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Abstract

Multi-arm caliper logging tools provide a high-precision technology for monitoring tubing and
casing integrity. However, due to the wellbore structure of horizontal wells and the self-weight of
the instrument, the multi-arm caliper logging data of horizontal wells typically exhibit obvious
eccentricity, resulting in a high misjudgment probability in the quantitative evaluation of oil and
casing pipe damage. In this manuscript, simulation experiments were conducted using the 5.5-inch
casing under laboratory conditions. The experiments clarified the response characteristics of forty-
arm caliper logging tools in centered and eccentric states within intact and damaged casing. An
equivalent model combining the instrument and the horizontal pipe structure was established, and
a new method for correcting instrument eccentricity based on the forty-arm caliper logging data in
horizontal wells was developed through theoretical analysis. This model efficiently overcomes the
limitation of existing eccentricity correction models in weakening damage detection under casing
damage conditions. When compared with experimental data, the relative error between intact well
section after eccentricity correction and centered measurement ranged from -4.93% to -0.72%,
representing a reduction of 0.03% to 0.53% compared to the ellipse-fitting algorithm. The relative
error between the response value of the damaged well section after eccentricity correction and
centered measurement ranged from -5.02% to -0.45%, representing a reduction of 0.92% to 1.16%
compared to ellipse-fitting algorithm. This effectively improves the correction coincidence rate for
eccentricity influence of multi-arm caliper logging tools under various conditions in horizontal well.
Applying this established method to the processing and interpretation of forty-arm caliper logging
data in horizontal wells provides powerful technical support for the high-precision quantitative
evaluation, damage location identification, and repair of horizontal well casing.

Keywords: horizontal wells; multi-arm caliper logging; eccentricity influence; instrument eccentricity
position correction method; casing damage evaluation

1. Introduction

Global demand for oil and natural gas continues to surge, making the exploitation and
development of unconventional oil and gas reservoirs increasingly important for petroleum
engineers [1,2]. Due to the poor physical properties of these unconventional reservoirs, horizontal
wells and volume fracturing technology have emerged as effective development strategies [3,4].
However, several factors during development—such as hydraulic fracturing, corrosive fluid, and
changes in crustal stress—can damage tubing and casing. Common types of damages include
corrosion, misalignment, deformation, and perforation, and these damages significantly impair
normal oil and gas production [4-6]. By 2021, Chinese oil fields reported over 30,000 wells with tubing
and casing damage, with major fields all experiencing damage rates exceeding 20%. Globally, some
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oil fields face alarming casing failure rates of up to 50% [7,8]. Consequently, accurate detection and
quantification of tubing and casing damage have become crucial for effective repair operations.

Monitoring tubing and casing damage presents major challenges, particularly in horizontal
wells. The complexity of wellbore structure makes it challenging to transport logging instruments
downhole and maintain proper centering, especially compared to vertical wells. Current casing
damage monitoring technologies include multi-finger imaging tool, e.g., MIT [9-12] ultrasonic testing
technology [13-18] and electromagnetic detection technology [19-22], e.g., MTT (Magnetic Thickness
Tool) [13,22-25], MID-K/S (Magnetic Inspection Device-K/S) [26-29], TEM (Transient
Electromagnetic Tool) [30-32], et al. Among these techniques, the MIT stands out as the most widely
used method for wellbore integrity monitoring due to its effectiveness and cost efficiency. This
mechanical device consists of equi-angular-spaced tungsten carbide-tipped arms that expand until
they contact the inner casing surface. The logging system detects the damage by recording voltage
signal variations caused by arm extension and retraction when contacting damaged inner surfaces.
When measuring arm pass through the perforations, they extend; conversely, they retract when
encountering scaling. To maximize coverage of the casing shaft section, MIT designs include varying
numbers of arms (24, 40, 64, 80, and 120) suitable for different casing sizes. Despite this range, defects
shorter than the circumferential distance between adjacent arms may remain undetected.
Furthermore, the instrument’s relatively simple mechanical structure makes it susceptible to various
influences, especially in horizontal wells. In horizontal well sections, the instrument’s gravity often
causes eccentricity during measurement, even when stabilizers are installed [33-35]. This eccentricity
phenomenon will finally cause the measured caliper values of each arm to differ from one another,
and seriously impact the final interpretation and mislead casing damage identification. Therefore, it
is necessary to perform eccentricity correction and then provide accurate information for the integrity
evaluation of the casing in horizontal wells.

