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Abstract—The analytical formulae based on the generalized reﬂection
and transmission coeﬃcient matrices for cylindrically stratiﬁed media
are used to simulate the borehole eﬀect on multicomponent induction
logging responses in various ratios of mud conductivity and formation
conductivity and to investigate the tool’s eccentricity eﬀect on the
responses of coplanar coils and coaxial coils. The simulated data
show that the borehole eﬀect and the tool’s eccentricity eﬀect on
the response of coplanar coils is greater than that on the response
of coaxial coils in most cases. Then we give an algorithm for the
correction of borehole eﬀect on multicomponent induction logging
responses, and the algorithm is based on the above-mentioned formulae
to build forward model and regularized Newton method. Finally we
correct borehole eﬀect on the apparent conductivity responses of two
diﬀerent models with the algorithm, and the results demonstrate the
eﬀectiveness of the algorithm.

1. INTRODUCTION
There is about 30 percent hydrocarbon in thinly laminated sand
and shale reservoir rocks which is electrically anisotropic for macroresistivity in estimation. The electromagnetic induction logging
method is among the most important methods to evaluate the water
and hydrocarbon saturation in shaly sand formation. Conventional
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induction logging tools comprising the axial direction component of
transmitter and receiver can only provide coaxial measurements, which
only yield horizontal resistivity for a vertical well or some weighted
value of vertical resistivity and horizontal resistivity for a deviated
or horizontal well. However, for thinly laminated sand and shale
reservoir rocks, whose individual beds are beyond the resolution limits
of conventional induction tools, the macro-resistivity is anisotropic,
and a multicomponent electromagnetic induction logging tool has
been developed to try to simultaneously evaluate the horizontal and
vertical resistivity of the earth formations [1–3]. In addition to
the coaxial transmitter-receiver pair, the new tool has two mutually
orthogonal coplanar transmitter-receiver pairs, so theoretically it can
provide nine components of magnetic ﬁeld produced by the three
mutually orthogonal transmitters. Therefore, the multicomponent
electromagnetic induction measurement can resolve the anisotropic
resistivity of earth formations.
In general, ﬁnite diﬀerence method [4–6] and ﬁnite element
method [7–10, 23, 24] are employed for three-dimensional numerical
modeling of the new tools. However the three-dimensional numerical
simulation is time-consuming and ineﬃcient.
Electromagnetic
modeling by using Green’s function for layered media is a fast method
to compute the ﬁeld excited by dot source of any direction in layered
media [11–17]. Based on the generalized reﬂection and transmission
coeﬃcient matrices for cylindrically stratiﬁed media, Wang [18]
deduced the Green’s function for cylindrically stratiﬁed anisotropic
media, and mainly investigated the multicomponent induction logging
responses for various lengths of tools. We use the Green’s function
to quickly compute the borehole eﬀect and eccentricity eﬀect on
multicomponent induction logging responses in various ratios of mud
conductivity and formation conductivity, and make use of it to build
forward model in borehole correction algorithm.
Usually a correction algorithm is used to reduce or to eliminate
the borehole eﬀect and eccentricity eﬀect on multicomponent induction
logging. The borehole correction algorithm consists of building forward
model to compute coil responses and using iterative inversion method
to solve some of the borehole eﬀect parameters. A table is usually built
as a forward model by using three-dimensional numerical methods such
as ﬁnite diﬀerence method [19]. However, building the table with the
three-dimensional numerical method is very time-consuming. We thus
build the forward model with the above-mentioned analytical formulae.
So the correction algorithm is accurate and eﬃcient to correct borehole
eﬀect.
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2. THE FIELD EXCITED BY THE DOT SOURCE IN
CYLINDRICALLY STRATIFIED ANISOTROPIC MEDIA
A well model usually includes borehole mud, invasion and a formation,
when the formation is homogeneous in the axial direction, as shown
in Fig. 1 where Region 1 is the borehole, Region 2 the invasion and
Region 3 the formation. If we suppose that the conductivity of the
formation is uniaxially anisotropic, then σ̄ can be expressed as:

Figure 1. Model of multicomponent induction logging tool in
cylindrically stratiﬁed anisotropic formation.

