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ABSTRACT

The scour of the seabed under a pipeline is studied experimentally in this paper. Tests are carried out in a U-shaped
oscillatory water tunnel with a box imbedded in the bottom of the test section. By use of the standard sand, clay and plas-
tic grain as the seabed material, the influence of the bed material on the scour is studied. The relationship between the
critical initial gap-to-diameter ratio above which no scour occurs and the parameters of the oscillating flow is obtained.
The self-burial phenomenon, which occurs for the pipeline not fixed to two sidewalls of the test section, is not observed
for the fixed pipeline. The effect of the pipe on sand wave formation is discussed. The maximum equilibrium scour
depths for different initial gap-to-diameter ratios, different K¢ numbers and different bed sands are also gives in this pa-

per.
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1. Introduction

The scour around a pipeline may influence the in-place stability of the marine pipeline, so it
is imporant for the salety and economy of submarine pipeline design (Herbich, 1981; Bruschi
and Viiali, i994). The scour phenomenon around a pipeline is very complex because the scour
can be influenced by many environmental elements such as flow, topography and soil. This phe-
nomenon is substantially a result of coupling actions between fluid, solid and seabed. The scour
below a pipeline exposed to waves is related to oscillating separated vortex flow. Because of the
seabed erosion and the dynamic seabed boundary, the boundary will change and the seabed ma-
terial will enter the water, which will cause difference between the separated vortex flow around
a pipeline above an erodible bed and that above a plane bed (Sumer et al., 1991). On the other
hand, start and transportation of sediment in an unsteady flow is a frontier problem in sediment
research (Plate, 1994). In addition, there is complicated interaction between multiple separated
vortices in the process of oscillating flow. Furthermore, if the effect of the vortex- induced
oscillation of the pipeline on the flow field and the transportation of sediment is taken into ac-
count, the problem will be even more complex. For the above reason, it is almost impossible to
completely simulate the actual situation, Therefore, it is necessary to conduct studies on correla-
tion of parameters that influence scour and scour mechanism. Many studies on scour in waves,
although not as many as in currents, have been conducted and some engineering formulas have
been proposed (Herbich, 1981; Sumer and Fredsoe, 1990; Gokce and Gunbak, 1991; Cevik and
Yuksel, 1999). Most of these studies focus on sand bed. In fact seabed is composed of various
soil materials. There is clay bed in many continental shelves and coastal water areas. So the
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study of the effect of different soil materials on scour under pipelines is important both in engi-
neering design and in academic investigation. Because the oscillating flow is a simplified form of
waves, present tests are carried out in a U-shaped oscillatory water tunnel with a soil box im-
bedded in the bottom of the test section. The influence of the bed material on the scour and the
self-burial phenomenon are studied. The relationship between the critical initial gap-to-diameter
ratio above which no scour occurs and the K¢ number is obtained. The maximum equilibrium
scour depths for different initial gap-to-diameter ratios, different K¢ numbers and different sand

beds are obtained.

2. Experimental Setup and Procedure

2.1 Experimental Setup

A schematic diagram of the U-shaped oscillating water tunnel is shown in Fig. 1. By use of
an air blower with a butterfly-value which periodically opens and closes the top of a limb of the
water tunnel, the water in the tunnel accomplishes simple harmonic oscillation:

A = A, sinwt 1)
where A4,, is the amplitude of the oscillating flow, w is the cirevlac frequency w == 2n,' T, and
T is the natural period of the oscillating water and it equals 2.59 s. The ampiitude cau be varied
up to 0.2 m. The size of the test sectior is 0.2 X 0.2 > 0.8 m*, A bed box 07 0.035%0.2x0.6 m* is
embedded in the bottom cf the test section. 'The nndisturbed bed top surface is at the same level
as the bottem of the test section, By use of the contour elbow, the flow velocities at the inlet and
outlet of the test. secticn are uniform.
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Fig. 1. Schematic diagram of the U-shaped water tunnel.
1. Test cylinder: 2. Working section; 3. A differential pressure transducer
4. Water level; 5. A butterfly value: 6. Wind tunnel connected with an air blower.

2.2 Pipeline Model

The pipe models of diameters D= 28.9 and 19.1 mm are made of plexiglass and are fixed to
two sidewalls of the test section. For the pipelines directly installed on the seabed, the pipe mod-
els of outer diameter D= 14 mm and inner diameter D;= 12 mm are made of aluminium, the
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length being 190 mm. Different model pipes with different submerged weights are at different ini-
tial burial depths.

