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ABSTRACT Crosspoint of spiral and girth welds of spiral steel pipelines transporting high-pressure oil and
gas is easy to crack due to welding defects and corrosion, so routine excavation and careful inspection
are required. In order to reduce the workload and cost of excavation, it is necessary to determine the
crosspoint’s angular position on the girth weld. This article proposes a low-cost and high-efficiency method
for locating the spiral-girth weld crosspoint based on the inner Spherical Detector (SD). Theoretical analysis
and experiments demonstrate that the magnetometer with a smaller lift-off could detect more noticeable
magnetic valley of the spiral welds at the pipe bottom, so a smaller SD should be used; the spiral direction
can be determined by the phase difference of the dual-channel magnetic signals, when dual magnetometers
are symmetrically fixed about the median vertical plane on the rotation axis of the SD. When the girth weld,
at least one spiral weld and the spiral direction are detected and determined, the crosspoint’s angular position
can be calculated. The maximum localization error of the crosspoint is less than 30° and the average error
is less than 20°, that is, no more than one hour’s angle, whose accuracy is sufficient for excavation and

maintenance in the field, because it will reduce the amount of excavation by nearly half.

INDEX TERMS Spiral pipelines, welds, magnetic field, spherical detector.

I. INTRODUCTION

Transportation of oil and gas by pipelines has the advantages
of low cost, high efficiency and high safety. Rapid develop-
ment of the oil and gas transportation industry around the
world has led to a huge increase in the number of pipelines.
Oil and gas pipelines mainly include seamless steel pipe,
straight welded steel pipe and spiral steel pipe [1]. Among
them, seamless steel pipe has the highest strength and the
strongest pressure bearing capacity, but with the increase of
size, the cost increases rapidly. Although the manufacturing
cost of straight welded steel pipe is low, its strength is very
low, and it cannot operate stably under high pressure envi-
ronment. Spiral steel pipe has lower cost and larger size than
that of seamless steel pipe. In 2016 [1], China has upgraded
the steel grade of gas transmission pipeline from X52 to
X80, increased the pressure of gas transmission pipeline from
6.3MPa to 12MPa, and the transmission capacity of single
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pipeline has reached 30 billion m3/a, and the gas explosion
test proved that the strength of spiral welded pipe has higher
strength than that of straight welded steel pipe [2]-[4]. There-
fore, spiral steel pipe occupies a large share in oil and gas
pipeline [5], [6]. A spiral pipeline is made by welding many
sections of spiral pipes, so there are crosspoints of spiral and
girth welds between adjacent sections. One section in a field
spiral pipeline has two spiral-girth weld crosspoints, which
are the spiral starts at the inlet and the outlet. Strength at the
crosspoint is much lower than that at other parts of a spiral
pipeline, and cracking here is easier to occur [2], [7]-[10]. Itis
required to excavate the soil outside the buried pipeline from a
suitable direction, and expose the spiral-girth weld crosspoint
for careful inspection. In order to reduce the workload and
cost of excavation, it is necessary to determine the angular
position of the crosspoint on the girth weld.

Currently, there are many techniques suitable for detecting
and locating weld defects in pipelines, which can be divided
into the following four categories: radiographic, ultrasonic,
eddy current based and magnetic. Radiographic inspection
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uses the intensity of the radiation passing through the spiral
weld to detect whether the weld has cracks [11], [12]. Passive
radio frequency identification (RFID) tag antenna is also
deployed to exchange information to form a structural health
monitoring system because of their passive, wireless, low
cost and simple, compact size [13]. However, tens of thou-
sands of antennas have to be deployed to cover all the spiral
welds in the whole field pipeline. Ultrasonic inspection is to
detect pipeline welds and defects by measuring the change
of ultrasonic velocity in materials [14], [15]. It has a deeper
penetration depth than radiographic inspection technology,
but usually needs to apply coupling agent on the surface, and
it is not suitable for the detection of rough surface. Eddy
current inspection is based on electromagnetic induction,
and uses the secondary eddy current generated by the pipe
wall to detect pipeline defects and weld seams [16]-[19].
However, due to the skin effect of ferromagnetic materials,
the penetration depth decreases with the increase of exci-
tation coil frequency. Magnetic detection uses the magnetic
field changes at the welds and defects of pipelines or the
principle of magnetic flux leakage to detect and locate welds
and defects [9], [20], [21], whereas, the detection accuracy is
limited by the lift-off value; the lift-off value cannot be too
large, and the sensor needs to be as close to the detection sur-
face as possible. In [21], several investigations were carried
out demonstrating the residual magnetic field variation and
pattern can be used for assessing residual stress, applied stress
and defects.

