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a b s t r a c t

Due to the tremendous amount of high-resolution measurement information, array laterolog is widely
used in evaluations of deviated anisotropic reservoirs. However, the precision of a complementary nu-
merical simulation should be improved as high as the core of fine-scale reservoir evaluation. Therefore,
the 3D finite element method (3D-FEM) is presented to simulate the array laterolog responses. Notably, a
downscaled physical simulation system is introduced to validate and calibrate the precision of the 3D-
FEM. First, the size of the downscaled system is determined by COMSOL. Then, the surrounding and
investigated beds are represented by a sodium chloride solution and planks soaked in solution,
respectively. Finally, a half-space measurement scheme is presented to improve the experimental effi-
ciency. Moreover, the corresponding sensitivity function and separation factor are established to analyze
the effects of the formation anisotropy and dipping angle on the array laterolog responses. The numerical
and experimental results indicate that the half-space method is practical, and the mean relative error
between the numerical and experimental results is less than 5%, which indicates that the numerical
simulation is accurate. With the proposed approach, the reversal angle of array laterolog response curves
in anisotropic formations can be observed, and this range is determined to be 50�e62�.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

High-angle/horizontal well technology is widely used for hy-
drocarbon development in unconventional reservoirs, e.g., car-
bonates and shales (Frenkel et al., 2000; Jiang et al., 2010; Hu et al.,
2017). In tight reservoirs, electric anisotropy can be observed due to
the presence of stratigraphic fractures, particles of different shapes,
and thin interbedded layers, which make it difficult to identify and
evaluate hydrocarbon-bearing formations (Deng et al., 2006; Xia
et al., 2011; Hu and Fan, 2018; Wu et al., 2019a; Fan et al., 2019).
Due to the abundance of measurements that can be obtained and
the strong focusing ability of the array laterolog technology
developed by Schlumberger in 1998, it is commonly applied for
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reservoir identification and fine-scale interpretation (Itskovich
et al., 1998; Wang et al., 1999; Yuan et al., 2020). Therefore, an ac-
curate forward-modeling method inspired by the array laterolog is
urgently needed for the processing of logging data (Griffiths et al.,
2000; Maurer et al., 2009; Yin et al., 2014; Wu et al., 2020). The
finite difference method and finite element method were used to
address the 2D problem associated with borehole and mud inva-
sion in vertical wells (Ollivier et al., 2002; Chen, 2009; Deng et al.,
2010; Jadwiga et al., 2016; Wu et al., 2019b). However, 3D simula-
tions of high-angle/horizontal wells in anisotropic formations are
needed to further interpret array laterolog responses (Isabelle et al.,
2017). To solve this problem, the 3D finite element method (3D-
FEM) was introduced to consider the dipping angle, invasion and
anisotropy (Attila et al., 2016; Li andWang, 2019). To date, forward-
modeling methods for predicting array laterolog responses have
been extensively investigated. However, physical simulations have
not been discussed but are important for validating numerical
simulation algorithms.
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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Physical simulations are generally used to calibrate and analyze
the detection performance of laterolog-type instruments (Yuan
et al., 2018). However, array laterolog experiments in deviated
anisotropic formations have rarely been studied due to technique
and model design constraints. Twenty years ago, the Sichuan Pe-
troleum Administration, a company that performs logging activ-
ities, conducted physical studies of the dual laterolog responses in
fractured formations with various relative angles between the
fracture and background bed (Zhao and Bu, 1994). The first
downscaled laboratory formation model was established based on
electromagnetic field theory, and the resulting laboratory experi-
ments verified the correctness of the numerical algorithm and the
stable performance of dual laterolog instrumentation (Ke et al.,
1996, 2003). Recently, a downscaled physical laboratory simula-
tion platform was designed based on the FEM (Fan et al., 2016).
Furthermore, an improved method was developed to analyze the
response characteristics of dual laterolog in cave-type reservoirs. In
addition, a new analytical method was presented to perform
downscaled physical simulations of well-intersecting fractures (Ge
et al., 2019). Typically, almost all physical simulations have focused
on the dual laterolog, and on vertical wells in inhomogeneous
media. Therefore, a deviated anisotropic formation model must
urgently be developed based on the appropriate technology.