Current eccentricity correction methods for the MIT include opposite side compensation method
[36], circle-fitting algorithm [35,37-43], center of mass method [40], chord approach [40,44], ellipse-
fitting algorithm [41,43-47], and the confined best-fit circle method [44]. Among the methods, the
opposite side compensation method asserts that the inner casing diameter is correctly measured
under the instrument eccentricity condition. The changing symmetrical arm values are related;
specifically, the increased value of extended arms and the decreased value of compressed arms
correspond to the distance from the center position of the instrument. Therefore, the eccentricity is
corrected by using symmetrical arm data. However, the method is only suitable for arms correction
in the vertical direction, and is usually applicable for wells without any asymmetric damage and with
a deviation angle of less than 45°. When the deviation angle exceeds 45° due to the excessive
instrument eccentricity, the absolute sum of the opposite sides fails to reflect the true borehole
diameter, creating a false impression of elliptical casing deformation [36]. The circle-fitting algorithm
assumes a standard circular distribution of multi-arm caliper probes and uses circular function fitting
to determine the center and radius in a two-dimensional coordinate system. Eccentricity-corrected
arm values are calculated based on the center coordinates, geometrical coordinates, and
corresponding azimuth angles [37,38,44]. While effective for undamaged sections, this method
produces numerous erroneous judgments in damaged casing sections. Comparatively, the ellipse
fitting method improves circle-fitting by using an ellipse equation to fit eccentric caliper data. It
employs linear inversion to obtain ellipse model parameters and works for both elliptical and circular
borehole shapes, in which circles are treated as special ellipse cases. This approach satisfies
eccentricity correction requirements for most casing shapes, including elliptical casing breakouts.
However, it fails in casing perforation cases or when severely eccentric tools have multiple arms
falling into small keyseats [41,43,44,46]. The center of mass method treats arms as point mass objects
with equal mass [37,38,40]. While simple for calculating estimated borehole centers, it cannot display
the specific position and produces results with a systematic offset. The chord method is based on the
rule of intersecting chords, assuming that when two chords intersect in a circle, the product of one
chord’s segment lengths equals that of the other. In a circular borehole, opposite arm length products
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remain constant, allowing borehole center determination in gauge holes. However, this approach
fails in non-circular boreholes where the intersecting chords rule no longer applies [40,44]. As a result,
the center of mass method will always calculate a borehole center that is located halfway between the
tool position and the real borehole center [40]. The confined best-fit circle method [45] obtains the
confined best-fit circle center based on the restriction condition of confinement. It solves a least-
squares problem with inequality constraints using the Lagrange multiplier method. This approach
yields an accurate true virgin tool center when circular wellbore segments are preserved. Substantial
borehole enlargement, such as washout, creates invalid hole flags for subsequent analysis [44]. While
providing good fitting effects, this method applies only to open-hole logging without borehole
shrinkage and fails to address casing damage scenarios [40,43,44].

Currently, no single method provides optimal decentralization corrections for an MIT across all
situations. For undamaged tubing and casing, all methods are applicable, except for the center of
mass method. The chord method shows best performance in a small key-seat scenario [40], while the
circular algorithm provides satisfactory results [41]. For a large key-seat scenario, the ellipse-fitting
method calculates tool centers accurately, though with a greater offset than the actual tool centers.
Among the primary algorithms, ellipse-fitting and chord methods deliver the best tool for eccentricity
corrections. However, methods that fit well diameter curves from instrument monitoring, including
circle-fitting, ellipse-fitting, and chord approaches, often fail to detect localized casing damage.
Comparison of the advantages and disadvantages of the existing eccentricity correction methods is
listed in Table 1.

Table 1. Comparison of existing eccentricity correction methods.

References Method formulas
Opposite side
Ning, 2015 compensation D=rn+r,
method
Bassler, 1995 ; Barton, 1988 ; Circle-fitting

(x+x )2+( + )2 =7
Wagner et al., 2004 algorithm e Vit Yo

Lysne, 1986 ; Barton, 1988 ;
Bassler, 1995 ; Wagner et al.,

Ellipse-fitting Cta-xy+b-y:tcx+d-ytre=0

2004 algorithm
P . . 6 6
Bassler, 1995 ; Barton, 1988 ; Center of mass v - —123 cosd, s v, = _lz Psino
Wagner et al., 2004 method 65 6=
PP, =PP,=PP, =R —(x2+}
Wagner et al., 2004 ; Yang et e e ( ! 0)
Chord approach 1¢ 1<
al., 2018 x0=—§ZEcos9i'yU=—gZEsin€i
i=1 i=1
Confined best-fit
Yang et al., 2018 ontined best=il (x,+x,) +(y, +y,) 27

circle method

Note: D is the case diameter, mm; r1 and r2 are the corresponding radii; (x0 , y0) is tool center; (xi, yi) is the
coordinates of arms; a, b, ¢, d, e are the equation coefficients of the ellipse; x is equal to Ri.cos6i, y is equal to
Ri.sin®i; (Ri, Oi)is the borehole diameter data measured at the i-th point.; Pi is the measured caliper lengths of
the individual pads; (Pi-cos0i, Pi-sin6i) are the coordinates of the arm probe; R is radius, mm.

A new eccentricity correction method is needed for a MIT used in horizontal wells. Our
proposed method aimed to perform corrections under various conditions, providing effective
technical support for monitoring and evaluating tubing and casing damage in horizontal wells,
precisely locating damage, and guiding repair operations.

The paper is organized as follows: Section 0 introduces the experiments and results, detailing
comprehensive experimental steps and MIT logging outcomes. Section 1 presents our newly
developed eccentricity correction method based on the described experiments. Section 3 discusses
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the correction effects of each method under damaged and intact casing conditions, comparing their
error rates. Finally, we conclude by synthesizing the discussed analyses.

