Detecting scour and liquefaction using OBS sensors
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ABSTRACT: This work examined the performance of Optical Back-Scatter (OBS) sensors for detecting sed-
iment movement around a model subsea structure. Three types of tests were conducted using a circular cylin-
der model equipped with 16 OBS sensors. The sensor recorded a dramatic reduction in back scatter when it
became unburied (due to sediment movement) and was exposed to clear water. Based on this feature, the sen-
sors were used to investigate the scour processes around a model pile, and the spanwise scour rate of a partial-
ly buried model pipeline. The test results agree well with existing knowledge. When the sensors were fully
buried in sand, it was also observed that the sensor readings fluctuate noticeably when sand particles move lo-
cal to the sensors. Based on this feature, the OBS sensors were used to detect sediment movement induced by
seabed liquefaction. Through the tests presented in this paper, it has been demonstrated that the sensor can be
used as a new device to detect local scour and liquefaction in laboratory tests.

1 INTRODUCTION
1.1 Background

Sediment movement on a seabed mainly happens in
two ways. Firstly, when the flow shear stress acting
on sediment particle exceeds a critical value, the
sand particles will become unstable and are trans-
ported away by the flow. This is the so-called sedi-
ment transport phenomenon. Secondly, sediment on
a seabed may liquefy due to wave/earthquake in-
duced pore-pressure build-up when the effective
shear stress in the sediment layer approaches to zero.
Both sediment transport and seabed | iquefaction

can lead to instabilities of subsea structures installed
on seabed. Due to this reason, a vast amount of
physical modelling and field monitoring work has
been carried out to investigate the phenomena.

1.2 Review

Due to the complex physics involved in sediment
transport processes around structures, the research
about local scour around structures is mainly
through field observations and laboratory model
testing. A variety of sensors and devices have been
developed and applied for laboratory testing and
field measurements. The devices used in the field
mainly employ three different types of signals, in-
cluding (i) acoustic signals, (ii) electro-magnetic
signals, and (iii) electrical conductivity signals. For
laboratory testing, besides the above mentioned de-
vices, laser signals may be used under clear water

conditions. A brief literature review will be given to
summarize the working principle and features of the
scour detecting devices.

Electrical conductivity devices can detect the dif-
ferences in the electrical conductivity of various me-
dia by measuring the electrical current between two
probes (Cheng et al. 2009 and Cheng et al. 2014).
Such probes can also determine the location of the
interface between different media, which allows
them to be configured to monitor changes to the sed-
iment surface continuously. However, the electrical
conductivity signal is sensitive to water temperature,
salinity and turbidity due to the nature of the electri-
cal conductivity. Normally a careful calibration is
therefore required before each test to achieve relia-
ble measurement.

Acoustic signal detecting technology is also fre-
quently used for identifying the water-sand interface.
Acoustic sensors dynamically differentiate the mate-
rial interface by calculating and updating the charac-
teristics of reflected waves that propagate through
different materials, namely water and sediment
(Morrissey et al., 1985, Hart and Caulfield, 1989,
Fisher et al., 2013, Sheppard and Miller, 2006 and
Qi and Gao 2014 McGovern et al. 2014). The issues
related to air bubbles, water temperature and salinity
can be well controlled in laboratory conditions, but
the amount of suspended particles and the flow tur-
bidity can cause significant errors for the measure-
ment of the ‘true’ bed level.



The Ground-Penetrating Radar (GPR) applied
electromagnetic signals at regular time in the fre-
quency range of a MHz receiver (Olhoeft 1984 and
Anderson et al. 2007). Anderson et al. (2007) men-
tioned that the measurement near structures (such as
pile foundations) is less reliable due to reflection
from the structure surface and it does not work in
clayey environment.

Yu and Yu (2009) developed the Time-Domain
Reflectometry (TDR) device which uses the changes
in the dielectric permittivity constants between ma-
terials to determine the depth of scour at a particular
location. Fisher et al. (2013) evaluated this TDR
sensor and found the sensor is also sensitive to water
temperature, salinity and turbidity.

