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volumes have been left behind because of the poor knowledge and/or description methodology of

those reservoirs. This lack of knowledge has lead to the nonexistence of good quantitative models for
this complicated type of reservoirs. The complexity of naturally fractured reservoirs causes the need for integration
of all existing information at all scales (drilling, well logging, seismic, well testing, etc.) to provide a reservoir
description for such reservoirs. This paper presents an overview of recent advances in naturally fractured
reservoir modeling, which were developed to characterize the dual porosity system and to improve hydrocarbon
recovery. Two techniques, material balance and numerical simulation, are shown to be supportive of one
another. The material balance technique is a good tool for history matching of production performance and
defining the system, which is then used as input in the numerical model. However, material balance has significant
disadvantages when it comes to prediction, which is the domain of numerical simulation modeling. We present
the application of a recently infroduced material balance equation based on a dual-system approach. In numerical
simulation, the mathematical model to predict fluid flow in anisotropic media is enhanced by using permeability
tensors. We also discuss a technique to construct permeability tensors from seismic, well log and well test
analysis.

I arge amounts of oil reserves are contained in naturally fractured reservoirs. Most of these hydrocarbon
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xisten considerables reservas de hidrocarburos que estédn contenidas en yacimientos naturalmente

fracturados. La extraccién de la mayoria de estos volimenes han sido abandonadas debido al pobre

conocimiento y/o metodologia de descripciéon de estos depdsitos de hidrocarburos. Esta falta de
conocimiento ha conllevado a la carencia de buenos modelos cuantitativos usados en simuladores numéricos
para este tipo no-convencional de yacimientos. Debido a la complejidad de los yacimientos naturalmente
fracturados se hace necesario la integracién de toda la informacién de diferentes fuentes (perforacion, registros
de pozo, sismica, pruebas de presién, etc) para dar una descripcién integral del mismo. Este articulo presenta un
resumen de los recientes avances en el modelamiento de los yacimientos naturalmente fracturados, los cuales
fueron desarrollados para caracterizar el sistema de doble porosidad y para mejorar el recobro de hidrocarbu-
ros. Dos técnicas: la de balance de materiales y la simulacién numérica, son mostradas como soporte una de
la otra. La técnica de balance de materiales es una buena herramienta para el ajuste histérico del comporta-
miento de la produccién y para definir el sistema, el cual es usado como dato de entrada en el modelo numérico.
Sin embargo, el balance de materiales tiene significativas desventajas cuando se realizan predicciones, ya que
este es el dominio del modelo de simulaciéon numérica. Ademds se presenta la aplicacién de la ecuacién de
balance de materiales que tiene en cuenta un sistema dual. En cuanto a la simulacién numérica, el modelo
matemdtico que predice el flujo de fluidos en un medio anisotrépico, es mejorado en el presente articulo
usando tensor de permeabilidad. Se discute una técnica para construir el tensor de permeabilidad a partir de
datos sismicos, registro de pozos y andlisis de prueba de presion.
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NOMENCLATURE
B, Oil FVF, L3/ L3 g Flow rate per unit volume, T-!
B, GasFVEF,L3/13 R, Solution oil-gas ratio, L3/L3
cr Average fracture compressibility, M-1L1T2 R, Cumulative produced gas-oil ratio, L3/L3
Com Average matrix compressibility, M- L1 T2 Sg Sy S,, Phase saturations, L3/L3
Cyw Water compressibility, M-ILI1T2 t Time, T
D Reservoir depth, L t, Zero-offset travel time, T
E,; Net expansion of the original oil-phase in v; Velocity of fluid phase j, LT-!
the matrix system, L3/ L3 4 Representative volume, L3
E,» Net expansion of the original oil-phase in the Vimo Normal-moveout velocity, LT-!
fracture network, L3/ L3 wy Fracture aperture, L
I Fracture density, L-! r Fluid interaction term between fractures and
F Net fluid withdrawal, L3 primary rock matrix, ML-3 T-!
g Acceleration of gravity, LT-2 0 Dip angle
h Matrix block height, L S Kronecker delta
H Length of a representative line, L 1) Porosity, L3/L3
k Teservoir permeability, L2 éD Dip direction
k., Relative permeability to oil phase, dimensionless A Connectivity scalar
kg Relative permeability to gas phase, dimensionless u Fluid viscosity, ML-I1T-1
Kr Permeability tensor for fractures, L.2 P Fluid density, ML-3
L Matrix block length, L \% Nabla differential operator
7 Unit vector normal to the fracture plane Subscripts:
N Number of fractures c Capillary pressure
N, Original oil in-place in the rock matrix, L3 I fracture
N, Original oil in-place in the fractures, L3 g gas phase
N, Cumulative produced oil, L3 i initial value
p Pressure, ML-1T-2 j hydrocarbon phase
Puf Bottomhole flowing pressure, ML-1T-2 0 oil phase
q Flow rate, L3T-! w water phase
INTRODUCTION t
700
A naturally fractured reservoir is a hydrocarbon- 28
bearing formation that contains fractures (planar discon- 600
tinuities) created by nature, due to diastrophism (folding
and faulting) and volume shrinkage (Aguilera, 1980), 500
distributed as a consistent network of various degrees "7 §
of fracturing throughout the reservoir (Chilingarian, et 3 =
= 400+ N g
al., 1990). 2 . 5 g
Important fractured reservoirs may be found in 5 200 g © ci—é g
cherts, shales, limestones, siltstones, sandstones, igneous, % I 202 O g
and metamorphic rocks (Aguilera, 1980). Figure 1 shows 8 2 140 =
the average fracture number for several common rock 2007 § 87
types naturally deformed in the same physical environ-
ment (Stearns, 1967; Stearns and Friedman, 1972). Since 100
fractures are more effective in low matrix permeability
reservoirs such as carbonates; limestone and dolomite 0
Lithology

