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Abstract

Electromagnetic wave logging-while-drilling (LWD) tools are used in geosteering for hydrocarbon exploration. Comparing
with vertical wells, the response of logging has widely changed because the electrical parameters surrounding the borehole
are nonaxisymmetrical distribution in deviated well. In this paper, with the method of alternating-direction-implicit finite-
difference time-domain (ADI-FDTD), we discuss the logging response of electromagnetic wave LWD in deviated well,
three-dimensional Yee’s non-uniform staggered grid is used in cylindrical coordinates, transfer coordinate system is built
between strata space and instrument space, which the conductivity tensor of the anisotropic and dipping formation can be
expressed in coordinates of instrument, the method of area weighted average is used to compute the effective conductivity
of partially-filled grid cells at interfaces, and uniaxial perfectly matched layer (UPML) absorbing boundary conditions is
used to truncate the computational domain. Result shows that horn of logging response curve is appeared on both upper and
lower boundaries, when electromagnetic wave LWD tool penetrating through the boundary with large dipping angle, and
this horn is used to indicate the presence of formation boundaries. What’s more, with the eccentric distance increases, horns
effect of the boundary is more obvious.
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1 Introduction 2017; Wang et al. 2017; Shao et al. 2017), and it is sig-

nificance to accurate evaluation of reservoir oil-bearing. In

In the exploration of oil and gas resources, the resistivity
based on conductive characteristics of the reservoir is the
basis of the qualitative evaluation whether the formation is
oil-bearing strata, oil or water-bearing layer, and it is also
one of the important parameters of the reservoir hydrocar-
bon saturation (Gorbatenko et al. 2016; Sun et al. 2016;
Qin et al. 2017). LWD has the characteristics of real-time
and high efficiency, which can effectively reduce the influ-
ence of drilling fluid invasion on the formation (Bakr et al.
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order to enhance oil recovery and reduce costs, horizontal
wells, deviate wells and multilateral wells are used, and the
number of these wells is increasing. Comparing with verti-
cal wells, the response of logging has changed because the
electrical parameters around the wellbore are no longer axi-
ally symmetric. currently, the research on electric logging
of modeling and inversion numerical simulation based on
horizontal wells and deviate wells is the hotspot (Yang et al.
2013). However, in the environment of logging in highly-
deviated wells and horizontal wells, measure the deviation,
tool eccentricity (Hong et al. 2017; Galsa et al. 2016), mud
invasionand formation of the electrical anisotropy and other
factors will affect the formation resistivity (Salazar et al.
2009, 2011; Zhou et al. 2015). Therefore, it is particularly
important to know how to deal with the logging response
characteristics of the instrument under the complicated
conditions.

Meanwhile, in the processing oil drilling, it is urgent need
a LWD system that can carry out real-time geosteering and it
is suit to the complex oil and gas layer, predict the undrilled
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formation to maintain the borehole within the desired geo-
logical. Azimuthal resistivity LWD tools with tilted antennas
(Bittar 2002) are widely used in geosteering because of their
azimuthal sensitivity and the relatively large depth of inves-
tigation compared with other LWD tools. Compared with
conventional resistivity tools, azimuthal-resistivity LWD
measurements can provide additional information includ-
ing distance-to-boundary, relative dip angle, and resistiv-
ity anisotropy (Chen et al. 2016). In recent years, based on
the techniques of traditional resistivity LWD, the azimuth
electromagnetic wave resistivity LWD was developed and
used in the oil field, but how to improve the accuracy of
logging interpretation. By studying characteristics of log-
ging response in forward modeling, the response of azimuth
electromagnetic resistivity LWD in complex conditions is
get, and it provides a theoretical basis for the inversion cal-
culation and interpretation of logging data for the future.

