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Electromagnetic (EM) Logging While Drilling (LWD) plays an increasingly
significant role in oil and gas exploration and development. Fast and accurate
simulation of EM LWD is essential for optimizing tool parameters and data
processing. As the depth of investigation increases, EM LWD simulation and
inversion in complex geological structures become more important, while the
computational cost of three-dimensional (3D) simulations remains a major
challenge. In this paper, we present a simplified 3D finite-difference frequency
domain method for symmetric geological models. In such models, the
electromagnetic field generated by a magnetic dipole source exhibits symmetry
in all directions. Leveraging this symmetry, we reduce the computational
domain by half, centering it on the symmetry plane, and impose new
boundary conditions based on the symmetry of the electric field. Compared
to conventional methods, the proposed approach reduces the number of
unknowns by half, significantly improving computational efficiency. Numerical
simulations show that the results from the proposed method agree well with
both analytical solutions and finite element simulations. We further apply
the method to analyze borehole effects, mud invasion, and near-wellbore
anomalies. The numerical results indicate that in a 12-inch diameter borehole,
EM LWD apparent resistivity curves are influenced by borehole effects, deviating
from those obtained under borehole-free conditions. The impact of the
borehole and mud invasion varies with tool frequency and transmitter-receiver
(TR) spacing: shorter TR spacings and higher frequencies aremore susceptible to
these effects, whereas longer TR spacings and lower frequencies exhibit greater
stability.

KEYWORDS

electromagnetic, logging while drilling, 3d finite difference method, half-space
computational domain, borehole effects

1 Introduction

With the increasing number of high angle and horizontal wells, Electromagnetic
Logging While Drilling (EM LWD) is widely applied in oil and gas exploration
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and development (Qin et al., 2017). EM LWD can measure
the formation’s electrical properties in real time, allowing for
inversion-based determination of formation structures (Pardo and
Torres-Verdín, 2015; Li H. et al., 2020). Consequently, it plays a
crucial role in horizontal well landing and real-time geosteering
(Bittar et al., 2009; Wu B. et al., 2022; Yue et al., 2022). Over
the past decades, EM LWD technology has continuously evolved
in its applications (Tian et al., 2023). From the perspective of
tool structure and detection capabilities, EM LWD has developed
from single-frequency and single transmitter-receiver spacing to
multi-frequency and multi-spacing configurations (Bittar et al.,
1993). Measurement components have expanded from a single
coaxial component to multiple components, and the detection
depth has increased from several inches to several tens of
meters (Bazara et al., 2016; Clegg et al., 2022). In this process,
numerical simulation technology has also played an important role
(Gao et al., 2010; Qin et al., 2021).

Numerical simulation serves as the foundational basis for the
optimization of EM LWD tool parameters, analysis of logging
response characteristics, investigation of influencing factors, and
data inversion (Wei et al., 2024). To achieve this, a variety of
numerical simulation methods have been employed to calculate
EM LWD responses (Liu et al., 2015). Depending on the specific
requirements, different methods are employed for EM LWD
simulation. For conventional EM LWDmeasurements, the mapping
relationship between formation resistivity and phase shift or
amplitude ratio can be simulated using the analytical expression
of the electromagnetic field generated by a dipole source in a
homogenous medium. To further analyze the impact of formation
boundaries on the logging response, a pseudo-analytical algorithm
in a one-dimensional (1D) model is required (Hong et al., 2016;
Li Y. et al., 2020; Wang L. et al., 2020). By combining specific
tool signals and inversion algorithms, it becomes possible to
obtain formation resistivity and delineate formation boundaries
(Wang et al., 2018; Xu et al., 2023). To address the analysis of
more complex formation properties, Davydycheva et al. derived
a pseudo-analytical algorithm for biaxial anisotropic media
(Davydycheva et al., 2014; Fan et al., 2019). As the tool’s detection
depth increases, using only a 1D model becomes insufficient
to describe the actual formation environment. Therefore, 2.5D
algorithms for two-dimensional formation models have been
widely applied (Wu et al., 2020b). Chen et al. introduced the 2.5D
algorithm into EM LWD simulation and analyzed the impact of
faults on the azimuthal EM LWD responses (Chen et al., 2011;
Noh et al., 2022). Tool responses in anisotropic and complex
scenarios are also discussed with 2.5D algorithms (Zeng et al., 2018;
Wu et al., 2020a; Wu Z. et al., 2022).

