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Introduction

One of the most important factors a�ecting seismic velocities in anisotropic formation is the presence
of aligned pores, clay particles and/or cracks. Extensive theoretical work and laboratory experiments
have been devoted to this subject. One of the very successful models has been developed by Xu
and White (1995) to model clay-sand mixture and this model is based on the application of the
theories of Kuster and Toksöz (1974), and Gassmann's (1951) in isotropic sediments. The Xu
and White model may be used to predict P- and shear-wave velocities from well-log data in sand-
clay mixture, but it is limited to isotropic rock and cannot take into account of the clay platelet
alignment which gives the transverse isotropy with a vertical symmetry axis (TIV). In this paper,
we propose an Anisotropic Dual-Porosity (ADP) model to calculate e�ective elastic parameters
in anisotropic porous media. In essence, our ADP model extends the Xu-White model using the
equivalent medium concept of Nishizawa (1982); Brown and Koringa (1975); and Liu et al. (2000).
This involves the use of the di�erential e�ective medium (DEM) theory. The model after core-log
calibration can be incorporated in a scheme similar to Xu-White's model to predict vertical and
horizontal velocities based on the properties of randomly distributed sand grains and aligned clay
particles with preferred orientation. Aligned cracks and minerals can also be included. Our method
has an advantage of allowing variable aspect ratios for both sand grains and clay particles, which
are inverted from a back propagation neural network. We tested our model on �eld data from a
North Sea reservoir.

The ADP method

Xu and White (1995) developed a method for estimating P- and shear-wave velocities of shale-sand
mixture from porosity and shale content. According to this model, the total pore is divided into
compliant clay pores with small aspect ratios and sti� sand-related pores with large aspect ratios
(dual porosity model). This model can be used to predict the e�ects of clay content on compressional
wave velocities observed in laboratory measurements, and it also can estimate dry rock bulk and
shear moduli for the sand and clay mixture. Xu and White model is based on the Kuster and
Toksöz (1974) and Gassmann's (1951) equations for ellipsoidal pores. The key equations are,
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Kd, Km and K 0 are the bulk moduli of the dry frame, �d; �m and �0 are the corresponding shear
moduli, and Tiijj(�) and Tijij(�) are functions of the aspect ratio (Xu and White, 1995).

The di�erential e�ective medium (DEM) theory models two-phase composites by incrementally
adding inclusions of one phase (phase 2) to the matrix phase. The matrix begins as phase 1 (when



concentration of phase 2 is zero) and is changed at each step as a new increment of phase 2 material
is added. The processing is continued until the desired proportion of the constituents is reached.
The resulting e�ective bulk and shear moduli, K� and �� in isotropic media are given by

(1� y) d
dy

[K�(y)] = (K2 �K�)P (�2)(y), and (1� y) d
dy

[��(y)] = (�2 � ��)Q(�2)(y).

With initial conditions K�(0) = K1 and �
�(0)=�1, where, K1 and �1 are the bulk and shear moduli

of the initial host material (phase 1). K2 and �2 are the bulk and shear moduli of the initial host
material (phase 2). y is the concentration of phase 2 (for �uid inclusions and voids, y equals the
porosity (�)). Q and P are geometric factors. An anisotropic version of DEM was developed by
Nishizawa (1982), and Hornby et al. (1994).

To extend the Xu-White model to anisotropic clay-sand mixture, we assume the total pore space
can be separated into two parts: randomly orientated pores giving rise to elastic constants C0

ij , and
preferred aligned pores giving rise to C1

ij. Thus the elastic sti�ness of the composite material can
be written as

Cij = Co
ij + C1

ij:

The Xu-White model is used to calculate the matrix Co
ij for randomly distributed pores, and the

anisotropic DEM method is used to determine C1
ij for aligned pores. We refer to this as the

anisotropic dual porosity model (ADP). The anisotropic version of Gassmann's equation as derived
by Brown and Koringa (1975) is used for �uid substitution. This ADP model can take into account
of preferred orientation distribution of aligned clay particles (or other minerals, vertical cracks, etc.),
i.e. assuming that the rocks are anisotropic, which is more realistic than the Xu-White model.
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Figure 1 (left). ADP model's schematic diagram for combining the Xu-White and EMT approaches.