However, almost all the methods above focus on the
defect detection of the weld, rather than the detection of
the spiral-girth weld crosspoint. In addition, all the methods
above need to be implemented with the cylindrical Pipeline
Inspection Gauge (PIG) which is one of the most com-
monly used inline inspections (ILI). ILI can be carried out
by installing various sensors on the PIG, such as magnetic
flux leakage sensor, magnetometer, mileage wheel, ultrasonic
tools, etc. While, PIGs are very large and bulky. Detection
probe of the PIG based on the above method has to contact
with the pipe wall. In order to obtain sufficient thrust from the
pressure difference between the front and back of the PIG, the
polyurethane leather cup of the PIG must have interference fit
with the pipe wall [22]-[25]. Therefore, there is huge friction
between the PIG and the pipe wall, which makes the PIG have
a high risk of blockage.

Another type of pipeline inspection carrier is inner Spher-
ical Detector (SD). The diameter of the SD is smaller than
that of the pipeline, so the SD can quietly roll forward pushed
by the flow in the pipeline. It is convenient to launch and
retrieve the SD. The SD is not easy to get blocked and has high
signal-to-noise ratio, so it is a promising new quasi real-time
detection tool for pipelines [26]-[28]. The SD has been used
in the detection of magnetic anomalies in pipelines, and can
identify girth welds from the measured magnetic signals, but
cannot identify spiral welds [28]. Afterwards, the structure of
SD was optimized to achieve fixed-axis rotation by adding
a tungsten disc as counterweight to improve the quality of
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FIGURE 1. Schematic of detection principle of spiral-giirth weld
crosspoint.

detected signals [29], [30]. However, the existing SD is still
unable to locate the crosspoint of spiral and girth welds. This
is because the size of the SD and the number and layout of the
magnetometers have not been specially optimized for spiral
weld detection at present, and the SD can neither detect the
weak magnetic anomaly caused by the spiral weld and nor
judge the spiral direction.

In order to locate the crosspoint of spiral and girth welds
by using the SD, the following theoretical analysis and exper-
imental research are carried out in this article: the principle
of crosspoint localization is analyzed and the key technical
points of magnetic detection of spiral welds are concluded;
the sensor layout inside the SD is optimized to ensure that
the magnetic signal of the spiral weld can be detected and the
spiral direction can be identified; magnetic fields inside spiral
steel pipe are measured by using the optimized SD to prove
its feasibility of locating the spiral-girth weld crosspoints.

Il. CROSSPOINT LOCALIZATION METHOD
A. LOCALIZATION PRINCIPLE
Definition and detection principle of the crosspoint of spiral
and girth welds are shown in Figure 1. Pipeline coordinate
system is denoted as O1—XY1Z;, and the position of the
crosspoint of spiral and girth welds is defined as the rotation
angle 0 around the pipe axis X; with Y as the rotation start.
The SD rolls forward on the pipe bottom and records
internal magnetic fields and the acceleration of the rolling
carrier. Girth welds and bottom spiral welds can be identified
through magnetic features. By using the periodic acceleration
signals to calculate the mileage of the SD, axial position s;
and sp of the inlet and outlet girth welds as well as axial
position x;, i = 1, 2, ... of each spiral weld can be determined
in one section of spiral pipeline. As the angular position of
each spiral weld at the pipe bottom is 8 = 270°, when taking
the axial position x; of each spiral weld at the bottom as a
reference, the crosspoint location 6;; of spiral-girth weld at
the inlet can be expressed as:

0y = 270°F (sz —Xi LSL —XiJ) 3600 )
p p
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wherein, p is the spiral pitch; | | means round-
ing down; F takes —/4+ when the spiral direction is
levorotatory/dextrorotatory, which can be determined by the
phase difference of side-by-side multi-channel magnetic sig-
nals. The number of identified spiral welds is denoted as n.
Finally, the crosspoint location of the spiral-girth weld at the
inlet is:

1
Or==% . 0 @)

Similarly, the crosspoint location at the outlet is:

270°+ <s0 L ro _x"J) 1360°  (3)
p p

by, A

o = Zzizl io- “

wherein + takes +/— when the spiral direction is levorota-
tory/dextrorotatory.

