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ABSTRACT Subsea pipelines often bend upward due to vertical buckling or downward due to spanning and
seabed settling. Typically, harsh environments and the difficulty of accessing underwater pipelines make
the inspection and monitoring of subsea pipeline bends a challenging task. This paper demonstrates a low-
cost, high-efficiency, and quasi-real-time method for detecting the vertical bends of subsea pipelines by
using an in-pipe spherical detector (SD) with rolling features and a low blockage risk. When the SD rolls
forward inside a bent pipeline, its rolling speed will change as it moves uphill and downhill, which can be
indicated by the centripetal acceleration—the DC component of the recorded rolling acceleration signals.
To achieve a high bend detection performance, the mass of the SD should be distributed in a centered disc
area to make the SD capable of stably rolling around one of the sensitive axes of the accelerometer, and the
accelerometer should be kept as far from the rotation axis as possible. It is experimentally demonstrated that
a convex/concave DC component indicates that the pipe is bent downward/upward, and the bend detection

resolution can reach 1 cm for a 12 m pipeline.

INDEX TERMS Subsea pipeline, spanning, buckling, bend detection.

I. INTRODUCTION

Subsea pipelines are the most efficient way to transport off-
shore oil and gas to land. The total length of subsea pipelines
has rapidly increased while the seabed fossil energy resources
have been highly explored. Subsea pipelines have a very
high risk of fracture and leak due to the deformation and
displacement caused by seabed moving, thermal expansion
buckling, and spanning when the sediment below the pipeline
is washed away by ocean currents [1]-[3]. Pipeline fracture
and leakage will lead to substantial economic losses, serious
environmental pollution, and even ecological disasters.

A bend is one of the most important causes of subsea
pipeline fracture and is also an important warning sign before
a fracture occurs. Pipeline bends may occur downward or
upward during either spanning or buckling. Ocean currents
can scour the soil underneath the pipeline to cause free span-
ning, where a segment of the pipeline becomes unsupported
except at the two ends of the free span length [4], [5]. For a
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spanning pipeline that loses support below, the self-weight
makes the pipeline bend downward. The span length will
continuously increase as the current scours. The longer the
span is, the more severe the pipeline bend is. If the bend
stress exceeds the yield limit of the pipe steel, the pipeline
will break. A buckling pipeline may bend upward or later-
ally. Subsea pipelines often buckle due to thermal expan-
sion because the crude oil transported inside the pipeline is
usually heated to a very high temperature to prevent con-
densation [6]-[8]. When the axial extension increases to a
certain extent, overall vertical or lateral buckling may occur
in the form of a sudden severe bend. If the pipeline is buried
at a shallow depth, vertical buckling easily occurs, while if
the soil on one side is soft, lateral buckling easily occurs.
To repair and strengthen a bent pipeline in time to avoid
fracture, it is necessary to monitor or detect in quasi real-time
the subsea pipeline bend.

Typically, harsh environments and the difficulty of access-
ing underwater pipelines make the inspection and monitoring
of subsea pipelines a challenging task [9], [10]. Underwater
robots, such as ROVs and AUVs, can observe and find any
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bending deformations of subsea pipelines through acoustic
or optical imaging [11], [12]. However, due to the high
deployment cost and long detection period, it is impossible
for underwater robots to achieve the monitoring or quasi
real-time detection of subsea pipeline bending. A distributed
optical fiber [13]-[15] can monitor the pipeline bend by
measuring the strain in real time. However, most subsea
pipelines have no accompanying optical fiber because it is
extremely difficult to lay optical fiber onto a subsea pipeline
surface [16].

Interior pipeline inspection has the advantages of high effi-
ciency and not being constrained by the external environment.
There are two types of pipe detectors: cylindrical pipeline
inspection gauges (PIGs) and spherical detectors (SDs).
PIGs [17], [18] are widely used in land pipelines. However,
because PIGs are bulky and contact the pipe wall tightly like a
piston, they are susceptible to pipe deformation and bending.
These phenomena can cause blockages and limit their appli-
cation in subsea pipelines. The diameter of an SD [19], [20] is
smaller than the pipe diameter, so the SD has the advantages
of convenient deployment and low blockage risk. Through
simulations and many field experiments, the passing ability
of the SD, especially the ability to pass through vertical
pipes, has been adequately verified [21]. In addition, versatile
pipeline detection applications, such as 3D pipeline local-
ization [22], pipeline inflection point and magnetic anomaly
detection [23], pipeline inclination measurement [24], and
vibration detection [25] for spanning pipelines, have fully
demonstrated the robust detection ability of SDs and their
advantage of quasi real-time detection. Therefore, the SD
shows promise in the field of subsea pipeline detection.

