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ABSTRACT: In this paper we present an integrated approach to derive reservoir
parameters from core and well-log data in clay–sand mixtures. This method is based
on matching core and log data, and the linear and non-linear regressions are then
used to build respective relationships between core and log data to determine
formation parameters such as porosity, shale volume, clay content, permeability and
fluid saturation. This information is then fed into a velocity prediction model to
estimate seismic parameters such as elastic moduli, shear wave velocity and
anisotropy coefficients. Finally, we test the method on real data from the North Sea
and show that reservoir parameters can be accurately predicted.
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INTRODUCTION

Various theoretical models have been proposed to model the
fluid–solid interaction in reservoir rocks for the purposes of
lithology prediction and fluid substitution (e.g. Gassmann
1951; Kuster & Toksöz 1974; Brown & Korringa 1975; Han
et al. 1986; Tao & King 1993 and Gist 1994). However, most
of these theories have some drawbacks and can only be
applied under certain conditions, and some require specific
parameters that are not easily obtainable. Recently, Xu &
White (1995, 1996) proposed a method for velocity prediction
in clay–sand mixtures; this model uses the time-average
equation (Wyllie et al. 1956) to estimate porosity and clay
content in consolidated formations, and the theory of Kuster
& Toksöz (1974) and Gassmann models (1951) are used to
predict elastic moduli and P- and S-wave velocities. Because
of the use of the time-average equation, this model cannot be
used in rocks with a loose matrix, or in the case of containing
fluids, such as gas or oil.

In this paper, we propose an alternative approach that
provides a satisfactory prediction for reservoir parameters and
is applicable to both consolidated and unconsolidated forma-
tions. Our model is based on the calibration of core and
well-log data. First, well-log and core data are edited and
corrected before they can be used. Second, linear and non-
linear regression are employed to derive porosity, shale vol-
umes, clay contents, permeability and fluid saturation, so that
the effects of lithology, fluid, temperature, pressure and other
factors can be compensated for. Finally, we modify the
original model developed by Xu & White (1995, 1996) which
is based on the theories of Kuster & Toksöz (1974) and
Gassmann (1951), to predict compressional and shear-wave
velocitie sas well as anisotropy coefficient in clay–sand mix-
tures. A basic flow chart describing the above procedure is
given in Figure 1. Our method requires log data and core
data as inputs, and the outputs are reservoir parameters. We
test our method on field data from a North Sea reservoir and
obtain satisfactory results.

CALIBRATION OF LOG AND CORE DATA

In general, the available well-log data include deep- and
medium-induction, spherically focused log, bulk density, inter-
val transit time, gamma-ray, caliper and spontaneous potential
log data. The core data derived from the laboratory measure-
ments include porosity, shale content, permeability and fluid
saturation. In order to calibrate well-log and core data, the
following steps are necessary.

Log depth correction

Some well logs exhibit anomalous, and possibly incorrect data,
so it is important to apply quality control when one edits and
reconstructs well-log curves. Logging instrument responses are
adversely affected by breakout of wall-rock during drilling, and
stick-and-pull as logging tools are winched up the well.
Gamma-ray log instrument response, in particular, is affected
where the borehole is enlarged and distorted by shale breakout.
In addition, there are difficulties in correlating depths among
various separately run surveys. The depth errors of curves in
our study are matched to within a range of 0.7 ft (0.2 m).

Deviated well correction

For a deviated well, the following equations are taken for
deviation correction from measured depth to true vertical depth
(Yangjian 1995).

Z2−Z1=�Z1

Z2 dZ=�h1

h2 cos � · dh,

Z2−Z1=��1

�2
h1−h2

�2−�1

cos � · d�

=
h1−h2

�2−�1

(sin �1−sin �2),

(1)

where h1 and h2 are the start and end depth for a deviated hole,
Z1and Z2 are relative vertical depth intervals, �1and �2 are the
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angles of hole deviation. We use points 1, 2...M to divide the
deviated hole into M-1 intervals, then do the above correction.
Figure 2 is a sketch showing correction of deviated depth into
true vertical depth.

Rebuild log curves

When log data at certain depths show abnormal variations or
are lost, a correction is normally done by finding a new
relationship between erroneous log data and other logs for
porosity (Por), shale content (Vsh) or other log curves (log1,
log2...). The new log curves (log*) will then be used to replace
the abnormal interval (Schlumberger 1994) based on the
following relationship.

log*= f (Por, Vsh, log1, log2...) (2)

Curve normalization

For a multi-well data, it is very common to have different log
readings for the same formation or rock types in the same area.
A standard formation (normally, a shale formation) is defined
to compare with the same log data in the same formation, and
a normalization method is then used to correct log readings.
Figure 3 is an example of correction of sonic log curve by the
polynomial trend surface analysis; we can see that three unusual
points have been found using this method.

Core re-position

To integrate log and core data, a comparison of depth can be
made between log and core measurements. A bar-line plot is
drawn on the basis of density or porosity measured in core
samples to calibrate the density log in the same depth interval.
Depth from the density log is regarded as accurate and can be
used to calibrate core depth (see Fig. 4).