Bio

B. SENSOR LAYOUT

It can be concluded from the localization principle in Section
2.1 that there are two prerequisites for calculating the loca-
tion of girth-spiral weld crosspoint: (1) identify at least one
spiral weld using magnetic anomalies; (2) judge the spiral
direction using multi-channel magnetic signals. The success
of achieving these two key tasks depends on the advisable
layout of the magnetometers. To optimize the magnetometer
layout, magnetic field measurement experiments in a spiral
steel pipe as shown in Figure 2 were carried out.

Guide rail Two magnetometers Spiral pipe

A X X 25

Left
magnetometer

Right magnetometer

Right 7
gnetometer

spiral steel pipe

FIGURE 2. Experimental apparatus for testing sensor layout.

A non-magnetic straight aluminum guide rail passed
through the spiral steel pipe, and two groups of wooden
blocks with equal height were padded below two ends of the
guide rail to ensure that the guide rail is parallel to the pipe
axis. The tested spiral pipe is made of low carbon steel, and
its outer diameter is 219mm, wall thickness is 6mm, and p is
425mm. Two magnetometers were fixed on a slider and the
slider was pulled by a rope to slowly and uniformly slide on
the guide rail from one end to the other end, and the magnetic
signals were recorded at the same time. Connection line of
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the two magnetometers is parallel to the axis Yy, so that the
two magnetometers can successively pass by a certain spiral
weld one by one. The height of the guide rail was adjusted to
observe the magnetic anomaly characteristics near the spiral
weld with different lift-off values.
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FIGURE 3. Schematic Magnetic fields in the spiral pipe on the measuring
lines with different lift-off values.

The magnetic field distribution in the pipeline on the mea-
suring line with lift-off value d of 17mm, 30mm, and 50mm
is respectively shown in Figure 3. It can be seen that B,
component can clearly indicate the positions of the spiral
welds. However, as the lift-off value increases, the amplitude
of magnetic anomaly at the spiral weld gradually decreases.
When d = 17mm, four spiral weld characteristic signals
can be observed. Among them, the first peak-to-peak value
is 25.6uT, and the fourth is 2.4uT. When d = 30mm, the
four spiral weld characteristic signals can still be observed,
but the amplitude is reduced. Among them, the first peak-to-
peak value is 22.6uT, and that of the fourth is only 1.0uT.
When d = 50mm, only three spiral weld characteristic
signals can be observed, and the amplitude is further reduced.
Among them, the peak-to-peak value of the first is 18.2uT,
and that of the fourth cannot be observed. Therefore, in order
to successfully detect spiral welds, on one hand, the SD’s
diameter should be reduced as much as possible so as to
reduce the lift-off value; on the other hand, the magnetometer
should be installed on the horizontal rotation axis that passes
through the sphere center, so that the lift-off value is constant
and equal to the radius of the SD. The diameter of a small SD
is set to 60mm in the end.

Dual magnetometers deployed on the Y; axis are used
to determine the spiral direction. When the SD passes by
a dextrorotatory spiral weld, the right magnetometer passes
by the spiral weld first and the left magnetometer passes
later, and vice versa. Space in the small SD is limited, so the
interval distance w between the two magnetometers cannot
be too large. w was set to 35mm and 70mm respectively
to observe the magnetic characteristics near the weld of the
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FIGURE 4. Magnetic signals of dual magnetometers.
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FIGURE 5. Device layout of and prototype of the small SD.

two channels, and the results are shown in Figure 4. It can
be seen that the B, component of the two magnetometers
can both measure the concave magnetic characteristics of the
spiral weld, and the magnetic valley of the right channel is
ahead of that of the left channel, which is consistent with the
actual situation. At the same time, as the distance between the
two magnetometers decreases, the time difference between
the left and right channel signals also decreases. When w is
35mm, the spiral direction can still be determined, and this
distance can meet the layout requirements of the sensors in
the small SD. Therefore, the interval distance w between the
two magnetometers in the small SD is set to about 35 mm.