Recently, to more accurately characterize reservoir structures,
3D inversion has been incorporated into EM LWD measurements
and has gradually emerged as a new trend. Consequently, 3D
numerical forward modeling has become increasingly essential. In
fact, the application of 3D numerical algorithm techniques in EM
LWD forward modeling has a long history (Wang and Fang, 2001;
Davydycheva et al., 2003). In 3D numerical simulation algorithms,
the finite difference method, including the finite difference time
domain (FDTD) and finite difference frequency domain (FDFD)
methods, is among the most widely used (Lee and Teixeira, 2010;
Yuan et al., 2011; Sun and Hu, 2022). It is often applied to

simulate and analyze the eccentric response of azimuthal EM
LWD tools (Hue et al., 2005; Li and Wang, 2016). As another
important numerical simulation method, the finite element method
(FEM)offers significant advantages in simulating complex structural
models due to its flexible mesh discretization (Jaysaval et al., 2016).
In recent years, the discontinuous Galerkin (DG) finite element
techniques have also been applied to EM logging simulations
(Sun et al., 2017; Zhang et al., 2020). In addition, the finite volume
method (FVM) is widely used for simulating the responses of
extra-deep EM LWD tools and plays an important role in 3D
inversion (Clegg et al., 2019;Wang H. et al., 2020;Wang et al., 2023).
Overall, 3D numerical simulation techniques have been effectively
applied in EM LWDmodeling.This paper focuses on improving the
traditional finite difference algorithm for a specific symmetricmodel
to enhance computational efficiency.

In this paper, we apply the 3Dfinite difference frequency domain
method to EMLWD simulation. For symmetricmodels, a simplified
3D simulation scheme is obtained by applying appropriate boundary
conditions. The remainder of this paper is organized as follows.
In Section 2, we briefly introduce the physics of EM LWD tools.
In Section 3, the 3D finite difference algorithm with symmetric
boundary conditions and the difference scheme are presented. In
Section 4, the algorithm is validated through comparison with
results from other methods. In Section 5, we apply the algorithm to
Electromagnetic Logging While Drilling modeling and analyze the
effects of borehole and mud invasion on the logging response.

2 Physics of the EM LWD tools

Electromagnetic Logging While Drilling tools were initially
designed with a single-transmitter, dual-receiver configuration,
using the phase shift and amplitude ratio of the induced
electromotive force between two receiver coils tomeasure formation
resistivity. The latest generation of EM LWD tools measures multi-
component magnetic fields and employs low frequencies and
extended transmitter-receiver spacing to enable formation detection
over distances of several tens of meters (Li et al., 2020). Figure 1
shows the basic structure of EMLWD tools.The figure illustrates the
tri-axial configuration for both transmitter and receiver. However,
in practice, the actual tools may only use a subset of these coil
systems, depending on the specific requirements, measuring only a
few components. For example, traditional EM LWD tools typically
use coaxial coils to measure the Hzz component, while azimuthal
EMLWD tools alsomeasure theHxz/Hzx components. Additionally,
some tools utilize tilted coils instead of orthogonal coils to obtain
cross-coupling components. It is important to note that actual
tools may incorporate additional coil systems and employ multiple
frequencies for measurement.

For traditional EM LWD tools, the basic structure consists of an
axial transmitter and two axial receivers. The phase shift (PS) and
amplitude ratio (AR) between the dual receiver coils are formally
defined by Equations 1, 2, respectively:

PS = atan(
Imag(V2)
Real(V2)

) − atan(
Imag(V1)
Real(V1)

) (1)

AR = 20 lg(
Imag(V1)2 +Real(V1)2

Imag(V2)2 +Real(V2)2
)
1/2

(2)
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FIGURE 1
Configuration of typical EM LWD tools.

where PS and AR represent the phase shift and amplitude ratio
between the two receivers, respectively. V1 and V2 are the induced
electromotive forces on receiver coil 1 (R1) and receiver coil 2
(R2), respectively. Imag (·) and Real(·) are functions that extract
the imaginary and real parts of a complex number, respectively. For
azimuthal EM LWD tools, the basic structure is typically single-
transmitter, single-receiver. When different tool configurations are
used, the definition of the geosignal may vary. For instance, when
an orthogonal coil system is employed, the geosignal can be
defined as V zx or Vxz . In contrast, when a tilted coil system is
used (Bittar, 2000), the geosignal is defined as the phase shift
geosignal (GeoP) and the amplitude ratio geosignal (GeoA). The
definitions of GeoP (GeoA) are analogous to those of PS (AR),
with the distinction that V1 and V2 no longer represent the
induced electromotive forces from the two receiver coils. Instead,
V1 and V2 correspond to the induced electromotive forces at
tool rotation angles of 0° and 180°, respectively. For extra-deep
EM LWD tools, the basic unit is typically a single-transmitter,
single-receiver configuration. The measured coaxial, coplanar, and
cross components are then used for signal synthesis. Taking
Schlumberger’s Geosphere service as an example, its synthesized
signals include eight modes: USDA, USDP, UADA, UADP, UHRA,
UHRP, UHAA, and UHRP (Seydoux et al., 2014; Wu et al., 2018;
Zhang et al., 2021).