In this paper, numerical and physical simulations are combined
to analyze the response characteristics of array laterolog in devi-
ated anisotropic formations. Based on 3D-FEM modeling, the sizes
of the downscaled instrument and anisotropic formation model are
determined. Then, conductive media are designed to simulate an
anisotropic formation model. In this approach, the physical simu-
lation of array laterolog responses can be performed in various
models with different relative dipping angles between the forma-
tion boundary and well trajectory. Finally, the effects of anisotropy
and the dipping angle on the array laterolog responses are
analyzed, and the range of reversal angles is determined.
2. Forward modeling method

In this paper, the high-resolution laterolog array (HRLA) in-
strument (Smits et al., 1998) developed by Schlumberger is intro-
duced. Fig. 1 shows the instrument configuration for the HRLA,
which consists of a main electrode A0, six pairs of shielding elec-
trodes A1-A6 (A10-A60), and two pairs of monitoring electrodes M1
and M2 (M10 and M20).

The current injected from the main electrode is focused by the
adjacent shielding electrodes and then flows into the formation. By
changing the transceiver combinations, 6 kinds of apparent re-
sistivity curves with different depths of investigation (DoIs) can be
obtained, denoted as RLA0eRLA6.

The forward-modeling problem can be transformed into an
extreme functional problem based on the 3D-FEM (Zhang, 2009):
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where L is the solution area and Ii and Ui are the current and
Fig. 1. Instrument configu
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potential of each electrode, respectively.
Furthermore, Dirichlet and Neumann boundary conditions must

be satisfied at the outer boundary and the surface of the insulated
electrode:

UjG1
¼0;

vU

v n!
����
G2

¼0 (2)

where G1 and G2 represent the outer boundary and the surface of
the insulated electrode, respectively.

On the surfaces of the main electrode and shielded electrodes,
the equipotential boundary conditions should be satisfied:

�∬
G3

1
r

vUAi

v n! dS ¼ Ii (3)

where UAi
is the potential of electrode Ai, r is the resistivity of the

regionwhere electrode Ai is located, G3 is the surface of the main or
shielded electrode, n! is the unit normal vector at the interface of Ai

and Ii is the emission current intensity.
The 3D-FEM is adopted to discretize the solution area and set

the derivative of 4 with respect to U equal to zero:

v4

vU
¼K ~U� f ¼ 0 (4)

where K is the stiffness matrix.
The electric field generated by any transmitting electrode in the

formation can be obtained by solving the above sparse linear
equations.
3. Physics simulation system of array laterolog

3.1. Physical simulation system composition

The physical simulation system for the studied array laterolog
mainly includes a downscaled instrument module, a downscaled
formation module, a measuring module and a postprocessing
module, as shown in Fig. 2(a). The formation module is mainly
composed of two isotropic surrounding beds and one anisotropic
bed. In the laboratory, the surrounding beds are designed based on
sodium chloride solution with an adjustable resistivity range of
2e2000 U m. The anisotropic bed is composed of a layered solid
wood medium saturated with sodium chloride solution, and the
resistivity of this medium can be adjusted by changing the con-
centration of sodium chloride in the solution. The horizontal and
vertical resistivities of the bed range from 5 U m to 100 U m and
10 U m to 500 U m, respectively. The measuring module mainly
contains a stepping motor, oscilloscope, circuit and operation sys-
tem (OS). The system works as follows: (1) The downscaled in-
strument is calibrated in a homogeneous formation; (2) the
instrument is moved by the stepping motor controlled by the OS to
ensure that point-by-point and uniform velocity measurements are
obtained; and (3) measurements are collected and input into the
computer terminal for graphic display in real time. Fig. 2(b) shows
the details of the physical simulation system in the laboratory.
ration for the HRLA.



Fig. 2. System used for physical simulation of the array laterolog: (a) physical simulation system composition; (b) physical simulation platform in the laboratory.
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3.2. Downscaled size of the instrument and formation module

Two conditions must be considered when establishing the
physical simulation system: (1) reconstructing the subsurface
environment as accurately as possible and (2) creating a feasible
and convenient environment for performing operations. Therefore,
the core objective of physical simulations is to determine the size of
the downscaled instrument and formation model and guarantee
that the detection performance of the instrument is similar to that
of traditional instruments. In this section, the truncated boundaries
and the effects of the downscaling ratio on the electric field
generated by the HRLA are considered to determine the size of the
downscaled instrument and formation module.