For clear water conditions, lasers are also used
widely in laboratory conditions. Zhao et al. (2010)
measured scour around subsea caisson models using
a point laser to scan the scour profile after draining
water out. It was found that the process can be time
consuming to achieve a high resolution profile. A
line laser can be used to improve the scanning effi-
ciency. Stereo vision is also a laser signal based
method to measure three-dimensional scour profile
around model structures (Bajlio et al. 2001, Sumer et
al. 2013).

When a cyclic pressure is acting on a sandy sea-
bed, the sand undergoes periodic elastic shear de-
formation and induces cyclic pressure fluctuation in
the seabed. The cyclic pressure could be induced by
ocean waves or by earthquakes. If the pressure does
not dissipate fully before next wave action, a pro-
gressive pore pressure build-up will happen in the
seabed. When the pressure build-up exceeds a cer-
tain value, the pressure will overcome the friction
between the soil particles and trigger liquefaction to
the seabed. This is potentially a hazard for most of
the subsea structures.

Compared with the research on local scour, rela-
tively less research work has been published on sea-
bed liquefaction (Seed and Rahman 1978, and Su-
mer et al. 1999 etc.). As explained above, the
fundamental reason for seabed liquefaction is pore
pressure build-up. Naturally most of the physical
experiments measure the liquefaction process using
pore-pressure transducers (Sumer et al. 1999).

In this work, optical backscatter (OBS) sensors
were used for detecting both the local sediment
transport around model structures and seabed lique-
faction based on the different reflection coefficient
when sediment movement happens. It is expected
that the sensor will provide a new way for monitor-
ing local scour and seabed liquefaction.

This paper is organized in the following structure.
In section 2, the detailed information about the sen-
sor is given. Section 3 describes the testing setup
and section 4 presents the test results. Section 5
gives the conclusions.

2 OPTICAL SENSORS

In this work, two optical sensors were used for the
purpose of detecting/evaluating local scour and soil
liquefaction around a model structure. The two sen-
sors included an optical backscatter (OBS) sensors
and an Infra-red scanner. The OBS sensors were
used to detect the scour development process during
the tests and the Infra-red scanner was used to cap-
ture the full three-dimensional scour profile at the
end of the tests. The detailed information of the two
sensors are given below.

2.1 Optical backscatter sensor

The OBS sensor used in this work is a type of opti-
cal sensor often used as a counter sensor, edge sen-
sor and end sensor. An infrared photodiode is uti-
lized for light signal output while a single photo-
transistor and a light receiver element are integrated
for light detection. The model used in this work has
a circular rod shape with diameter of 4mm and
length of 16.5mm (Figure 1 (a)). A picture and the
detailed dimensions of the sensor are given in Figure
1 (b). The sensor reading is defined as Rc, which is a
non-dimensional parameter representing the strength
of the reflected light. When the sensors are buried in
sand, the sand particles around the sensors can re-
flect the light emitted by the sensor and Cr value is
around 20~25 for the sand used in this work. When
the sensor is exposed to water, the reading of the
sensors drop dramatically to near zero, due to the
low reflection rate of water. Therefore a sharp
change of Cr can be detected when the sensor is ful-
ly exposed. This is the principle used for detecting
scour level around the model.
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Figure 1. The OBS sensor. (a) a picture, (b) detailed dimen-
sions of the sensor (unit in: mm).

When the sensor is buried in sand, the sensor
readings show very small scale fluctuation, but the
fluctuation scale increases noticeably when the sand
particles move around the sensors, even the sensors
still remain buried. This feature is used to detect
seabed liquefaction. Moreover, as ambient light in-
terferes with the sensor reading, the tests were con-
ducted under dark environment.



2.2 Infra-red scanner

For local scour tests, the final scour profile of each
experiment was scanned using a handheld three-
dimensional (3D) scanner based on Microsoft Ki-
nect. The 3D scour profile was detected by an infra-
red (IR) emitter and an IR depth sensor equipped in
the scanner. The emitter emits infrared signal beams
and the depth sensor reads the IR beams reflected
back to the sensor. The reflected signal is converted
into depth information measuring the distance be-
tween the scour hole and the sensor. The resolution
of the resulting 3D depth image is up to 640 x 480
pixels and the frame rate is up to 30 frames per sec-
ond. The resolution of the infrared camera is deter-
mined by the distance between the sensor and the
seabed. In this study, the maximum distance be-
tween the 3D scanner and the seabed is below 1 m.
The precision of the 3D scour profile data is approx-
imately 2 mm. The best scan data can be achieved
by draining water out of the test section, but the
scanner can scan profiles through a maximum water
depth of 0.4 m. An example scanned profile is given
in Figure 2 (scan in air).