2.3 Preparation of the Soil Sample

Four soil samples are used in the tests for fixed pipeline models: standard sand, clay and
two kinds of plastic grain with different mean diameters. The characteristics of the standard
sand are dsy= 0.20 mm, specific gravity y =259, and saturated unit weight y,, = 10.24
kN / m®. The characteristics of the clay are dsy= 0.0047 mm, n= \/d75 /d, = 286 and percen-

tage of fine grains 72%, The plastic grain is of ds; = 0.47, 0.68 mm and specific gravity y = 1,42,
The clay is from 5~ 7 m depth of the Dongying port area, China. The clay sample in the bed
box used in the present tests is obtained from the clay with the same initial unit weight, after
four days’ sedimentation in a tank. Then its unit weight is measured. For observation of the
scour phenomenon around a pipeline in oscillating flow and investigation of the effect of sand di-
ameter on bed scour, the plastic grain is used as the soil sample.

The standard sand of ds,= 0.38 mm, D,= 0.37, and y,,,= 19.0 kN / m® is used as bed ma-
terial in the tests of the unfixed pipe model,

The grain size distribution curves of the standard sand and the plastic sand z:¢ given in Fig,

2, To ensure that the soil sample is sufficiently saturatcd, the sand is fiiled in the bed box nnder
the water in a sedimentary tank,
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Fig. 2. Grainsize distribution curves.

2.4 Test Procedure

The development of scour in each test is monitored by a CCD video camera located in
front of the sidewall of the test section. The oscillation amplitude is gradually increased. When
the bed sand starts to move, the critical state of scour is obtained. At a certain oscillation
amplitude the test is continued until the movable bed is in dynamic equilibrium, Then the maxi-
mum equilibrium scour depth and the wavelength of the sand wave are measured. For the clay
bed the sediment start is determined by sudden change of greyness of the water above the bed.
Because the water becomes opaque when scour occurs the CCD camera can only record the ini-
tial scour process. After two hours’ experiment the bed box is taken out and the bed surface
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pattern is obtained.
The Keulegan-Carpenter number K¢ is defined by

UurT
= —m )
K¢ D

where U,= wA,, is amplitude velocity of the incoming flow, and D is the pipe diameter. The
Reynolds number is defined by

U D
Re= —":’— 3)

where v is kinematic viscosity coefficient of water. The Shields number corresponding to the in-
coming oscillating flow is defined by

2
feU
)= —- _—m 4)
G=D-g-dy
where g is acceleration of gravity, f is the friction cosificient for the wave- boundary layer,
which is given by Fredsoe (1984).

3. Experimental Results 2nd Analysis
3.1 Scour Frocess Acound the Fipeline

The scour phenomenon for gap-to-diameter ratio e/ D= 0 is dissimilar to that for e/ D+
0. When Kc¢ increases, flow separation and vortex shedding occur. For ¢/ D= 0, the flow
around a pipe is a forward separated flow at the corner between the lower pipe surface and the
bed surface and is a separated and reattached flow behind the pipe. This flow undergoes an
acceleration and deceleration process. Whatever the bed material is, the tests show that scour oc-
curs at the forward corner of the pipe at first. Sediment moves backwards away from the pipe
and reaches the vicinity of the separating point B as shown in Fig. 3(a). For standard sand bed,
the reattached flow behind the pipe is observed. The sediment moves towards two opposite direc-
tions away from the reattaching point C, as shown in Fig. 3(a). Point C is farther away from the
pipe than point B. With the scour development sediment stacks up near point B. The gap be-
tween the pipe and the bed occurs after a scour process, and the flow pattern changes. For e/ D
5 0, the flow pattern is different from that for e/ D= 0. When ¢/ D is small, sediment recipro-
cates near point A and then stacks up a little (see Fig. 3(b)), whether the bed is made of standard
or plastic sand, When e/ D is larger than a certain value, for example e/ D= 045~ 1.0 for
standard sand bed, reciprocation of sediments are observed at points A, D and E, as shown in
Fig. 3(b). The larger the e/ D, the larger the distance between A and D or E. This is dependent
on the action of the shedding vortex of the wake on the sand bed. With the increasing velocity,
transfiguration of the bed surface is observed for standard and plastic sand bed. When the veloc-
ity is a little larger than the critical value, there is only one main sand valley formed underneath
the pipe. When the velocity increases, the second and third sand waves occur successively on
both sides of the main sand valley. The larger the distance from the sand wave to the pipe, the
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lower-the peak of the sand wave, The sand bed far from the pipe is undisturbed. It seems that
there is propagation and consumption of wave energy in the liquefied sand bed. The scour hole

of the standard sand bed is steeper than that of the plastic sand bed. This may be interpreted by
their different rest angles.
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Fig. 3. Schematic diagram of sand start for different gap-to-diameter ratios,

