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A B S T R A C T

Resistivity is an important parameter used to identify the properties of reservoir fluids. In an inclined stratum, the
relative position of the wellbore trajectory and changes in the formation alter the response mechanism of normal
well logging tools, and the response of well logging tools is different from that in an inclined well. In order to
determine the true resistivity of the reservoirs, it is necessary to correct for the inclination of the formation.
Firstly, the finite-element method was used to simulate the distribution of the electromagnetic field at the in-
duction logging coils in the formation. Secondly, the induction logging resistivity at different inclination angles
was determined by combining the total magnetic field strengths at the receiving coils, and a forward model of the
resistivity was then established. Finally, the true resistivity of the formation was simulated by particle swarm
optimization. The results showed that the resistivity increases as the dip angle increased. In this study, we used
fitted forward and inversion models and the particle swarm optimization algorithm to correct the apparent re-
sistivity of wells A and B in the Dabei Block in the Tarim Basin and thereby determine the resistivity of the
formation. The effectiveness of the dip correction of the resistivity was confirmed by data from oil testing.

1. Introduction

Resistivity is the main parameter used to identify the properties of
fluids in a reservoir. However, the dip, thickness and heterogeneity of the
formation can cause distortions in the resistivity curve, which may lead
to a misinterpretation of the nature of the reservoir fluids. Some studies
have indicated that an essential feature of the resistivity is its anisotropy,
in that it has directional variations in the formation (Gao et al., 2005;
Shen et al., 2009). When the formation dip is low, the apparent resistivity
(Ra) mainly corresponds to the horizontal component (Rh) of the re-
sistivity. With an increase in the dip, the vertical component (Rv) of the
resistivity is gradually becomes obvious (Xiao and Zhang, 1995; Deng
et al., 2006; Fan et al., 2016). Shen et al. (2000) confirmed that the
apparent resistivity increases with an increase in the formation dip.

With the development of computer science, the numerical simulation
of resistivity has become an important method for solving the problem of
resistivity anisotropy (Gao and Xie, 2000, 2003). Klein (1993) used the
quantitative relationship between the borehole angle and the apparent
resistivity to analyze the anisotropy of the induction logging. In order to
improve the accuracy of the evaluation of formations, Hou et al. (2016)
used multi-component induction logging to determine the formation dip,

which was based on the anisotropic forwardmodel of inclined formations
(Epov et al., 2010). Gao et al. (2016) combined the lateral logging with
three-dimensional finite-element numerical simulation to solve the
problem of tendency and inclination and provided a theoretical basis for
dip correction (Deng et al., 2012; Li et al., 2015). On this basis, Chen
(2017) proposed a more effective finite-element method for simulating
resistivity logging. Via forward modeling of the anisotropy of resistivity,
the above-mentioned researchers discussed the influence of the forma-
tion dip on the resistivity, and established the forward theory of different
formation dips. However, the inversion simulation of the effect of the dip
on the resistivity and methods for the correction of this effect still lack
effective research.

The study area is located in the Kelasu tectonic belt of the Kuqa
foreland basin. The structure developed a set of salt layers in the Creta-
ceous system, which were subjected to strong tectonic compression,
which therefore led to the occurrence of structural deformation between
the upper and lower layers with the characteristics of a double-thrust
structure. A nappe-type structure with a low thrust angle, a nappe-type
structure with a steep dip angle, and an upward blockfault-type struc-
ture with a steep dip angle are developed in the upper salt layers. The
lower salt layers are characterized by the development of superimposed
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thrust structures, as shown in Fig. 1. Strong tectonic compression
increased the dip angle of the stratigraphic strata in the study area, and,
as the dip angle of part of the strata is higher, the anisotropy of resistivity
logging is more prominent, which causes difficulties in evaluating the
fluid properties using the resistivity curve. In this study, the finite-
element method was used to analyze the distribution characteristics of
the electromagnetic field and potential gradient in induction logging at
different dip angles. In combination with the particle swarm optimization
(PSO) algorithm, this study established an inversion algorithm for re-
sistivity. Via the processing of experimental data, the inversion algorithm
generated a continuous dip correction of measured resistivity and pro-
vided an effective way of adjusting the dip correction of the resistivity.

2. Material and methods

This study considered the thickness of the target strata (h), the
inclination angle (θ), the well diameter (D), and the position of the coil
system used to log the structure of the strata. This study only considered
the following parameters for the model: the resistivity of the target strata
(Rt), the relative dielectric constant (εr), the differential permeability (μr),
the resistivity of the surrounding rocks (Rs), and the resistivity of the mud
in the wellbore (Rf). Fig. 2 shows four mesh models of the stratigraphy
with different inclination angles.