The remainder of this paper is organized as follows. In
Sect. 2 provides an overview of the numerical methods
about LWD. Section 3 presents the method of ADI-FDTD
for the electromagnetic wave logging while drilling. Sec-
tion 4 describes the ADI-FDTD results against NMM results
and presents some results for various model. Finally Sect. 5
concludes by remarking achieved results.

2 Related Works

In recent years, various numerical methods have been
applied to study the response of electromagnetic wave
logging in geophysical formations, such as the numerical
matching method (NMM) (Fan et al. 2000), the finite ele-
ment method(FEM) (Nam et al. 2013), the finite difference
frequency domain(FDFD) (Hou et al. 2006), and FDTD
method (Lee et al. 2012). Among these methods, those based
on the direct discretization of Maxwell’s equations are very
flexible in handling complex media and geometries. FDTD
is particularly attractive since it is easily implemented and
is matrix-free, having low computational complexity that
scales only linearly with the number of degrees of freedom.
The FDTD method can accurately model complex LWD
environments. A merit of this method is its capability of
providing real-time simulation results, which are fundamen-
tal to time-domain logging tools. However,because FDTD
simulation time-step sizes are limited by the smallest mesh
size following the Courant stability condition, small mesh
sizes lead to small time-step sizes in FDTD simulations (Wu
et al. 2008), and in deviated well drilling, anisotropic forma-
tions can lead to borehole problems with dipping-layered
media having full 3 X3 conductivity tensors (Weiss et al.
2002).

In this context, considering on development of instru-
ment for the future, we focuses on the key technologies of
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azimuth electromagnetic wave resistivity LWD, study on
the forward numerical simulation of logging response with
the theoretical basis of electromagnetic theory, electrical
logging method and electronic information technology. In
this paper, based on the principle analysis of calculation
method and electromagnetic wave LWD, we employ ADI-
FDTD directly with Yee’s non-uniform staggered grid in
three-dimensional cylindrical coordinates, transfer coor-
dinate system between strata space and instrument space,
which the conductivity tensor of the anisotropic and dip-
ping formation can be expressed in coordinates of instru-
ment, use area weighted average to compute the effective
conductivity of partially-filled grid cells at interfaces and
use UPML absorbing boundary conditions to truncate the
computational domain. The proposed ADI-FDTD method
is validated against NMM results in layered formations and
used to simulate LWD tool response for anisotropic dipping
beds in deviate well, and applied to extract the response of
electromagnetic wave LWD under different combinations of
eccentricity offsets.Based on the forward modeling, the log-
ging response characteristics of electromagnetic resistivity
LWD is studied, it is not only provides a theoretical basis
for the logging data processing and interpretation, but also
provides a guidance of design methodology for the develop-
ment of instrument.

3 Method numerical formulation

3.1 FDTD method for electromagnetic field
in cylindrical coordinates

Maxwell equations are a set of basic equations describing
the macroscopic electromagnetic phenomena, which can be
written not only in differential form, but also in integral form
(Yang et al. 2010). The FDTD method is based on the dif-
ferential form of Maxwell curl equation (Taflove et al. 1975;
Ala et al. 2015; Redman et al. 2016), which transforms the
differential operation into difference operation directly by
using difference discrete. In this way, a set of time domain
advancing formula is obtained, thus realizing the sampling
of continuous electromagnetic field data in a certain space
and for a period of time.

For the general time-varying field, the Maxwell curl equa-
tion in lossy dielectric of underground can be written as:

oE
VXH=¢e— +0cE

o T ° M
Vsz—u%—omH 2)

In the formula (1) and (2), where €, u, o, E, and H rep-
resent dielectric permittivity, permeability, conductivity,
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electric field intensity and magnetic field intensity,
respectively.

However, the borehole and logging tool are cylindrical,
the discrete error is inevitably increased with the rectangular
grid still used in the simulation of the drilled electromag-
netic logging. In order to reduce the “ladder” error caused
by mesh subdivision and to better match the real logging
environment, the FDTD method is adopted to simulate the
logging response in Cylindrical Coordinates in this paper.

