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ABSTRACT: To investigate the process of pipeline/cable burial a pair of models has been developed to simu-
late a two-dimensional trench backfilling process at 1g, at two different length scaling ratios, 1:30 and 1:7.5.
The aim is to investigate the influence of the velocity of the plough and the weight of the pipe or cable on its
tendency to move during backfilling operations. Accelerometers attached to the model pipe ensure tracking of
its position during the free motion of the pipe. The shape and velocity of the soil flow, down the slope of the
trench, is monitored via particle image velocimetry (PIV) using the images from a MIRO R310 high-speed
camera. The outcome of the tests will be to develop a framework to assess and quantify the risk of pipeline
uplift and to improve design practice and certainty of meeting burial specifications.

1 INTRODUCTION

All offshore engineering is reliant on fast, safe, de-
pendable and economically convenient connection
between offshore and onshore facilities. Pipelines
and cables usually require burial in order to protect
them from mechanical damage and to improve the
thermal insulation (Finch and Machin, 2001) for
pipelines that transport high temperature product.

To minimize fabrication costs and ease material
handling there is an obvious requirement to employ
lighter materials with the restriction that the mechan-
ical and thermal properties are met. Typically for
pipelines the insulation is provided by a series of
multi-layered coatings incorporating a layer of pol-
ymer foam (i.e. polypropylene, polyvinyl chloride,
polyurethane) (Palmer and King, 2008), but if me-
chanical resistance is required to avoid the foam
crushing due to hydrostatic pressure, a pipe in pipe
scheme may be adopted. In such a solution the ex-
ternal pipe is designed to carry the mechanical and
hydrostatics forces and the inner pipe carries the flu-
id. Both techniques rely on an increased diameter of
pipe with much lighter materials, this leads to an
overall decrease of the equivalent unit weight of the
pipe (or specific gravity S.G.) because of the in-
crease in cross-sectional area offset by a relatively
minor increase in weight due to lower unit weight of
the insulating material.

Burial of offshore pipelines and cables may be
achieved through either jet trenching (Bizzotto, et
al., 2017a; Bizzotto, et al., 2017b) or using a multi-
ple phase trenching technique that involves the use

of different subsea tools. For instance, mechanical
trenching ploughs may excavate a trench around the
pipelines after they have been laid on the seabed
(Lauder, et al., 2013; Lauder and Brown, 2014).
Once the trench has been excavated (Figure 1), a
backfill plough pushes the excavated soil back into
the trench on top of the pipeline.

During the process of backfilling, pipelines or ca-
bles could move upward or unbury themselves by
uplift due to the force generated by the soil flow im-
pacting on the pipe or by buoyant flotation (Cathie,
et al., 1998; Cathie, et al., 1996). To avoid overde-
sign of the unit weight of the pipeline/cable (in order
to mitigate or prevent these issues), it is desirable to
understand the forces acting on the objects and the
processes that lead to upward movement of the pipe-
lines and cables. The investigation of these type of
processes must consider several phenomena, and a
scaled series of models has been developed to take
into account scaling effects. The aim of this study is
to develop a test method to investigate the effect of
the backfilling plough velocity on pipe/cables of dif-
ferent unit weights and monitor pipe displacements
and imposed forces.

2 BACKFILL PLOUGHING 2D
REPRESENTATION

According to Cathie, et al. (1998) the process may
be represented as shown in Figure 2. If full spoil re-
covery is achieved the plough velocity should con-
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vert into soil flow velocity down into the trench as
represented in Figure 2.

original seabed line—_
soil leyel after backfilling—.

Figure 1. 2D schematic representation of a section of a post-lay
ploughed trench, where TTD is target trench depth, DOL is
depth of lowering, OD is the pipeline outer diameter and DOC
is depth of cover after backfilling.