C. DESIGN OF SMALL SD

The small SD, which is used in liquid or gas pipelines, devel-
oped is shown in Figure 5. The SD’s diameter is much smaller
than the pipe diameter. A heavy tungsten disc is installed
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FIGURE 6. Experimental apparatus and process of locating the
spiral-girth weld crosspoint using the small SD.

inside the SD, which concentrates 90% the mass of the SD,
so that the rotational inertia of the SD around the axis Y, is
much larger than that around other axes, and the SD can stably
roll around the axis of Y, Y2//Y|. Dual magnetometers,
accelerometer and signal recorder are fixed on the tungsten
disc. The rotation axis of the accelerometer and magnetome-
ters is also one of their sensitive axes Y. Recorded By is
analyzed to identify the spiral weld, and recorded ay, a, are
used to calculate the SD’s rolling mileage and then determine
the positions of each spiral weld. Finally, according to the
localization principle presented in Section 2.1, the position
of the spiral-girth weld crosspoint is calculated.

Ill. EXPERIMENTS

A. CROSSPOINT LOCALIZATION EXEPERIMENT USING
SMALL SD

Experimental apparatus and process for magnetically locat-
ing the spiral-girth weld crosspoint by using the small SD
are shown in Figure 6. The tested spiral pipe is made of low
carbon steel, and its outer diameter is 219mm, wall thickness
is 6mm, and p is 425mm. The inner wall of the spiral pipe
used in the experiment is not coated, and there are protrusions
at the spiral weld. However, most of the spiral pipes used
in the field are coated from the inside or have long-term
accumulation of oil residue, so there is no protrusion at the
spiral welds. Therefore, a plastic pipe is placed inside the
spiral steel pipe to simulate the coating to provide the SD
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FIGURE 7. Experimental apparatus of eddy current testing method.

with a smooth contact surface similar to a field pipeline.
An air pump was used to inject air flow into one end of
the spiral pipe to push the SD to roll forward. The spiral
steel pipe was rotated around its axis to obtain different
spiral-girth weld crosspoints at the inlet and outlet. A total
of four rotation tests were carried out. Each time the pipe
rotation is accomplished, the SD still rolled forward on the
bottom of the pipe. The small SD carries two magnetometers
and an accelerometer. The two magnetometers are on the
horizontal rotation axis passing through the center of the SD
and are symmetrically located at two sides of the middle
vertical plane. The accelerometer is installed at a distance
from the axis of rotation.

B. CROSSPOINT LOCALIZATION EXEPERIMENT BY EDDY
CURRENT INSPECTION

In order to further illustrate the effectiveness of the proposed
method, eddy current testing experiments are carried out.
As shown in Figure 7, the eddy current sensor is placed on
a non-magnetic straight aluminum guide rail. And the guide
rail passed through the spiral steel pipe, and two groups of
wooden blocks with equal height were padded below two
ends of the guide rail to ensure that the guide rail is parallel
to the pipe axis. The lift-off values between the probe of the
eddy current sensor and the inner wall is d = 10mm. During
the test, pull the sensor slowly to ensure that the sensor passes
through the pipe uniformly along the guide rail.

IV. RESULTS AND DISCUSSIONS

A. MAGNETIC SIGNALS AT SPIRAL WELDS MESURED BY
THE SMALL SD

The magnetic fields inside the spiral pipe and carrier acceler-
ation measured by the small SD in one of the experiments are
shown in Figures 7 and 8. As can be seen from Figure 8, due
to rolling, the measured By and B, magnetic components look
like sinusoidal signals with large fluctuations. Since the mag-
netic component By is collinear with the rolling axis of the
SD, the fluctuation is very small, which can well indicate the
lateral magnetic field distribution inside the spiral pipeline.
By contains noticeable concave magnetic characteristics cor-
responding to the spiral weld. Because the small SD slightly
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FIGURE 9. Acceleration signals measured by the small SD.

wobbles while rolling, there are some interference signals in
By. Cubic operation of By can suppress the interference signal
and enhance the spiral weld signal. In addition, the prior
condition that the period of weld arising is fixed and known
can be used to further eliminate the interference signal. For
the previous larger SD, because its magnetometer fluctuates
and is far from the bottom of the pipeline and none of its sen-
sitive axes overlaps the horizontal axis to measure the lateral
magnetic component, the spiral weld cannot be magnetically
detected [28].