In previous research, we found that the acceleration
recorded by an SD rolling forward in the pipeline can indicate
the rolling speed that is related to the pipeline inclination.
When the SD can stably rotate around a fixed axis, its
accelerometer output is more analytical and readable. This
paper proposes using SDs to detect the downward bend of a
spanning pipeline and the upward bend of a buckling pipeline.
This paper will analyze the mathematical output model of
an accelerometer as it rolls forward together with an SD,
reveal the relationship between the pipeline bend and the
acceleration characteristics of the SD, and provide a low-cost
and high-efficiency method of using a SD to detect a pipeline
bend. The accelerometer layout will be optimized via testing
the influence of different arrangement angles and centrifugal
distances of the accelerometer on the bend detection perfor-
mance. Finally, experiments will be carried out to demon-
strate that the SD can detect different degrees of upward and
downward pipeline bends.

Il. DETECTION PRINCIPLE

As shown in Figure 1 (a), an SD carrying a triaxial accelerom-
eter is pushed by the flow and rolls forward in the pipeline.
As the SD passes through the bend of a pipeline, it will
successively go through uphill-downhill or downhill-uphill
processes, and the recorded acceleration will thus contain
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FIGURE 1. Detection process of subsea pipeline bend using an SD: (a) the
SD is rolling inside a spanning and downward bent pipeline; (b) the
coordinate frames of the accelerometer, the SD, and the pipeline;

(c) picture of the acceleration recorder.

certain features. The pipeline bend is identified via the
off-line signal processing of the acceleration recorded by
the SD. There is a heavy tungsten disk on the middle plane
of the SD, and the accelerometer is attached to the tungsten
disk. The tungsten disk accounts for 90% of the SD’s weight,
so the mass of the SD is mainly distributed on the middle
plane. The rotational inertia of the SD around the disk axis is
much larger than that around other axes, so the SD can stably
roll around the disk Y3 that is parallel to one of the sensitive
axes Yo, as shown in Figure 1(b).

The pipeline coordinate system is denoted as O1-X;Y1Z1,
the sensor coordinate system is denoted as O;-X>Y2Z»,
and the SD coordinate system is denoted as O3-X3Y3Z3.
0:-X1Y1Z; moves but does not rotate with the SD, and its
origin is at the SD center. The origin of frame O3-X3Y3Z3
is also at the center of the SD, but this frame moves and
rotates together with the SD. Axis Y3 is parallel to both Y}
and Y. Assuming that the rotation angular frequency of the
SD is w1 = 2nf], the transformation matrix from frame
03-X3Y373 to O1-X1YZ is as follows:

coswit 0 sinwit
Rz = 0 1 0 €))
—sinwit 0 coswt

Once the assembly of the SD is completed, the position
and posture of the accelerometer relative to the SD is fixed,
and the angle between the X/Z-axis of the accelerometer and
the X/Z-axis of the SD is also fixed. Therefore, the transfor-
mation matrix from frame O3-X3Y3Z3 to 0-X2Y2Z, is as
follows:

cosd 0O —sinf
R3; = 0 1 0 2)
sind 0 cos 6
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FIGURE 2. Experimental apparatus and method: (a)-(c): experimental pictures; (d) downward bend detection
experiment, mimicking a spanning pipeline; (e) upward bend detection experiment, mimicking a buckling pipeline

caused by thermal expansion.

0 is the angle between the X-axis of the accelerometer
frame and the Z-axis of the SD frame and is also the angle
between the Z-axis of the accelerometer frame and the X-axis
of the SD frame. We can obtain:

cos(wit+60) 0 sin(wit+6)
Ri2 =Ri3R3 = 0 1 0 3)
—sin(wit+6) 0 cos(wit+6)

T
The output of the accelerometer, a = (ay,ay,a;) , can be
written as follows:

T
a =Ry (0.0.—9)" +Rax (0.0.0f0) +0”

T
=R}, 0,0,-g)" +R%, (0, 0,w%r> +el @

ay = gsin(wit + 0) + sinfwiry + oy (5)
ay = oy 6)
a, = —gcos (w1t + 0) + cos Gw%ro + o;. 7)

where rg is the distance from the accelerometer to the rotat-
ing axis. The DC component is the centripetal acceleration.
Formulas (5) - (7) indicate that the acceleration component
along the sensitive axis that coincides with the rotation axis
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is zero, and the information related to rotation will be com-
pletely transferred to the other two sensitive axes. In addition,
the amplitude of the AC component of the other two axes
is the same and is not related to the rolling frequency wj,
while the DC component is related to w; and can also be
affected by rg and 6. When the SD passes through the bent
pipeline, the rolling velocity will change, leading to changes
in the AC frequency and DC offset of the acceleration. 7y and
6 can affect the sensitivity of the DC component to the rolling
speed, so the part layout requires careful design. Finally,
a bend in a pipeline can be inferred by using the frequency
of the AC component or the value of the DC component of
either a, or a;.