To simplify the modelling and allow a pipe/cable
representation as large as possible it was decided to
model the process as a 2D plane strain representa-
tion. The advantage of designing a 2D backfilling rig
is that the same blade velocity in the model may be
converted to different prototype plough velocities
depending on the angle of attack of the blades (Fig.
3) using an approach based on the conservation of
momentum as proposed by Kaku (1979). Once the
process is represented in 2D, a plane strain model
can be realized and the pipeline/cable can be repre-
sented by a cylindrical object with a stiffness that for
the dimension of the model can be considered infi-
nite. Therefore, any movement of the monitored pipe
is due to rigid body motion of the object and not due
to its deformation. This is important when consider-
ing the quantity of different pipe/cable products that
are available (varying longitudinal bending stiff-
ness), and that a 3D characterization of the process
would be intrinsically dependent on the longitudinal
bending stiffness of the model pipe/cable. In our
case a 2D plane strain cylindrical object will be free
to move and its movements monitored through the
use of MEMs accelerometers.
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Figure 2. Schematic plan view of backfill ploughing process
(redrawn from Cathie, et al. (1998))
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Figure 3. Schematic plan of one-blade backfilling for a conser-
vation of momentum approach with a blade angle of attack of 45
degrees (redrawn from Kaku (1979))

3 PHYSICAL MODELLING OF SUBSEA
BACKFILL PLOUGHING

To investigate the backfilling process, the forces
acting on the pipeline/cables and eventual scaling
issues, a pair of plough backfilling rigs have been
designed and fabricated. The two approximate
geometric scales are 1:30 (small scale) and 1:7.5
(large scale). The dimension of the tanks are 0.98
m x 0.48 mx 044 m (L xW x H) and 1.89 m x
1.05 m x 0.90 m (L x W x H) (Fig. 4) for the
small and large scales respectively. Both the
models have two plate sliders at the top of the
tank to which the simple backfilling blades are at-
tached (Fig. 5). The plates move on 4 linear bear-
ings that move on two parallel hardened steel
shafts (an adaptation of a model first developed at
University of Dundee by Taylor (2011)). The
small backfill model blades are actuated by a ro-
tary motor which winds a steel wire on a spool
mounted on the axis of the motor itself. The wire
is directly attached to the first slider which carries
the first blade, and the linear motion is reversed
for the second blade through a pulley mounted on
the other side of the box. The creation of the 1:7.5
model was a non-trivial problem, due to physical
size and the large frictional and inertial forces that
need to be overcome to backfill at higher veloci-
ties, hence the necessity of an adequate structural
performance of the rig and actuator capacity. The
larger scale model motion is provided by a hy-
draulic piston with a maximum capacity of 69kN.
As with the smaller model, the actuator pushes
one of the sliders (fig. 5) with the other connected
by a wire that passes through a pulley to reverse
the motion.

The maximum blades velocities that each
scaled model can achieve are Vmax-sman=0.16 m/s
and Vmax-large=0.095 m/s for the small and the large
scale models respectively. At present only one
pipe diameter has been investigated for each
scaled model (reported in Table 1) to be buried at
a depth of cover (DOC) of 1.5 diameters. The



pipes can be ballasted and resealed to achieve dif-
ferent pipe unit weights similarly to that used by
Bizzotto, et al. (2017b) in fluidized clay to inves-
tigate the influence of pipeline/cable unit weight
on flotation potential.
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Figure 4. Schematic of large tank, scale 1:7.5 (All dimensions
in mm, sliders and actuation not shown for clarity)

3.1 Water depth

The minimum depth of water required on top of the
trench model that does not affect the flow of the soil
is calculated based on the results for gravity currents
from Gonzalez-Juez, et al. (2009). Assuming that the
flow of soil does not exceed the initial height of the
spoil heap a minimum height of water over the spoil
heaps of at least 2 times the spoil heap height will be
required. In the model, the height of water used was
at least 3 times the spoil heap height for the large
and small-scale models.
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Figure 5. Model 1:7.5 2D backfilling rig actuation system.