2. Experiments and Results

To simulate MIT response in horizontal wells, we conducted experiments using a 40-arm caliper
logging tool at the Xinjiang Branch of China National Logging Group Co., Ltd. The experimental
system consists of the ground information acquisition system, signal control and transmission
system, 40-arm caliper logging tool, casing with different inner diameters, and damage designs. The
40-arm caliper logging tool (Figure 1) (WELL-SUN Company, Xi’an Shanxi, China) features an
outside diameter of 2.875 in (73.03 mm) and a length of 61.97 in (1574.04 mm). The tool measurement
range spans from 2.9 to 7.5 in (73.66-190.5 mm), with a radius measurement accuracy of +0.03 in
(£0.762 mm), and a resolution of 0.005 in (0.127 mm).

Figure 1. The forty-arm caliper logging tool used in this study.

For simulating the horizontal well bore, we used 5.5 in (139.7 mm) diameter casing with a wall
thickness of 7.72 mm. Each casing section measured 9.87 m in total length with damage (holes and
cracks) distributed across 2.53 m (Figures 2 and 3). We designed holes with varying diameters (49.5
mm and 29.8 mm) spaced at approximately 195 mm intervals. The cracks were designed in vertical
and horizontal structures, measuring 1 and 3 cm in width, respectively. These diverse damage
patterns allowed us to comprehensively evaluate the 40-arm caliper logging tool’s response under
both centralization and eccentricity conditions.

Figure 2. Simulation experiment platform used in this study.
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Figure 3. Images of artificially-made holes and cracks used in this study.

The experiment steps are as follows:

First, the casing was horizontally fixed to simulate the horizontal wellbore. The 40-arm caliper
logging tool was connected with the ground information acquisition equipment via a power cable
and powered on to ensure a normal operation. Prior to formal measurement, we calibrated the tool
using a standard graduated cylinder with five reference scales (3.125, 4, 5, 6, and 7 in). This calibration
established a linear relationship between the instrument response and standard inner diameters to
eliminate the systematic errors (Figure 4). It ensures that accurate measurements are obtained when
the instrument is centered in the wellbore.

'.'.iﬂ"

Figure 4. Calibration of the multi-caliper logging tool used in this study.

Secondly, we inserted the 40-arm caliper logging tool into the casing and positioned it at the toe
of the casing. All measurement data were recorded during the uniform lifting process. We conducted
measurements in both intact and damaged casings, and repeated both continuous logging and fixed-
point measurement twice to ensure data stability and accuracy. For experiments with the damaged
casing, we simulate eccentricity by omitting the centralizer from the multi-arm caliper logging tool
string. After installation, we recorded continuous measurements during uniform upward tool
movement, with repeated trials ensuring data reliability (Figures 5 and 6). We then performed
stationary point measurements under eccentric conditions at multiple depth positions under identical
experimental parameters. Subsequently, we installed centralizers on the multi-arm caliper tool to
achieve centralization, enabling comparative continuous and point measurements in both centralized
and eccentric configurations for damaged casing evaluation. The continuous logging and discrete
point measurements were followed by centralized measurements with centralizers during both
constant-velocity tool movement and stationary acquisition phases (Figure 7). All experimental
configurations incorporated repeated measurement principles to validate measurement repeatability
and ensure experimental reliability. This comprehensive approach allowed us to establish the
response characteristics of the 40-arm caliper logging tool under varying centralization conditions for
both intact and damaged casing geometries.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 5. Eccentric passage of the caliper logging tool through the casing and holes used in this study.
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Figure 6. The initial and repeated measurement curves in the intact casing when the instrument is under a

centralized condition.
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Figure 7. The initial and repeated measurement curves in the intact casing when the instrument is under an
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eccentric condition.

The instrument response curves obtained from centering and eccentric measurements in both
intact and damaged casings are shown in Figures 6-9. Figures 6 and 7 display measurement curves
under central and eccentric conditions in an intact casing, respectively. In these figures, the first track
indicates the hole and crack positions; the second track shows maximum, minimum, and average
wellbore diameter values; and the third through sixth tracks present raw multi-caliper values from
the first to second continuous measurements.
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Figure 8. The initial and repeated measurement curves in the damaged casing with different holes and cracks

i

when the instrument is under a centralized condition.
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Figure 9. The initial and repeated measurement curves in the damaged casing with different holes and cracks

56

when the 40-arm caliper logging tool is under an eccentric condition.

Figures 8 and 9 illustrate the measurement curves of the instrument under central and eccentric
conditions in a damaged casing. These curves demonstrate the extension of multi-caliper arms when
the instrument passes through cracks and holes. At 51-52 m, the MIT curves of “broken eccentricity
1”7 and “broken eccentricity 2” on both sides present extensive extrusion signs, while the curve in the
middle shows a pronounced increase, indicating casing damage at this position (Figure 8).