3 3D finite difference algorithm

3.1 Governing equation and boundary
condition

In EM LWDmeasurements, fixed frequencies are typically used.
In this paper, the time convention of e-iωt is assumed, and the
variation in rock magnetic permeability is ignored. The Maxwell
equations in the frequency domain for inhomogeneousmedium can
be expressed as

∇×E = iωμ0H (3)

∇×H = Js + (σ− iωε)E (4)

where, E is the Electric field, V; H is the magnetic fields, A⋅m−1; ω
is the angular frequency, rad⋅s−1; Js is the current source, A⋅m−2; σ
is the conductivity tensor, S⋅m−1; μ0 is the permeability of vacuum,
4π⋅10−7 H⋅m−1; ε is the dielectric constant, F⋅m-1. By combining
Equations 3, 4, the wave equation of electric field can be obtained
as shown in Equation 5. Moreover, the conductivity-permittivity

coupling term (σ − iωε) can exhibit anisotropic properties, as
characterized in Equation 7.

∇×∇×E = iωμ0Js + iωμ0(σ− iωε)E (5)

The electromagnetic fields generated in the formation is the
superposition of the incident field produced by a magnetic dipole
source and the scattered field. Specifically, in a homogeneous
isotropic formation, only the incident field, denoted as Ei, exists.
The scattered field, denoted as Es, is due to the heterogeneity of the
formation. Therefore, the total field can be expressed as the sum of
Ei and Es. Substitute the total field E and the incident field Ei into
Equation 3 and take the difference to obtain Equation 6:

∇×∇×Es − iωμ0 ̂σE
s = iωμ0( ̂σ− ̂σ0)E

i (6)

where

σ− iωε = [[[

[

σxx − iωεxx σxy − iωεxy σxz − iωεxz
σyx − iωεyx σyy − iωεyy σyz − iωεyz
σzx − iωεzx σzy − iωεzy σzz − iωεzz

]]]

]

(7)

Since subsurface rocks are often lossy media, the
electromagnetic field will decay to zero far from the source.
Therefore, the boundary condition of the EM LWD modeling
problem becomes Equation 8:

E|(x→∞,or,y→∞,or,z→∞) = 0 (8)

In fact, considering the exponential decay of the electromagnetic
field, using a Perfect Electric Conductor (PEC) boundary at a
distance greater than 2.3 times the skin depth from the magnetic
dipole source ensures that the boundary’s influence on the
simulation results is less than 1%.

3.2 Model construction and conductivity
equivalence

Taking into account factors such as the borehole condition,
mud invasion and formation structure, a three-dimensional model
as shown in Figure 2 is established. For the three-dimensional
simulation of EM LWD, we typically need to focus on factors
such as mud resistivity, wellbore dimensions, mud invasion,
and the environment of deviated or horizontal wells. The
dashed lines in Figure 2 represent the finite difference grid, which
divides the formation model into a series of small cells. By assigning
corresponding electrical parameters to each cell, further difference
simulations can be conducted.Thefigure shows a vertical wellmodel
under inclined formation conditions. By rotating the coordinates, it
can also be used to simulate inclined well conditions in horizontal
formations.

It should be noted that formation conductivity is usually
expressed in the formation coordinate system. In EM LWD
modeling, it is necessary to rotate the formation coordinate system
to the tool coordinate system as expressed in Equation 9:

σt = R−1σ fR (9)

where, σ t and σ f are the conductivity matrices in the tool coordinate
system and the formation coordinate system, respectively. R is the
rotation matrix, which is shown in Equation 10.
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FIGURE 2
A three-dimensional formation model for EM LWD modeling.

R = [

[

cosθcosφcosγ− sinφsinγ −cosθcosφsinγ− sinφcosγ sinθcosφ
cosθsinφcosγ+ cosφsinγ −cosθsinφsinγ+ cosφcosγ sinθsinφ
−sinθcosγ sinθsinγ cosθ

]

]
(10)

where θ,φ and γ are the three Euler angles.

3.3 Finite difference scheme

To apply the finite difference method, the electric field wave
equation is first expanded into a scalar equation:

(
∂2Es

y

∂x∂y
+
∂2Es

z

∂x∂z
−
∂2Es

x

∂y2
−
∂2Es

x

∂z2
)− iωμ0(σxxE

s
x + σxyE

s
y + σxzE

s
z)

= iωμ0[(σxx − σ0)Ei
x + σxyE

i
y + σxzE

i
z]

(
∂2Es

x

∂x∂y
+
∂2Es

z

∂y∂z
−
∂2Es

y

∂x2
−
∂2Es

y

∂z2
)− iωμ0(σyxE

s
x + σyyE

s
y + σyzE

s
z)

= iωμ0[σyxE
i
x
+ (σyy − σ0)Ei

y + σyzE
i
z]

(
∂2Es

x

∂x∂z
+
∂2Es

y

∂y∂z
−
∂2Es

z

∂x2
−
∂2Es

z

∂y2
)− iωμ0(σzxE

s
x + σzyE

s
y + σzzE

s
z)

= iωμ0[σzxE
i
x + σyzE

i
y + (σzz − σ0)E

i
z]

(11)

