Scour patterns below pipelines and scour hole expansion rate
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ABSTRACT: This paper presents the results of an experimental study on the onset of scour and the propaga-
tion of scour hole on the cross-section of a partially buried pipeline under a unidirectional current with uni-
form sediment. A specially designed device including a transparent pipeline with a mini underwater camera
installed inside it is utilized to observe and record the whole scour process. The scour below the pipeline can
be divided into an integral scour pattern and a partial scour pattern. In both patterns, the seepage force is the
main cause of the onset of scour. However, the scour hole expansion process is driven by the seepage force in
the integral scour pattern, while in the partial scour pattern it is driven by the bed shear stress. The effects of
pipeline embedment, flow depth and the averaged flow velocity on the averaged cross-section expansion rate

of the scour hole are also evaluated.

1 INTRODUCTION

The submarine pipelines laid directly on the seabed
may be faced with scours beneath them due to se-
vere working conditions. As the scour hole extends
along the pipeline, pipeline span and sagging will
occur, which will result in pipeline failure and thus
serious economical and environmental disasters.
Therefore, it is of great importance to understand the
critical conditions of the onset of scour.

The scour beneath the pipeline starts from the on-
set of scour. When a pipeline laid on a horizontal
sediment bed is faced with unidirectional current,
the pressure difference between the upstream and
downstream sides of the pipeline will lead to the
seepage flow underneath it. If the pressure differ-
ence is excessive, piping will occur beneath the
pipeline and cause the onset of scour. The researches
on the onset of scour are numerous. Chiew (1990)
reported the close link between the onset of scour
and the pressure difference on two sides of the pipe-
line through physical experiments, and pointed out
that the basic mechanism of onset of scour is the
piping, a kind of seepage failure. Sumer et al. (2001)
conducted a series of experiments with the help of
an underwater camera. The results confirmed that
the excessive seepage flow and the piping caused by
it is the dominant attribution to the onset of the
scour. The critical conditions of the onset of scour
were also investigated for current and wave condi-
tions respectively. Gao & Luo (2010) established a
coupling simulation model including both the main

flow above the sea bed and the seepage flow inside
it. The simulation results indicated that the maxi-
mum seepage gradient underneath the pipeline lo-
cated at the downstream side, where the onset of
scour started. Wu & Chiew (2010) carried out a se-
ries of experiments on the effects of several parame-
ters on the lateral propagation rate of scour hole
(along the pipeline), finding that the development of
pipeline span could be divided into two stages,
namely a rapid and slack phase of development.
Cheng & Zhao (2010) established a three dimen-
sional model for simulating the scour hole expansion
in spanwise direction and discovered that the scour
hole development is mainly caused by the flow ve-
locity at the span shoulders. Zhou et al. (2011) car-
ried out a series of experiments on three different
types of soils in current and wave conditions. The
result showed that the pore pressure responses to the
current and waves were considerably different in dif-
ferent types of soil due to the variation in the proper-
ties of the soils. Kazeminezhad et al. (2012) present-
ed an Eulerian two-phase flow model for the wave-
induced scour beneath the pipeline and observed the
tremendous sediment transport in the high turbu-
lence intensity after the onset of scour.

Some other researchers focus on the scour hole
development on the span shoulder. Hansen et al.
(1991) investigated the longitudinal development of
the scour hole, namely the scour hole propagation
along the axis of the pipeline. It was found that the
increase of pipeline embedment could dramatically
reduce the scour hole propagation rate. Bijker et al.



(1991) reviewed the start and development of pipe-
line free span and discussed several aspects of the
pipeline span development, including the onset of
scour, pipeline embedment, the scour hole propaga-
tion rate and the stopping criteria. Chen & Cheng
(2002) simulated the three-dimensional flow field
around the span shoulder of a spanned pipeline in
both laminar and turbulent flows. The results
showed that significant shear stress concentration
was formed around the span shoulder. The mecha-
nism of the concentration was also discussed. Shen
et al. (2013) and Shen et al. (2014) presented the re-
sults of computational fluid dynamics (CFD) simula-
tions on the variation of seabed shear stress around
submarine pipelines. The shear stress amplification
factors including pipeline spanning and embedment,
trench configuration, current/wave direction and cur-
rent/wave properties were studied with 3D models.