formations are usually thought as truly naturally
fractured reservoirs.
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Figure 1. Several rock types as naturally fractured formations.

(After stearns).
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Geologic aspects of naturally fractured formations

The void space between grains of the rock matrix
occupied by fluids is called porosity. There are two types
of porosities. The porosity associated with the process of
deposition of sediments that forms the rock matrix is
called primary porosity. In contrast, secondary porosity,
called induced porosity, is associated with the presence
of fractures and other openings such as vugs and joints

caused by geological and chemical processes (Aguilera,
1988).

The determination, modeling and handling of secon-
dary porosity have historically been of great difficulty
for all researchers. Part of this complication is because
secondary porosity is a strong scale-dependent property.
This means that its magnitude is dependent on the
volume of rock sample taken for its determination.
However, it is well known that the uniqueness, com-
plexity, and scale-dependent characteristics of this type
of reservoir require several other parameters, such as
fracture orientation, width, length and intensity, in order
to fully characterize the system.

Natural fractures, which are part of the secondary
porosity, can be classified as tectonic, regional, and
diagenetic (Aguilera, 1988).

Fluid flow capacity evaluation

Reservoir capacity and future performance can be
studied through a combined use of material balance,
pressure transient analysis, declines curves, and nume-
rical reservoir simulation.

Material balance equation (MBE)

An equation for improved modeling naturally frac-
tured reservoirs by considering the compressibility
difference between fractured and matrix systems was
recently proposed (Zemanek et al., 1969). This equation
allows the reservoir engineer to estimate of original oil
in-place both in the matrix and in the fracture system
simulatneuosly. This approach will help reservoir and
production engineers to decide on exploitation strategies
for these complex reservoirs.