It can be observed that the incident and scattered fields of
the electric field are separated to the left and right sides of the
equation, respectively. The scattered field is the unknown to be
solved, while the incident field can be obtained through an analytical
solution. Therefore, a linear system of equations can be formed by
Equation 11. By using the finite difference method, the differential
on the left side of the equation is converted into a difference,
thereby obtaining the coefficient matrix for the linear system of
equations. For the second-order difference, the coordinates at node
(i, j, k) are defined as (xi, yj, zk). The coordinates xi+1/2, yj+1/2,
and zk+1/2 correspond to the positions at the midpoints of the cell
edges between nodes in the x, y, and z directions, respectively. The

distances between two nodes in the x, y, and z directions are Δxi
= xi+1-xi,Δyj = yj+1-yj,Δzk = zk+1-zk. The distances from the node
centers are Δxi-1/2 = xi+1/2-xi-1/2,Δyj-1/2 = yj+1/2-yj-1/2,Δzk-1/2 = zk+1/2-
zk-1/2. The derivation of finite difference schemes is a nontrivial
process. Without loss of generality, we take the first term on the
left side of Equation 11 as an example. Its finite difference scheme
is formulated in Equation 12:

∂2Esy
∂x∂y
= ∂
∂y
(
Esy(i+1,j,k) −E

s
y(i,j,k)

∆xi
) = 1
∆xi∆yj− 1

2

×[(Es
y(i+1,j+ 1

2
,k)
−Es

y(i,j+ 1
2
,k)
)−(Es

y(i+1,j− 1
2
,k)
−Es

y(i,j− 1
2
,k)
)]

(12)

The other terms on the left side of the equation can be obtained
using the samemethod. For the terms on the right side, we only need
to calculate the incident field at the corresponding nodes using an
analytical solution. Another issue in constructing the linear system
of equations is the assignment of conductivity values. Since the
electric field is located on the edge of a cell and there are four cells
surrounding that edge, it is necessary to use the properties of the
four cells to equivalently assign the conductivity of the electric field
at that location. Here, we use the xx component as an example to
derive the equivalent conductivity. Assume that the electric field
within any cell is uniform and equal to the electric field at (i+1/2,
j, k). For the electric field in the x-direction, the current generated
in the x-direction is given by

Jxx(i,j−1,k−1)S(i,j−1,k−1) + Jxx(i,j,k−1)S(i,j,k−1) + Jxx(i,j−1,k)S(i,j−1,k)
+ Jxx(i,j,k)S(i,j,k) = Jxx(i+ 1

2
,j,k)S

(13)

where S represents the cross-sectional area. By combining the
differential form of Ohm’s law with Equation 13, we obtain the
equivalent conductivity as expressed in Equation 14.

σxx(i+ 1
2
,j,k) =
∆zk− 1

2
(∆yj−1σxx(i,j−1,k−1) +∆yjσxx(i,j,k−1))

4∆yj− 1
2
∆zk− 1

2

+
∆zk(∆yj−1σxx(i,j−1,k) +∆yjσxx(i,j,k))

4∆yj− 1
2
∆zk− 1

2

(14)

The equivalent conductivity for other components can be
derived in a similar manner and will not be repeated here.

3.4 Symmetric fields-based half-space
modeling method

Typically, due to the complex formation structures and
measurement environments, the electromagnetic field distribution
generated by the EM LWD tools is quite intricate. However,
when the complexity of the formation structure is reduced,
and only horizontal layered formations are considered, the
electromagnetic field distribution will exhibit certain symmetric
or antisymmetric properties. Consider a deviated borehole model
within a horizontally layered formation. The top and bottom
shoulder beds are modeled as semi-infinite, isotropic formations,
with resistivities of 3 Ω·m and 4 Ω·m, respectively. The middle
layer is characterized by anisotropic properties, with a horizontal
resistivity of 10 Ω·m and a vertical resistivity of 40 Ω·m. The
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FIGURE 3
Cross-sectional view of the electric field generated by a magnetic dipole source in the z-direction on YOZ plane: (a) Ex component; (b) Ey component;
(c) Ez component.

wellbore deviates at an angle of 60° relative to the formation
normal, with a radius of 4.25 inches (10.8 cm), and is filled with
drilling mud of resistivity 0.1 Ω·m. Mud invasion occurs within
the middle layer, extending to a depth of 0.5 m. The invaded zone
exhibits a horizontal resistivity of 1 Ω·m and a vertical resistivity of
4 Ω·m. Figure 3 illustrates the cross-sectional view of the electric
field in the YOZ plane generated by a magnetic dipole source
oriented in the z-direction. It is evident that all components of
the electric field are symmetric about the y = 0 plane. Much
more numerical simulations indicate that similar results can be
observed for magnetic dipole sources oriented in other directions.
This symmetry arises from the fact that, although the current
model is three-dimensional, it is symmetric about the y = 0 plane.
Therefore, the symmetry of the field is an inherent property of
the model.

To further validate the symmetry of the electromagnetic field, a
three-dimensionalmodel is established. Specifically, a vertical well is
embedded in a homogeneous formation with a resistivity of 10 Ω·m.
The borehole has a diameter of 8.5 inches and is filled with mud of
resistivity 0.1 Ω·m.The transmitter coil is positioned at the center of
the well axis at a relative depth of 0 m, with coordinates (0, 0, 0). A
low-resistivity anomaly, characterized by a resistivity of 1 Ω·m and
a side length of 2 m, is placed adjacent to the well, with its center
located at coordinates (2 m, 0 m, 0 m). Figure 4 presents the cross-
sectional distribution of the Ez component on the XOY plane (z =
0.5) generated by different directional dipole sources. The results
indicate that the electric field maintains symmetry with respect to
the y = 0 plane.