Table 1. Pipe diameter and cover depth of soil over the pipe

Scale Pipe diameter  Depth of cover

mm Diameters (mm)
Small scale test  1:30 16 1.5D (24)
large scale test  1.75 63 1.5D (95)*

*parenthesis shows actual depth in mm
3.2 Instrumentation

The two models have been instrumented to measure
the displacement of the blades using a 150mm linear
variable displacement transducer (LVDT) from
‘RDP LDC Series’ and a 5m draw-wire transducer
WS17KT-5000 from ‘ASM Sensors’, for the small
and large models respectively. The free movement of
the pipe is monitored via two dual-axes MEMs ac-
celerometers placed at both ends of each pipe. The
axes of the accelerometers are oriented to capture the
acceleration on the 2D plane investigated in these set
of tests. Figure 6 shows the orientations of the axis
of the two accelerometers on a representative cylin-
der. The accelerometers are ADXL203CE micro
electro-mechanical systems (MEMS). This kind of
sensors use a combination of mechanical response of
a two degree of freedom lumped-mass system and
the sensing capacity due to the variable parallel plate
capacitors that correlate the change in the capacity
(C) and the displacement of the inertial mass as
schematized in Figure 7.

The ADXL203CE has a +1.7g range of accelera-
tions on both axes. The pipe P angle (Fig. 6) and the
accelerometers must be calibrated every time the ac-
celerometers are removed from the pipes and re-
attached. To achieve this the pipe is rolled around its
longitudinal axis in a smooth and slow pure rota-
tional motion, in this way only the gravitational ac-
celeration is measured, and its decomposition on the
accelerometer axes gives the angle to the horizontal
alst and a2nd (Fig. 6). From the difference of alst
and a2nd we get f.

vertical

1st
y / a2nd

y2 nd < B'X" st '\i‘\

B

\alst | horizontal

x2nd '

Figure 6. accelerometer axis representation. 1% represents the
axis of the accelerometer near the front Perspex window and the
2" is the accelerometer near the back wall. B is the out of phase
angle between the two x axes of the front and back accelerome-
ters.
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Figure 7. internal configuration of a MEMS accelerometer
ADXL203CE, electronic and mechanical configuration, from
Analog Devices (2006).

In Figure 8 and Figure 9 the accelerations during
calibration are shown against time and against the
back-calculated angle.

Both model tanks have a frontal Perspex window
from which the model can be observed during back-
filling. During the tests, the flow of the soil is rec-
orded with a high-speed camera (Phantom MIRO
R310). The camera can record a video of 3200fps
(frames per seconds) at the maximum resolution of
the camera, that is 1280x800 pixels (1Mpx), but this
limits the time duration of the video that can be
saved in the volatile buffer memory of the camera.
For the testing the acquisition rate was set between
350fps and 700fps depending on the blade velocity.
Once the event to be recorded ends, the image se-
quence can be saved in the embedded permanent
memory of the camera or through an ethernet
TCP/IP connection to a personal computer provided
with the Phantom dedicated software. Various file
formats are available for the image recordings, here
a 12-bit TIFF file that allows for a lossless image
storage was adopted.

The camera trigger is provided via a limit switch,
connected to a pull up resistor, that is released once
the blades are set in motion, this provides a falling
edge signal as a differential TTL standard to the

camera. The camera trigger is recorded along with
the other signals, in this way the image sequence can
be synchronized with the data acquisition during the
analysis of the data. Two set of lenses are used de-
pending on the scale of the model, a Zeiss 25mm
ZF.2 DISTAGON T* for the 1:7.5 tests and a Zeiss
200mm ZF.2 MAKRO Planar for the 1:30 tests. For
the large test model is only possible to record the
video of only one slope of the trench (Fig.10a), for
the small scale test the whole trench is recorded
(Fig.10b). The data acquisition is performed with a
national instrument DAQ USB 6211 with an acquisi-
tion rate of 20kHz at 16bit.
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Figure 8. Accelerations measured during calibration by the
front (1st) and the back (2nd) accelerometers.

—e— 1st accelerometer Y axis calibration
--=-—1st accelerometer X axis calibration

static acceleration [m/s]

10! L . )
-200 -100 0 100 200

angle a1st [deg]
Figure 9. Accelerations from the 1st accelerometer plotted
against the back-calculated angle al1st.