One of'the basic assumptions of conventional MBE
is that rock properties, such as porosity and compres-
sibility, are uniform throughout the reservoir. For dual-
porosity media, as encountered in some naturally frac-
tured reservoirs (NFR), this assumption is no longer
valid. Fracture and matrix porosity values exhibit
different behavior with pressure since fractures are
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Figure 2. Normalized porosity of fractured and matrix systems as
a function of hydrostatic confining pressure (After Nelson,1985)

highly compressible compared to the matrix (Figure 2).

This compressibility difference may be used to de-
termine the quatities of hydrocarbon by a material ba-
lance calculation. It was shown that the general form
of the MBE for NFR is (Nelson, 1985):

N,|B, +(R, ~R,)B,|=

P
Ny|B, =B, + (Rsi _Rs)Bg+ CuSi +Cn AmeJ-l-
—Owi
]\]2 Bo _Boi + (Rsi _Rs)Bg—i_[cL]S_Wgﬁ] ApBoz} (1)
fi

Where N; is the original oil in-place in the rock
matrix and N, is the original oil in-place in the fractu-
res, N, is the cumulative produced oil and R), is the
cumulative produced gas-oil ratio, c,, is the average
matrix com-pressibility and ¢, is the average fracture
compressibility. Definitions of the remaining variables
are given in the nomenclature.

Graphical solution of the material balance equation

A useful solution method of the MBE was presented
by Havalena and Odeh (1963). This method, known as
the straight-line method, consists of rearranging the
MBE to obtain variable groups that are plotted to result
in a straight line.

If the following variables are defined:
F=N, B, +(R, ~R,)B, (2)
Vol. 2 Ndm. 2
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1- wi

Eo]:Bo _Boi + (Rsi _Rs)Bg+ (w Ap B, (3)

Cy Swﬁ- +or

E =B, -B, + (R —RS)Bg+ S,

Ap Bo i (4)

Equation 1 can be expressed in compact form:
F:]VIEOI +]V2E02 (5)

Where E,; represents the net expansion of the ori-
ginal oil-phase in the matrix system and E,, is the net
expansion of the original oil-phase in the fracture network.

Diagnostic plots can be constructed as Havalena
and Odeh (1963) proposed, and the rearranged MBE
can be written as follows:

F E,
=N, +N, =2 (6)
Eo] ! ? Eol
F E02
Therefore, a plot of E_versus o should result

ol ol
in a straight line with slope N,and y-intercept v;. Such
a diagnostic plot is presented in Figure 3.

The significance of this approach is that through a
simple plot with production data, a rapid estimate of
fracture porosity could be obtained. Note that the ratio
of N,/N, is directly proportional to the porosity ratios,
and therefore, from the known laboratory values of
matrix porosity, an estimate of average fracture poro-
sity would be available. Similarly, volumetric estimates
of'initial hydrocarbons in numerical simulation could be
compared with those obtained from the MBE. However,
because of some limitations of the MBE, including
efficient mass transfer and no fluid segregation, reser-
voir engineer should be careful in its use.

Numerical reservoir simulation

Numerical modeling is the most important reservoir
engineering tool available for evaluating reservoir
capacity and future performance of naturally fractured
reservoirs. Aguilera (1998) discusses some of the most
significant models available in the literature.

Commonly, fracture and matrix systems are modeled
with a single partial differential equation (governing
equation), convenient initial and boundary conditions and
appropriate auxiliary equations. The governing equation
regularly simulates fluid flow through either the fracture
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Figure 3. Diagnostic plot for initially-undersaturated NFR
(After Pefuela, et al., 2001)

system (Aguilera, 1980; Lefebvre and Bossie, 1975),
through an equivalent fracture-matrix system, or
through fracture and matrix systems (Warrent and Root,
1963; Kazemi, et al., 1976).

The mathematical model proposed by Evans (1982)
describes the behavior of naturally fractured reservoirs
by using two sets of partial differential equations. One
set of equations models multiphase fluid flow through
the primary rock matrix, and the other simulates flow
through the fracture network.