Figure 2 (right). The relationship of velocities, orientation angle and aspect ratios.



Model improvements

Both Xu-White's isotropic and the ADP model have been applied to �eld data from a North Sea
reservoir. The predicted dry and saturated P- and S-wave velocities agree remarkably well with the
measurements. For the Xu-White model, the large errors are expected for highly unconsolidated
formation, and describing the hypothetical pore spaces associated with the sand and clay by two
�xed aspect ratios over the large depth range is also an over simpli�cation. We propose the following
steps to overcome some of the di�culties in velocity prediction (a schematic diagram is given in
Figure 1):

� Core-log calibration based on geostatistics is used to replace the time-average equation.

� Based on formation characteristics, the orientation of inclusions was divided into randomly dis-
tributed and aligned pores. The Xu-White model is employed for randomly composite porous rock,
and the equivalent medium theories are used for aligned pores and inclusions.

� The variable pore aspect ratio distribution is inverted by an arti�cial neural network (Yan et al.
2000).

We �nd that our ADP approach is much less sensitive to the speci�ed elastic parameters of the
matrix and errors in porosity and clay.

E�ects of anisotropy

To study the e�ects of anisotropic clay-sand mixture, it is convenient to introduce three anisotropic
parameters for a transversely isotropic medium with vertical symmetry axis (TIV) de�ned as
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Five elastic constants (C11; C13; C33; C44;C66) obtained from this new approach are used here to
model and study the variation in anisotropy as a function of velocities, clay, aspect ratios and crack
density. Figures 2a and 2b show an example of the velocity variations of three-body waves (Vp;Vs1
and Vs2) with orientation angle and variations of Thomsen's anisotropy parameters with aspect
ratios, respectively.

Velocity prediction

Our objective of this work is to provide a basis for predicting P-wave and S-wave velocities from well-
log data. In isotropic porous formation, the Xu-White model is used to calculate rock elastic moduli
for dry frame, and Gassmann's equation will then be used to calculate velocities for saturated rock.
In anisotropic porous formation, the equivalent medium theory is used to calculate elastic sti�ness
constants, and Brown and Koringa (1975) equations are used to calculate velocities for saturated
rocks. The improvement of this combined approach obviously enhance the accuracy for velocities
prediction. Figure 3 compare the results of velocities from various approaches. Through velocities
calibration, we can see that compared with the Xu-White model, the combined approach has a
much better result with log measurement for velocity prediction. As an example, Figure 4 shows
the output from our anisotropic extension of Xu-White model, and this result includes vertical and
horizontal velocities for P- and S-wave and also three anisotropic parameters.

Conclusions

The Xu-White model is very well suited for consolidated formation, but this model cannot be used
in anisotropic rocks. In particular, there are obvious di�culties for calculating elastic moduli when
rocks containing higher clay content or aligned mineral, clay particles or cracks. We develop an



Anisotropic Dual Porosity (ADP) model which basically extend Xu-White model to anisotropic
formation. Our method is incorporated in a scheme similar to Xu-White's model to predict vertical
and horizontal velocities based on the properties of randomly distributed sand grains and aligned
clay particles with preferred orientation, and aligned cracks and minerals can also be included.
Our ADP model has an advantage of allowing variable aspect ratios for both sand grains and clay
particles, which are inverted from a back propagation neural network. We have tested our model
on �eld data from a North Sea reservoir.
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Figure 3 (left).Velocity calibration of the Xu-White model and ADP approaches with log measurement.

Figure 4 (right). Prediction of velocities and anisotropic parameters by the ADP model.
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