According to the rotation formula of Cylindrical
Coordinates:

0A 0A 0A 0A d(pA
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p Op

p 0@ 0z 0z dp

stability, that is, the selection of the time step is not limited
by the space step size. When using the finite difference time
domain method to calculate the electromagnetic field, it is
necessary to establish the Yee’s grid computing space in the
whole area (Yee 1966). And, for each time step, the six field
components of the electric field and magnetic field on each
grid in the computational region are stored for the next time
step in the calculation. Thus, the greater the calculation area,
the greater the amount of storage needed. However, the cal-
culation of FDTD must be carried out in a limited area due
to any computer memory is limited. So, for the infinite grid

0A
15 e v

where e s €» €, ATE the unit vectors.
Based on formula (3), the Maxwell curl equation in
Cylindrical Coordinates can be obtained:

space, the grid space is truncated somewhere in the actual cal-
culation to conduct the equivalence of finite space and infinite
space, however it will lead to the non physical electromag-
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Based on formula 4 ~ 5, the electric (magnetic) field val-
ues at any point on the spatial grid are related to the follow-
ing three factors: (a) The electric (magnetic) field value of
the point in the previous time step; (b) Magnetic (electric)
field value at the last time step near on the orthogonal plane
of the electric (magnetic) field; (c) Dielectric parameters o
and €, and magnetic parameters of medium y and o,,. There-
fore, according to a set of basic formulas of FDTD, the cal-
culation of the electric and magnetic fields can be performed
in order of points at any given time step.

3.2 Absorbing boundary condition

In the conventional FDTD, it is necessary to limit the size
of spatial discrete step and time step in consideration of the
requirement of calculation accuracy and stability. After deter-
mining the space step, the selection of time step needs to sat-
isfy the Courant condition. And, in order to simulate the char-
acteristics of electromagnetic field, the space step size must be
small, which leads to the increase of the total number of time
steps in the determination time and the difficulty of calcula-
tion. Therefore, the ADI-FDTD method is adopted to simulate
the electromagnetic logging response of LWD (Garcia et al.
2002). This method has the characteristics of unconditional

netic wave reflection at the truncation of the grid space and
seriously affects the accuracy of the calculation. Hence, it is
necessary to take essential measures for the boundary of the
truncated space, to keep the state of spreading outwards of the
electromagnetic wave propagating outward at the boundary.
Considering that the introduced boundary condition needs to
match the ADI-FDTD difference scheme without destroying
the unconditional stability principle of time step, the UPML
boundary conditions and ADI-FDTD method are adopted for
numerical simulation analysis in this paper.

3.3 Coordinate transformation

In the Cartesian Coordinates, the conductivity of the formation
can be expressed as a diagonal tensor for a laterally homogene-
ous anisotropic formation, namely:

0
Op

0

S O

o' =

(6)

cod
Q

v

Here, 6, and o, represent horizontal conductivity and verti-
cal conductivity, respectively. k is anisotropic ratio,
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Fig. 1 Illustration of the LWD tool in formation with an anisotropic
dipping bed

P

(a) First coordinate transformation (b) Second coordinate transformation

Fig.2 The rotation of coordinate

1
/
k= (O'h/ 0'v> 2. However, in the stratum space, the principal

axis of the instrument is inconsistent with the Z axis of the
coordinate system, and the Cartesian coordinate system of
conductivity matrix tensor of the formation does not coincide
with the Cylindrical coordinate system of logging instrument,
as shown in Fig. 1.

Through the two steps coordinate rotation transformation,
the tensor of the conductivity matrix that expressed in the stra-
tum space rectangular coordinate system can be expressed in
the cylindrical coordinate system based on Z axis of instru-
ment by using a rotation matrix (Lee et al. 2007). Specific
methods are as follows:

First: Rotate the Cartesian coordinate system x’,y’, 7
around the y axis with angle 0, to get rectangular coordinate
system x,y, z, as shown in Fig. 2. And, # means the angle
between the direction of the principal axis of z’ and z.