A detailed analysis of the results reveals several key observations. The first and repeated
measurement curves acquired in the intact casing under central conditions appear as straight lines
with nearly identical values, demonstrating excellent measurement repeatability (Figure 6). This
consistency occurs as the centralized instrument maintains stable positioning within the undamaged
casing. Despite the instrument being in an eccentric position, the “complete eccentricity 1” and
“complete eccentricity 2” curves remain relatively straight without obvious deformation (Figure 7).
This stability can be attributed to the intact casing, which enables the tool to maintain a stable
eccentric state within the wellbore. During monitoring, the measurement signals exhibit minimal
fluctuations, resulting in logging curves that appear as essentially straight lines.

The logging responses in the damaged casing with the instrument under central and eccentric
conditions are shown in Figure 8 and Figure 9. Under central conditions, the MIT curves exhibit a
relatively uniform overall distribution, with localized responses indicating cracks and holes. At crack
locations, the logging curves display a serrated pattern, while at holes, the curves show partial
subsidence forming single or double sharp tooth-like features. The most significant difference
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between central and eccentric conditions is the pronounced extrusion deformation under eccentric
conditions, manifested as uneven curve distribution. The compressed sections of the curves are
relatively densely packed and darker in color, while the stretched sections are relatively sparsely
distributed and lighter in color. This phenomenon occurs because the instrument, under the
combined influence of its own gravity and eccentric placement, causes the lower measuring arms to
compress inward, resulting in underestimated caliper values, while the upper arms stretch outward,
leading to overestimated caliper values. Comparing the logging data under central and eccentric
conditions in Figures 8 and 9, it is clear that eccentricity extensively impacts logging response.
Meanwhile, significant differences in the maximum, minimum, and average inner diameter values
are observed between the damaged and intact casing conditions depicted in these figures. When the
casing is damaged, the instrument arms extend into holes and fractures, causing the caliper curves to
vary in shape; when the casing is intact, the maximum, minimum, and average inner curves
essentially overlap.

The cross-sectional views before and after eccentricity correction at a depth of 52 m under the
condition of a damaged casing with a crack, are shown in Figure 10. When comparing the logging
data before and after eccentricity correction, the 52 m raw data reveals an eccentric phenomenon
(Figure 10). Instrument eccentricity can substantially cause misjudgment in the quantitative
evaluation of oil and casing pipe damage. Therefore, establishing an accurate eccentricity correction
method is crucial.

—— Standard OD —— Standard ID
—e— 52m Raw Date —e— 52m Calibrated Data

31

20 40 80

-80 L

Figure 10. Cross-sectional views of before and after eccentricity correction.

3. Method

For multi-arm caliper logging tools in the horizontal wells (Figure 11), measurement accuracy is
heavily dependent on tool positioning. When the instrument is centrally positioned within the
wellbore (Figure 11a), its accuracy reflects the true casing radius. However, when the instrument
deviates from the center of the wellbore (Figure 11b), the measured data no longer reflect the true
radius even in intact wellbores. Typically, measuring arms near the bottom of the wellbore are
compressed, resulting in a decrease in caliper values, while arms near the top extend, causing
increased measurements. Given the fixed length of each caliper arm, we can establish an equivalent
model combining wellbore structure and instrument positioning. By placing this equivalent model
into a two-dimensional coordinate system, we can determine the coordinates of the contact position

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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between the multi-arms and the inner surface of the wellbore could be obtained, then the main task
is to obtain the correct center position coordinates of the instrument.

(a) Instrument centering (b) Instrument eccentricity

Figure 11. Schematic diagram of the position of the instrument in the wellbore before and after the horizontal

well eccentricity.

The measured value of a forty-arm caliper logging instrument monitoring is Li (where i
represents the arm serial number of the clockwise multi-arm caliper logging tool, with i=1,2,3,..., 40).
The rotation azimuth of arm 1 is ROT1, with adjacent arm angles at 9-degree intervals. Using arm 1
as the x axis and arm 11 as the y axis, the center point of the instrument after eccentricity is taken as
the origin of the rectangular coordinate system (0,0). The coordinates of the center wellbore cross-
section points are represented by (xo, yo). In Figures 12-15, the red circle denotes the inner wall of the
wellbore, while the light-blue circle indicates the central position of the instrument before eccentricity
and the grey-blue circle signifies its central position after eccentricity.

80

—— tool center (Before eccentricity)] —— tool center (After eccentricity)
60 31
40

21

—_

Figure 12. Schematic of vertical deviation of the caliper logging instrument.
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80

—— tool center (Before eccentricity) | —— tool center (After eccentricity)

60

21

131\
: 0 40 60 80
1

11

Figure 13. Schematic of the axial and horizontal deviation of 40-arm caliper logging instrument (no damage).

80

—— tool center (Before eccentricity) | — tool center (After eccentricity)

60

21

-80

131\
i 0 40 60 80
1

-80

Figure 14. Schematic diagram of axial and horizontal offset of 40-arm caliper logging instrument (broken).
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—e— 52m Raw Date —— opposite side compensation method
— circle-fitting algorithm 80 L — ellipse-fitting algorithm
—— chord approach —— center of mass method
new eccentric correction method

-80 -

-100 -

Figure 15. Comprehensive results of various eccentric correction methods under intact casing and instrument

centering conditions.