However, most present documentations on the
onset of scour put emphasis on the critical condi-
tions of the piping phenomenon (Zang et al. 2009)
and the flow field around the span shoulder after the
onset of scour (Chen & Cheng 2002, Cheng et al.
2009, Yeganeh-Bakhtiary et al. 2011, 2013, Wu &
Chiew 2013); the process of onset of scour and the
mechanism in this process are only seen in limited
reports (Sumer et al. 2001). In this paper, a series of
experiments are designed for investigation on the
onset of scour and temporal development of scour
hole on the cross-section of a partially buried pipe-
line under a unidirectional current with uniform sed-
iment. A specially designed device which includes a
transparent pipeline and a mini underwater camera
installed inside the pipeline is utilized in the experi-
ments. The process of the scour is observed directly
from inside of the pipeline; the mechanism of the
process is analyzed and the parametric effects on the
scour hole propagation rate on the cross-section of
the pipeline are also studied.

2 EXPERIMENT SETUP

All the experiments are conducted in the Laboratory
of Hydraulic and Harbor Engineering, Tongji Uni-
versity, Shanghai, China. The glass-sided flume (See
Fig. 1a) is 50 m long, 0.8 m wide and 1.2m deep. A
metal fence is installed at the entrance of the flume
to stabilize the current and keep the velocity distri-
bution uniform across the flume width. The current
is generated by a pumping system with an electronic
speed controller which is able to generate steady
current up to 0.7 m/s in water depth of 0.5 m. A 2.7
m long, 1 m deep sediment recess is located 20 m
downstream from the entrance of the flume. The bot-
tom of the flume, the sides and bottom of the sedi-
ment recess are all made of concrete and are imper-
meable. The center of the pipeline is 1.2 m from the
upstream end of the sediment recess (See Fig. 1b).

The medium grain size of the uniform sand used in
the experiment dso = 0.16 mm, and the geometric
standard deviation o, = (dss / di6)"* = 1.4. The criti-
cal velocity for the incipient motion of the sediment
is 0.226 m/s when the flow depth is 0.4m.

The ambient depth averaged flow velocity is
monitored by a Nortek Vectrino 3D acoustic veloc-
imeter, which is set 10 m downstream to the pipe-
line. According to Qiu (1999), the depth averaged
velocity equals to the velocity at about 0.6 times wa-
ter depth from water surface in open channel flows
so the sampling point is fixed at 0.6z¢ from the flow
surface. The flow velocity reaches the required value
in about 110 to 120 seconds in all cases.
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Figure 1. Side view for the experiment setup (Not in scale). z
is the flow depth; e is the pipeline embedment.

Figure 2 shows the cross-section sketch of the
experiment setup. A transparent pipeline made of
plexiglass which is 11 cm in diameter and 80 c¢m in
length is used in the experiment. The pipeline is rig-
idly fixed with two jackscrews on both ends. A mini
underwater video camera is installed inside the pipe-
line. Both ends of the pipeline are sealed to avoid
sand deposition inside the pipeline, which may cause
interference of the camera view. The camera is con-
trolled with computer software and is able to take
photographs and videos with a resolution of 640 x
480 pixels. The frame frequency of the videos is 15
fps. A transparent plastic ruler with a minimum scale
of 1 mm is stuck inside the pipeline within the view
of the camera. The scour process can be observed
through the camera and measured with the readings



on the plastic ruler. A similar device was used by
Raaijmakers et al. (2014) to investigate the scour
around the offshore monopoles. Two ballast blocks
are installed inside the pipeline to make the pipeline
more stable in the experiment.
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Figure 2. Cross-section view of the experiment setup (Not in
scale)

The experiments can be divided into three parts,
with each one focusing on the effect of one parame-
ter, namely the embedment-diameter ratio, the rela-
tive flow depth and the depth averaged flow velocity
(See Tab. 1). Only one parameter is changed within
each group and all the others are kept constant. Ex-
periment group 1 focuses on the effect of the em-
bedment to diameter ratio on the expansion of the
scour hole; group 2 the effect of relative flow depth
and group 3 the effect of depth averaged flow ve-
locity.

Table 1. Experiment conditions for the cases

0
Group Case e/D zo/D (m/s) Remarks

201  0.045 2.73 0.6

| 202 0091 273 0.6 Eiffzfi;‘éf
203 0.136 273 06 PP

204 0182 273 06  Cmbedment
205 0.045 2.73 04

) 206 0045 3.64 04  Effectof
207 0045 455 04  flow depth
208 0.045 545 04
200 0.045 3.64 02

; 210 0045 3.64 03  Effectof
211 0.045 3.64 04 flow velocity

212 0.045 3.64 0.6

* D is the pipeline diameter, D = 11 cm; Vj is the depth aver-
aged flow velocity; e/D is the embedment to diameter ratio;
zo/D is the relative flow depth.
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Figure 3. Typical view of the underwater camera