Core matching

The vertical resolution from core data is normally higher than
that from log data. A smoothing technique is used here to
match the vertical resolution of core data with log data, and the
distance from the source to the receiver of a log instrument is
used to decide a suitable filtering method. Figure 5 shows a
comparison of cross-plot analysis for core and log data. We find
that using a three-point filtering technique gives a better linear
fit than the result before filtering, and that the scattering is
much smaller.

ESTIMATION OF RESERVOIR PARAMETERS

Once core to log calibration is completed, a linear or non-
linear regression method is employed to estimate the reservoir
parameters, and the procedures are described below.

Fig. 1. Work flow for reservoir parameters estimation using well-log
data and core data.

Fig. 2. Correction of a deviated hole from measured depth to true
vertical depth.

Fig. 3. Correction of sonic reading in the shale formation by
polynomial trend surface analysis. Three unusual sonic points
(values) can been found.
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Porosity

Extracting porosity from log requires information on lithologi-
cal fractions, core data and experimental information from the
laboratory, such as the properties of the grain matrix and pore
fluid. In this research, a simple and powerful approach of
core-log calibration is proposed to estimate porosity, and a
linear regression is used to determine the relationship of core
porosity to log density by geostatistical method.

�= −m · �+a, (3)

where � is the total effective porosity from core analysis in the
laboratory, � is the density log, and both m and a are lithological
coefficients to be determined on the basis of the least squares

regression. The example below uses 79 and 74 core porosity
samples respectively to build the relationship of core porosity
to density log and core porosity to sonic velocity log. Their
equations are as follows (see Fig. 6a, b).

�= −65.359 �+174.85 (4)

(for density log), and

�=0.8532 DT−45.242 (5)

(for sonic log).

Fig. 4. Core re-position (density), which corrects the depth point of
core samples based on the density log (in g cm�3).

Fig. 6. The relationship of core with
log: (a) core porosity and density log;
(b) core porosity and sonic velocity log;
(c) shale volume and index of
gamma-ray log; (d) clay content and
index of gamma-ray log.

Fig. 5. Filtering comparison between core data (porosity) with log
data (sonic log), the use of three-point filtering gives a much better
linear relationship.
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When the shale value is more than 15%, a cut-off value will
be used to correct porosity; the following equation is used for
shale correction (Yangjian 1995).

�*=
�ma−�
�ma−�w

− (Vsh−Vcut-off)
�ma−�sh

�ma−�w
, (6)

where �* is the corrected porosity, �sh is the shale density, Vsh
is the shale content, �ma is the matrix density, �w is the fluid
density and Vcut-off is the shale cut-off value.

Shale volume

When grain size is less than 0.063 mm it is defined as shale
volume in this study area, and the shale volume may be
obtained in the laboratory. The relationship between shale
volume Vsh and gamma-ray log (GR) is determined using a
non-linear regression which is similar to porosity equations
based on a geostatistical method (see Fig. 6c).

Vsh=10c*�GR+d (7)

where c and d are coefficients to be determined from this
non-linear regression, and the shale volume index (�GR) can be
estimated by gamma-ray values (GR).

�GR=
GR−GRclay

GRsand−GRclay

(8)

Clay content

When grain size is less than 0.03 mm it is defined as clay
content. Using a method similar to the shale volume (equation
7), (see Fig. 6d), the clay content Vcl is found to be

Vcl=10e * �GR+ f, (9)

where both e and f are non-linear regression coefficients to be
determined.

Fig. 7. Relationship of S wave velocities in the X and Y directions
(data are from a North Sea reservoir).

Table 1. Real equations for estimation of reservoir parameters

Predicted output Equations or parameters Description

Porosity (density log) �= −65.359 �+174.85 N = 79, R = 0.934, Err = 1.25
Porosity (sonic log) � = 0.8532DT − 45.242 N = 74, R = 0.933, Err = 1.25
Shale volume Vsh = 101.245*�GR+0.6902 N = 79, R = 0.870, Err = 1.43
Clay content Vcl = 100.985 * �GR+0.35128 N = 53, R = 0.855, Err = 1.35
Permeability

K = 8.7096 · 104 �5.78

V sh
1.37

N = 53, R=0.834, Err=1.28

Water saturation
Sw = S0.902 · Rw

Rt · �2.142D
1

1.7
m=2.142, n=1.7, a=1, b=0.902

Effective elastic moduli K, µ Vp and Vs By velocity model

Anisotropy coefficient
ms =

Vs= −√2198+0.954 · V s=
2

Vs

Vs =
Vs⊥+Vs=

2

Fig. 8. Predicted formation parameters by well-log and core data
calibration: porosity (panel 4), permeability (panel 5), water satu-
ration (panel 6) and shale volume (panel 7).
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Permeability

Porosity and shale content are believed to control permeability
in clay–sand mixtures. According to the core analysis in the
laboratory, the following regression for permeability (K ) is
found to be appropriate for this study area

K=G · 104 � g

V sh
h , (10)

where G, g and h are the coefficients to be determined by
non-linear regression.