Figure 2. An example of scanned objects using the 3D infra-re
scanner.

3 TESTING SETUP

In this work, three model tests are presented, which
includes a pile scour test, a pipeline scour test and a
liquefactions test. Detailed testing setup information
is presented below.

3.1 Testing flume

The model tests were conducted in a water flume
with dimensions of 0.4 m X 0.5 m x 15 m (width x
depth x length), and a sand section of 1.15 m length
and 0.3 m depth (Figure 3). A model seabed built with
non-cohesive siliceous sand was used for the scour
tests. The particle size distribution of the sand is
shown in Figure 4. The sand is a narrowly graded
sediment, with the majority of sediments between

0.1-0.4 mm in size, and the median grain size (ds) is
0.243 mm. Less than 3% of the particles have parti-
cle size less than 0.1 mm, which indicates the sedi-
ment is expected to be non-cohesive. The standard
deviation of the sand is o,= 1.48. The specific gravi-
ty of the sand is s, = 2.65.

Figure 3. The model setup for the pile scour test.
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Figure 4. Particle-size distribution of super-fine sand

3.2 OBS Model

A 300mm long PVC cylinder with diameter D = 70
mm was used as a structure model to examine the
local scour. 16 OBS sensors were installed in the
model along a line parallel to the axis of the cylin-
der. From one end of the model, the first 6 sensors
were Smm apart, the next 9 sensors were positioned
10mm apart, and the final sensor was 20mm away
from the adjacent sensor. A photo of the sensor is
given in Figure 5.
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Figure 5. A picture of the OBS model cylinder with extending
sections.



16 channels of data with 10Hz sampling rate were
recorded during each test and then the scour process
was analyzed to investigate the scour depth and
scour time scale.

Sand surface

—

Figure 6. Model setup for the pile scour test (sensor 1 was at
the lower end).

3.3 Testing method

In this work, three tests were conducted to examine
the performance of the OBS sensors, including two
local scour tests and one liquefaction test. In the first
scour test, the cylinder was buried vertically with an
exposed length of 3D. This test was to simulate the
scour around a vertical pile. In the second scour test,
the cylinder was placed horizontally with 0.2 D em-
bedded. This test was conducted to examine the
scour rate along the spanwise direction of a subsea
pipeline. Both of the two scour tests were conducted
under steady current condition. In the last test, the
model was fully buried in the model seabed to exam-
ine the response of the OBS sensors to liquefied
sand. The liquefaction was induced by applying a jet
water supply from the bottom of the model seabed.
Steady current was applied in the two local scour
tests. The flow boundary layer profile at the model
location was measured before starting the scour test.
The measured velocities were fitted to the log profile

u(gj) =kln <2Z_0> )

where u(z) is velocity at level z above the bed, Uy is
friction velocity, k is a constant (= 0.4) and z, is the
roughness length. Using linear regression, the value
of Ur and z, were calculated. For pile scour tests,
the value of Uy = 0.015m/s and z, = 0.038mm were

calculated for pile scour test. Based on these results
the Shields number, given by

U? )

g=—FL
g(s — 1Ddsg

was calculated to be 0.072. The critical Shields
number was calculated according to

— : _ p—0.02D* )
Or = T2 13p 0.055[1—e ]
where
D* = [g(sg — D/v?]Y3ds0. (4)

The critical shields number 6., is 0.042 for this sed-
iment. Therefore the pile scour test was under live
bed condition. For the model pipeline scour test, the
averaged velocity was 0.39m/s and the correspond-
ing Shields number was 8 = 0.083.

For the liquefaction test, the OBS model was ful-
ly buried in the sand in vertical direction together
with a set of pore pressure sensors.