Since the lateral size of the HRLA does not affect the detection
performance, the lateral size is designed to be 5 cm based on lab-
oratory manufacturing technology; i.e., the lateral downscaling
ratio SR_lat is 1/3. The longitudinal size mainly depends on the
primary emitting electrode, and the minimum size is fixed at
0.5 cm, i.e., the longitudinal downscaling ratio SR_lon is 1/6. Fig. 3
displays the structure of the downscaled HRLA tool. The radius of
this instrument is 5 cm. The length is 1.49 m, of which the length of
the monitoring electrode is up to 5 cm. The structure of the
downscaled instrument is the same as that of the original HRLA,
and the electrode sizes for the original and downscaled in-
struments are given in Table 1. Notably, the return electrodes at
both ends of the HRLA can be shortened to optimize the length of
Fig. 3. (a) Structure of the downscaled HRLA exper
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the downscaled instrument.
Furthermore, to investigate the influence of the downscaling

scheme on the electric field and determine the size of the formation
model, the truncated boundaries are applied to the electric field
generated by the downscaled instrument, and the results are
compared with the equivalent downscaled instrument (both SR_lat
and SR_lon are 1/6) without truncated boundaries based on the
physical simulation software COMSOL. Fig. 4(a)-(e) illustrates the
five electric fields, namely, ERLA1eERLA5, generated with the equiv-
alent downscaling scheme. Fig. 4(f)e(j) shows the five electric
fields, namely, ERLA1’eERLA5’, generated by the downscaling scheme
without truncated boundaries. In detail, the DoI gradually increases
in enhanced detection mode, and the maximum DoI is less than
1 m. Moreover, because the measurement point is far from the
center of the main electrode of the instrument, the minimum po-
tential can be 0. All the results indicate that the electric fields
generated by the two schemes are basically the same. The borehole
diameter, mud resistivity and formation resistivity are set to 6 cm,
0.1 U m and 100 U m, respectively. The full-size horizontal and
vertical truncated boundaries are 2.0 m and 4.0 m, respectively.

It can be concluded that the five electric fields generated by the
two instruments are almost consistent, which indicates that the
downscaling scheme is feasible (1/3 laterally and 1/6 longitudi-
nally). Additionally, the length, width and height of the downscaled
formationmodule can be set to 4.0 m, 2.0m and 2.0 m, respectively,
considering the truncated boundaries.
imental tool; (b) actual downscaled HRLA tool.



Table 1
Electrode system structure.

Electrode A0 M1 M2 A1 A2 A3 A4 A5 A6

Original size, mm 30 30 30 279 152 178 228 1486 3048
Downscaled size, mm 5 5 5 46.5 25.33 29.67 38 247.67 150
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In addition, the DoIs of these two instruments are calculated
based on pseudo-geometric factor theory to assess their detection
performance, as shown in Fig. 5. The pseudo-geometry factor is
expressed as (Zhu et al., 2019)

GF ¼ðRt �RaÞ = ðRt �RxoÞ (5)

where Rt and Rxo are the resistivities of virgin and invaded forma-
tions, respectively, and Ra is the apparent resistivity.

Fifty percent of the pseudo-geometric factor is defined as the
DoI. In Fig. 5, the DoIs of the original instrument RLA_or are all larger
than those of the downscaled instrument RLA_sd. The maximum
DoIs of these two instruments are 0.732 and 0.12, respectively,
suggesting that the downscaled instrument meets the relevant
experimental requirements.
3.3. Anisotropic formation model design

3.3.1. Design method
A thinly interbedded model is designed to represent anisotropic

formations. As shown in Fig. 6(a), the model includes two media.
The thicknesses of the media are l1 and l2. The resistivities are R1
and R2. The horizontal resistivity of the model can be expressed as

Rh ¼
ðl1 þ l2ÞR1R2
R2l1 þ R1l2

(6)

The anisotropic coefficient is

l ¼
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where Rv and Rh are the vertical and horizontal resistivities,
respectively, and l is the anisotropy coefficient.

