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Keywords Abstract

Oil and gas pipelines, Oil and gas pipelines are susceptible to local bending deformation, threatening pipeline

In-line inspection, transportation's safety. In-line inspection with inertial measurement units (IMU) is currently

IMU, the main bending deformation inspection method for buried pipelines. However, the

Bending strain. traditional bending strain calculating method based on IMU is influenced by the inherent
features of the pipeline which may lead to inaccurate results and cannot truly reflect the
bending deformation. To tackle this problem, a novel IMU-based bending strain calculation
method is proposed to classify pipe segment, which first extracts the feature data of different
pipe segments followed by classifying them into 5 types, namely hot elbow, cold elbow,
weld, dent and bending deformation, and finally distinguishes bending deformation
segments optimally., After analyzing the differences in bending strain values among five
types of pipe features, an effective bending strain-based pipeline feature segment extraction
algorithm is proposed, and classification methods are set up for different pipe features. The
results show that the proposed method can effectively identify different pipe features and
distinguish bending deformation segments. The recognition accuracy for elbow, weld, and
dent are 99.35%, 93%, and 90.2%, respectively.

1. Introduction

The laying of long-distance oil and gas pipelines has a
complex topography, and corrosion, man-made activities
and long-term crustal movements can lead to a large number
of bending deformations in local pipe segments, resulting in
stress concentrations. In severe cases, this can even lead to
leakage of transported material, causing environmental
pollution and economic losses and threatening people's lives
[1-4]. Currently, pipeline companies mainly use in-pipe
inspection with IMU to assess bending deformation along
the entire length of the pipeline [5]. The inertial sensor
gyroscope reflects the attitude change of the IMU as it runs
through the pipeline. The slight attitude change of the IMU
as it passes through the bending deformation segments is
reflected in the output of the gyroscope. The bending strain
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value can be calculated by attitude angle and the mileage data
recorded by the mileage wheel [6-8]. In practice, the
calculated bending strain value exceeding the bending strain
threshold usually contains other pipe features in addition to
the actual pipe bending deformation which disturbs the
optimal identification of bending deformation pipe
segments. Therefore the classification of pipe features which
exceeds the bending strain threshold can effectively improve
the accuracy of pipe bending deformation identification [9].

Currently, numerous studies about bending deformation
and feature identification based on pipe centerline data from
IMU have been conducted. Jaroslaw A. Czyz [10], Rui Li
[11] proposed an IMU-based bending strain calculation
formula for evaluating the bending deformation of pipes and
verified the effectiveness of the method through
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experiments. Hussein Sahli [12] discriminated elbows from
straight pipes based on the change in angular velocity and
judged the angle of the elbow based on the attitude angle of
the sensor. Lianwu Guan[13] employed accelerometer
signals to identify welds in pipe segments and Fengyuan
Jiang [14] used nonlinear numerical analysis and statistical
features as input to a machine learning model to achieve the
identification of different deformation segments.

Existing studies focus on improving the accuracy of
bending strain calculation and the identification of pipeline
elbows. For the centerline measurement data of long-
distance transmission pipelines with huge data size, the
pipeline features that cause bending strain exceeding the
threshold value are complex, and no clear method has been
proposed to extract and classify the feature data quickly and
accurately. To address the above problems, our study divides
the analysis of pipeline IMU inspection data into two steps:
feature segment signal extraction and feature classification.
We propose a feature segment extraction algorithm based on
the bending strain values calculated from IMU inspection
data, which can effectively extract pipeline features from
straight pipe data. We also design multiple identification
methods for different fluctuation features of pipe types on
the strain curve to distinguish bending deformation from hot
elbow, cold elbow, weld, and dent. The feasibility of this
method is verified using actual field measurement data.

2. Bending Strain Calculation

2.1. Curvature Calculation

The bending strain across the pipeline is mainly
calculated by curvature, which is the rotation rate of the
angle of the tangent direction to the arc length at a point on
the curve reflecting the degree of bending at a point. The
curvature k at any point on the center line of the pipe is
decomposed into a horizontal curvature component kh and a
vertical curvature component kv, as shown in Figure 1,
where 0 is the center of the pipe cross-section, the x-axis is
parallel to the horizontal plane where the pipe is located, the
y-axis is perpendicular to the x-axis and the z-axis points in
the direction of the tangent to the center line along the axial
direction of the pipe.