4 TEST RESULTS.

4.1 Pile scour test.

The scour around a vertical pile is due to the horse-
shoe vortex from upstream and Karman vortex
shedding from downstream. Detailed review about
pile scour can be found in Sumer and Fredsee
(2002). The pile test result with the OBS sensors is
presented in this section. In this test, the model was
installed vertically with sensor 1 to 10 buried in sand
and sensor 11 to 16 exposed to water. Sensor SO1
was at the lower end of the sensor array. The test du-
ration was about 6000s, during which sensor 2 to 10
were exposed (Figure 6). Sample readings from the
sensors are shown in Figure 7. Before starting the
flow, the sensors buried in sand read around 21 to 22
and exposed sensors read around zero. The flow was
started at £ = 100s. It can be seen that once the flow
started, the reading of Sensor 10 dropped dramati-
cally from C, = 21 to nearly zero. This means the
sensor was exposed due to the sand around the pile
being washed away. Figure 7 shows that the buried
sensors were exposed one by one from top to bot-
tom. The moment that the reading drops dramatical-
ly corresponds to scour reaching the sensor level.
Based on this feature, the scour process based on
sensor readings is given in Figure 8. The figure
comprises 11 data points, in which 9 points were
based on the sensors (2~10). The last data point in
the figure was based on the visual measurement after
stopping the test. The sensor SO1 at the lower end of
the model was not exposed during the test. Strong
fluctuations in the sensor reading time histories were
observed after the sensors were exposed. This is be-
cause the sand particles sliding into the scour hole
from the upstream slope accumulated around the



sensor that was just exposed, before being washed
further downstream.

It can be seen from Figure 8 that the data points
follow the typical features of local scour around a
pile. The data points were fitted with the exponential
equation proposed by Sumer and Fredsge (2002),

s(t)/D = So/D(1 — exp(=t/T)), ©)

where s(t) represents the scour depth at time ¢, Syis
the equilibrium scour depth and 7 is the scour time
scale. It can be seen that the data can be fitted rea-
sonably well. The curve fitting results give S,/
D=0.97, which is in good agreement with the meas-
urement given by Sheppard and Miller (2006) and
Zanke et al. (2011). This case demonstrates that the
scour process was captured clearly with the OBS
sensors. More sensors can be fitted to the model cyl-
inder if a higher resolution is required.
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Figure 7. Reading of the OBS sensors for the pile scour test.
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4.2 Pipeline scour test

Scour below a subsea pipeline often happens in a
three-dimensional manner. For a partially buried
pipeline, onset of tunnel scour can be triggered by
piping (Sumer and Fredsee, 2002) when the pressure
gradient below the embedded part exceeds a critical
value. Once onset happens, the scour hole will ex-
tend vertically and along the spanwise direction of

the pipeline (Cheng et al. 2009 and Cheng et al.
2014). It is important to have an accurate prediction
about the scour rate in the spanwise direction for
subsea pipeline laid on an erodible seabed. It has
been known that the conductivity probes, which
have been used previously to measure this rate, have
limitations as mentioned in the introduction section
(see also Fisher et al. 2013). It is expected that the
OBS sensor can provide an alternative method to
measure the scour rate along the pipeline.

Figure 10. Reading of the OBS sensors for the pipeline scour
test.
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Figure 11. The scour developing process for the pipeline model

test determined by the OBS sensors.

Here we report the test results for simulating the
three-dimensional scour below a subsea pipeline
model using the OBS cylinder. The model was par-
tially buried in the horizontal direction with an ini-
tial uniform burial depth of 0.2D. The depth aver-
aged flow velocity was 0.39 m/s. At the end of the
model near sensor SO1, the sand under the model
cylinder was removed to serve as an initiation point
for tunnel scour. After starting the flow, the scour
under the pipe developed vertically and also in the
spanwise direction. The test was stopped at 300 s
when the scour hole reached the other end of the
model cylinder. The OBS sensors cannot measure
scour depth under the pipe, but can be used to moni-
tor the scour development rate along the spanwise
direction. The working principle is identical to that
in the pile scour test.



Figure 12. The finial three-dimensional scour profile for the
pipeline model test (flow direction was from left to right and
the arrow indicates the scour developing direction).