From Eq. (7) and Fig. 6(b), formation models with different
anisotropy coefficients can be constructed by changing the resistivity
(R1 or R2) and relative thickness of the thin interbeds (l2/l1). In this
paper, the saturated sodium chloride solution and saturated wood
are used to represent the twomedia in themodel. For the selection of
wood material, through comparative analysis of 3 mm linden board,
3 mm balsa board, 1 mm balsa board, 1 mm cork board, 3 mm
populus board and 1mmpopulus board saturatedwith solution (the
value here represents the thickness of the board), it is finally deter-
mined that 3 mm linden board is best suited as equivalent to the
intermediate material. However, considering the scope of this paper,
the details of the comparative analysis will not be mentioned. To
explore the stability of the anisotropic resistivity of the final deter-
mined equivalent medium, Fig. 7(a) shows that the horizontal and
vertical resistivities of themodel vary with saturation time; note that
the resistivity of the solution is 10 U m in this case. The anisotropic
resistivities are basically stable after 6 days. Fig. 7(b) shows the in-
fluence of the saturated sodium chloride solution on the anisotropic
resistivities. It is obvious that the vertical and horizontal resistivities
vary monotonically with the solution resistivity (Rso).
3.3.2. Physical construction
In the physical simulation, five anisotropic formation models

with different resistivities and dipping angles are constructed and
2110
tested. The specific model parameters are shown in Table 2.
The ranges of the saturated solution resistivity, horizontal re-

sistivity and vertical resistivity are 5.2e11.1Um,14.8e28.6Umand
149.6e274.5 U m, respectively. To ensure the suitability of the
anisotropic equivalent medium, the maximum thickness of the
saturated boardmedium and the variable resistivity solution can be
determined according to the longitudinal resolution of the instru-
ment. The physical formation model is shown in Fig. 8. Note that
the model with a dipping angle (q) of 90� can be replaced by
adjusting the resistivity to obtain a model with an angle of 0�.

3.4. Half-space method

In this section, the half-space measurement method, in which
half of the instrument surface is placed in air horizontally so that the
upper boundary of the formation model is flush with the interface of
the resistivity solution, is introduced to save space and simplify
operations, as shown in Fig. 2(b). To verify the reasonability of
adopting this scheme, the electric field distribution of the full-space
model is analyzed based on COMSOL. The 3D formation model is
shown in Fig. 9(a). This model is designed as follows: the diameter of
the borehole rb is 8 in, the resistivity of themudfiltrate Rm is 0.1Um,
the dipping angle q is 30�, the resistivity of the surrounding bed Rs is
2 Um, the thickness of the middle layer H is 5 m, and the horizontal
and vertical resistivities are 10 U m and 20 U m, respectively. Here,
the electric field generated by the shallow detection mode (RLA1) is
chosen as an example to analyze the efficiency of the half-space
measurement approach. When the measurement point of the in-
strument is located at the center of the anisotropic layer, the electric
field at x¼ 0 is shown in Fig. 9(b). The electric field distribution in this
direction is symmetrical, which supports the feasibility of the half-
space measurement approach. In addition, the characteristics of
the electric field at y¼0 are exactly the same as those in Fig. 9(b).

Then, the half-spacemeasurementmethod is applied to physical
simulations process and compared the results with those of the
full-space method (the instrument was immersed in sodium
chloride solution). Themodel parameters andmeasurement results
are shown in Table 3. The resistivities of Models 1 to 4 are 8 U m,
22 U m, 45 U m and 103 U m, and the ambient temperatures are
18.63 �C, 21.81 �C, 18.63 �C and 19.75 �C, respectively.

Table 3 shows that although the results obtained with the full-
space method can represent the true formation resistivity, the
half-space results are approximately 1.86 times larger, which in-
dicates that the measuring results are almost not affected by the
surrounding environment and can be converted to full-space
values, i.e., the measurement accuracy can be guaranteed. In
addition, compared with the full-space method, this novel experi-
mental method can reduce the amount of sodium chloride solution
required, and it is convenient for operation, experimental mea-
surement and maintenance of experimental equipment.

4. Result

4.1. Physical simulation results

The implementation details of the physical simulation scheme
based on the downscaled instrument and formation module are
presented. Due to the low resistivity and small anisotropy



Fig. 4. Electric field distributions for the downscaled instrument (the center of the instrument is at the origin; the distance is positive when the measurement point is above the
center point and negative when it is below the center point): (a)e(e) ERLA1eERLA5; (f)e(j) ERLA1’eERLA5’.
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Fig. 5. Pseudo-geometric factor comparison between the original and downscaled
instruments.

Fig. 6. Anisotropic model: (a) thinly interbedded model; (b) an

Fig. 7. Variations in anisotropic resistivity with (a

Table 2
Parameters of the anisotropic formation models.