/

X X
Y |=RO)|y | @)
7 z
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cos® 0 —sinf
Here, R(0) = 0O 1 O
sin@ 0 cosé@

As the Ohm’s law is established in any coordinate system,
and the vector field in the two coordinate systems is also
in accordance with the coordinate rotation transformation
relation, we can obtain:

o = R™1(6)c'R(0). 8)
cosf 0O sinf
Here, R~1(9) = 0 1 0
—sinf 0 cosd

Second: In the instrument axis space, the conductivity
tensor in the angle coordinate system is converted to the
cylindrical coordinate system, as shown in Fig. 2 (b). This
rotation can be expressed as follows:

X p
Yy |=R@)| ¢ | )
Z Z
cos@ —sing 0
Here, R(¢p) =| sing cosg O |.
0 0 1

3.4 Excitation source setting

It is necessary to consider the simulation of the excitation
source when the FDTD method is used to simulate the elec-
tromagnetic wave logging problem, that is, choosing the
appropriate incident wave and adding it into the FDTD itera-
tion with a suitable method. Assume that the initial condi-
tion of each field component is 0 when the FDTD equation is
used to solve the electromagnetic field value. When t> 0, the
source grid point is replaced by the source field value. How-
ever, with the increase of time step, the value of the field will
propagate along the grid space and act on the medium being
studied, causing the scattering and absorption phenomena.
In order to shorten the time of steady state establishment and
reduce the shock response, the form of time domain excita-
tion that chosen in the design is v () = r(¢) sin(w?), r(¢) is a
raised cosine (RC) ramp function that can be obtained as:

0 t<0
r(f) =1 0.5[1 — cos(wt/2a)] 0 <t < aT . (10)
1 t>al

Here, T and a represent the period of sine function and
the number of sine waves in the duration of the slope,
respectively.

This special excitation function has ideal performance.
For all «, the excitation source function and its first
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derivative are continuous at ¢t = 0; at the same time, the
function integral is 0 when « is an integer multiple of 0.5,
indicating that DC offset is O (that is, the transmitter does
not contain ultra low frequency DC signal). Based on these
characteristics, the time harmonic field can reach a stable
state after a relatively short time.

3.5 Electromagnetic logging response signal

The electromagnetic wave generated by the electromagnetic
wave resistivity LWD tool transmitting signal to the antenna
is transmitted in the formation. And, the induced electro-
motive force is obtained at the receiving antenna. Then, by
measuring the amplitude ratio and phase difference of the
induced potential signal between the receiving coils of dif-
ferent source distances, the phase shift resistivity and the
attenuation resistivity finally are obtained by the mathemati-
cal transformation method.

The formation resistivity is derived by measuring the
amplitude attenuation EATT of the induced voltage signal
and the phase difference A¢ of the signal on the 2 receiving
coils. The benefits of measuring those two parameters are as
follows: (1) the amplitude attenuation and phase difference
of the measured signals are relative values, which can reduce
the influence of the size of the hole and the coil; (2) in the
design of the instrument, it is not necessary to increase the
circuit to remove the direct coupling signal, thus simplifying
the structure of the instrument. The schematic diagram of
electromagnetic LWD with three coils of single-emission
and double-receiving shown in Fig. 3, where T represents
transmitting coil and number of windings, R, and R, repre-
sent receiving coils, the distance between transmitting coil
and receiving coil are L; and L,, respectively. In addition,
the voltage of the receiving coils R, and R, are V| and V,,
respectively, amplitude attenuation EATT and signal phase
difference A¢ are expressed as:

AN
>le>

L, L Lg

drill collar

borehole _»//,\\

Fig.3 Structure diagram of an electromagnetic wave resistivity LWD

EATT =201 —| 2|
g v
| 1| (11)

A¢=¢1—¢2

Here, |V,| and | V|| represent the modulus of coil voltage
V, and V,, ¢, and ¢, are the phase angle of receiving coil
voltage V| and V,, respectively.