Figure 1. Decomposition of pipe curvature

The curvature at any point on the pipe is the combination
of the horizontal and vertical components of curvature at that
point, as shown in Eq. (1)

k= JkZ+ K2 (1)

Supposing that the pipeline centerline r is a set of three-
dimensional curve equations related to the pipeline mileage
s, the expression for the three-dimensional curve r(s) is given
by Eq. (2):

r(s) = [x(s),¥(s),2(s)] @

Then the tangent vector t at a point on the curve r(s) and
the curvature k at that point are calculated as Eq. (3) and Eq.
(4)
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By projecting the centerline tangent vector t onto the

local horizontal coordinate system, as shown in Figure 2, the

relationship between the projection of the curvature vector k

onto the coordinate system and the tangent vector t is as Eq.
(5) and Eq. (6)

Figure 2. Projection of tangential vectors on the local horizontal
coordinate system
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Assuming that the tangent vector t is a unit tangent
vector, the relationship between the components of the unit
tangent vector t and the pitch and heading angles is Eq. (7)
t, =cos@siny
ty =cos@cosy 7
t,=sin6
where 6 and i are the pitch and heading angles
respectively.

The expression for the relationship between the
components of the curvature vector k and the attitude angle
can be calculated by Eqg. (3-5) as follows:

 sing®si a
k, = sm@dssmlp+c056cos¢ds
— _sinp% _ in &
k, = smGdS cosy cos@smlpds (8)
kz=c059ﬁ
ds

Substituting Eq. (8) into Eq. (6) gives the total curvature
value at that point (Eq. (9)).
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K= TR = [(2) + (cos0 )" @

The relationship between the total curvature and the
attitude angle is obtained by Eq. (9), and in Eq. (1), the total
curvature is decomposed into vertical and horizontal
curvature[15]. Comparing Eq. (9) and Eq. (1), the
expressions among the total curvature, the vertical and
horizontal curvature components and the attitude angle can
be obtained as Eq. (10)

ao
kVZE
k, = —cose% (10)
k= JkZ + K2

where the curvature calculation window, df8and dip, are the
difference between the attitude and heading angles on the
calculation window respectively.

2.2. Calculation of Bending Strain

The longitudinal “fibres" of the beam change from a
straight line to a circular arc in pure bending, assuming that
the cross-section remains flat and perpendicular to the
deformed axial direction after bending has occurred. The two
cross-sections, which are separated from each other, are
rotated relative to each other around the neutral axis, as
shown in Figure 3. The cross sections s1-s2 and s1'-s2' are
extended to intersect at point O, which is the center of the
circle of curvature of the neutral layer. Let the radius of
curvature be R and the angle between the two cross-sections
be d@, then the positive strain at r from the neutral layer &
is Eq. (11)
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Figure 3. Beam bending deformation

Similarly, by simplifying the bending of a pipe under
external forces to the pure bending of a beam, the bending
strain at the outer wall of the pipe is the ratio of the radius of
the pipe to the radius of curvature of the bending deformation
segments. The relationship between the curvature of the pipe
and the attitude angle is obtained from Eq. (12)[16].
Similarly, by dividing the bending strain into vertical and
horizontal strains with the radius of curvature being the
derivative of the curvature, the relationship between the
bending strain and the curvature is obtained as follows:

D
{EU szy
D
Ehzgkh (12)
e =2k
2

where D is the diameter of the pipe, &,is the vertical strain
component,é&,is the horizontal strain component and ¢ is the
total bending strain.