Model number 1 2 3 4 5

Dipping angle, � 0 30 45 60 90
Rso, U$m 11.1 8 10.1 5.2 10.2
Rh, U$m 25.8 28.6 22.9 14.8 25.1
Rv, U$m 260.5 274.5 225.8 149.6 253.4
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coefficient of the thin interbedding sand-mudstone formation, the
horizontal resistivity range of the formation model used in the
physical experiment is designed to be 10-200 U-m, and the
anisotropy coefficient range is 1e3. The five downscaled formation
models used in the physical simulation were designed as follows:
borehole diameter rb ¼ 6 cm; dipping angles q ¼ 0�, 30�, 45�, 60�

and 90�; and apparent thickness H¼ 1.2 m,1.38 m,1.7 m, 2.0 m and
1.2 m. To stabilize the anisotropic resistivities, the model was
immersed in a water tank filled with sodium chloride solution for 6
days to fully saturate the anisotropic formation model, and the
horizontal and vertical resistivity of the soaked model was
sampled, measured and recorded. The resistivity distribution is
shown in Table 2. Then, the model is placed at a predetermined
isotropy coefficient variations with the relative thickness.

) saturation time and (b) solution resistivity.



Fig. 8. Formation models with different dipping angles: (a) q ¼ 0�; (b) q ¼ 30�; (c) q ¼ 45� and (d) q ¼ 60� .

Fig. 9. Electric field distribution for the 3D model: (a) 3D anisotropic formation model and (b) electric field generated by RLA1 (x ¼ 0).

Table 3
Half space measurement results.

Test model Detection mode

RLA1, U$m RLA2, U$m RLA3, U$m RLA4, U$m RLA5, U$m

Model 1 Full/half-space 7.81/14.63 7.89/14.77 7.88/14.76 7.69/14.30 7.89/14.78
Model 2 Full/half-space 21.54/40.16 21.77/40.49 21.78/40.54 21.27/39.57 21.90/40.80
Model 3 Full/half-space 44.20/82.21 44.71/83.16 44.77/83.27 43.76/81.39 45.21/84.09
Model 4 Full/half-space 101.62/189.02 102.95/191.52 103.23/192.11 101.09/188.03 104.88/196.12

Y.-Z. Wu, Z.-G. Wu, Y.-R. Fan et al. Petroleum Science 19 (2022) 2107e2119
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Fig. 10. Comparison between the results of the physical and numerical simulations with the deviated anisotropic model: (a) 0� , (b) 30� , (c) 45� , (d) 60� , and (e) 90� .
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Table 4
Relative errors under different dipping angles.

Dipping angle Anisotropy coefficient Relative error MRE

RLA1 RLA2 RLA3 RLA4 RLA5

0� 3.18 1.27% 0.04% 2.68% 3.77% 4.23% 2.40%
30� 3.10 4.01% 1.43% 1.34% 3.68% 3.53% 2.80%
45� 3.14 6.93% 3.82% 1.89% 0.71% 6.88% 4.05%
60� 3.18 7.20% 3.32% 0.09% 3.10% 2.50% 3.24%
90� 3.18 6.82% 0.45% 2.67% 1.99% 7.16% 3.82%
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location to make measurements. The downscaled instrument is
positioned in the center of the borehole by adjusting the length of
the bracket, and then the operator could control the downscaled
instrument and move it forward at a constant speed with a step
motor. The computer terminal on the ground automatically
received the measurement signal. To eliminate the influence of
liquid level fluctuations on the signal, the forward speed of the
instrument was empirically set to 0.2 m/min.

Based on the determined scaling instrument and experimental
model parameters, the physical (RLAPS) simulation results are
compared with the numerical (RLAFEM) simulation results in Fig. 10.

The figure shows that (1) the amplitudes of the five curves in-
crease as themeasurementpoint gradually enters the high-resistivity
Fig. 11. The effects of anisotropy and dipping angle on array laterolog
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layer; (2) when the measurement point is located in the high-
resistivity layer, a negative or positive difference phenomenon is
observed, as shown in Fig. 10(a)e(c) or Fig. 10(d) and (e); i.e.,
RLA5<RLA4<RLA3<RLA2<RLA1 or RLA5 > RLA4>RLA3>RLA2>RLA1;
(3)due to the influenceof anisotropy, the responsevalue is larger than
the horizontal resistivity; and (4) when themeasurement point is far
from the high-resistivity layer, the amplitudes of curves for different
DoIs rapidly decrease.