(1) When there is no damage to the casing and an arm is located in the due north direction of the shaft
section (Figure 12), the corresponding arm number is,

NO = 40—[—R§Tl}+1 (1)

When no arm is precisely at the top position of the shaft, the closest instrument arm number
relative to the top is,

ROT, - 9[{M:|+lj < 4.5
A decision needs to be made on this matter, o
ROT, —9“R09—T1}+1j > 4.5
Then obtain the maximum offset distance of the symmetry arm,
max (|L. — L.
A max = (I '+2°|),i=1,2,-~-,20 @)

2

The coordinates of the wellbore center are represented by (xo, yo)=(0, Amax)

The spatial coordinates of each arm before eccentricity are expressed as (xi, yi), the later eccentric
coordinates are expressed as (xi, yi’), [ ] is the integration operation; NO is the arm number of the top
arm; ROT1 is the azimuth angle of arm 1 monitored by multi-arm well diameter logging instrument,
max is the maximum offset distance, mm; Li is the measured well diameter value, mm.

Finally, the eccentricity correction is completed according to the relationship between the
coordinate points (0, 0) of the center point of the instrument and the shaft section (0, Amax) and the
coordinates (xi, yi'), and whether the set loss is judged according to the radius before the eccentricity
and the radius after correction.

(2) When the instrument undergoes both vertical and horizontal deviations (Figure 13), we determine
the maximum deviation direction by analyzing the difference values between symmetrical arms.
The maximum offset distance of the symmetry arm is,
max(|Ll. —LH20|)
2

Amax = ,i=12,---,20 @)
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The maximum offset azimuth calculation is as follows,
When i = Liszo,
ROT, = ROT, = ROT, +9(i-1) "
L =L
Then the central dot coordinates (xo, yo) are expressed as,
When ROTm<180,
x, =L sin(ROT,)
¥o =0.5[ L, cos(ROT, )~ L,.,, cos(ROT,, ) | ©
When ROTn >180,
x, =—L,sin(360—ROT,)
¥, =0.5[ L, cos (360~ ROT,, )~ L,.,,, cos (360 ROT, ) | ©
When L <L, ’
ROT, = ROT,,, =ROT, +9(i +19)
L-L, )
Then the central dot coordinates (xo, yo) are expressed as,
When ROTm<180,
Xy =L, sin(ROT,)
Yo =0.5[ L, cos(ROT,, )~ L, cos(ROT,, ) | ®
When ROTm >180,
Xy ==L, ,,8in(360—ROT,,) o
9

¥, =0.5[ L, cos(360— ROT,,) - L, cos (360 ROT, ) |

The spatial coordinates of each arm before eccentricity are expressed as (xi, yi), while post-
eccentric coordinates are expressed as (xi, yi’), Amax is the maximum offset distance, mm; Li is the
measured caliper value of the i-th arm, mm; Liso is the measured caliper value of the (i + 20)-th arm,
mm; ROT1 is the azimuth angle of arm number 1 monitored by the multi-arm caliper logging tool, °;
ROTn is the azimuth angle substituting the azimuth angle of the longest arm when calculating the
offset azimuth angle, in degrees; Lm is the measured caliper value of the longest arm when
calculating the offset azimuth angle, mm; ROTi is the azimuth angle of the i-th arm monitored by the
multi-arm caliper logging tool, °; xo is the abscissa value of the center point of the wellbore cross-
section, and yo is the ordinate value of the center point of the wellbore cross-section.

Finally, the eccentricity correction is completed based on the relationship between the coordinate
points (0,0) of the center point of the eccentric instrument and the central dot coordinates (xo, yo) of
the shaft section, and the eccentric coordinates (xi, yi'). Casing loss is determined by comparing the
radius before the eccentricity and the radius after correction.

(3) When there are casing damages

For damaged casings with horizontal and vertical instrument deviation (Figure 14), we employ
two complementary methods to determine the shaft section center coordinates, then average the
results.
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Using Method 1, we calculated the difference in casing symmetry arms and then sorted the
resulting values.

w Ji=1,2,-4,20 "

Sort(A, ) =Sort
If the sorted Ai decreases from the arm with the maximum difference and the decreasing
difference is relatively uniform, there is no casing damage; when the inversion of one arm and the
decreasing difference is abnormal, the serial position of the arm is damaged.
After determining the maximum offset direction of the instrument by sorting the subtraction
value of the symmetry arm, the maximum offset distance of the symmetry arm: is,

max(|Li _Li+20|)

Amax=Am=A, = ,i=1,2,---,20 (11)

A <Amax=Am=A,=2A,,,i=2,3,---,19 (12)

+1°

The maximum offset direction of the instrument is determined by the subtraction value of the
symmetry arm, and the maximum offset distance of the symmetry arm is,

max(|Li _Li+20|)
2

The calculation process of the maximum offset arm azimuth angle and the central dot
coordinates is the same as Equations (4)—(9).