The diffusivity equation that describes oil phase flow
through the fracture system is given by the following
expression:

by Koy __ 0|, Sor|_~ 7
V{uofBgf (Apf—pongD) T ?} Bof Clof +1; ( )

Where the fracture permeability tensor is given by:

. ko kxy kyz
ke = |k Ky ki (8)

zx Nzy Nzz

Permeability tensor of fractured media

Oda (1985) presented a statistical approach to des-
cribe the elastic deformation and flow behavior of fluids
in a fractured medium. In that approach permeability
anisotropy is related to fracture geometry through
tensors according to the mathematical expression given
by Snow (1969).

Pefiuela (2000) developed a method wherein frac-
ture orientation is used to construct the permeability
tensor in a deterministic manner. A mathematical model
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of parallel plates (Snow, 1969) was employed to derive
an expression that can be evaluated if appropriate data
from seismic, well log and well testing are available
(Avila et al., 2000).

The permeability tensor can be expressed as:

by =kl k| (9)

Derivation of Equation 9 is available elsewhere
(Avila et al., 2000). Equation 9 states that the permea-
bility tensor for fracture media, called Snow tensor, is
composed of two parts. The directional permeability
tensor \k “accounts solely for the directionality in the
fluid flow due to the existence of a fracture (or set of
fractures) in the medium. The permeability scalar ||
accounts for the total resistant to fluid flow of fractu-
res in porous media.

Directional permeability tensor

The directional permeability tensor is defined in a
compact form as:

FJZSI]'_ninj (10)

Where i and j stand for the orthogonal reference
axes x, y, and z; § i is the Kronecker delta, and n; is the
component of the unit vector normal to the fracture
plane, 71, projected to the axis i (Figure 4).

Normal vector components are defined by:

iy =cosdp sin & (11)
i, =sin ¢psind (12)
n,=coséd (13)

where ¢, is the dip direction of the fracture plane,
defined as the angle measured from the x-axis to the
projection of the unit normal vector in the x-y plane,
and ¢ is the dip angle of the fracture, measured from
the x-y plane to the fracture plane. According to these
definitions, fracture strike is perpendicular to dip
direction. In this particular application, the x-axis was
aligned in direction of north.

Permeability scalar

The permeability scalar |k can be defined as:

ke =Afw} (14)
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Figure 4. Normal vector projections to orthogonal reference
axes. (After Avilg, et al., 2000)

Where w,is the fracture aperture, measured as the
average distance between matrix blocks. The dimen-
sionless constant A varies from 0 to 1/12, approaching
the upper limiting value, 1/12, as the fracture system
behaves more like parallel plate conduits, and the lower
limiting value, 0, when there are no flow conduits in the
system (closed fractures) as shown by Oda (1985).

The fracture density (or frequency), /; is defined by:
_N
/= H (15)

Where N represents the number of fractures existing
in a sample volume, and H is the length of a represen-
tative line length (Figure 5).

The final result (Equation 14) will be a permeability
tensor that can be used for fluid flow modeling in a
reservoir simulator developed according to Evans’
formulation in a grid-by-grid basis.

Subtituting Equation 15 into Equation 14 for a case
of an infinite smooth fracture in a homogenous rock matrix,
yields the following expression is for the permeability
scalar:

k=5 v (19

Consider a model composed of a representative
volume, equivalent to a “grid-block™ in numerical simu-
lation that contains a set of N fractures that are verti-
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Figure 5. Representation of a fracture in a representative volume

cal, parallel and open. By the expression open, we
assume that fractures have not undergone any crystal-
lization processes that produce negative effects in fluid
flow (Havlena and Odeh, 1963). However, a partial
crystallization is required to keep the fracture open in
the presence of in-situ stresses. In this representative
volume, fractures also have a uniform fracture aperture
that can be quantified by an average value.