The acceleration signals recorded by the SD are shown
in Figure 9. Amplitudes of a, and a; are much larger than
that of ay, indicating that the SD rotates around the axis Y>.
The moving distance of the SD when rolling one circle is
its perimeter, corresponding to a period of the acceleration
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FIGURE 10. Measurement results of lateral magnetic fields inside the spiral steel pipe with

different rotation angles.

signals. Mileage-time curve of the SD can be calculated using
the acceleration signals. Since the time of magnetometer and
accelerometer has been synchronized and aligned, the axial
position of each spiral weld can be determined by comparing
the mileage-time curve and the magnetic characteristic - time
curve. Positioning results of each spiral weld are shown in
Table 1. The average of measured pitch is 43.98cm, and the
actual pitch of the pipeline is 42.5cm. The difference between
the two is very small, only 1.48cm. Therefore, it is feasible to
use the small SD to locate the spiral weld.

B. MEASUREMENT RESULTS OF THE CROSSPOINT OF
SPIRAL AND GIRTH WELDS

The spiral steel pipe was rotated around its axis so that the
starts of the spiral weld at the inlet are 270°, 180°, 90°, and 0°,
respectively. The length of the tested spiral pipe is 2m and the
pitch p is 425mm, so the start of the spiral weld at the outlet is
always 105.9° larger than that at the inlet. For the four differ-
ent rotations, the spiral-girth weld crosspoints at the inlet and
outlet are known in the experiment. The small SD carrying
two magnetometers was used to measure the internal mag-
netic component By. By, and their cubic enhancement results
are shown in Figure 10. It can be seen that after the cubic
operation, the magnetic characteristics of the two channels
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TABLE 1. Spiral weld position and spiral pitch measured by the small SD.

No. x;/cm x,/cm x3/cm x,/cm Xxgs/cm p/cm
1 16.0 584 1009 148.0  -- 44.0
2 -- 584 103.7 147.8  -- 44.7
3 149 573 988 1497  -- 44.9
4 -- 584 98.0 1442  -- 429
5 157 59.0 98.6 1457  -- 43.4

at the spiral welds are noticeably concave. Combined with
the acceleration signal, the measured positions of the spiral
welds and the spiral-girth weld crosspoints at the inlet and
outlet are shown in Table 2. It can be seen that the crosspoint
localization errors are less than 30°, and their average is
less than 20°, that is, no more than one hour’s angle, whose
accuracy is sufficient for excavation and maintenance in the
field, because it will reduce the amount of excavation by
nearly half.

C. COMPARISON WITH EDDY CURRENT TESTING
The results measured by eddy current testing method are
shown in Figure 11. It can be seen that when the probe of
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J. Li et al.: Crosspoint Localization of Spiral and Girth Welds of Spiral Steel Pipelines

IEEE Access

TABLE 2. Localization results by the SD of the spiral welds of the spiral pipe with different spiral starts and the crosspoint at the outlet.

Spiral start at Error of Error of
- Channel  x,/cm x;/cm  x,/cm 6,/° 0o/°
inlet /°  outlet /° a,/° 6o/°
Left 43.4 84.9 128.8
270 164.1 i 257.4 -12.6 151.5 -12.6
Right 443 85.6 131.6
Left 54.6 97.1 --
180 74.1 . 164.6 -15.4 58.7 -15.4
Right 55.5 97.6 --
Left 65.9 109.8 152.2
90 344.1 . 60.8 -29.2 314.9 -29.2
Right 66.8 110.2 153.3
Left 75.3 117.9 --
0 254.1 . 348.4 -11.6 242.5 -11.6
Right 76.4 118.4 --
TABLE 3. Results of eddy current testing.
Spiral start at Error of Error of
] x/em  X/)em  xs/em x4em xs/em G/° 0,/
inlet /° outlet /° 6,/° a,/°
105.9 0 18.8 60.0 104.1 149.0 191.0 104.2 -1.7 358.3 -1.7

the eddy current sensor passes through the spiral weld, the
output voltage of the sensor would show noticeable concave
characteristics. Combined with the acceleration signal, the
measured positions of the spiral welds and the spiral-girth
weld crosspoints at the inlet and outlet are shown in Table 3.
It can be seen that the crosspoint localization error is 1.7°
which is much smaller than the crosspoint error measured by
the small SD. However, in order to ensure the detection accu-
racy of eddy current method, the sensor is required to move
forward in the pipeline, that is to say, it must be mounted on
the PIG. PIGs are very large and bulky which makes it have
a higher risk of blockage than the small SD. Also, compared
with the small SD, the manufacturing cost and detecting cost
of PIGs are much higher. Therefore, the proposed method of
locating the spiral-girth weld crosspoint based on the small
SD is still of great significance.