Figure 3a shows a typical view of the underwater
camera. In Figure 3a, the dot-dash line near the cen-
ter is on the same vertical surface with the center
line of the cylinder and the origin of the ruler aligns
with it. The dotted line (AB and CD) is the interface
of the buried parts of the pipeline and the surface of
the sediment. The red solid line (curve EF) is the in-
terface of the scour hole and the span shoulder (see
the parts with the yellow shadowing). The minor arc
on the section of the pipeline between the two dotted
lines is called the embedment arc (/y). After the
scour process starts, the scoured part in the embed-
ment arc is called the scoured arc (/;), and the rest
part is called the span shoulder arc (/;) (See Fig. 3b).
According to the definition above, it can be attained
that [y = [, + [,. The cross-section expansion rate of
the scour hole on the observed section is defined as:

dl,
v, =—
dt

And the averaged cross-section expansion rate of the
scour hole is defined as:

(1)

V== (2)

where ) is the total time used in the scour process on
the observed section. The black block in the top
middle of the view is the ballast block (See Fig. 3).



All the frames of the video recordings obtained
with the underwater camera are extracted with a me-
dia player one after another after the experiment. As
is mentioned above, the frame frequency of the vid-
eo is 15 fps, so the time interval between two suc-
cessive flames is 1/15 seconds. The length of
scoured arc (/) is also read in every frame. With the
recordings of /; values and the corresponding time
values, the curve of scour hole temporal develop-
ment in each case can be obtained.

3 THE SCOUR PATTERNS UNDER THE
PIPELINE

With the variation of the pipeline embedment, the
flow depth and the approach flow velocity, the scour
pattern underneath the pipeline can be remarkably
different. In this study, two different scour patterns
are observed within the tested ranges of the three pa-
rameters, namely the integral scour pattern and the
partial scour pattern.

3.1 Process of the integral scour pattern

The integral scour pattern occurs in case 205, 206
and 212. Figure 4 shows the frames of the video rec-
orded in case 206, indicating the whole process of
the scour. In case 206, the pipeline embedment
depth is 0.5cm, and the length of the embedment arc
should be 4.72 cm, according to the geometric rela-
tionship. Thus, the readings of the interface line AB
and CD on the ruler should be 4.72 / 2 = 2.36¢cm. In
Figure 4a, the actual reading is about 2.4 cm, which
is a 3% error and is acceptable.

After the experiment starts, the reading of inter-
face line AB does not show significant changes,
while the reading of interface line CD increases
from 2.4 cm to 3.6 cm, as is shown in Figure 4b. The
dotted line in Figure 4b is the original position of
line CD before experiment, and the solid line is the
position at 3.466s. The rising reading of the interface
line CD indicates that the surface of sediment rises
up, which was also observed by Sumer et al. (2001).
According to Sumer et al. (2001), the rise of the
sand bed can be attributed to the increase of seepage
force on the sand grains on the downstream side of
the pipeline due to the pressure difference on two
sides of the pipeline powered by the unidirectional
current.

In Figure 4c, the sand around point G on the
downstream side of the pipeline starts to float due to
the excessive seepage force, and the range of flota-
tion expands (Fig. 4d). The sand near point G gradu-
ally reaches the critical point of onset of scour. In
less than one second, the sand on the downstream
side of the pipeline breaks up, and a mixture of sand
and water surges out (Fig. 4e). This phenomenon is
also reported by Sumer et al. (2001). Soon after,

sand flotation and onset of scour also shows up at an
adjacent point, point H (Figs 4f, g) while the failure
zone on the section near point G swiftly expands to
the upstream side of the pipeline and initial scour
hole is formed. In Figures 4e-g, it is observable that
the onset of scour starts from the downstream side of
the pipeline and the failure of soil expands from the
downstream side to the upstream side, instead of
starting at the same time on the section of the pipe-
line.

At last, the whole part of the pipeline in the cam-
era view suffers the onset of scour due to several
simultaneous failure points along the pipeline, and
the pipeline span happens (Fig. 4h).

3.2 Process of the partial scour pattern

The partial scour pattern takes place in the rest
cases. Figure 5 shows the scour process of recorded
in case 201. As is shown in Figure 5a, the sand grain
in the circle on the downstream side of the pipeline
reaches the critical point of onset of scour and the
initial scour hole is soon formed here (see Fig. 5b).
The reading of interface line CD on the downstream
side of the pipeline does not show any significant
changes before the onset of scour. As is depicted in
Table 2, the pipeline embedment in this case is also
0.5 cm, so the readings of line CD should be 2.36
cm as well, like the case in section 3.1. The reading
of interface line CD is about 2.5 c¢cm in Figure Sa,
which is quite close to the theoretical value. This
means that the sediment surface on the downstream
side does not rise up and this phenomenon continues
later in the whole scour process under the pipeline
(See Figs 5b-d).