If we consider a single a fracture the in representa-
tive volume (Figure 5), we can define fracture porosity
as the relative volume occupied by the fracture with
respect to the sample volume:

b=t (17)

Where Vfis the volume of the fracture and V is the
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bulk volume, defined respectively as:
I./f = hLWf ( 18 )

and
V=hLH" (19)

For equally-distributed fractures, the fracture
frequency H" is given by:

«_ H
H=N (20)

Substituting Equation 18 through Equation 20 into
Equation 17, yields:

N
b="4" 1)

By incorporating Equation 21 into Equation 16,
we can write the fracture permeability scalar can be
written as a function of fracture porosity:

K=y v 22

Using a parallel plate model (Murray, 1968) also
presented an expression for fracture permeability as a
function of porosity in fractures with triangular crosssec-
tional area. Moreover, he showed that, under certain
conditions, fracture porosity is related to the structural
second derivative as follows:

_h d’ (23)
9 2 dx?
Where z is measured in the vertical direction and x-
zplane is perpedicular to the layer surface. Substitution
of Equation 23 into Equation 22 yields:

__1 2 d’z
‘k‘_ﬁhwﬁ" a2 (29)
The coefficient 1/24 this equation can be replaced
by a variable that ranges from 0 to 1/24. The lower
limit represents fractures either totally crystallized or
isolated, while the upper limit represents the case where
ideal conditions prevail: in parallel, smooth, and inter-
conected fractures.

Well test analysis

Some of parameters required to evaluate Equation
24 can be obtained from pressure transient tests. Since
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all naturally fractured reservoirs are not the same,
several techniques have been developed and analized
with field data. Reservoir models proposed by Pollard
(1959), Pirson and Pirson (1961), Warren and Root
(1963), Kazemi (1969), and De Swaan (1976) are the
basis for single-well test analysis, such as those
presented by Cinco Ley and Samaniego-V (1981), and
Gringarten (1984). Multi-well test (pressure interference)
analysis is used to determine fracture orientation based
on methods proposed by Elkins and Skov (1960), and
Kazemi et al., 1969.

The most representative its physical approach and
proposed solution is the Warren and Root method
(Warren and Root,1963). This method uses a simplified
representation of a fractured reservoir by idealized
systems, in which single matrix blocks are identical re-
gular parallelepipeds separated by an orthogonal
network of fractures (Figure 6). Flow toward the
wellbore is considered to occur only in the fractured
system, whereas the expanded fluid contained in the
single matrix block will feed the fractured system.

Kazemi’s and Warren and Root’s methods yield si-
milar results both for pressure buildup and drawdown
tests. Figure 7 shows the typical two parallel straight
lines obtained for the pressure drawdown case.

Seismic data

Another source of information is given by seismic
data interpretation. Sound waves are influenced by
details of fracturing while traveling across fracture
media. Attend seismic characteristics may be used to
detect fractured zones, and fracture intensity, and to

vugs fracture fracture

matrix matrix

Figure 6. Idealization of the fractured medium.
(After Warren and Root, 1963)
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estimate fracture direction. Most of the time qualitatively
information is obtained from seismic data depending
on the type of data set that are available. In the following,
techniques to quantitatively estimate fracture orientation.
review. They may be divided into P-wave, P-S con-
verted wave, and S-wave studies of multicomponent
seismic data analysis (Pérez et al., 1999).

P-wave data interpretation

Compressional wave data are the most commonly
acquired seismic data. Information about the P-wave
velocity v,, of rock beds detected by seismic surveys is
important for two main reasons. First, it is essential for
the conversion of seismic wave travel times into depth
to obtain structural imaging of the subsurface. Second,
it provides an indication of the lithology of a rock or, in
some cases, the nature of the pore fluids contained
within it (Kearey and Brooks, 1984). Compared to shear
wave recording, P-wave recording is less costly and
more robust (Li and Muller, 1997).