Since the electromagnetic field exhibits symmetrical properties,
we can simplify the simulations by computing the field in half
of the space. Figure 5a presents a schematic of the electric field
nodes on the YOZ plane within a full-space computation domain,
while Figure 5b illustrates the corresponding electric field node
distribution on the YOZ plane in a half-space computation domain.
In this case, we assume the midpoint of the y-axis coordinates
y(Ny+1

2
) and y(Ny+1

2
+ 1) of the symmetry plane. In half-space

modeling, a crucial consideration is that by eliminating half of
the spatial domain, the boundary conditions of the computational
model are consequently altered. Specifically, in the full-space 3D
finite difference simulation of EM LWD, PEC boundary conditions
are used. However, in the case of half-space modeling, one of

the boundaries is transformed into a symmetry plane (i.e., the
YOZ plane). On this symmetry plane, the electric field cannot be
treated with PEC boundary conditions. In contrast, we can leverage
the symmetry of the field to establish new boundary conditions.
Assuming the number of grid points in the x, y, and z directions
are denoted as Nx, Ny, and Nz, respectively, with each being an odd
number.The boundary conditions on the symmetry plane can be set
according to Equation 15:

{
{
{

Ex(i+ 1
2
, Ny+1

2
,k) = sgn(M) ·Ex(i+ 1

2
, Ny+1

2
+1,k)

Ez(i, Ny+1
2
,k+ 1

2
) = sgn(M) ·Ez(i, Ny+1

2
+1,k+ 1

2
)

(15)

where sgn (·) is a function of the magnetic dipole moment. For
magnetic dipole sources oriented in the x and z directions, sgn (·)
equals −1, while for those oriented in the y direction, sgn (·) equals
+1. The relative position relationship of the electric field in the
equation can be seen in Figure 4B. It should be noted that on the
YOZ plane, only electric field components in the x and z directions
are present.Therefore, boundary conditions need only be considered
for Ex and Ez . Since the computational domain has been reduced to
half of its original size, the number of electric field nodes to be solved
is similarly halved. Consequently, the computational efficiency can
be significantly improved.

4 Algorithm validation

To validate the accuracy of the algorithm, three models were
designed: a homogenous anisotropic formation, a horizontally
layered formation, and a mud invasion model. The 3D finite
difference simulation results were compared with analytical
solutions and results from 3D finite element method. For the
homogeneous model, the horizontal and vertical resistivity are set
to 5 Ω·m and 20 Ω·m, respectively. The well deviation ranges from
0° to 90°, with the tool operating at a frequency of 100 kHz and a
transmitter-receiver spacing of 96 inches. Figure 6a illustrates the
variation of theHxx component of the magnetic field at the receiver
as a function of the borehole dip angle. In the figure, the black solid
line represents the analytical solution, while the red scattered points
indicate the results from the 3D finite difference simulation.

For the horizontally layered formation, the model consists of
three layers: the top and bottom shoulder beds are both semi-infinite
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FIGURE 4
Cross-sectional view of Ez component on XOY plane (z = 0.5m) generated by: (a) x-oriented dipole; (b) y-oriented dipole; (c) z-oriented dipole.

FIGURE 5
Finite difference grids and electric field nodes. (a) full-space; (b) half-space.

with a resistivity of 1 Ω·m, and the middle layer is a 2-m thick
anisotropic layer with horizontal and vertical resistivities of 10 Ω·m
and 40 Ω·m, respectively. The tool frequency is set to 100 kHz, with
a transmitter-receiver spacing of 96 inches, and the well deviation
angle is 0°. Figure 6b shows the variation of the imaginary part of
Hxx component with true vertical depth (Tvd). In the figure, the
black solid line represents the analytical solution, while the red
scattered points denote the 3D finite difference results. For the mud
invasion model, the borehole radius is assumed to be 4.25 inches,
filled with mud having a resistivity of 0.5 Ω·m. The resistivities
of the invaded zone and the virgin zone are 1 Ω·m and 10 Ω·m,
respectively. Figure 6c shows the variation of the imaginary part of
Hxx with the invasion radius, where the invasion radius refers to the
distance from the boundary of the invaded zone to the wellbore wall.
In the figure, the black solid line represents the 3D finite element
method results, while the red scattered points denote the 3D finite
difference results. It can be observed that in all three tested models,
the 3Dfinite difference simulation results closelymatch the reference
solutions, with relative errors of less than 1%, thereby validating the
accuracy of the algorithm.

5 Numerical examples

In this section, we apply the 3D finite difference algorithm to
simulate the EM LWD responses and analyze the effects of borehole
environment and mud invasion on the responses of different types
of EM LWD tools.