4 Results and discussion
4.1 Algorithm verification

In order to verify the correctness of the finite difference
time domain method to solve the resistivity log response of
LWD in the cylindrical coordinate system, a typical model
is selected to calculate and compare with NMM method in
this paper.

4.1.1 Model1

Assume that the borehole is surrounded by an infinitely thick
homogeneous isotropic formation, as shown in Fig. 4. The
instrument uses 3-coil structure, among them, the distance
between the receiving coil R}, R, and transmitting coil T
are 76.2 and 60.96 cm, respectively, drill collar radius is
20.32 cm, both the radius of the transmitting coil and receiv-
ing coil are 22.86 cm, and the hole diameter is 25.4 cm. In
addition, the borehole filled with isotropic oil-based mud
which has a conductivity of 0.0005 S/m, and the excitation
frequency is 2 MHz.

Since the model is axisymmetric, it can be calculated
using a two-dimensional algorithm. Thus, a uniform dis-
crete grid is used in the longitudinal direction and the

homogeneous isotropic homogeneous isotropic

formation Yy formation
f| £
N Oil-based mud
ol @
=
v o, =0.00055/m

mud

20.:320?l

254 cm

Fig.4 Illustration of infinite thick homogeneous isotropic formation
(Modell)
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non-uniform grid is used in the radial direction. And, on the
outside of coil, Ap is gradually changed from small to large
to reduce memory consumption, which value is determined
by the skin depth of the maximum conductivity layer. The
maximum mesh size is (Ap)max = 6/ 5, where 6 is the depth
of skin corresponding to the maximum conductivity, and it
is given by formula 12.

- —1/2
s=—1 )1 1+<i> —1 (12)

W/ HE 2 wE

When (6 / (we)) > 1, formula 12 can be simplified as:
6=4/—. (13)

The calculated results of the FDTD method and the
results of numerical mode matching (NMM) are shown in
Fig. 5. By comparing the phase difference curve and the
amplitude ratio curve, it can be seen that the results agree
well with each other, which indicates that this method can
be used for the simulation analysis of logging response of
electromagnetic resistivity LWD.

4.2 The logging response of instrument eccentricity
in isotropic formation

In the process of drilling high angle well and horizontal
well, it often leads to a certain eccentricity of the instrument
axis and the well shaft due to the gravity of the drilling tool
and mechanical vibration during drilling. When the instru-
ment is eccentric, it will form an asymmetrical non cylindri-
cal electromagnetic wave, which may cause the separation of
the log curve and even the formation of spikes. Therefore, it
is necessary to make clear the effect of the eccentricity on
the logging response to better guide the drilling and logging
data.

4.2.1 Model 2

Model 2 (a) is an infinite thick homogeneous isotropic for-
mation around the borehole, the schematic diagram of the
model is shown in Fig. 6. The wellbore is filled with iso-
tropic oil-based mud with a conductivity of 0.0005 S/m, and
the surrounding strata with a conductivity of 10 S/m. Where
z and 7' represent instrument axis and wellbore axis, respec-
tively. Moreover, the instrument adopts 3 coil structure. The
distance between the receiving coil R, R, and transmitting
coil T are76.2 and 60.96 cm, separately, drill collar radius is
20.32 cm, both the radius of the transmitting coil and receiv-
ing coil are 22.86 cm, the hole diameter is 25.4 cm, and the
excitation frequency of the instrument is 2 MHz.
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(b) Amplitude attenuation log response

Fig.5 NMM and FDTD results for response of electromagnetic LWD
tool in an infinitely homogeneous isotropic formation