In addition, Table 4 shows the relative error and mean relative
error (MRE) between the numerical simulation (RLAFEM) and
physical simulation (RLAPS) responses when the measurement
point is located at the center of the formation model. The relative
errors range from 0.04% to 7.2%, and the maximumMRE is less than
responses: (a) q ¼ 0�; (b) q ¼ 45�; (c) q ¼ 60� and (d) q ¼ 85� .



Fig. 12. The reversal characteristics of the array laterolog response curves: (a) l ¼ 1.1; (b) l ¼ 1.5; (c) l ¼ 1.8 and (d) the range of reversal angle.
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5%, which verifies the accuracy of the numerical simulation
algorithm.

Based on the description of the physical simulation above, the
numerical simulation algorithm is verified; moreover, a lateral
physical simulation platform for relatively systematic arrays is
established. The proposed approach can significantly improve the
physical simulation technology used in the field of direct current
(DC) electric logging and provide a new scheme for the construc-
tion of other physical simulation platforms.

4.2. Numerical simulation results

To investigate the responses characteristics of the array later-
olog, Fig. 11 shows the responses in homogeneous anisotropic for-
mations with different anisotropy coefficients l. From
Fig. 11(a)e(d), the dipping angles are 0�, 45�, 60� and 85�. The range
of anisotropy coefficients is from 1 to 2.

In Fig. 11, the curves gradually separate as the anisotropy coef-
ficient increases. The larger l is, the larger the degree of separation.
Furthermore, the five curves exhibit a negative anomaly at low
dipping angles, e.g., 0� and 45�. However, the curves reverse and
display a positive anomaly when the dipping angle increases; this
finding is consistent with the results of the physical simulation.

To get the more information of the reversal, three anisotropic
2116
formation models are adopted, and the anisotropy coefficients are
1.1, 1.5 and 1.8. The borehole diameter is 8 in, and the mud has a
resistivity of 0.1 U,m. The horizontal resistivity Rh is 20 U,m. The
dipping angle varies from 0� to 90�. The responses of the array
laterolog are shown in Fig. 12(a)-(c).

The five curves gradually transition from showing a negative
difference to showing a positive difference as the dipping angle in-
creases. As the dipping angle increases, the apparent resistivities of
the curves also increase, and the growth rates are as follows:
RLA1>RLA2>RLA3>RLA4>RLA5. Furthermore, the larger the anisot-
ropy coefficient is, the greater the curve separation, and the more
obvious the curve reversal. By identifying the reversal angles asso-
ciated with different anisotropy coefficients, as shown in Fig. 12(d),
the reversal angle reaches a plateau when the anisotropy coefficient
is larger than 5. Numerous numerical simulation results show that
the reversal angle ranges from 50� to 62�. The existence of a reversal
angle can explain the variations in array laterolog responses.

5. Discussion

5.1. Effects of anisotropy and dipping angle

To analyze the sensitivity of array laterolog responses to the
formation anisotropy coefficient and dipping angle, the sensitivity



Fig. 13. Distributions of sensitivity functions: (a)vRLA1/vl; (b) vRLA5/vl; (c) vRLA1/vq and (d) vRLA5/vq
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function is defined as:

Mi ¼
vRLAi
vx

; x ¼ l; q; i ¼ 1; ,,,;5 (8)

where i is the detection mode of the array laterolog and x is a
parameter of the formation model.

Taking RLA1 and RLA5 as examples, Fig. 13(a)-(b) and
Fig. 13(c)e(d) show the distributions of sensitivity functions for the
anisotropy coefficient and dipping angle, respectively. The borehole
diameter is 8 in, and the mud has a resistivity of 0.1 U,m. The
horizontal resistivity Rh is 20 U,m. The ranges of the anisotropy
coefficient and dipping angle are 1e3 and 0�e90�, respectively.

Notably, (1) the responses of the array laterolog are most sen-
sitive to anisotropy at high dipping angles (60�e90�), and the
greater DoI is, the more sensitive the detection mode is to anisot-
ropy; (2) the responses of the array laterolog are most sensitive to
the dipping angle at angles from 50� to 80�, and the greater DoI is,
the more sensitive the detection mode is to the dipping angle.

In addition, to quantitatively analyze the effects of parameters
on the responses of the array laterolog, the separation factor and
2117
amplitude variation of the curves are defined as shown in Eqs. (9)
and (10), respectively.