5.1 Borehole effects

During the drilling process, the wellbore is typically filled with
drillingmud.As a result, the electromagneticwaves generated byEM
LWD tools are inevitably influenced by the borehole environment.
In this section, we take the Hzz (coaxial component) and Hzx
(cross-coupling component) components as examples to analyze
the effects of the borehole on the tool response. Consider a three-
layer formation model, where the middle resistive layer exhibits a
resistivity of 10 Ω·m and a thickness of 3 m. The top and bottom
layers are infinitely thick with a resistivity of 1 Ω·m. The formation
is penetrated by a vertical borehole. In the first scenario, we ignore
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FIGURE 6
Comparison of 3D finite difference results with the analytical solution and 3D finite element method. (a) Homogeneous Formation Model; (b)
Horizontally Layered Formation Model; (c) Mud Invasion Model.

the influence of the borehole and consider only the variation in
formation resistivity. In the second scenario, we take the borehole
effects into account, with a borehole radius of 6 inches and a mud
resistivity of 0.2 Ω·m. In this case, we assume a one-transmitter, one-
receiver configuration, with an operating frequency of 20 kHz and
a transmitter-receiver spacing of 40 inches. Figure 7 illustrates the
variation of the imaginary part of the Hzz component with depth
in the formation. In Figure 7a, the comparison between the FDFD
results and the analytical solutions demonstrates a good agreement,
confirming the validity of the 3D finite difference algorithm.
Figure 7b compares the response results with and without the
presence of a borehole, revealing that the existence of the borehole
leads to deviations in the Hzz curve. Since the Hzz component is
typically used for measuring apparent resistivity in formations, it
is important to appropriately consider the borehole environment
during apparent resistivity analysis. Figure 8 illustrates the variation
of the Hxz component with depth (in this case, the formation dip
angle is 45°, and the other parameters are the same as in Figure 7).
Separation of the curves can be observed as the tool approaches
the formation boundary.TheHxz component is commonly used for
detecting bed boundaries, and significant borehole effects may lead
to errors in determining the distance to the boundary. It should be
noted that, inmost cases, a borehole radius of 4.25 inches is typically
used rather than 6 inches. However, in this example, our primary
goal is to demonstrate the validity of the method and the overall
impact of the borehole on the curves. Therefore, slight variations in
borehole size will not affect the conclusions.

When discussing borehole effects, it is essential to consider
the influence of mud resistivity. The resistivity of drilling mud
can vary significantly; for instance, saline-based muds exhibit very
low resistivity, while freshwater and oil-based muds demonstrate
much higher resistivity. Consider a homogeneous formation with
a resistivity of 10 Ω·m, penetrated by a wellbore with a radius of
4.25 inches. The resistivity of the mud within the wellbore varies
from 0.002 to 100 Ω·m. Here, we focus on examining the impact of
wellbore mud on the apparent resistivity curve. Figure 9 illustrates
the variation in amplitude ratio and phase shift with mud resistivity
for electromagnetic logging-while-drilling (LWD) configurations
of 2 MHz–28 in and 400 kHz-40 in. As shown in Figure 9a,
the amplitude ratio for the 2 MHz-28 in configuration decreases

rapidly with increasing mud resistivity, eventually leveling off,
indicating the response of a homogeneous medium. In particular,
when the mud resistivity is as low as 0.002 Ω·m, the amplitude
ratio of the 400 kHz-40 in configuration remains approximately
equal to that of a homogeneous formation. In contrast, when
the mud resistivity falls below 0.01 Ω·m, the amplitude ratio of
the 2 MHz-28 in configuration is significantly affected by the
borehole. In Figure 9b, the two curves exhibit singularities in
the low-resistivity (high-conductivity) mud region, which may be
attributed to the nonlinear phase shift induced by the presence of
highly conductive mud. For the 400 kHz-40 in phase difference,
the measurement results remain largely unaffected by borehole
conditions when the mud resistivity exceeds 0.05 Ω·m. In contrast,
the 2 MHz-28 in phase difference remains susceptible to borehole
effects unless the mud resistivity exceeds 0.2 Ω·m. Overall, high-
frequency phase difference signals exhibit greater sensitivity to low-
resistivity mud conditions, whereas low-frequency amplitude ratio
signals demonstrate higher robustness against such influences.

5.2 Mud invasion

In the process of oil and gas well drilling, overbalanced
drilling is commonly employed, where the wellbore pressure
exceeds the formation pressure, leading to drilling mud invasion
into the formation. Considering that logging-while-drilling (LWD)
incorporates real-time measurement during the drilling process,
the effects of mud invasion are typically neglected. In this paper,
we utilize numerical simulation to rigorously investigate the
impact of mud invasion on the response characteristics of various
logging tools.