In the model 2 (a), there is a great difference between the
formation conductivity and the mud conductivity that the
former is 20,000 times of the latter. In the direction of p, Ap
is uneven, which changes from 0.635 to 18.77 cm. And a
uniform step is used in the direction of ¢ and z. The model
2 (b) is constructed by modifying the mud conductivity and
formation conductivity of model 2 (a), in which the mud
is water-based mud with a conductivity of 10 S/m, and the
homogeneous formation has a conductivity of 0.1 S/m. In
addition, the other model parameters are unchanged, and
there is little difference between formation conductivity and
mud conductivity. The partition of the grid is the same as
model 2 (a), and the simulation results are shown in Fig. 7.

Figure 7 shows the simulation results of the phase dif-
ference and amplitude ratio of the instrument with the
instrument offset, respectively. In the Fig. 7a, the ordi-
nate represents the phase difference of the instrument, but
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homogeneous isotropic homogeneous isotropic

formation formation

o, =10S/m

Oil-based mud

76.2cm
60.96cm

20.32Icm
25.4 cm
(a) Oil-based mud

zZ, .z

homogeneous isotropic homogeneous isotropic
formation formation
o, =0.1/m
2| 5
IS
° % Water-based mud
o, =10S/m
i
20.3icgr
254 cm
(b) Water-based mud

Fig. 6 Illustration of homogeneous isotropic infinite thick formation
with eccentricity (model2)

in Fig. 7b, the ordinate represents the amplitude ratio of
the instrument, and the abscissa represents the offset of
the instrument axis (the distance between the axis of the
instrument and the axis of the borehole). As can be seen
from the graph, when there is a great difference between
mud conductivity and formation conductivity, the differ-
ence of the amplitude ratio and phase difference with the
instrumental eccentricity is evident, that indicates the
eccentricity of the instrument has great influence on the
log response. On the contrary, when the change of conduc-
tivity (K=0.01) is not obvious, the variation of amplitude
ratio and phase difference with instrumental eccentricity
is also not palpable.

The following conclusions can be obtained from the
simulation of this model: in the case of large difference
between mud conductivity and formation conductivity, the
eccentricity of the instrument has a great influence on the

Phase Difference Response on Model2

S N T B s
NS : : H : : —+— K=20000

Phase Difference(deq)

30 i i i i i i
0 2 4 6 8 10 12 14 16 18
Mandrel Offset(cm)

(a) Instrument eccentricity and phase difference response

Amplitude Ratio Response on Model2
8 T T T T T T I I
: ’ ’ : —+— K=20000
—&— K=0.01

Amplitude Ratio(dB)

Mandrel Offset(cm)

(b) Instrument eccentricity and amplitude ratio

Fig.7 Logging response of a LWD tool with eccentricity (model2)

log response that can not be ignored, but a little effect for
the small difference.

4.2.2 Model 3

The model 3 is a three-layer formation with the upper and
lower layers of an infinite uniform isotropic stratum with a
conductivity of 1 S/ m, and the middle is a homogeneous
isotropic layer with a conductivity of 0.01 S/m. The actual
thickness of the middle layer is 152.4 cm. Moreover, the
isotropic oil-based mud filled in wellbore has a conductivity
of 0.0005 S/m, and the instrument parameters are the same
as model 2, as shown in Fig. 8.

In this model, considering the logging response of the
instrument in different eccentricity and angles of the inclined
isotropic formation, the discrete grid is the same as model
2. As shown in Fig. 9, the ordinate represents the amplitude
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Owp = 1S/m R, Three layers of uniform formation
R, Oil-based mud
A

0,,, =0.0005S /m

O, =18/m h=152.4cm

Fig. 8 Illustration of isotropic three-layer formation with eccentricity
(model 3)

Amplitude Ratio Response on Model3 (d=0cm)
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Fig.9 Logging response of a LWD tool with eccentricity (model 3)
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ratio of the instrument, and the abscissa represents the dis-
tance between the transmitter coil of the instrument and the
intersection point of the lower layer with the hole, that is, the
distance between the transmitter coil T and point A in Fig. 8.

