratory data gives impor-
tant insights and information of the qualitative be-
havior of attenuation.

We report here studies on the behavior of the
compressional and shear waves velocities and quality
factors in three different Brazilian reservoirs (one
turbidity offshore sandstone deposit from Campos
Basin, and two fluvial and eolic reservoirs, one from
Reconcavo Basin and other from Potiguar Basin) and
its relationships with facies attributes.

This study is based on ultra-sonic pulse propa-
gation laboratory experiments in dry, brine and ail
saturated rocks and permeability, porosity and pet-
rographic analysis information. The results were
interpreted based on the global flow (Biot’s theory)
and local fluid flow models, and the real data was
compared to theoretical predictions. We found that
the viscoelastic behavior are somewhat correlated
with the particular diagenetic history of each reservoir
sandstone. Among the observed correlations stands
out the fact that the compressional and shear wave
velocities are strongly dependent upon the porosity,
cementation degree and clay content, while the qual-

ity factors are more influenced by the cementation,
total porefill and porosity.

Method

Compressional and shear wave velocities (Vp,
Vs) and quality factors (Op, Os) were measured in 73
room-dry samples. From this set of samples, 40 were
brine saturated and 12 oil saturated. Velocity meas-
urements were made by ultrasonic transmission tech-
nique at 500kHz. Quality factors (related to attenua-
tion) were measured by the spectral ratio method well
described in Toksoz et al. (1979).

The brine and oil saturated velocities results
were compared to the predictions of the high-
frequency limit of the Biot theory (Biot, 1956) and,
when possible, with the Mavko and Jizba (1991) local
fluid flow approximation. These predictions uses dry
rock elastic properties, measured at the laboratory,
and fluid elastic properties, calculated as proposed by
Batzle and Wang (1992).

Results

Both P and S wave attenuation rises when
changing from room-dry to saturated condition, the
changes being greater for oil saturated samples. These
features suggest the importance of pore fluid viscos-
ity. For brine saturated samples the change in at-
tenuation from dry to saturated conditions are unre-
lated to permeability, but it seems that for oil satu-
rated samples the increase in attenuation are smaller
for higher permeabilities. Figure 1 presents an exam-
ple of the behavior of the quality factor with pressure
for the same sample dry, brine, and oil saturated.

We can define the apparent dispersion as the
percent difference between the measured velocity and
the Gassmann (or Biot low frequency limit) predicted
velocity:

Apparent Dispersion = (Vy-Vg)/Ve.

We can aso define the Biot dispersion as the percent
difference between the velocity prediction for high
and low frequency limits from Biot theory:

Biot Dispersion = (Vg-Vg)/Vg.
Where V), is the velocity measured in the lab, Vg is
the Gassmann calculated rock velocity and Vg is the
high frequency limit for the velocity. The apparent P
wave dispersion of brine saturated samples tends to
decrease as permeability increases, as shown in figure
2 for the turbiditic reservoir data set. The Biot disper-
sion shows the opposite behavior, increasing with
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permeability. This feature was also observed by
Wang and Nur (1990).

Turbiditic Sandstone Sample
Porosity 6% Permeability 0.7md
‘ \

160 ‘ T I
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40

20
Pressure (MPa)
Figure 1 - Quality factor versus pressure for one tur-
biditic sample dry, brine and oil saturated.
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Figure 2 - Apparent dispersion versus permeability
for brine saturated samples.

The total quality factor and velocity increment
as we move from low (ambient) to high (34.5MPa)
pressure tends to increase with increasing permeabil -
ity. This may result from the closure of micro-cracks
and grain contacts, preventing loca fluid flow into
the pore space at some extend.
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Figure 3 — P and S-wave velocities measured and
predicted based on Biot and Mavko & Jizba.

Biot predictions works fairly well in some
cases, but the Mavko and Jizba predictions gives
much better results, particularly when it involves
viscous fluid (oil). Velocity estimations by the Biot
high frequency limit fail with high viscosity fluids
because the local flow becomes still more prominent.
Figure 3 illustrate the comparison of velocities meas-
ured on a brine-saturated sample and the Biot and
Mavko & Jizba predictions.