Amax =

,i=12,--,20 (13)

In the equation, Amax is the maximum offset distance, mm; Sort is the difference sorting function;
Ai is the offset of the i-number arm from the symmetry arm, mm; Li is the measured well diameter
value of arm i, mm; Li+2o is the measured well diameter value of arm i+20, mm;

Method 2, it is known that the rotation azimuth angle of arm 1 is ROT1, and the angle between
any adjacent arms is a constant 9 degrees. Using the difference of wall thickness to calculate the
corresponding offset distance, and then the central dot coordinates of the shaft section (xd’, yo') are
obtained, the arm number of the top arm is,

(14)

NO=[ROT‘}L1

Taking the arm i as the maximum offset distance, coordinates of the circular circle at the center
of the wellbore section (x0’, y0’) are obtained,

L—L
Yo v | 5 i+20
(15)
X '= Liio=Liso
0
2

The coordinate position of the center of the final shaft section can be expressed as ( X, ;1) ,

+ \l
7= 2x0
, (16)
7= Yot Yo
2

The spatial coordinates before eccentricity are expressed as (xi, yi), while the post-eccentric
coordinates are expressed as (xi’, yi’). NO is the serial number of the top arm; ROT: is the azimuth of
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arm 1 monitored by multi-arm caliper logging, Li is the observed value of arm i, mm; Li+20 is the
measured value of arm i+20, mm; (x0’, y0’) is the center point coordinates of the wellbore section
obtained by two perpendicular arms; (xo, yo) is the coordinates of the center obtained by two
perpendicular arms; and ( x, y) is the coordinates of the final wellbore section from Method 1 and
Method 2.

Finally, the eccentricity correction is completed based on the relationship between the tool center
point coordinate (0, 0), the shaft center coordinates ( x, y), and the eccentric coordinate (xi, yv').
Casing loss assessment is based on comparing the radius before eccentricity and the radius after
correction.

By establishing the new eccentricity correction method of horizontal well diameter logging data,
we obtained corrected multi-arm caliper logging response values that accurately reflect the structural
characteristics and damage position of horizontal oil well casing. This approach effectively supports
high-precision evaluation of multi-arm diameter monitoring data, ultimately enhancing oil well
integrity assessment and repair planning.

4. Discussion

This study systematically validated the newly proposed eccentric correction method using
experimental data and conducted a comprehensive comparative analysis with existing eccentric
correction approaches. The results demonstrate that under intact casing conditions, all eccentric
correction methods achieved satisfactory correction outcomes. However, in the presence of casing
damage, our proposed method exhibited superior correction accuracy and stability compared to
existing techniques. This superiority is thoroughly demonstrated by multiple sets of comparative
experimental data (Figures 15-18).

100

—— Standard OD [ — Standard ID

—e— 52m Raw Date —— opposite side compensation method
—— ellipse-fitting algorithm
—— center of mass method

—— circle-fitting algorithm

—— chord approach 80

80 100

-80

-100 -

Figure 16. Comprehensive results of various eccentric correction methods under intact casing and instrument

eccentricity conditions.
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Figure 17. Comprehensive results of various eccentric correction methods under damaged casing and

instrument centering conditions.
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— circle-fitting algorithm 80 L— ellipse-fitting algorithm
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-100 -

Figure 18. Comprehensive results of various eccentric correction methods under damaged casing and

instrument eccentricity conditions.

In Figures 15-19, the gray solid line represents the standard casing outer diameter, the green
solid line represents the standard casing inner diameter, and the red curve denotes the measured raw
caliper data. Specifically, the opposite-side compensation method, circle-fitting algorithm, ellipse-
fitting algorithm, chord method, center of mass method, and new eccentric correction method in the
study are denoted by black, brown, teal, purple, light blue, and yellow, respectively. Under intact
casing and instrument centering conditions (Figure 15), the measured caliper with the green standard
inner diameter line requires no eccentricity correction. Figure 16 demonstrates the correction effects
of each eccentric correction method under intact casing conditions with the instrument in an eccentric
state. The raw caliper data only slightly deviate from the green standard inner diameter line, showing
no obvious eccentric characteristics. This is because under single casing conditions, the cable exerts
an upward force on the instrument, effectively counteracting the downward deviation caused by its
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gravity. Under these conditions, both the newly proposed eccentric correction method and the

existing eccentric correction methods exhibit favorable correction effects.
80 80

~——— Standard OD [—— Standard ID ~— Standard OD [ —— Standard ID
—— 52m Raw Date = opposite side compensation method ~®— 52m Raw Date = circle-fitting algorithm
40 +
20
I I . . o . . )
-80 80 -80 40 20 20 40 80
=20
40
-80 - -80 -
(a) Opposite side compensation method (b) Circle-fitting algorithm
Standaraop 80 [ Standard ID ——standaraop 30 [ —— Standara 1
—&— 52m Raw Date —— ellipse-fitting algorithm —&— 52m Raw Date —— chord approach
a0+ w0t
2 + 20 +
I o | . L o . . |
-80 j 80 -80 20 40 80
80 L 80 L
(c) Ellipse-fitting algorithm (d) Chord approach
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Figure 19. Result diagrams of different eccentric correction methods under the scenarios of casing damage and