σ̄ =



σH
σH

(1)
σV

where σH,V is the horizontal and vertical conductivity respectively.
When a dot source of any direction is placed in Region j, the ﬁeld
in Region j can be represented as [17, 18]
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n (kj,ρ ρ) are the n-order of Bessel function
√
and n-order of Hankel function of the ﬁrst kind,
kz = iωu0 σV

h
is the axial direction wave number, kj,ρ
=
iωu0,j σh,j − kz2 and

σ
V,j
h =
iωu0,j σH,j − kz2 σH,j
are the radial direction wave numbers of
kj,ρ
←

TE and TM waves in layer j respectively, and the D0,n operator, the
local reﬂection and transmission coeﬃcient matrices and generalized
reﬂection matrix are expressed in appendix.
As for the induction logging problem, the source is usually in
Region 1 as shown in Fig. 1. So the ﬁeld in the source region can be
written as [17, 18]
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3. CORRECTING THE BOREHOLE EFFECT
In this section, we develop a technique for correcting the borehole
eﬀect. The borehole correction algorithm consists of building forward
model to compute array responses in the two-layered cylindrically
stratiﬁed model and using iterative inversion method to solve some
of the borehole eﬀect parameters. We build the forward model with
the above-mentioned analytical formulae (1)–(3), and use regularized
Newton method as the inversion method. Flow chart of algorithm for
correcting the borehole eﬀect is shown in Fig. 2.

Figure 2. Flow chart of algorithm for correcting borehole eﬀect.
Because borehole eﬀect mainly depends on the six parameters [19]:
the borehole radius r, the borehole mud conductivity σm , the oﬀset
re , the oﬀset direction relative to the tool coordinate α, the formation
vertical conductivity σv , the formation horizontal conductivity σh . The
parameters r, σm are easy to get by measurement, and the direction of
the oﬀset with respect to the tool’s x-axis can be solved directly from
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the xz and xy couplings. The relation is given by the equation [19]


σyz
α = −arctan
(9)
σxz
The residual three parameters re , σv , σh are solved by the
inversion method. There are many inversion methods [20–22] to solve
the minimization problem. In this paper, the regularized Newton
method [3, 20] is used to minimize the penalty function C.
C(σh , σv , re ) = σmeas − σmodel (σh , σv , re , σm , r, α)2

(10)

The algorithm of the regularized Newton method is described by
Zhdanov [3], if n is the iteration index
r n = f (mn ) − d
I n = F T r n + vn (mn − mapr )
H n = F T F + vn I
mn+1 = mn − H −1
n In

(11)

where f (·) is the operator of the forward modeling described by
formulae (2)–(4), d is a vector of observed data, mn is a vector of model
parameters (horizontal and vertical conductivity, σv and σh , and the
oﬀset) on the n-th iteration, mapr is a priori model, r n is a residual
vector of the diﬀerence between the predicted f (mn ) and observed
data d on the n-th iteration, F is a Frechet derivative matrix, H n is
a quasi Hessian matrix, I n is the regularized direction of a Newton
method on the n-th iteration, and vn is the regularization parameter
that is updated on each iteration according to a progression of the
number.
f (m1 ) − d2
m1 − mapr 2
vn = v0 q n , 0 < q < 1

v0 =

(12)

The Frechet derivative matrix can be calculated by taking
derivatives f (mm ), with respect to unknown parameters. The matrix
is
∂f
F =
(13)
∂m
When six parameters are got by the above-mentioned method, we
can compute the borehole eﬀect σbhe with the equation
σbhe = σwbh − σnbh

(14)
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where σwbh is the response of the model with the estimated parameters,
and σnbh is the response of the model without borehole. σwbh and σnbh
can be computed with the formulae (1)–(3). Finally, the corrected
response can be solved by
σcorr = σmeas − σbhe

(15)