The reading time history of the sensors are plot-
ted in Figure 10. It can be seen that all the 16 sensors
experienced a very similar trend, starting from sen-
sor SO1, and then the other sensors followed one by
one. This demonstrated the scour propagated along
the spanwise direction. The scour development pro-
cess is extracted based on the sensor readings and
plotted in Figure 11. It can be seen that the scour de-
veloped linearly but at two different rates. For the
first 6 sensors, the scour rate was 2.32 mm/s and
then the rest was 0.66 mm/s. The ratio between the
two rates was 2.32/0.66=3.52, which is in an excel-
lent agreement with the conclusion given be Cheng
et al. (2009). The final scour profile is given in Fig-
ure 12. This case demonstrated that the OBS sensors
are suitable for detecting the spanwise scour rate un-
der a subsea pipeline model.

4.3 Liquefaction test

The sand used in this work is relatively coarse.
There was no obvious pressure build-up when waves
were generated in the flume. Therefore liquefaction
was generated by applying a jet water supply at the
bottom of the sand bed. The test setup is given in
Figure 13. The model cylinder was buried vertically
in the sand bed and the top of the cylinder was 50
mm below the sand surface. A pore-pressure sensor
tower with four sensors was also buried vertically in
the sand at a distance 100 mm away from the OBS
cylinder. The four pore pressure sensors were named
P01 to P04, with PO1 at the lower end. A water sup-
ply capable of providing a vertical jet of water was
buried under the sand bed in between the OBS cyl-
inder and the pore pressure tower. The water in the
flume was kept still. Both the OBS model and the
pore pressure tower were secured at its location to
make sure the models do not move during seabed
liquefaction.

To avoid excessive scour induced by the jet, the
water supply was only switched on for 15 seconds
for the tests. The response of the OBS sensors and
the pressure sensors are examined in Figure 14 and
Figure 15. Figure 14 shows the pore pressure re-
sponse during the test. It can be seen that the P01
sensor experienced a dramatic increase with a peak
value of 4 kPa during the test and then gradually dis-
sipated. The response of P02 and P03 are very simi-
lar to that of PO1, but with much lower peak values.

This is because the two sensors were further away
from the jet water supply. S04 showed no response
to the test due to its location being beyond the range
that was affected by the jet water.

The reading of the OBS sensors were examined
as plotted in Figure 15. The reading of 6 sensors are
plotted (note, each sensor reading is plotted with an
offset of 20 to compare the curves clearly). It can be
seen that before starting the test, the sensors were
almost reading constant values. After the jet flow
was applied from the bottom of the test section,
there is also an obvious increase in the SO1 reading
with strong fluctuation. After about t = 34s, the
reading dropped back to a constant value. The curve
for S04 and SO07 show very similar features but with
an obvious phase difference. For sensors above S09,
the fluctuation of the reading became very weak.
This feature indicated that the soil liquefaction hap-
pened during the test. This is because the sensor
reading remains a constant value when nothing
moves around it. By comparing Figure 14 and Fig-
ure 15, it can be found that strong soil particle
movement did not happen when the pore pressure
reached a peak value but happened during the dissi-
pation period. It also can be found the particles set-
tled before the pore pressure fully dissipated.
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Figure 13. The testing setup for the liquefaction test.
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Figure 14. The pore pressure time history during the liquefac-
tion test.
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Figure 15. The OBS reading time history during the liquefac-
tion test.

5 CONCLUSION

In this work, a series of physical experiments were
carried out to examine the performance of the OBS
sensors for detecting local scour and liquefaction
around structure models.

The OBS sensors are sensitive to the surrounding
environment. When it is covered by sand, the Cr
value is often around 20, but Cr drops to near zero
when the sensor is exposed to clear water. Based on
this feature, the local scour process around pile
models and pipeline models can be monitored using
the OBS sensors. The test results agree well with
published data. This demonstrated that the OBS sen-
sors can serve as a new technology to measure local
scour in laboratories.

The OBS sensors are also sensitive to the sand
particle movement even when the sensors are fully
buried. Based on this feature, the OBS sensors were
used to examine the liquefaction under the sand bed.
It was found the sand movement happened during
the pore pressure dissipation period and the liquefied
sand settles before the pore pressure fully dissipated.
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