First, we consider the impact of mud invasion on apparent
resistivity measurements obtained from a conventional EM LWD
tool. Two mud invasion models are established as follows: (1)
Conductive invasion model: The wellbore radius is 4.25 in, with a
mud resistivity of 0.5 Ω·m, a formation resistivity of 10 Ω·m, and
an invasion zone resistivity of 1 Ω·m. (2) Resistive invasion model:
The wellbore radius is 4.25 in, with a mud resistivity of 1,000 Ω·m,
a formation resistivity of 1 Ω·m, and an invasion zone resistivity of
10 Ω·m. Figure 10 illustrates the variation of A28H, P28H, A40L,
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FIGURE 7
Variation of the imaginary part of the Hzz component with depth. (a) Comparison of FDFD results and analytical solutions in 1D model; (b) Comparison
of responses with and without borehole.

FIGURE 8
Variation of the imaginary part of the Hxz component with depth. (a) Comparison of FDFD results and analytical solutions in 1D model; (b) Comparison
of responses with and without borehole.

and P40L with respect to the invasion depth. In this context, A28H
and P28H represent the amplitude ratio and phase shift signals from
the 2 MHz-28 in configuration, while A40L and P40L represent
the amplitude ratio and phase shift signals from the 400 kHz-40 in
configuration, respectively. Here, ‘A’ and ‘P’ denote the amplitude
ratio and phase shift, respectively, to distinguish the types of signals,
while ‘H’ and ‘L’ stand for high frequency and low frequency,
respectively, to differentiate between the 2 MHz and 400 kHz signals.
It can be observed that conductive invasion increases both the
amplitude ratio and phase shift, while resistive invasion results in
a decrease in both parameters. The amplitude ratio shows the most
significant variation at invasion depths between 0.5 and 1.0 m, while
the phase shift exhibits the most pronounced variation between
0 and 0.5 m. When the invasion depth exceeds 1.0 m, neither the

amplitude ratio nor phase shift undergoes significant changes with
further increases in invasion depth, primarily because the invasion
zone extends beyond the detection range of the EM LWD tools.

Using the same mud invasion models as previously described,
we further analyze the variation in the responses of an extra-deep
EM LWD tool with different measurement modes as a function of
invasion depth, taking the 24 kHz-13 m coil configuration as an
example. The numerical simulation results are shown in Figure 11.

Thefigure demonstrates thatmud invasion does not significantly
affect the responses of USDA, USDP, UADA, UADP, UHAA, and
UHAP. Although mud invasion causes a slight variation in the
values of UHRA and UHRP, the effect is minimal, especially when
the invasion depth is less than 1 m, where the influence can be
considered negligible.
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FIGURE 9
Amplitude ratio and phase shift vary with mud resistivity. (a) Amplitude ratio; (b) Phase shift.

FIGURE 10
Amplitude ratio and phase shift vary with invasion depth. (a) Amplitude ratio with conductive invasion model; (b) Amplitude ratio with resistive invasion
model; (c) Phase shift with conductive invasion model; (d) Phase shift with resistive invasion model.
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FIGURE 11
Extra-deep EM LWD responses vary with invasion depth. (a) USDA; (b) USDP; (c) UADA; (d) UADP; (e) UHRA; (f) UHRP; (g) UHAA; (h) UHAP.

Numerical simulations indicate that the effect of mud invasion
on tool responses is strongly dependent on the tool parameters and
the type of invasion. For high-frequency, short-spacing signals, mud
invasion leads to a deviation of the apparent resistivity from the true
formation resistivity. In contrast, for low-frequency, long-spacing
signals, the impact of mud invasion is minimal and can generally
be disregarded in well logging analysis.

5.3 Resistivity anomaly near the borehole

To further illustrate the applicability of the proposed method,
we developed the model presented in Figure 12 to investigate the
effect of a resistivity anomalous body adjacent to the borehole on EM
LWD responses. In thismodel, a homogeneous sandstone formation
with a resistivity of 10 Ω·m is assumed, incorporating an infinitely
long, low-resistivity shale inclusionwith a cross-sectional dimension
of 2 m × 2 m. A horizontal well traverses beneath the shale, with
the borehole positioned at a distance D2A of 1 m from the lower
boundary of the shale.

Figure 13 illustrates the tool responses obtained from EM LWD,
where GA96L and GA96M denote the amplitude ratio signals at 96
in-100 kHz and96 in-400 kHz, respectively,whileGP96L andGP96M
represent the phase shift signals at 96 in-100 kHz and 96 in-400 kHz,
respectively. It is well established that when the tool operates in a
homogeneous formation, geosignals are equal to zero. The detection

capability of the tool is typically defined by threshold values of 0.25 dB
for the amplitude ratio and 1.5° for the phase shift. As shown in
Figure 13a,when adopting 0.25 dB as the threshold,GA96L candetect
the presence of the anomalous body at a distance of 2.5 m from its
left boundary, whereas GA96M can only detect it within 1.5 m of
the left boundary. This observation indicates that lower-frequency
signals exhibit greater detection depth. In Figure 13b, due to the
relatively small magnitude of the phase shift signal, GP96L fails to
detect the anomalous body when using 1.5° as the threshold, while
GP96M is capable of detecting it only when the distance to the left
boundary is reduced to 0.5 m. These results demonstrate that the
amplituderatiosignalprovidessuperiordetectioncapabilitycompared
to the phase shift signal.