F ¼ maxfRLA1;RLA2;RLA3;RLA4;RLA5g
minfRLA1;RLA2;RLA3;RLA4;RLA5g (9)

Ui ¼
RLAi� Rt

Rt
� 100%; i ¼ 1; ,,,;5 (10)

where RLA1eRLA5 are the apparent resistivities of the five detec-
tion modes.

For instance, the separation factors of the curves with 0� dipping
angle in Fig. 11 are shown in Table 5. The larger l or q is, the larger
the amplitudes of the curves. Specifically, compared to the lowest
result, U5, the amplitude of RLA5, will increase by 74.0% when l and
q are 2 and 85�, respectively. Therefore, the responses of the array
laterolog are similar to the horizontal resistivity results at low
dipping angles and are sensitive to anisotropy in formations with
high dipping angles.

In addition, from the distribution of the sensitivity function, the



Table 5
Separation factors for different l values when q ¼ 0� .

l 0 1.2 1.4 1.6 1.8 2.0
F 1.00 1.02 1.04 1.06 1.07 1.08

Fig. 14. The sensitivity of the reversal angle to anisotropy.
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rationality of the reverse phenomenon in Fig. 11 can be illustrated.
The responses of the array laterolog become increasingly sensitive
to formation anisotropy as the dipping angle increases, and the
sensitivity of a curve with a deep DoI to formation anisotropy is
greater than that for a curve with a shallow DoI. Therefore,
compared with the shallow detection curve, the deep detection
curve is closer to the vertical resistivity, which leading to the
reverse phenomenon of array laterolog response curves.
5.2. Reversal angle

From Sec. 5.1, it is obvious that to determine the interval of the
curve reversal angle in deviated anisotropic formations, the cases in
which the sensitivity of RLA5 to anisotropy is greater than that of
RLA1 should be specified. Therefore, the sensitivity functions M5
andM1 are subtracted to obtain the angle range, as shown in Fig.14.
The red area in the figure indicates that M5>M1, i.e., RLA5 is more
sensitive to anisotropy than RLA1, which means that RLA5 mainly
reflects the vertical resistivity of the formation, and RLA5 > RLA1.
The blue area indicates that M5<M1, i.e., RLA5 is less sensitive to
anisotropy than RLA1, which means that RLA1 > RLA5.

With increasing dipping angle, the sensitivity relationship is
gradually reversed, which causes the array laterolog response
curves to also reverse. The critical angle of sensitivity inversion is
located between 50� and 70�. Therefore, in deviated anisotropic
formations, the reversal angle of the array laterolog curves should
be between 50� and 70�, which is consistent with the numerical
modeling results and make a reasonable explanation for the exis-
tence of the reversal angle.
6. Conclusion

3D-FEM modeling and physical simulation schemes for array
2118
laterolog responses in deviated anisotropic formations are pre-
sented in this paper. The experimental scheme can be extended
flexibly by readers if more complex geological models are
encountered in practice. By analyzing the results of numerical and
physical simulations at different dipping angles and anisotropic
coefficients, the following conclusions are obtained:

(1) The physical simulation system for array laterolog mainly
includes a downscaled instrument module, a downscaled
formation module, a measurement module and a post-
processing module.

(2) The horizontal and vertical downscaling ratios of the
experimental instrument are determined to be 1/3 and 1/6,
respectively, and the length, width, and height of the
downscaled formationmodule are determined to be 4m, 2m
and 2 m, respectively, based on the implementation of
truncated boundaries.

(3) A thin interbedded plank formation, which is saturated with
a sodium chloride solution, is used as an equivalent to the
downscaled formation model; additionally, the half-space
measurement method can greatly improve the experi-
mental efficiency, and a high measurement accuracy can be
guaranteed.

(4) The MRE between the physical and numerical simulation
results ranges from 2.40% to 4.05%, thus verifying the accu-
racy of the numerical simulation method.

(5) Changing the anisotropy coefficient can make curves with
different DoIs increase and separate from each other, and the
larger the anisotropy coefficient is, the faster the increase
and separation processes; changing the dipping angle causes
the curves with different DoIs to gradually transition from
showing a negative difference to showing a positive differ-
ence, and the corresponding range of the reversal angle is
from 50� to 62�.

(6) A sensitivity function is established to explain the existence
of the reversal angle, and this approach provides a novel
perspective for processing array laterolog data.
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