After the onset of scour, the scour hole extends
along the pipeline. When the flow enters the scour
hole, the current is bound with the pipeline, the span
shoulder and the sediment bed and thus the velocity
increases dramatically. The increase of flow velocity
leads to the rise of shear stress in the bed. The in-
creased shear stress triggers the motion of the sedi-
ment on the span shoulder and on the bottom of the
scour hole and intensifies the scour in these areas.
As time goes by, the scour hole extends along the
pipeline (Figs Sc-d).



a) Before scour

(d) 5.667 s

Figure 4. Process of integral scour pattern
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(b) 6.867 s
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Figure 5. Process of partial scour pattern

3.3 Analysis on the scour patterns

According to the description and analysis above, the
excessive hydraulic gradient due to the pressure dif-
ference on two sides of the pipeline is the attribution
to the onset of scour in both the initial and partial
scour patterns. The major difference between the
two patterns lies in the driving power for the scour
hole expansion process. In the integral scour pattern,
this process is still driven by the hydraulic gradient,
while in the partial scour pattern the dominant force
of the scour expansion is the bed shear stress.

In the integral scour pattern, the seepage force
powered by the significant hydraulic gradient is high
enough to trigger many separate failure points within
a short distance along the downstream side of the
pipeline almost simultaneously. The downstream in-
terface of sediment bed and the pipeline also rises up
due to the excessive hydraulic gradient. When the
seepage failure points develop into initial scour
holes, the sand grains adjacent to these points are all
pushed out by the seepage force. Due to the short
distance between the failure points, the sediment in a
certain range along the pipeline is eroded in its en-
tirety and a scour hole shows up in this range imme-
diately after the onset of scour. So in the integral
scour pattern, the whole scour process is mainly
driven by the hydraulic gradient.

In the partial scour pattern, the hydraulic gradient
is not as high as that in the integral pattern. Only a
few failure points scatter on a long distance of the
pipeline and the interface of sediment bed and the
pipeline on the downstream side does not rise up.
However, the process and mechanism of onset of
scour in this pattern is very similar to those in the in-
tegral scour pattern. After the onset of scour, the
sediment beneath the pipeline is divided into several
span shoulders by the scour holes. When flow enters
the scour hole, the current is restricted and the veloc-
ity increases significantly, as is mentioned above.
The increase of flow velocity causes the increase of
shear stress. Thus the sediment on the span shoulder
and on the bed is scoured. So in the partial scour pat-
tern, the onset of scour can be predominantly at-
tributed to the hydraulic gradient, while the driving
power for the scour hole expansion is the bed shear
stress.

4 PARAMETRIC ANALYSIS ON THE SCOUR
HOLE CROSS-SECTION EXPANSION RATE

Except for the scour patterns, the cross-section ex-
pansion rate of the scour hole is also influenced by
the variation of the embedment to diameter ratio
e/D, the relative flow depth zy/D and the depth aver-
aged flow velocity V). In this section, the effects of



these three parameters on the averaged scour hole
cross-section expansion rate v'/V; are considered.

4.1 Analysis on the scour hole expansion process
on cross section of pipeline

Figure 6 shows a typical temporal development
curve of the scour hole on the observed cross sec-
tion. The length of scoured arc /; is used as the verti-
cal axis in this graph. The curve is for case 210,
where the pipeline embedment is 0.5 cm, the flow
depth is 40 cm and the depth averaged flow velocity
is 0.3 m/s. The length of embedment arc is 4.72 cm
in this case. As is shown in Figure 6, the expansion
of scour hole on the cross section of the pipeline is
non-linear. The curve can be approximately divided
into two parts. The first 10 seconds of the scour pro-
cess is the first part and the expansion of the scour
hole on this cross section is almost linear. After that,
the expansion rate significantly drops down and then
starts a continuous increase. The expansion of scour
hole on this cross section in last 10 seconds of the
curve covers about half of the embedment arc. This
phenomenon is also observed in many other cases.
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Figure 6. Temporal development of scour hole on pipeline
cross section