3. Pipeline Feature Recognition

Theoretically, points where the calculated bending
strain value is greater than 0.125% should be the points of
concern. However, there are many actual engineering
calculations where the calculated strain exceeds the reporting
threshold[17], since in actual cases the calculated bending
strain results are influenced by real external bending of the
pipeline in addition to other characteristics of the pipeline.
Any bending that occurs during the manufacture, laying and
service of the pipeline is reflected in the bending strain
calculation results. The pipeline is subjected to various
external and internal forces that generate strains during
service, but these strains cannot be completely separated
from the residual plastic strains generated by processes such
as hot and cold bending of the pipe. Therefore, profiling the
strain calculation results and distinguishing pipe segment
types that exceed the strain threshold is an important part of
improving the accuracy of the bending strain assessment.

3.1. Characteristic Bending Strains of Different Pipe Types

The main types of pipe segments that can be reflected
in the pipeline IMU inspection data are straight pipes,
welded seams, cold bends, hot bends, bending deformations
and depressions in a total of six categories. The bending
strain curves for different pipe characteristics are shown in
Figure 4. When the IMU travels through a straight pipe, the
pipe has a smooth attitude angle and the bending strain
values are small and fluctuate slightly, as shown in Figure
4(a); the bending strain at the weld is a small localized bulge,
and the fluctuation magnitude of the bending strain through
the weld is influenced by the residual height at the weld, as
shown in Figure 4(b); when passing through an elbow,
bending strain appears to change sharply over the mileage of
a pipe segment. The difference between hot elbow and cold
elbow is mainly reflected in the peak. Although both hot
elbow and cold elbow are used to change the direction of the
pipe, there is a big difference between the angles of the two.
Hot elbow is constructed by heating the pipe to a certain
temperature and then bending, while cold elbow is the pipe
is not heated directly by external force bending. The
curvature of the hot bending is greater than the cold bending
which is also reflected in the bending strain results obtained
from the curvature calculation and the peak bending strain of
the hot elbow is greater than the cold elbow too, as shown in
Figure 4 (c), 4 (d); the vertical strain at the dent is generally
concave and the strain value is influenced by the degree of
the dent and the length of IMU. The bending strain at the
bending deformation segment is inverted V" or continuous
multiple inverted "V", and the bending strain curve
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fluctuates considerably, usually more than the mileage of a
pipe segment, as shown in Figure 4(f).
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3.2. Feature Extraction

The characteristics of the bending strain for different
pipe features are presented in section 2.1 through the
alignment of the IMU inspection data. From the alignment
results the bending strain of the IMU fluctuates to varying
degrees as it passes through the different pipe features, and
the magnitude and length of the fluctuations depend on the
change in the attitude of IMU as it passes through the
different pipe features. In contrast to the smooth strains in
straight pipe segments, the bending strains of the IMU
fluctuate to varying degrees as it passes through the pipe
features, which provides the conditions for extracting the
characteristic signal from the continuous bending strain
curve. A method for extracting pipe features can be
developed for this characteristic in the following steps.

(1) Calculate the bending strain value of the whole
pipeline by using the bending strain calculation formula,
select the reported threshold of bending strain, use 1/2 of the
reporting threshold as the bending strain screening value, and
screen all points in the whole pipeline where the bending
strain is higher than the screening value as the threshold
points.

(2) The minimum mileage interval is selected, and all
threshold points are segmented by the minimum mileage
interval. Adjacent threshold points are combined if their
mileage difference is less than the minimum mileage interval
and segmented if it is greater than the minimum mileage
interval. The effect of this step is to divide the extracted
threshold points into separate feature pipe segment data.
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Figure 5. Differences in bending strain results for different pipe features

(3) Step 2 allows the data at some simple pipe segments
to be separated. However, for some pipe segments with
complex laying conditions, where multiple features are close
together and a feature segment may contain more than one
feature. In this case, the features cannot be effectively
separated by step 2 alone. Elbows are usually laid
consecutively in these kinds of pipe segments. Therefore, we
perform peak inspection in these feature segments,
identifying each peak point above the bending strain
threshold. The peak point that reaches the elbow
discrimination value is identified as an elbow, and the
inflection point between two adjacent peaks is set as the split
point of the adjacent elbow.

(4) Set the minimum mileage of the feature segment.
Each feature segment identified in steps 2 and 3 that is less
than the set minimum mileage in length is considered to be a
strain threshold caused by data fluctuation errors and such
feature segments will be rejected.