4. NUMERICAL RESULTS
In this section, we ﬁrst investigate the borehole eﬀect and tool’s
eccentricity eﬀect on multicomponent induction logging responses
with formulae (1)–(3), and then correct the borehole eﬀect with the
above-mentioned correction algorithm method. The basic structure of
multicomponent induction tool is shown in Fig. 3. Tx , Ty and Tz are
the three mutually orthogonal transmitter coils; Rx , Ry and Rz are
the three mutually orthogonal receiver coils.
4.1. Borehole Eﬀect
Assuming a centralized tool, the borehole eﬀect depends on formation
conductivity, mud conductivity and borehole radius. To investigate
diﬀerent borehole eﬀects on responses of coplanar
coilsand on that of
 0
0 for various
and σzz σzz
coaxial coils, we compute the ratios of σxx σxx
0 and σ 0 are the apparent vertical and
contrasts σm /σf , where σxx
zz
horizontal conductivities without a borehole respectively, σxx and σzz
are the apparent vertical and horizontal conductivities with a borehole
respectively, σm and σf are the mud conductivity and formation

Figure 3. Illustration of the basic structure of multicomponent
induction logging tool.
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conductivity respectively. The borehole radius is assumed to be 0.1 m.
The distance R1 between the main receiver and the transmitter is
1.4 m. The distance R2 between
the buck
 0
 0 receiver and the transmitter
and σzz σzz
as functions of σm /σf for 4
is 0.8 m. Fig. 4 shows σxx σxx
diﬀerent formation conductivities σf = 0.01, 0.05, 0.1, 0.5 S/m. We
observe that when the σm /σf is less than 100, σzz is slightly aﬀected
1.15
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(a) Responses of coplanar coils
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(b) Responses of coaxial coils
0 (a) and σ /σ 0
Figure 4. Borehole eﬀect, expressed as σxx /σxx
zz
zz
(b) as functions of σm /σf for 4 diﬀerent conductivities σf =
0.01, 0.05, 0.1, 0.5.
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by borehole mud. However, σxx is aﬀected by all types of borehole
mud. When the formation conductivity is greater than 0.5 S/m, the
borehole eﬀect become greater for the same σm /σf ratio.
4.2. Eccentricity Eﬀect
In a deviated well, tool weight prevents the tool from being centralized.
The decentralized tool will increase the inﬂuence of response. We
simulate the tool eccentricity eﬀect for diﬀerent axial oﬀsets. The
borehole radius to be assumed is 0.15 m. The tool is decentralized in

apparent conductivity
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Figure 5. Tool’s eccentricity eﬀect for diﬀerent tool axis oﬀsets.
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the x-direction. The formation conductivity is 0.1 S/m. The distance
R1 between the main receiver and the transmitter is 1.4 m. The
distance R2 between the buck receiver and the transmitter is 0.8 m. We
consider both the resistive (oil base 0.001 S/m) mud and the conductive
(water base 1.0 S/m) mud. Fig. 5(a) and Fig. 5(b) show the eccentricity
eﬀect for resistive mud and conductivity mud respectively. We observe
that the eccentricity eﬀect on all responses is little for resistive mud.
However, the eccentricity eﬀect on σyy is great, and the eccentricity
eﬀect on σxx and σzz is little for conductive mud.
4.3. Correction of Borehole Eﬀect
We have known that borehole eﬀect on the coplanar coils is greater
than that on the coaxial coils. To illustrate the eﬀectiveness of the
above-mentioned method of correcting borehole eﬀect, we compute
the apparent conductivity response of the homogeneous formation
with borehole. The conductivity of formation is 0.05 S/m, and
the conductivity of borehole mud is 1.0 S/m. Then we correct
borehole eﬀect on apparent conductivities σxx and σzz , as shown in
Fig. 6. We can observe that the apparent vertical conductivity σxx
without borehole correction is quite diﬀerent from the true formation
conductivity. The apparent horizontal conductivity σzz is also unequal
to the true formation conductivity. However, the apparent vertical
and horizontal conductivities with correction are in accordance with
the true formation conductivity.
We also try to correct the borehole eﬀect on multicomponent
induction logging response in a three-layered formation with borehole.

formation depth
(a) Apparent vertical conductivity
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formation depth
(b) Apparent horizontal conductivity

Figure 6.
Comparison of apparent conductivity responses of
homogeneous formation with borehole both with and without borehole
correction.
The upper and lower layers have isotropic conductivity σh = σv =
0.2 s/m, whereas the middle layer has anisotropic conductivity σh =
0.05 s/m, σv = 0.01 s/m. The middle bed is 15 m thick. The borehole
has a radius of 0.1 m. We compute the response of forward model by

(a) Apparent vertical conductivity
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(b) Apparent horizontal conductivity