It can be clearly seen from Fig. 9.

With the increase of the instrument eccentricity, the
amplitude ratio changes little in the middle layer, but great
in the upper layer and lower layer;

With the augment of the tilt angle, the amplitude ratio is
changed at the boundary, and it has apparent change when
the inclination angle is larger (greater than 60 degrees).

Through the comparative analysis, the following conclu-
sions are drawn:

When the conductivity of the mud is different from that of
the surrounding layer, the apparent resistivity varies greatly

Amplitude Ratio Response on Model3(d=3cm)
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due to the eccentricity of the instrument. This is the same
as in model 2.

In high angle wells, the eccentricity of the instrument
increases the horn effect at the boundary.

4.3 Log response in anisotropic layered formations
4.3.1 Model 4

This model is also composed of 3 layers. Both the upper and
lower layers are infinitely thick uniformly isotropic forma-
tion with a conductivity of 10 S/m, and the middle layer is a
tilted anisotropic formation with a horizontal conductivity
of 2.5 S/m and a vertical conductivity of 0.5 S/m. In model
4 (a), the borehole is filled with isotropic water-based mud
with a conductivity of 2 S/m. And the actual thickness 4 of
the middle layer is 152.4 cm; In model 4 (b), the borehole
is filled with isotropic oil-based mud with a conductivity of
0.0005 S/m. And the actual thickness 4 of the middle layer
also is 152.4 cm; In model 4 (c), the borehole is same as the
model 4 (b), but the vertical thickness & of the middle layer
is 152.4 cm. In addition, the parameters of the instrument are
the same as model 2. The model is shown in Fig. 10.

In this model, the discrete grid is the same as model 2,
and the log response is shown in Fig. 11. The vertical axis
represents the phase difference of the instrument response,
and the abscissa represents the distance between the trans-
mitter coil T and the point A. It can be clearly seen from
Fig. 11a: (1) With the increase of the dip angle, the appar-
ent thickness of the anisotropic inclined layer becomes
wider; (2) In the anisotropic formation, the phase difference
decreases with the increase of the dip angle, but the influ-
ence of the dip angle on the response is not obvious in homo-
geneous formation; (3) At the interface of formation, the
effect of horn is more obvious with the increase of dip angle.

Since the actual thickness of the strata is 152.4 cm,
the vertical thickness of the anisotropic formation is
also152.4 cm at 8 = 0°, but with the increase of the angle,
the vertical layer thickness increases with sec 8 factor rela-
tive to the edge of the borehole, which results in the broad-
ening of the apparent thickness of the anisotropic tilted stra-
tum with the increase of the dip angle; In addition, due to the
increase of the electrical conductivity of the upper and lower
wall rocks at the boundary of the anisotropic formation, the
apparent thickness becomes wider. In vertical wells, appar-
ent resistivity depends mainly on the horizontal conductiv-
ity, the effect of anisotropy can be ignored when the local
dip is relatively small, however, the anisotropy has a great
influence on the highly deviated wells and horizontal wells,
and the apparent resistivity is determined by the combina-
tion of horizontal and vertical conductivity, the influence of
vertical conductivity on the resistivity is also enhanced with
the increase of the dip angle.

z

R, Three layers of formation

Ry Water-based mud
0,=2.58/m
0,=055/m h
h=

T

o,, =10S/m

(a) Water-based mud (The actual thickness of the middle layer is 152.4cm)

Z,
o,, =108 /m R, Three layers of formation
R, Oil-based mud
0,=2.58/m
o =05S/m h Oy = 0.0005S /m
h=152.4c
T
o,, =10S/m

z

R Three layers of formation

R, Oil-based mud
0,=2.55/m
G, =0.55/m &= 0.0005S / m
h =

T

o,,=10S/m

(¢) Oil-based mud (The vertical thickness of the middle layer is 152.4cm)