The above method can effectively distinguish straight
pipe segments and characteristic pipe segments from
continuous bending strain curves. The parameters to be set
are shown in Table 1, where the reporting threshold for
bending strain is generally taken to be 0.125%, the minimum
mileage interval is taken to be 1D, and the bending strain at
the elbow is generally between 1% and 10%. The minimum
mileage of the feature segment is influenced by the length of
IMU in the pipe and the length of the feature itself which can
be adjusted according to the measured data.
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Table 1. Parameters to be set for feature extraction

Serial number Parameters

Main functions

1 Reporting thresholds g

threshold
Minimum mileage interval Smin

Extraction of strain points 1/2 above the threshold

Splitting and merging threshold points

2
3 Strain recognition values for elbows ¢ Feature separation
4

Minimum mileage of feature segment Lrnin

Error data rejection

3.3. Feature Recognition

The feature extraction method in section 2.2 promises
effective separation of straight pipe data from other pipe
feature data in continuous bending strain curves. In the next
step, the extracted feature segments need to be differentiated
by type to identify the types of pipes that cause bending
strain variations.

The parameters that distinguish the different pipe
features can be preset by the different trends in the bending
strain curve. Among these, the significant difference
between the elbow segment and the other features is mainly

in the magnitude of the bending strain, while the difference
between hot and cold elbow is mainly in the value of the
magnitude. The mileage of the change in bending strain
values caused by welds is usually short, and the amplitude of
the bending strain is low. The difference in mileage between
adjacent welds is within a fixed range, usually one pipe
segment length apart. The dent is mainly reflected in the
vertical strain, which is usually depressed, and the mileage
length of the bending deformation pipe segment is generally
longer than one pipe segment length. To summarize the
above features, we select recognition parameters for
different pipe features.

Table 2. Identification parameters for different pipe features

Serial number Features Identification parameters
1 Hot elbow Bending strain amplitude
2 Cold elbow Bending strain amplitude
Bending strain amplitude; mileage length; interval between adjacent
3 Weld R
characteristic segments
4 Dent Vertical strain characteristics
5 Bending deformation Mileage length; mean bending strain

The degree of pipe bending deformation is divided into
three degrees according to the average bending strain value
of the segment, namely first category (0.125%-0.2%),
secondary category (0.2%-0.3%), and third category
(>0.3%).

4. Example Analysis

The method is applied through the actual IMU data
measured by the project. The pipeline carrying medium is
natural gas which inner diameter pipeline is 1016mm. In
addition to the IMU, magnetic leakage detector and
geometric detector are also carried. This segment of the
pipeline is approximately 200km long and the composite
detector entered the collection cylinder smoothly after 20
hours of operation. The recorder was checked to be operating
normally, the inspection data was clear and complete, and
the pipe clearance was smooth.

Figure 6 shows the bending strain values for the 10km
pipeline calculated by the bending strain formula. As can be
seen from the results, the bending strain values for many
segments of the pipeline exceed the threshold of 0.125% due
to pipeline characteristics, thus the bending deformation of
the pipeline cannot be assessed by the bending strain values
alone.
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Figure 6. Bending strain values for the entire 10km pipeline

4.1.1 Feature Recognition

The first 50km of the pipeline was identified by our
method with a total of 722 cold elbows and 342 hot elbows.
The geometric inspection results were compared to verify the
accuracy of the identification. The identification results and
geometric inspection results were compared in a 5km
mileage segment. From the comparison results, it is obvious
that the proposed elbow identification method can
effectively identify the elbows of the pipeline, and the
overlap with the geometric inspection results is 99.35%.
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Table 3. Comparison of elbow identification results with geometric inspection results

Cold elbow Cold elbow Hot elbow Hot elbow
Mileage (km) . A (geometric . o (geometric Contrast
(identification) inspection) (identification) inspection)

1-5 78 78 21 21 /
5-10 104 102 28 28 2
10-15 34 34 23 23 /
15-20 53 53 35 35 /
20-25 92 93 57 56 2
25-30 118 116 27 27 2
30-35 46 46 55 55 /
35-40 67 68 34 34 1
40-45 48 48 29 29 /
45-50 82 82 33 33 /
Total 722 720 342 341 7 (0.65%)