However, anisotropy in P-wave data often small and
difficult to detect. Riiger and Tsvankin (1997) discussed
the influence of azimuthal anisotropy on P-wave propa-
gation using a transversly isotropic model with a hori-
zontal axis of symmetry (HTI medium). Atypical HTI
model is a homogeneous isotropic matrix with aligned
vertical fractures embedded in it (Figure 8). Two verti-
cal symmetry planes can be identified. The symmetry-
axis plane is a vertical plane that perpendicularly
intersects the crack set, and therefore, it is parallel to
the fracture orientation. The isotropy plane is normal
to the fracture strike.

P-wave propagation in the vertical plane containing
the symmetry axis is illustrated in Figure 9. The conti-
nuos white line marks the point of equal P-wave travel-
time on the seismic rays (wavefront), while the dashed
white circle represents the reference isotropic wave
front. The continuous white wavefront falls behind the
corresponding isotropic (dashed) wavefront as the ray
deviates from vertical, indicating that the P-wave velocity
near vertical decreases with angle. Consequently, the
isotropic wavefront travels faster than the anisotropic
in the horizontal direction.

In contrast, waves confined to the isotropic plane
do not experience any angular velocity variation. For
all other vertical planes, as seen in the symmetry-axis
plane, velocity does change with angle from vertical as
well as with azimuth.

The anisotropic behavior of P-waves has been need
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Figure 7. Two parallel straight lines obtained from a pressure drawdown test. (After Kazemi, 1969)
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Figure 8. Sketch of a HTI media. (After Riger and Tsvankin)

in two techniques to estimate fracture orientation. the
amplitude-variation-with-offset (AVO) response of P-
waves can be by the presence of fractures depending on
the relative orientation of the fractures and the recording
line. Another technique based on P-wave recordings is
normal-moveout (NMO) analysis of multiazimuth P-
wave data.

Fracture orientation using AVO analysis.

AVO analysis is based on the variation of reflection
and transmission coefficients with incidence angle and
corresponding increasing offset (Castagna, 1993).
However, because conventional AVO analysis is based
on analytic expressions for P-wave reflection coefficients

CT&F - Ciencia, Tecnologia y Futuro - Vol. 2 Ndm. 2 Dic. 2001

—

——
-~
=
\

\\\x\\\\\\\\

.

Figure 9. P-wave propagation in the symmetry-axis plane
of HTI media. (After Riger and Tsvankin, 1997)

v X3

in isotropic media, the AVO technique needs to be
modified if anisotropy is present on either side of the
reflecting boundary (Ruger, 1997).

If a source—receiver line is placed parallel to frac-
ture orientation, the fractures will have minimal in-
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fluence on the reflection properties, despite of the angle
of'incidence. This is because the P-wave particle move-
ment will always be parallel to the thin fractures.
However, if the line is oriented oblique to the fracture,
at large angles of incidence, the reflection coefficients
will change strongly. At large angles of incidence, the
P-wave velocity is expected to be influenced by the
acoustic properties of'the fluid filling the fractures when
the wave propagation is perpendicular to the fractures,
while it is less influenced when wave propagation is
parallel to the fractures.

If no azimuthal anisotropy exist, the AVO response
will be the same in all directions, while in the presence
of anisotropy the AVO response will vary depending
on the source-receiver azimuth.

In a field case (Pérez et al., 1999). AVO analysis
was per-formed for each shot lines, and the AVO
gradient and intercept were obtained. An AVO anomaly
with high positive gradients for the lines perpendicular
to the fractures was found for the base of the fractured
formation. This AVO anomaly is not present in lines
parallel to the fracture orientation.

From model studies, this difference increases with
the increase in gas content in the fluid filling the fractu-
re is also larger. The azimuthal difference in AVO
gradient can be explained by a low vp/vs for the lines
perpendicular to the fracture caused by the influence
of the filling fluid in the fractures, resulting in a high
positive contrast in Poison’s ratio with the lower layer,
and a strong positive AVO gradient anomaly.