Figure 7. Comparison of apparent conductivities both with and
without borehole correction.
ﬁnite element method [7, 8], then correct the borehole eﬀect on the
response of three-layered model with the above-mentioned correction
algorithm. Fig. 7 illustrates the comparison of apparent conductivities
a , σ a both with and without borehole correction. The results show
σxx
yy
that the apparent conductivities with borehole correction are more
close to the formation’s true conductivity than that without borehole
correction.
5. CONCLUSION
We have given the analytical formulae to compute the ﬁeld excited by
magnetic dipole in any direction in cylindrically stratiﬁed anisotropic
media, and then computed the borehole eﬀect and tool’s eccentricity
eﬀect on multicomponent induction logging response in diﬀerent
borehole environment with the analytical formulae, and we observe
that the apparent vertical conductivity is aﬀected more greatly by
borehole mud for an σm /σf ratio up to about 100 than the apparent
horizontal conductivity. The apparent vertical conductivity is aﬀected
by all types of mud. Eccentricity eﬀect on all responses is slight
for resistive mud. However, the eccentricity eﬀect on the response
of coplanar coils in the direction vertical to eccentricity direction
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is great for conductive mud. We also give a algorithm to correct
the borehole eﬀect on multicomponent induction logging responses,
and the numerical results illustrate that the algorithm can eﬀectively
correct the borehole eﬀect.
APPENDIX A.
←

The D0,n operator shown in function (7) can be expressed as [17, 18]

!   Mρ 
h 2
z
−kz ∂ρ∂ s ink
−
i
k
←
1
ρ
ρs
 Mθ 
D0,n =
(A1)
inωµh
∂
8π
− ρs
− ωµh ∂ρs 0
Mz
where Mρ , Mθ and Mz are the three orthonormal components of the
magnetic dipole M in cylindrical coordinate system.
The local reﬂection and transmission coeﬃcient matrices for
cylindrically stratiﬁed uniaxial anisotropic media can be written
as [17, 18]
R̄n,j,j+1 = −[B̄j,n J̄n (kj,ρ aj+1 ) − B̄j+1,n H̄(1)
n (kj+1,ρ aj+1 )
−1
−1
·(H̄(1)
n (kj+1,ρ a)) J̄n (kj,ρ aj+1 )]
(1)
[B̄j,n H̄(1)
n (kj,ρ aj+1 ) − B̄j+1,n H̄n (kj+1,ρ aj+1 )
−1 (1)
·(H̄(1)
n (kj+1,ρ aj+1 )) H̄n (kj,ρ aj+1 )]

T̄n,j,j+1 = −[B̄j+1,n H̄(1)
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·(J̄n (kj,ρ a))−1 H̄(1)
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·(J̄n (kj,ρ aj+1 ))−1 H̄(1)
n (kj,ρ aj+1 )]
R̄n,j,j−1 = −[B̄j,n H̄(1)
n (kj,ρ aj ) − B̄j−1,n J̄n (kj−1,ρ aj )
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·(J̄n (kj−1,ρ aj ))−1 J̄n (kj,ρ aj )]
T̄n,j,j−1 = −[B̄j−1,n J̄n (kj−1,ρ aj ) − B̄j,n H̄(1)
n (kj,ρ aj )
−1
−1
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n (kj,ρ aj )) J̄n (kj,ρ aj )]

(A2)
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where
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h 2 ρ λ2 k e 2 ∂ρ
(kjρ
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( jρ )
iωµ
−nkz 1
∂
− h j 2 ∂ρ
2
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λ2mj

jρ
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jρ

The generalized reﬂection coeﬃcient matrix can be expressed as

−1
˜
˜
˜
Ī−
R̄
R̄
R̄
R̄
=
R̄
+
T̄
n,j,j+1
n,j,j+1
n,j+1,j n,j+1,j+2
n,j+1,j n,j+1,j+2
·T̄n,j,j+1

−1
˜
˜
˜
Ī−
R̄
T̄n,j+1,j
R̄n,j+1,j = R̄n,j+1,j + T̄n,j,j+1 R̄
R̄
n,j,j−1
n,j,j+1 n,j,j−1
(A4)
where j = 1, 2, . . . , J, and R̄n,J,J+1 = 0, R̄n,1,0 = 0.
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