At the reservoir scale the studied turbiditic
sandstone presents relatively well distributed clay
content, generally less than 20%, but the calcite ce-
mentations are heterogeneous and can reach values up
to 58%. Calcite concretions may be nodes of few
centimeters or even patches with some meters dimen-
sions. The velocity and quality factor of this sand-
stone increases as the calcite content increases and
decreases as the clay content increases.

The procedure proposed by Blangy et al
(1993) to predict reservoir quality can be used to
illustrate the role of calcite on rock elastic properties,
as shown in Figure 4. Plotting the bulk modulus of
the samples againgt its porosity a linear fit can be
drawn cutting the porosity axis at the critical porosity
values and the moduli axis at the solid fraction bulk
modulus. Also, lines can be drawn crossing the
moduli axis at the values corresponding to clay,
guartz and calcite moduli and the porosity axis at the
critical porosity point. We observe that samples with
more than 10% calcite tends to lie between quartz and
calcitelines.
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Figure 4 - Bulk Modulus against porosity with lines
for clay, quartz and calcite.

The velocity-porosity relation can be well de-
scribed by linear laws, as in so many examples re-
ported worldwide. Quality factors are poorly related
to porosity, but with an evident trend of decreasing
quality factor with increasing porosity. One may
consider that the porosity is related to frame stiffness
so, even it doesn’t affects attenuation directly, there's
some indirect influence.

Velocity and permeability presents a quite
good relation which can be approximated by a linear
regression between velocity and permeability loga-
rithm, as illustrated on figure 5 for brine-saturated
samples from the turbiditic sandstone data set. Linear
regressions involving velocity, porosity and (log)
permeability has correlation coefficients of the order
of 0.9. Dry and brine saturated rocks quality factors
decreases with permeability in a similar fashion to
velocity, but oil-saturated samples tends to present
higher Q for larger permeabilities. The quality factor
of brine saturated turbiditic sandstones are plotted
against permeability in figure 6.

At one hand, after Biot, the characteristic fre-
guency, . (roughly, the boundary between high and
low range) is given by:

w=ne/kp.
where @ is porosity, k is permeability, p is fluid den-
sity. And n it's viscosity. On the other hand, squirt-
flow mechanisms lead to:

w =Ka®/n.

Most measurements were made under room
temperature. Varying the temperature form 25°C to
100°C we observed that velocities and quality factors
decrease with increasing temperature. The velocity
decrease can be explained by Biot or local flow mod-

els, asit isrelated mainly to the fluid modulus reduc-
tion. The Quality factor increase (or attenuation de-
crease) is an evidence of the local flow mechanism
and it’' s related to the fluid viscosity reduction.
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Figure 5 - Velocity-permeability relation for brine
saturated samples.
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Figure 6 — Quality factor versus permeability.

Figure 7 shows the apparent dispersion for
fluvial sandstone samples as a function of tempera-
ture, al samples are oil saturated. While the apparent
dispersion decreases as temperature increases, the
Biot dispersion are aimost constant. Figure 8 shows
the compressional-wave quality factor of turbiditic
sandstone sample against temperature and pressure.
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The behavior observed in these two figures are clear
evidences of the local fluid flow mechanism.

Oil Saturated Fluvial Sandstones
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Figure 7 - Apparent and Biot dispersion versus tem-
perature for fluvial sandstone samples.
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Figure 8 - Compressional wave quality factor against
temperature and pressure for a turbiditic sandstone
sample.

The compressiona wave velocity of an ail
saturated fluvial sandstone sample are plotted in fig-
ure 9 as a function of temperature, with the maximum
local flow and the Biot theory predicitons. It seems
that the local flow mechanism becomes less important
for higher temperatures, as expected.
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Figure 9 - Measured P-wave velocity of an oil satu-
rated sample versus temperature.
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Conclusions

The velocities and quality factors of Brazilian
sandstones and its relationships with the facies attrib-
utes were investigated. The results shows that the
local fluid flow is more important than the global
flow at high frequencies, specially with viscous satu-
rating fluids, as expected. Velocities and quality fac-
tors seems to be influenced mainly by porosity, ce-
mentation and clay content. The results observed
shows dightly different behavior for each data set,
indicating the importance of different laboratory
studies for different reservoirs.
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