Pérez et al., (1999) presented the results of AVO
analysis of 2-D and 3-D P-wave field data. They found
that conclusions from the AVO analysis are consistent
with the results obtained in a previous study with the
same field data using P-S converted waves. Figure 10
shows a map view of the fracture orientation obtained
from the P-S data validated through AVO analysis.

Fracture orientation using NMO analysis.

Azimuthal NMO velocity analysis is now often used
in industry to identify fracture orientation (Li, 1999).
NMO at an offset distance x is the difference in

travel time AT between reflected arrivals at x and zero
offset (Figure 11).

For the simple case of a single horizontal boundary
between two isotropic layers, the reflection time can

be approximated by the hyperbolic equation (Kearey
and Brooks, 1984; Grechka and Tsvankin, 1999):
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Figure. 10 Map view of fracture orientation at reservoir level.
(After Perez, et al., 1999)
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Figure 11. NMO, AT for reflection from a single
horizontal boundary.
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200) =42 4 X2
2 (x)=t2+-%— (25)
nmo
Where x is the source-receiver offset, 7, is the zero-
offset traveltime, and ¥, is the normal-moveout
velocity.

For this simple case, NMO is given approximated
by:

AT=_ X 26
Zr/ngno tO ( )
Equation 26 can be used to calculate V), from

NMO. The magnitude of V,,,, , should be theoretically
the same regardless of the azimuth, therefore a plot of

V.mo @s function of azimuth should give a circle.

However, for anisotropic medium, azimuthal varia-
tions of V,,,, for pure (nonconverted) modes are
described by an ellipse in the horizontal plane. Therefore,

Equation 25 is written as (Grechka and Tsvankin, 1999):

tz(x,a)=t§+V2x72(a) (27)

Where « is the azimuth of the common-midpoint line.

The fracture orientation is estimated from NMO
analysis by fitting the best horizontal ellipse of the NMO
velocities for all azimuths.

The mayor axis that corresponds to the maximum
NMO velocity, is expected to coincide with fracture strike

Pérez et al., (1999) presented results of 2-D and 3-
D NMO analysis. They found that 2-D results agree
with P-S converted waves and AVO analyses, but the
NMO ellipticity analysis of 3-D data produced results
different from those produced by other methods. Some
reasons given for such differences include near-surface
azimuthal anisotropy and complications caused by
overburden effects that could not be removed.

Interpretation of P-S converted wave data

The rotational analysis of P-S converted waves is
an alternative method that has several advantages over
those method previously mentioned. P-S waves are
believed to contain the same information as shear waves
by using compressional sources and therefore, their
acquisition is less expensive.

S-waves produced by P-wave conversion at an
azimuthal anisotropic interface undergo the same bire-
fringence phenomenon that S-waves experience (Atta
and Michelena, 1995). Riiger (1997) stated that a plane
P-wave, incident on an HTI medium outside the
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symmetry-axis and isotropic plane, generates three
plane waves with mutually orthogonal polarization
directions in the lower medium:

1. A P-wave polarized along its propagation direction.

2. A shear wave polarized within the isotropy plane
(parallel to fracture strike), referred as Sl-wave,
which propagates at the velocity of the unfractured
rock (fast mode).

3. A shear wave polarized in the plane formed by the
slowness vector and the symmetry axis (perpendi-
cular to fracture strike), called the S -wave, which
propagates at the velocity of the fractured rock (the
slow mode in the vertical direction).

Data analysis is based on surface recording of
reflected S| and S'-waves.

P-S converted wave survey consists of one vertical
component source, as in conventional P-wave surveys,
and three-component receivers to yield three distinct
observations (vertical, radial and transverse). Figure 12
illustrates such components as a function of source-
receiver polarization. The shaded area is the three-com-
ponent geometry in a P-S survey.