4.2 Effect of pipeline embedment

Experiment group 1 focuses on the effect of pipeline
embedment on the cross section expansion rate. In
this group, both the relative flow depth z¢/D and the
depth averaged flow velocity V) are kept as constant
(zo/D =2.73 and V, = 0.6 m/s), while the embedment
to diameter ratio e/D varies between 0.045 and
0.182. Figure 7 shows the relationship between the
averaged expansion rate of the scour hole on the
cross section v'/V, and the pipeline embedment to
diameter ratio e/D. In this diagram, for fixed value
of zo/D and Vy, V'/Vy decreases with the increase of
e/D in an approximate linear way.
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Figure 7. Averaged expansion rate of the scour hole on the

cross section V'/V,, versus embedment to diameter ratio e/D for
zo/D=2.73 and V= 0.6 m/s

Reports from Hansen et al. (1991) and Cheng et
al. (2009) indicate a similar trend with the results
above that the scour hole expansion rate on the lon-
gitudinal direction (along the axis of the pipeline) al-
so decreased with the increase of pipeline embed-
ment. The results of Hansen et al. (1991) show that
the decrease of longitudinal scour propagation rate
with increasing e/D is almost linear for a range of
Shields number when e/D < 0.2, while those from
Cheng et al. (2009) show an approximate linear
trend that the longitudinal scour propagation rate de-
creases with the increasing e/D when e/D < 0.5.

4.3 Effect of flow depth

Experiment group 2 focuses on the effect of flow
depth on the cross section expansion rate. In this
group, both the embedment to diameter ratio e/D and
the depth averaged flow velocity V, are kept as con-
stant (e/D = 0.045 and V = 0.4 m/s), while the rela-
tive flow depth z¢/D varies between 2.73 and 5.45.
Figure 8 shows the relationship between the aver-
aged cross section expansion rate of the scour hole
v'/Vy and the relative flow depth z¢/D. In this dia-
gram, for fixed value of e/D and Vy, v'/V, decreases
with the increase of zo/D. Wu and Chiew (2010) also
reported a similar trend of scour hole propagation
along the pipeline axis to the flow depth.
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Figure 8. Averaged expansion rate of the scour hole on the
cross section v'/V, versus relative flow depth zy/D for e/D =
0.045 and V= 0.4 m/s



4.4 Effect of depth averaged flow velocity

Experiment group 3 focuses on the effect of the
depth averaged flow velocity on the cross section
expansion rate. In this group, both the embedment to
diameter ratio e/D and the relative flow depth zo/D
are kept as constant (e/D = 0.045 and zo/D = 3.64),
while the depth averaged flow velocity V), varies be-
tween 0.2 m/s and 0.6 m/s. Figure 9 shows the rela-
tionship between the averaged cross section expan-
sion rate of the scour hole V/V, and the depth
averaged flow velocity V). In this diagram, for fixed
value of e/D and z¢/D, v'/V} increases steadily with
the increase of V5.
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Figure 9. Averaged expansion rate of the scour hole on the
cross section v'/V, versus depth averaged flow velocity V, for
e/D =0.045 and zy/D = 3.64

In addition, the x intercept of the linear fitting
function bears some physical implication. When
V/Vy = 0, which means that the scour hole is on a
critical point of expansion, the value of the flow ve-
locity is the critical velocity of scour hole expansion
Voer- In this study, Vo = 0.124 m/s. Only when the
flow velocity is above this critical value, does the
scour hole start to expand along the pipeline. It
should be noted that this critical value varies with
parameters like the pipeline embedment and the flow
depth and it can be smaller than the velocity for the
incipient motion, for the expansion of the scour hole
is determined by the velocity around the span shoul-
der and in the scour hole, not directly by the depth
averaged flow velocity.

5 CONCLUSIONS

The following conclusions can be drawn from the

aforementioned results in this study.

1 The scour process beneath the pipeline can be di-
vided into an integral scour pattern and a partial
scour pattern within the tested ranges of the three
parameters, namely the pipeline embedment, the
flow depth and the approach flow velocity.

2 In the integral scour pattern, the whole scour pro-
cess, from the onset of scour to the scour hole ex-
pansion, is mainly driven by the hydraulic gradi-
ent.

3 In the partial scour pattern, the onset of scour can
be predominantly attributed to the hydraulic gra-
dient, while the driving power for the scour hole
expansion is the bed shear stress.

4 The scour hole cross-section expansion rate de-
creases with the increase of pipeline embedment
and flow depth and increases with the increase of
flow velocity.

5 The x intercept of the flow velocity - cross-
section expansion rate curve indicates a critical
velocity of scour hole expansion V.. Only when
the flow velocity is above this critical value, does
the scour hole start to expand along the pipeline.
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