4 DATA ANALYSIS

Both the accelerations and the video recordings need
to be analysed. The accelerations require special
treatment since the pipe is free to move vertically
and horizontally, and it can rotate as well. If the rota-



tion of the pipe is not considered and assuming the
angle alst remain steady the acceleration analysed
may be biased, i.e. accounting for an increase in ver-
tical acceleration when the pipe has just rotated. In
this case the x axis of the 1st accelerometer (front)
would start to measure a proportion of the real hori-
zontal acceleration as well as a decreased horizontal
acceleration, but this is not a linear process and it
would not auto-compensate. For this reason, it has
been chosen to have 2 accelerometers, one on each
side of the pipe. Accounting for the rotation of the
two reference systems of the accelerometers (Equa-
tion 1) and resolving the system allow calculation of
the angle alst and a2nd during the test, when the
pipe may be subjected to translational and rotational
rigid body motion.

ACCXpipe = ACCXy5p COS Uqsp — ACCYq5p SIN Ayt
ACCXpipe = —ACCXgng COS Agng + ACCY2pq SIN Agpg 1)

Uong= Aise + B

The images recorded during the tests must be ana-
lysed as well, this can be done with the aid of a par-
ticle image velocimetry software, the one chosen is
PivLab (Thielicke and Stamhuis, 2014) provided as
an add-on to MATLAB software.

The soil particles act naturally as flow tracers and
the images can be analysed directly as shown in Fig-
ure 11. The results of the PIV analysis can be used to
infer the velocity of the soil impacting on the model
pipe, on the strain rate of the soil while flowing
down the trench and on possible scaling laws.

In Figure 11a series of images with the PIV ve-
locity vectors superimposed can be seen. The results
of the tests can be compared between the two geo-
metric scaling ratios and at the different backfilling
velocities.

backfilling

Figure 10. a) test image from 1:7.5 model; b) test image from
1:30 model. The soil used for the tests is a HST95 sand as in
Lauder, et al. (2013).

spoil hea

-

P

backfilling blade

Figure 11. PIV results superimposed on the original images of a
test with the large-scale model. The sequence shows the dis-
placed pipe. a) t = 0 s: initial frame for reference; b) t = 6.7 s:
the spoil heap is completely mobilized and the flow is starting
to move downward; ¢) t = 9.8 s: the soil flow has impacted on
the pipe and is dragging it upward. The soil used for the tests is
a HST95 sand as in Lauder, et al. (2013).

5 CONCLUSIONS

This article describes the background to recently de-
veloped backfilling simulation equipment at the
University of Dundee. Two different scale systems
have been developed at 1:7.5 and 1:30 for 2D repre-
sentation of the pipeline/cable backfilling process.
The two scaled models are both provided with ac-
tuators capable of backfilling the trench at different
velocities. This allows monitoring of the effect of
the backfilling rate on the forces acting on the pipe.



The monitoring of blade displacements in the mod-
els is carried out with LVDT and DWT.

The monitoring of the forces acting on the pipe is
achieved indirectly, measuring the acceleration of
the pipe with known mass. The calibration of the ac-
celerometer on the pipe and the data analysis has
been proven to be of particular importance, especial-
ly when the pipe can rotate and translate, both hori-
zontally and vertically during the test. An additional
form of data capture is provided via a high-speed
camera that records the tests, the images are subse-
quently analysed to measure the velocity and the
strain rate of the soil particles.

The maximum backfilling velocities for the small
and large models are Vmax-smai=0.16 m/s and Vmax-
large=0.095 m/s , and the test plan include a paramet-
ric study on the velocity to understand the effect that
it has on the forces exerted on the pipes and allow
the consideration of scaling effects.

This research project aims to provide better in-
sights into the industrial backfilling process, which
is needed to improve the design process and opti-
mise pipe/cable design and the speeds of installation.
The design of lighter and cheaper pipelines and ca-
bles, is a key factor for faster development and cost
reduction for both renewables energy and the oil &
gas industries.
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