After the three observations are acquired, data are
processed as usual. The processing scheme, designed
to preserve relative amplitude, maximizes frequency
band, and optimizes the velocity and static solutions for
all components.

Receivers
—_—>
[}
(o]
o
3 X y z
n
X Xx Xy Xz
SV-SV SV-SH SV-P
y Yx Yy Yz
SH-SV SH-SH SH-P
7 zZx 2y Zz
P-SV P-SH P-P

Figure 12. Component geometry in a P-S survey.
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Then, a rotational analysis is performed with the
two components available (Zx and Zy). This step de-
termines the angle that aligns observed data with the
principal axes of symmetry and maximizes traveltime
differences between Sl and St-waves. Fracture orien-
tation is obtained by adding this angle to the azimuth
angle of the reference line.

Cross-correlation and energy ratio between S/ and
St-waves have been suggested as diagnostics to check
the validity of the rotational angle (Atta and Michelena,
1995).

Finally, an anisotropy analysis is performed by com-
paring traveltimes and amplitudes of the rotated data.
Traveltime differences are a low-resolution measure
of anisotropy, while their relative amplitude differences
are a high-resolution measure of local anisotropy caused
by a fracture system. In thin layers, amplitude variations
may be the only diagnostic of highly fractured rocks.

S-wave data interpretation

Shear wave studies take into account the effect of
splitting experienced by a shear wave that propagates
through an anisotropic medium (Li and Muller, 1997).
Even though multicomponent surveys have been verified
to be effective in delineating fracture dip direction, high
acquisition and processing cost, limited availability of
S-wave sources, and volume/quality of S-waves restrict
their applicability.

A full multicomponent survey consists of three
sources (vertical, inline, and crossline) and three recei-
vers (vertical, radial and transverse) which yield nine
different observations.

In Figure 13, the shaded area is the geometry for
four-component S-wave data recording.

S-wave data processing is very similar to P-S con-
verted wave data evaluation. The purpose of processing
multicomponent shear wave data is to preserve and
recover the three major attributes (polarization, time
delay, and reflectivity). Then, a rotation algorithm ((Atta
and Michelena, 1995) that numerically rotates the source
and receiver axes is applied to minimize the energy in
the off-diagonal elements (Xy and Yx components).
Rotated S! and S*-waves data are analyzed as much
as in P-S survey analysis.

Discussion and summary

- Naturally fractured reservoirs are complex hydro-
carbon accumulations where no single tool or disci-
pline can provide of all the information needed for
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their full description. A detailed reservoir charac-
terization is accomplished by the integration of
geological, geophysical, petrophysical, drilling and
reservoir simulation concepts.

Traditional techniques such well test analysis and
well logging interpretation are still very useful. Com-
bination of old concepts with new technology make
data analysis a science.

Material balance techniques provide independent
values of initial hydrocarbon volumes that may be
use to calibrate volumetric estimates performed by
reservoir simulators. The MBE that takes into
account the compressibility differences between
media further improves reservoir modeling by giving
reservoir and production engineers simultaneous
estimates of hydrocarbons in-place.

Emerging techniques based on seismic data can be
used in estimation of important reservoir parameters
such as the fracture permeability tensor by providing
the orientation of the fracture trend. Once the orien-
tation is available directional permeability is compu-
ted. Finally, the permeability tensor is estimated by
history match of well test data. However, the non-
uniqueness of seismic responses make data analysis
almost an art.

A successful reservoir characterization and nume-
rical simulation will maximize recovery by improving
strategies of production, minimizing drilling of unne-

Receivers
—»
X y z
v

X Xx Xy Xz
SV-Sv SV-SH SV-P

vy Yx Yy Yz
SH-SV SH-SH SH-P

7 Zx Zy Zz

P-SV P-SH P-P

Figure. 13 Component geometry in a multicomponent survey.
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cessary wells, improving prediction of future reser-
voir performance, designing EOR projects, among
others factors.
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