Fig. 10 Illustration of the LWD tool in a three-layer formation with
an anisotropic dipping bed

For model 4 (b), the mud is replaced with oil-based mud
with a conductivity of 0.0005S/m, and the other forma-
tion parameters are the same as model 4 (a). The numeri-
cal simulation results are shown in Fig. 11b. Comparing
the two diagrams of (b) and (a), it can be found that: (1)
The overall responses of the instrument in the two mod-
els are very similar; (2) In the inclined stratum, the log
response is sensitive to the nature of the mud. Especially
that the mud conductivity increases, the apparent thickness
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Phase Difference Response on Model4(a)
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Fig. 11 Logging response of a LWD tool with an anisotropic dipping
bed (model4)

becomes wider, the phase difference becomes smaller, and
the horn effect is enhanced.

For model 4 (c), oil-based mud is still selected with a
conductivity of 0.0005S/m. The thickness of the anisotropic
layer is fixed with respect to the axis of the instrument, and
the other formation parameters are the same as those of
model 4 (a). The numerical simulation results are shown
in Fig. 11c. Comparing the two diagrams of (c) and (b),

@ Springer

we can conclude: (1)The apparent thickness of model 4 (c¢)
is reduced under large inclination angle; (2) For the large
dip angle, the effect of the horn is more significant at the
boundary. In the model 4 (c), the thickness of the increase in
the geometric effect (sec ) is artificially suppressed. In this
case, the increase of the apparent thickness can be attributed
solely to the boundary effect of the formation. Note that this
is not a compression of the apparent thickness of the image
(b), since the parameters of the model are constant.

Through the comparative analysis of Fig. 11, the follow-
ing conclusions are drawn.

In anisotropic formation, the measurement of apparent
resistivity is a comprehensive reflection of the horizontal
and vertical conductivity, especially in the highly deviated-
well, where the vertical conductivity has a significant effect
on the response.

The dip angle of strata has an influence on log response.
With the increase of the dip angle, the apparent thickness of
the formation also increases; The response curve decreases
with the increase of dip angle; When the tilt angle is small
(less than 45°), the response curve is smooth and the inclina-
tion angle is less affected. But when the tilt angle is larger
(greater than 60 degrees), the response curve has a horn
effect at the boundary of the formation, and the greater the
angle, the more obvious the effect of the horn.

The properties of mud have an effect on the log response.
With the increase of the dip angle, the log response is sensi-
tive to the nature of the mud, the mud conductivity increases,
the apparent thickness becomes wider, the phase difference
becomes smaller, and the effect of the boundary layer is
enhanced.

5 Conclusion

Based on the research of the calculation methods and
numerical simulation algorithms, we study the response
characteristics of azimuth electromagnetic resistivity LWD
in complicated conditions. In anisotropic formation, the
measured apparent resistivity is a comprehensive reflec-
tion of the horizontal conductivity and vertical conductiv-
ity. The apparent thickness is widened with the inclination
increases, and the horn effect can be seen in the phase dif-
ference response and amplitude ratio response for larger
dipping angles, as the dipping angle is increased, the horn
effect is more obvious. In general, the effect of eccentric-
ity on the tool response is smaller when the conductivity
contrast between the mud and the surrounding formation is
low. Nevertheless, when the conductivity contrast between
the mud and the surrounding formation is high, the effect
of eccentricity on the tool response is larger, what’s more,
with the eccentricity increases, and the amplitude attenu-
ation ratio is also increased. At the same dipping angle,
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with the eccentric distance increases, horns effect of the
boundary is more obvious. By studying characteristics of
logging response in forward modeling, we are familiar with
the response of electromagnetic resistivity LWD in complex
conditions, it provides a theoretical basis for the inversion
calculation, development of instrument independently and
interpretation of logging data.
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