Saturation

Resistivity and porosity can be obtained from log curves, using
analysis results of water saturation and analysis of the electrical
properties of rock in the laboratory, the saturation coefficients
may be determined; they include a1, b1, n and m. The water and
oil saturation are estimated based on Archiews (1942) formula as
follows

Sw=Sa1 · b1 · Rw

Rt · �m D1
n

, (11)

where Sw is water saturation, Rt is the true resistivity of the
formation (ohm-m), Rw is the water resistivity (ohm-m) and �
is the porosity.

Elastic moduli and velocities

The model proposed by Xu & White (1995, 1996) based on the
scattering theory of Kuster & Toksöz (1974) is used to
compute elastic moduli (including Kd and µd, bulk and shear
moduli for dry frame respectively, Km and µm, bulk and shear
moduli for mixture, Kf and µf, and bulk and shear moduli for
fluid). P-wave and S-wave velocities are then calculated using
Gassmannws (1951) equations:

Vp=5 1
�b
3Kb+4

3µd+
S1−

Kc
Km
D2

(1−�)
Km

+
�
Kf

−
Kc
Km

46
1
2

, (12)

Vs=Sµd
�b
D1

2
, (13)

where �b = �m(1 − �) + �f�, �b, �m and �f, and are the density
of bulk, matrix and fluid, respectively.

Fig. 9. Comparison of measured P-wave velocity and predicted
P-wave velocity with velocity error.

Fig. 10. Using shear-wave velocities for X and Y directions to
estimate anisotropy coefficient in anisotropic porous rocks.
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Anisotropy coefficient

From elastic moduli we can also predict shear-wave velocity,
and the anisotropy coefficient in turn can be estimated using
the velocity relationship of shear-wave in the horizontal and
plane directions, combined with the dipole sonic log (see
Fig. 7). The anisotropy coefficient (ms) is determined using the
following equations:

Vs⊥=√ j+k · V s=
2

, (14)

ms=
Vs=�Vs⊥

Vs

, (15)

where Vs= and Vs⊥ are the shear-wave velocities in the
horizontal and plane directions, Vs is the average shear-wave
velocity, and j and k are the regression coefficients on the basis
of Figure 7.

RESULTS AND APPLICATIONS

The real field data – well-log data, core measurements with
electrical property results – were from an oil field in the North

Sea. The log data consisted of caliper, gamma-ray, density,
resistivity and sonic logs, and the core measurements included
porosity, shale volume, clay content and rock-electric analysis
for water or oil saturation.

Using the relationship between the core and log data based
on the field data, we can build a sequence of equations for
reservoir parameter prediction (see Table 1 and Fig. 6). As an
example, the density log was chosen to predict porosity, and we
can see that the number of core samples (N) is 79, the
correlation coefficient (R) is 0.934 and the rms error (Err) is
1.25 (Table 1). The regression coefficients and the relationship
of core porosity and density log can be found from Figure 6a.

Using the methods mentioned above, others reservoir
parameters, such as shale, clay, permeability, saturation and
anisotropy coefficient, can also be determined. The elastic
moduli and velocities can be obtained from the theoretical
velocity model (equations 12 and 13). Table 1 summarized the
application equations for the data we study. Figure 8 shows a
parameters prediction result, which includes porosity (panel 4),
permeability (panel 5), water saturation (panel 6) and shale
volume (panel 7). Figure 9 shows a result of predicted velocity
with the comparison of measurement and prediction (panel 3),
and error curve (panel 4). Figure 10 is the output of estimated

Fig. 11. Error analysis of P wave
velocity using cross-plot and histogram
plot between measured and predicted
velocities.
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anisotropy coefficient (ms) based on shear wave velocities and
Equations 14 and 15.

In order to prove predicted accuracy, Figure 11 shows an
error analysis for compressional wave velocities. Comparing the
measured and the predicted velocities in the cross-plot and
error distribution (Fig. 11), we find that the scattering of
prediction with measurement is quite small, and the correlation
coefficient of regression (R) is over 0.97, which gives a
satisfactory result for velocity prediction.

CONCLUSIONS

This paper presents an integration technique from well-log and
core data to determine reservoir parameters. These parameters
include reservoir porosity (�), shale volume (Vsh), clay content
(Vcl), water saturation (Sw), permeability (K), as well as seismic
parameters such as elastic moduli (Km, µm, Kd, µd) and
anisotropy coefficients (ms). The approach is applicable to
both consolidated and unconsolidated formations, and can
provide satisfactory results for reservoir characterization. The
key procedures of this approach are summarized.

1. To establish the basis for calibration of core-log data, the
first important step involves editing of log curves and
preliminary processing of cores, so that the log and core data
may be matched and integrated successfully.

2. The selection of geostatistical methods (different regressions
technique) decides the accuracy of parameter prediction to
compensate the effects of lithology and other factors.

3. The combination of reservoir parameters with a seismic
velocity model (such as that in Xu & White 1995) extended
the use of well-log, core and seismic data for reservoir
characterization with an integration of petrophysics and
mathematical modelling.

The application to the oil field data from a North Sea
reservoir shows that this approach can satisfactorily predict
reservoir and seismic parameters in porous rocks, and this is
confirmed by error analysis performed on the data.
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