D. FURTHER DISCUSSIONS

This article demonstrates a low cost, high efficiency method
that can locate the crosspoint of spiral weld and girth weld
based on the low cost small SD, and the accuracy is sufficient
for excavation and maintenance in the field. This method
also has some drawbacks that are not related to spiral weld
localization, but related to pipeline defect detection. The
SD can only detect the existence of spiral weld and girth
weld, as well as large deformation and vibration of pipeline
[28]-[30], but cannot detect weld defects and local corrosion
defects of pipe wall, especially the upper side, left side, and
right side which are far away from the SD. This is because
that the diameter of the SD is smaller than the diameter of the
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FIGURE 11. Result of eddy current testing.

pipe, the SD cannot contact the pipe wall. In addition, the SD
is in the rotating state in the process of operation, and all the
measured signals are modulated by rotation, which increases
the difficulty of signal processing. However, PIGs do not have
these problems.

This work also contributes to the body of knowledge. First,
in the guide rail experiment, the magnetic anomaly of B,
component of spiral weld is more obvious than the other two
components. The By, component is parallel to the rolling axis
of the SD, which enables the SD to be used to detect the
existence of the spiral weld. Second, dual channels of mag-
netometers with a certain distance between the left and right
are used for spiral weld detection. Under the guarantee of
the measurement synchronization, when the SD rolls through
the spiral weld, there will be a phase difference between the
signals of the dual channels, which can be used to determine
the direction of the spiral weld. At the same time, this phase
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difference can also be used to eliminate the influence of inter-
ference peaks. For example, if there is a “concave” similar to
the spiral weld characteristics in the measurement signal due
to the rolling instability or the sudden change of the magnetic
field in the pipe, it can be judged by comparing whether the
“concave” of the dual channels has the phase difference,
if so, it is the spiral weld, otherwise it is the interference
peak. Third, placing a tungsten disk in the small SD can make
the SD stably rotate. When the SD rolls around a fixed axis,
the influence of the disturbance signal caused by unstable
rolling can be reduced, and the difficulty of inversion of the
SD attitude can also be relieved.

V. CONCLUSION

In this article, we propose a low-cost and high-efficiency
method for locating the spiral-girth weld crosspoint based
on the SD. Theoretical analysis and experiments demonstrate
that crosspoint localization of the spiral and girth welds at the
inlet and outlet of one section of spiral pipe can be achieved
via detection and positioning of the spiral welds at the bottom
and the spiral direction. Lateral magnetic fields near the spiral
welds have noticeable concave characteristics and can be
used to identify the spiral welds. In order to magnetically
detect and locate the spiral welds, it is necessary to reduce
the lift-off value of the magnetometer, so a small SD should
be used. A smaller lift-off value can enhance the magnetic
characteristics of the spiral welds. The spiral direction can
be determined by the phase difference of the dual-channel
magnetic signals. It is feasible to identify and locate the spiral
welds and calculate the angular position of the crosspoint on
the girth weld via measuring the interior magnetic fields and
the carrier’s acceleration by using the small SD.

There are still many areas worthy of further study in the
future. We plan to change the size and shape of the heavy
tungsten disk in the center of SD, explore the rolling charac-
teristics of SD under different weights, and further improve
the stability of fixed axis rolling. We intend to further enrich
the functions of SD by adding relevant sensors that can
detect the inclination of the pipeline to the SD, so that the
SD can monitor and record changes in the inclination of the
pipeline while rolling forward in the pipeline. The maximum
localization error of the crosspoint is less than 30° and the
average error is less than 20°, whose accuracy is sufficient
for excavation and maintenance in the field. The localization
error is still large. In this article, we suppress the interference
signal and enhance the spiral weld signal using the cubic
operation of By. Next, we plan to seek the appropriate neural
network algorithm to enhance the spiral weld signal, elimi-
nate the interference signal, and further improve the location
accuracy.
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