instrument eccentricity (a—).
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Comprehensive result diagrams of various eccentricity correction methods under instrument
eccentricity and centering conditions in a damaged casing are shown in Figures 17 and 18. In Figure
17, each method displays an excellent correction performance under the condition of instrument
centering in a damaged casing, the correction curves match the standard inner diameter. However,
under eccentric conditions (Figure 18), a pronounced upward deviation of the original data curve
from the standard inner diameter is evident. Specifically, the caliper measurements on the upper side
exceed the standard inner diameter, whereas those on the lower side fall short. This phenomenon
also indicates that there is a significant eccentricity in the instrument. This observation aligns
precisely with the eccentric condition illustrated in Figure 10. Our systematic study of the fitting
correction methods reveals major differences in their effectiveness. In areas with normal well
conditions, all the tested correction techniques align with the standard inner diameter with high
precision, resulting in excellent fitting outcomes. However, in damaged casing areas, the chord
method, the opposite side compensation method, the circle-fitting algorithm, and even the relatively
advanced ellipse-fitting algorithm all exhibit obvious limitations. These methods struggle to
accurately identify damage features, which appear as sharp peaks in the fitting curves and ultimately
lead to the omission of damaged areas. In contrast, the newly established eccentric correction method
completely avoids these problems.

To present the differences among various correction methods, we conducted a comprehensive
analysis for cases where the casing is damaged and the instrument is eccentric (Figures 194)-)).

Through a systematic comparative analysis, we found major performance differences among
eccentricity correction methods. In normal well conditions, various methods achieve a good fit with
the standard inner diameter, demonstrating an ideal correction effect. However, when applied to
areas with damaged casings, traditional methods such as the chord method, the center of mass
method, the opposite side compensation method, the circle-fitting algorithm, as well as the currently
widely used ellipse-fitting algorithm, all reveal obvious limitations. The phenomenon is primarily
attributed to the specialized measurement environment. In the damaged casing areas, when logging
arms encounter holes, the measured data exhibit abnormal peaks, manifested as sharp protrusions in
the fitting curves. Due to the algorithm limitations, traditional correction methods struggle to
effectively identify and accurately process such abnormal data features. This often leads to the
omission of this key damage information during the fitting process, thus affecting the accurate
judgment of the actual condition of the casings. In sharp contrast, the newly proposed eccentric
correction method demonstrates outstanding comprehensive performance advantages. Relying on
its innovative algorithm design, this method not only maintains a high-precision fitting level in
conventional areas but also, even when faced with complex scenarios of damaged casings, can
accurately capture the damage features and achieve a high degree of consistency with the actual
casing morphology, providing a more reliable technical support for detecting casing damage.

To further quantify performance disparities among correction methods and validate the
advantages of the newly proposed method, this study conducted a systematic relative error analysis
for each eccentric correction method. The results accurately reflect the differences in measurement
accuracy and reliability among the methods, provide an important basis for evaluating their
effectiveness in practical applications. The detailed data and analytical conclusions have been
presented in Figure 20.
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Figure 20. Error analysis diagrams of each eccentric correction processing under the condition that casing is

damaged and instrument is eccentric (a—).

In-depth analysis of the relative error diagrams reveals that, under the conditions of both casing
damage and instrument eccentricity, traditional correction methods exhibit notably wide relative
error margins. Specifically, the opposite side compensation method shows a relative error range of -
1.69% to 3.37%, the circle-fitting algorithm has a range of -1.72% to 3.60%, the chord approach yields
a range of -1.69% to 3.63%, and the center of mass method demonstrates an even broader range,
spanning from -1.92% to 3.71%. The conventional ellipse-fitting algorithm, while offering some
improvement in correction efficacy, has managed to constrict its relative error range to -0.88% to
3.53%. In stark contrast, the newly proposed eccentric correction method significantly outperforms
existing techniques. Its relative error range is confined to a much narrower interval of -0.61% to
0.66%, which represents a reduction of 0.27% to 2.87% compared to the ellipse-fitting algorithm.
These findings unequivocally demonstrate that, in the challenging context of damaged casings and
eccentric instrument positions, the new eccentric correction method attains the highest measurement
precision and stability levels, thereby providing powerful technical support for the high-precision
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quantitative evaluation, damage location, and repair of the multi-arm caliper logging data of
horizontal wells.

Based on the overall analysis, the eccentricity correction effects of the newly established eccentric
correction method and the elliptical fitting correction method are relatively good. Therefore, an error
analysis was conducted on the eccentric and centered data of the damaged and intact well sections
for these two methods (Figure 21).
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(a) Error analysis diagram for the data after the ellipse-fitting correction and centralization measurements (left:
damaged well section; right: intact well section).