Ill. EXPERIMENTS

The experimental apparatus is shown in Figure 2.
A ©105 mmxT4 mmx 12 m steel pipe was supported at two
ends for testing. An air pump was used to inject air into the
pipe and push the SD to roll forward. A three-way valve was
used to control the velocity of air flow in the pipe to adjust
the driving force so that the SD can roll with a constant speed
when the pipe does not bend. In each test, the SD entered
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FIGURE 3. |a| measured by the SD with different ry inside a downward
bent pipeline.

the steel pipe from one end and rolled out from the other
end. A 2 m PVC pipe was connected to the upstream of the
steel pipe as a buffer to help the SD complete the process
of accelerating before entering the steel pipe. The launch
height h of the SD could be adjusted to make the entering
speed approximately equal to the steady speed in the steel
pipe to expedite the buffering process. An SD with different
ro and 6 was launched in the downward bending pipe many
times to determine the proper installation position and posture
of the accelerometer. The test results of different bending
degrees were evaluated. An optimal installation configuration
was adopted to test the detection performance of the SD for
downward and upward bends with different deflections.

For the downward bend test, the steel pipe was supported
at two ends high enough to make the pipe bend downward
freely without touching the ground. Two stacks of aluminum
blocks were padded below the pipe at the 1/3 and 2/3 posi-
tions to keep the steel pipe straight on the horizontal plane.
The numbers of aluminum blocks at the two positions were
simultaneously adjusted to change the extent of the bend,
which is expressed by the deflection y, as shown in Figure 2.
When the steel pipe is freely bent, ¥ measures 5 cm under
the current test conditions. The y was gradually adjusted from
0 cm (horizontal and straight) to 5 cm (freely downward bend)
with an interval of 1 cm, and the SD was launched to roll
through the pipe with each value of y, and it recorded the
acceleration signals. For the upward bend test, three stacks of
aluminum blocks were padded below the pipe at the 1/3, 1/2,
and 2/3 positions. Three-point support can mimic the upward
bend of a pipe similar to an actual bend. The bend feature was
extracted from the recorded acceleration data to evaluate the
bend detection performance of the SD.

IV. RESULTS AND DISCUSSION
A. INFLUENCE OF DIFFERENT Ry ON THE TEST RESULTS

The SD rolled through the downward bent pipe twice: the
first time, the accelerometer was at the sphere center; for the
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FIGURE 4. Acceleration components measured by the SD with different ry
inside a downward bent pipeline.
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FIGURE 5. |a| measured by the SD with different ¢ inside a downward
bent pipeline.

second time, the accelerometer was not at the center. The two
groups of acceleration signals are shown in Figures 3 and 4.
Although the rolling speed of the SD inside a downward bent
pipeline first increases and then decreases, whether the DC
components dy, d;, and | a | can indicate the bend definitely
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FIGURE 6. Acceleration components measured by the SD with different ¢
inside a downward bent pipeline.

depends on the value of r(y, which is the distance between the
accelerometer and the sphere center. When the accelerometer
is located at the center of the SD, ro = 0, the DC com-
ponent is always 0 and cannot indicate the pipeline bend.
When r¢#£0, the pipeline bend can be easily identified by the
DC component. These phenomena verify the correctness of
formulas (5)-(7). Therefore, ry should be as large as possible
to ensure that the DC component of the acceleration is large
enough to sensitively detect the pipeline bend.

B. INFLUENCE OF DIFFERENT 0 ON THE TEST RESULTS

6 has little effect on the DC component of the acceleration
norm |a|, as shown in Figure 5, but it does have a noticeable
effect on the DC subcomponent of each acceleration com-
ponent a, and a;, as shown in Figure 6. When 6 = 0°,
the DC component of a; is 0, while the DC component of
a, is noticeable; in this case, the information of the pipe
bend is completely included in a,. When 6 = 45°, the DC
components of a, and a, are equal, and the information of
the pipe bend is incorporated into both of these two compo-
nents; the a, and a; curves are bent in the same direction.
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FIGURE 7. Feature extraction of pipeline bend: (a): DC subcomponent of

each acceleration component when 6 = 90° and ¢ = 135°; (b) Difference
of ax and a;’s DC subcomponents when ¢ = 90° and 135°.

When 6 = 135°, the DC components of a, and a, are equal,
and the information of the pipe bend is incorporated into both
of these two components; the a, and a; curves are bent in the
opposite directions. When 6 = 90°, the DC component of a
is 0, while the DC component of a; is noticeable; in this case,
the information of the pipe bend is completely included in a;.
The form of the data when 8 = 90° is similar to that when
6 = 0°. When 6 = 135° and 8 = 45°, the shapes of the a,
and a, components are similar, but the data curve is bent in
the opposite direction.