Figures 7 and 8 show the distribution of 231 elbows and
the radius of curvature and angle of the elbows in the first
10km of pipe respectively. The result shows that the angles
of the hot and cold elbows are more diffuse in the calculation
results, while the radius of curvature distribution of the hot
and cold elbows is more concentrated, which is because the
calculation results of the radius of curvature are influenced
by the length of the pipe as well. The construction data of
this pipeline segment records that the curvature is 40D for
cold elbows and 10D for hot elbows, which is consistent with
the calculation results.
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Figure 7. Radius of curvature of the elbow
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Figure 8. Angle of the elbow

4.1.2 Weld Identification

A total of 668 welds were extracted from the IMU data
within the 10km pipeline using the weld identification
method, and the actual number of welds in this segment was
890. In the bending strain curve, due to some welds in the
pipe segment closely connecting to the elbow, the slight
fluctuations caused by the welds are usually overridden by

o INIEGREE

the large strain changes caused by the elbow. Therefore, the
identification method does not effectively identify the weld
that connects to the elbow. Excluding the welds connecting
the elbows (87 x 2 = 174) there are 716 welds remaining in
the 10km pipeline. Figure 9 shows the locations of the welds
identified by the weld identification method. The results
show that: the bending strain results caused by the welds
fluctuate over a wide range, which is mostly influenced by
the residual height of the welds, as mentioned earlier. The
peak value of bending strain caused by the welds is much
lower than the value caused by real changes in the curvature
of the pipe, such as the elbow; the bending strain results
caused by the welds usually fluctuate over shorter distances.
In some straight, continuous pipe segments, the accuracy of
weld identification by IMU is higher than in complex pipe
segments with many elbows.
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Figure 9. Location of weld in 10km local pipe segment

After excluding the welds at the elbows, the 10km
pipeline was identified with an accuracy of approximately
93% by the proposed weld identification method. The error
was mainly caused by the fact that the attitude does not
fluctuate significantly when IMU passes through some of the
welds, and therefore the peak value of bending strain induced
by these welds did not reach the threshold for feature
extraction.

4.1.3 Dent Identification

Dents, as external deformation defects in the pipe, are
also a pipeline feature worth focusing on. As there are fewer
pipe segments with dents, the results of the whole pipeline
for dent identification by IMU methods and geometric
deformation detection are compared (Figure 10). The results
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show that the IMU bending strain-based calculations were
effective in identifying pipe dents, with 61 dents detected
through geometric detection and 55 identified through our
identification method, with an accuracy of 90.2%.

O Geometric detection result
% IMU identification result

0 0.5 1 1.5 2
Distance(m) %108
Figure. 10 Dent recognition results compared to geometric
inspection results

4.2 Bending Deformation Identification

After identifying other pipe segments which cause the
bending strain value to exceed the threshold such as elbows,
welds, and dents through the feature identification method,
the real bending deformation pipe segments are identified
according to the bending deformation anomaly identification
method. 74 pipe segments containing bending deformation
are identified in the 200km pipeline, including 60 of the first
category, 13 of the second category, and 1 of the third
category. The distribution of the 74 segments over the
mileage and the specific bending strain values are shown in
Figure 11.
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Figure 11. Mileage distribution of 74 bending deformation points
and mean bending strain

5. Conclusion

The following conclusion can be drawn from this study:

(1) A bending strain calculation method based on the
IMU data covering the whole pipeline is derived to reflect
the bending condition of the oil and gas pipeline by the
bending strain value.

(2) The differences in bending strain results when IMU
passes through different pipe types are analyzed, and an
extracting method for different pipe features based on
bending strain results is proposed, which can effectively
extract pipe features from the continuous bending strain
curve.

(3) The proposed feature identification method is
applied using actual engineering data, and the recognition
accuracy for elbow, weld, and dent is 99.35%, 93%, and
90.2% respectively, which can effectively exclude those pipe

features that cause bending strain exceeding the threshold
and correctly locate the real bending deformation segment of
the pipe.
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