80 e new eccentric correction method(broken) .- 80 e new eccentric correction method (intact) .-
standard radius line el standard radius line
g L -5% error bars 75 Lo -5% error bars
++ -10% error bars = | | ||| -10% error bars
«eseeee 5% error bars -3 N | (L 5% error bars i
70 e 10% error bars " : i 70 foeeeeee 10% error bars .+

65 65

60 60

55 L i 55

i relative error: -5.02% ~-0.45% i relative error: -4.93% ~-0.72%

50 ¢".‘| 1 1 1 1 ] 50 "... 1 ' 1 1 1 1 J
50 55 60 65 70 75 80 50 55 60 65 70 75 80

(b) Error analysis diagram for the data after correction by the new eccentric correction method and
centralization measurements (left: damaged well section; right: intact well section).

Figure 21. Error analysis diagrams of eccentric and centered measurement methods under damaged casing and

intact casing conditions (a-b).

Experimental data comparisons indicate that the relative eccentric correction errors for intact
casings are substantially lower than those for damaged casings. The new eccentric correction method
demonstrates superior performance compared to the traditional ellipse-fitting algorithm. Specifically,
for intact well sections, the relative error between the response values of eccentric and centered
measurements, after applying the new correction method, ranges from -4.93% to -0.72%. This range
reflects a 0.03-0.53% reduction in post-correction relative errors compared to the conventional ellipse-
fitting algorithm. Conversely, for damaged well sections, the new method exhibits a relative error
range of -5.02% to -0.45%, resulting in a 0.92-1.16% decrease in relative errors post-correction when
compared with the traditional algorithm. These findings highlight that the proposed method
effectively enhances the consistency of correcting the eccentric effects of multi-arm caliper logging
tools for tubing and casing in horizontal wells across diverse damage scenarios, thereby contributing
to more reliable well integrity assessments.

Our findings revealed that the newly proposed eccentric correction method, developed from the
monitoring data of the forty-arm caliper logging tool, demonstrates remarkable technical advantages.
This method excels in measurement precision and stability, and effectively addresses the issue of
missing information in damaged well sections, a common drawback of traditional correction
methods. As a result, it significantly expands the applicable scope. Whether under conventional or
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complex well conditions, this method is capable of accurately correcting the measurement deviations
caused by eccentricity in multi-arm caliper logging data. It provides a solid and reliable technical
guarantee for the efficient monitoring and evaluation of damage to the oil casing in horizontal wells,
as well as for the precise location and scientific repair of such damage.

A relevant case analysis was conducted based on the newly proposed eccentric correction
method (Figure 22). It illustrates the 3D correction diagrams of well sections before and after
eccentricity correction. In the 3D imaging diagrams of typical well sections such as 3475-3500 m,
3640-3660 m, and 3835-3865 m, uncorrected data show major color differences in the 3D diagrams.
Red regions represent casing damage, with caliper measurements exceeding the green-referenced
standard inner diameter, while blue areas indicate borehole diameters smaller than the standard. This
is because the eccentricity of the instrument and the casing damage lead to differences in the
measured values of the borehole diameter. In contrast, corrected images show uniform color
distribution dominated by the green reference, with substantially reduced red and blue regions,
demonstrating regular morphological characteristics. This consistency intuitively confirms that the
eccentricity correction effectively mitigates tool eccentricity effects. These results further validate the
feasibility of the proposed method, which is of great significance for guiding casing damage detection
and eccentric correction in field applications.

(c) X well 3D imaging Figure 3835-3865 m in depth (left: before correction, right: after correction)

Figure 22. 3D correction diagrams of well sections before and after eccentricity correctionAuthors should discuss
the results and how they can be interpreted from the perspective of previous studies and of the working
hypotheses. The findings and their implications should be discussed in the broadest context possible. Future
research directions may also be highlighted.

5. Conclusions
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(1)This research provides valuable methodological advancements to horizontal well logging
technology. Through a comprehensive comparative analysis of various eccentricity correction
methods, a new eccentricity correction method was proposed and developed. Following data
processing and correction, the results indicate that the newly proposed method exhibits the lowest
relative error, showcasing its superior performance compared to existing techniques.

(2)Experimental data comparison reveals major improvement in measurement accuracy. For
intact well sections, the relative error between the response values of eccentric and centered
measurements after applying the new correction method spans from -4.93% to -0.72%. This range
reflects a 0.03-0.53% reduction in post-correction relative errors compared to the conventional ellipse-
fitting algorithm. Conversely, for damaged well sections, the new method exhibits a relative error
range of -5.02% to -0.45%, resulting in a 0.92-1.16% decrease in relative errors post-correction when
compared with the traditional algorithm. The proposed correction method addresses a critical
limitation of existing approaches by accurately identifying and preserving damage features. Unlike
traditional methods that often overlook localized casing damage, the proposed technique maintains
high fidelity to actual casing conditions while simultaneously correcting for instrument eccentricity.

(3)The practical application of the eccentricity correction method significantly enhances the
reliability of forty-arm caliper logging interpretation in horizontal wells. By extensively enhancing
eccentricity correction accuracy, this method provides robust technical support for high-precision
quantitative evaluation, precise damage localization, and efficient repair of horizontal well multi-arm
wellbore logging data.This section is not mandatory but can be added to the manuscript if the
discussion is unusually long or complex.
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MTT Magnetic Thickness Tool
MID-K/S  Magnetic Inspection Device-K/S
TEM Transient Electromagnetic Tool
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