In order to analyze the distributions of the electric field and the
magnetic fields in the stratigraphic model, the finite-element method was
used to solve the electric and magnetic field wave equations. When the
coil size was compared with the coil spacing, the coil size was so small
that it could be ignored. The transmitting coils could thus be considered
to be equivalent to an oscillating magnetic dipole source in the induction
logging. The vector wave equation for the magnetic field is shown in
Equation (1):

r�r�H � ω2μεcH ¼ ω2μεcMs (1)

where H is the magnetic field intensity, ω is the angular frequency, μ is
the differential permeability, εc is the relative dielectric constant, andMs
is the magnetic flux density vector.

The wave equation should meet the two following boundary condi-
tions in the formation model:

(1) The tangential component of the magnetic field should be
continuous at the interface between formations.

n� ðH1 �H2Þ ¼ 0 (2)

(2) The Dirichlet boundary condition should be met, whereby the flux
at the model surface is zero.

Hj∞¼ 0 (3)

This study used the finite-element method to solve the vector wave

equation and then processed the distribution of the electromagnetic field
generated by the transmitting coils to obtain the total magnetic field
strength (HR) at the receiving coils. Finally, the electromotive force
induced in the receiving coils is obtained by the Faraday induction law:

Vi ¼ �dϕ
dt

¼ �iωNnARμ0HR (4)

where Vi is the electromotive force induced in the ith receiving coil, Φ is
the magnetic flux,Nn is the number of turns in the receiving coil, AR is the
area of the ith receiving coil, μ0 is the permeability of free space, andHR is
the magnetic field intensity at the ith receiving coil.

For a compound coil system, the apparent resistivity values in the
induction logs are obtained by the principle of superposition the elec-
tromagnetic field:

σa ¼
Pn

i¼1σi
Pm

j¼1
NTiNRj

LijPn
i¼1

NTiNRj

Lij

(5)

where σa is the apparent conductivity, σi is the apparent conductivity of
the ith transmitting coil when the number of receiving coils is m, NTi is
the number of turns in the ith transmitting coil, NRj is the number of turns
in the jth receiving coil, Lij is the distance from the ith transmitting coil to
the jth receiving coil.

3. Results

It was assumed that the formation was non-invasive and that the re-
sistivity of the target strata was lower than of the surrounding rock. In
Synthetic Example 1, the thickness of the target strata was 2m, of which
the resistivity was 5Ωm, the relative dielectric constant (εr) was 10, and
the differential permeability (μr) was 1.0. The resistivity of the sur-
rounding rock was 40Ωm, whereas the wellbore was filled with oil-
based mud, of which the resistivity was 1000Ωm. We determined the
apparent resistivity for both deep and medium induction with changes in
the measurement position, as shown in Fig. 3. Fig. 3a shows the apparent
resistivity for deep induction, whereas Fig. 3b shows the apparent re-
sistivity for medium induction in Synthetic Example 1.

In Synthetic Example 2, the initial conditions in the stratum model
were changed so that the resistivity of the strata was 40Ωm and the
resistivity of the surrounding rock was 5Ωm. We determined the
apparent resistivity for deep and medium induction with changes in the
measurement position, as shown in Fig. 4. Fig. 4a shows the apparent
resistivity for deep induction, whereas Fig. 4b shows the apparent re-
sistivity for medium induction in Synthetic Example 2.

Three conclusions can be drawn from the numerical simulation. First
of all, at the same dip, there was a difference between the apparent re-
sistivity values for deep and medium induction. The main reason is that
the detecting depth for deep induction is greater than that for medium
induction, and the corresponding measurements are thus affected by the
upper and lower surrounding rocks to a greater extent. Secondly, as the
dip angle increases, the apparent resistivity curves for deep and medium
induction logging no longer have stratification capacity, and the curves
develop increasingly obvious shoulders. Thirdly, the lower is the dip
angle, the closer the induction logging resistivity is to the true resistivity
of the formation.

The apparent resistivity is affected by factors such as dip, thickness
and heterogeneity of the formation. In the case where only the influences
of the dip and the resistivity anisotropy (λ) are considered, where λ is the
cause of the difference between Rv and Rh, plots can be generated ac-
cording to the abovementioned simulation results, as shown in Fig. 5.
Fig. 5a shows that there was a good linear relationship between ln (Ra/
Rh) and ln (Rv/Rh) at the same dip, and the slope increased with an in-
crease in the dip. Fig. 5b shows that when the resistivity anisotropy co-
efficient was constant, there was a linear relationship between ln (Ra/Rh)
and cos(θ), and the rate of change of ln (Ra/Rh) with cos(θ) increased asFig. 1. Structure of the Dabei block.
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