The above test results are consistent with formulas (5) - (7).
For pipeline bend detection, the two configurations of § = 0°
and 6 = 90° are equivalent. The test result with 8 = 135° is
more recognizable than that with & = 45°. Either 6 = 90°
or & = 135° should be used for bend detection, but which of
these two has higher sensitivity must be determined. First,
the DC subcomponents of a, and a, in the two configu-
rations are extracted and plotted together in Figure 7 (a)
for comparison, but it is difficult to evaluate the sensitivity
from any single component. Then, the difference of the DC
subcomponents of a; and a, when 8 = 135° is calculated
and compared with the DC component of a, when 6 = 90°,
and the results are shown in Figure 7 (b). It can be seen
that the curve with & = 135° is more curved than that with
6 = 90°. Therefore, the configuration of & = 135° has higher
sensitivity in pipeline bend detection. The following tests also
adopt this configuration.
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FIGURE 8. Raw rolling acceleration signals measured by the SD with

ro = 0.5r and ¢ = 135° when a spanning pipeline bends to different
extents.

C. DETECTION RESULTS OF DOWNWARD BENDS
WITH DIFFERENT EXTENTS

If the steel pipeline is more curved and bent, the change in
the SD rolling velocity will be larger, and the DC component
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FIGURE 9. Differential DC characteristics of spanning pipeline bending
with different extents when ry = 0.5r and ¢ = 135°.

of the acceleration data will thus have a more noticeable
bend feature. To test the resolution of pipeline bend detection,
the condition is set to be ro = 0.5r and 6 = 135°, and
the acceleration signals of a downward bent pipeline with
different y values are compared. The original data are shown
in Figure 8. The pipeline does not bend when y = 0 cm,
and the DC component of acceleration data is close to zero.
It can be seen that as y increases from 0 cm to 5 cm, and
the pipeline bends more severely, the DC component of the
acceleration also increases. However, it is still difficult to
distinguish the two adjacent bend extents from the original
rolling acceleration signals.

To enhance the characteristics of the acceleration signal
related to the pipeline bend, the difference of the DC sub-
components of a, and a; is extracted and shown in Figure 9.
The differential DC subcomponent noticeably increases as
y increases, and the consequence of y changing by 1 cm
for a 12 m pipeline can be determined. The bend detection
resolution is higher when using the DC subcomponent than
when using the original rolling signals. Therefore, in field
pipeline bend detection, the original data can be used to
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FIGURE 10. |a] measured by the SD inside a buckling pipeline that bends
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FIGURE 11. Three acceleration components measured by the SD inside a
buckling pipeline that bends upward, repeated twice.
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FIGURE 12. Differential DC subcomponent for a buckling pipeline that
bends upward, repeated twice.

identify a severe bend, while for a slight bend, it is necessary
to extract the DC subcomponent to enhance the sensitivity
and resolution.

D. DETECTION RESULTS OF UPWARD BENDS

WITH DIFFERENT EXTENTS

An upward bend can be formed when pipeline buckling
occurs due to thermal extension. The occurrence of pipeline
buckling is binary; that is, a straight pipeline can suddenly
switch into a buckling state without undergoing a transition
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process of different bend extents. Therefore, a detection
experiment on a pipeline that was noticeably bent upward was
carried out by using the SD with the configuration of ryp =
0.5r and & = 135°. The acceleration data when the SD rolled
through the upward bent pipeline twice were recorded to
verify the stability of the detection method. The original data
are shown in Figure 10 and Figure 11, and the corresponding
DC component curves are shown in Figure 12. It can be
seen that the bend direction of the rolling acceleration for an
upward bent pipeline is opposite to that for a downward bent
pipeline. Therefore, this result indicates that the pipe bends
down if the DC component is a convex curve, while the pipe
bends up if the DC component is a concave curve.

V. CONCLUSION

(1) Low blockage risk and rolling features characterize the
SD competent that detects the vertical bends in subsea
pipelines in quasi-real-time by recording and processing the
rolling acceleration signals. If the DC component is a convex
curve, then the pipe is bent downward, and there is spanning
or seabed settling; if the DC component is a concave curve,
then the pipe is bent upward, and there is vertical buckling.

(2) The mass of the SD should be distributed as much as
possible in the disc area at the center to make the SD roll
around a fixed axis. To enhance the bend detection sensitivity,
one of the sensitive axes of the accelerometer should be paral-
lel to the rotation axis, the included angle between any one of
the other two axes and the line of sight from the rotation center
to the accelerometer should be 135°, and the accelerometer
should be as far from the rotation axis as possible.

(3) A noticeable pipeline bend can be directly identified
from the original raw acceleration data. When the bend extent
is very small, it is necessary to extract the DC component
from the acceleration data and then sum the absolute values
to improve the detection sensitivity. The bend detection reso-
lution can reach 1 cm for a 12 m pipeline.
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