6 Discussion

Three-dimensional (3D) numerical modeling is the most robust
approach for simulating well-logging responses in subsurface
formations (Weiss and Newman, 2002; Ma et al., 2014), as these
responsesare inherentlycontrolledbythesynergisticeffectsofmultiple
geological factors, including lithological heterogeneity, borehole
geometry, and fluid saturation dynamics (Grayver and Bürg, 2014;
Kang et al., 2023). However, the substantial memory requirements
andcomputational complexityof3Dnumericalmodeling significantly
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FIGURE 12
Model of the anomalous body adjacent to the borehole. (a) Three-dimensional model; (b) Two-dimensional cross-sectional view.

FIGURE 13
EM LWD geosignals responses: (a) Amplitude ratio; (b) Phase shift.

constrain its practical application, particularly in data processing
workflows where it fails to meet the efficiency demands of
interpretation engineers (Zhou et al., 2016). To mitigate these
limitations, researchers have developed simplified approaches tailored
to specific logging instruments andmethodologies. Among these, the
sliding window method is the most widely adopted, as it reduces
computational costs by incrementally approximating complex 3D
models through sequential 2D and 1D representations (Wang et al.,
2018). This dimensionality reduction approach is highly effective in
improving computational efficiency (Abubakar et al., 2008; Auken
and Christiansen, 2004; Lovell and Chew, 1987). However, it remains
a simplification method that inherently involves neglecting certain
factors, leading to inherent limitations. For instance, when the
simultaneous effectsofmud invasionandborehole inclinationmustbe
considered, a 3Dmodel cannot be adequately reduced to a 2Dmodel.

The fundamental principle of our computational simplification
is based on the symmetry of the electromagnetic field. Through
theoretical analysis and numerical experiments, we rigorously
demonstrate that the electromagnetic field generated in a symmetric
formation model also exhibits symmetry. Leveraging this property,
we reduce computational complexity by solving for the field in
only half of the domain, while the other half is reconstructed using
symmetry.The accuracy of the proposedmethod is further validated
through numerical simulations. Moreover, several case studies are
presented to illustrate the applicability of the simplified algorithm

under various conditions. With the increasing application of extra-
deep EM LWD tools, the demand for 3D simulations is expected to
grow rapidly. The method proposed in this study holds significant
potential for broader applications in this context.

As with all simplification algorithms, the method presented in
this study has its limitations. Specifically, it requires that the model
being simulated exhibit symmetry. In other words, this method is
not universally applicable to all 3D problems. Nonetheless, it is
crucial to highlight the advantages of this method and its potential
future applications: (a) Our method improves upon traditional
3D algorithms, making it highly cost-effective for researchers or
institutions already utilizing 3D simulation programs. (b) When
analyzing the impact of individual factors, such as borehole mud,
instrument eccentricity, or mud invasion, this algorithm offers a
significant advantage by reducing computation time compared to
conventional 3D methods. (c) Although the algorithm requires
symmetry in the model, it can still serve as an approximate solution
for asymmetric models, providing a near solution at a substantially
lower computational cost.

7 Conclusion

In this paper, we propose a three-dimensional finite-difference
frequency-domain method for electromagnetic (EM) modeling,
specifically designed for symmetric geological models. The
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method is applied to simulate EM Logging-While-Drilling (LWD)
tool responses and analyze key influencing factors. Numerical
simulations demonstrate that the proposed approach achieves high
accuracy in modeling EM LWD responses while significantly
reducing computational costs. A detailed analysis of borehole effects
reveals that the influence of the borehole environment on apparent
resistivity curves is primarily governed by mud resistivity and tool
parameters. Generally, tools operating at higher frequencies and
with shorter transmitter-receiver (TR) spacings aremore susceptible
to borehole effects. However, when the mud resistivity exceeds
a certain threshold- 0.2 Ω·m in the examples presented in this
study—the impact of the borehole can be considered negligible.
The effect of mud invasion on logging responses is found to be
highly dependent on tool parameters. Specifically, tools operating
at higher frequencies and with shorter transmitter-receiver (TR)
spacings exhibit greater sensitivity to invasion-induced resistivity
contrasts. Conversely, extra-deep EM LWD tools, which typically
operate at lower frequencies and employ longer TR spacings, show
minimal sensitivity to invasion effects. Given that the invasion
depth during logging-while-drilling is generally shallow, the impact
of mud invasion on extra-deep EM LWD measurements can be
considered negligible in most practical scenarios.

It is important to note that the method proposed in this
study is fundamentally a simplified simulation approach tailored
for symmetric models. While the current implementation is based
on a 3D finite-difference formulation in Cartesian coordinates, the
underlyingmethodology can be extended to cylindrical coordinates,
broadening its applicability to a wider range of wellbore and
formation geometries. Future research will focus on extending this
approach tomore complex anisotropic formations and integrating it
with inversion algorithms to improve subsurface characterization in
challenging geological environments.
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