3.2 Critical Scour Parameters

For onset of scour, there is a minimum velozity for ziven e/ D and cne kind of bed soil,
This is called the critical state for onset of scour. The test results for the critical state for differ-
ent e/ D, different K¢ sud different bed scils are given in Fig. 4. It is discovered that the experi-
mental resuirs for ditferent bed soils are located on a series of oblique lines with the same slope
in the logarithm coordinates, as shown in Fig, 4, although the characteristics of the sand bed
and ciay bed are very different and the start mechanisms for them are also different. On the ba-
sis of investigation by Pu and Li (1999) the correlation expression is given by

e

(5) ~221gKe— B )

or

where B is a constant related to the bed material characteristics, This conclusion is convenient
in practice to determine whether the scour of the bed will take place for different bed soils, It
shows also that the K¢ number is a main parameter among many similar parameters of flow
that influence the onset of scour. In Fig. 4 the experimental results for fine plastic sand bed fall
near the fitted straight line for coarse plastic sand bed given by Pu and Li (1999), indicating that
the grain size has no obvious effect on critical scour under the present experimental conditions.

3.3 Sand Wave Formation

When there is no pipe on the bed, the start and scour of the sand bed also takes place as the
oscillating velocity increases. The scour process for plastic and standard sand bed develops as
follows: at first, part of the sand grains on the surface of the bed rocks at the original location
with the oscillating frequency, but they do not jump from the bed; then they jump a little dis-
tance from the bed and move forth and back with the oscillating flow and the sand grains
nearby begin oscillatory motion; in succession some streaming grooves distribute randomly on
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the surface of the bed. When the velocity is large enough, regular sand waves form on the bed
surface as mentioned by Pu and Li (1999). With the velocity increasing, the length and the
height of the sand wave increase. In a certain range of velocity, for example at U,,= 10.3~ 14
cm /s for fine plastic sand, the length-to-height ratio does not vary, and equals approximately
to 10, and the ratio 4,,,/ k. for coarse and fine plastic sand is nearly the same, where 4,,, is the
minimum oscillation amplitude at which sand waves occur and & is the roughness of the bed.
A,.,/ k for the standard sand is larger than that for the plastic sand. After the sand wave takes
place on the standard sand bed, the oscillation amplitude decreases obviously. It means that as a
result of sand wave formation the drag of the sand bed increases.

When the pipe is present on the sand bed, the scour of the bed takes place as mentioned
above, When the oscillation amplitude is larger than a critical value, regular sand waves also
take place on the bed surface far away from the pipe. The 4,,.,/ k for the sand bed with a pipe
is a little smaller than that without a pipe. This is the same for the standard or plastic sand bed.
The present experiment shows that the critical oscillation amplitude for the same bed soil and
different ¢/ D and D is almost the same and the length of the sand wave is also the same, No
matter whether the pipe is present or not, a series of streamwise thin grooves is seen distributed
along the pipe axis direction on the sand wave valley surface,
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Fig. 4. Critical gap-to-diameter ratio vs. K¢ number,

3.4 Self-Burial Phenomenon

The pipe models used in the self-burial test are not fixed to the sides of the test section. The
submerged weights of the pipe models are 0.68, 0.94 and 1.19 N/ m and the initial burial depth
are 0, 3.6% and 7.1% respectively. The light pipe model rolls away from the original position at
U, = 0.09 m/s. There is not any trace on the bed surface. But for the heaviest pipe model, as
the velocity increases gradually, the scour of the bed at both sides of the pipe takes place at a cer-
tain velocity and the sediment stacks up near the separating point B. This is similar to that for
the fixed pipe. But this is different from the fixed pipe case in that, due to the sag of the pipe into
the scour valley, the gap between the pipe and the bed cannot take place. When the amplitude in-
creases slowly a scour hole forms gradually near point P outside the separation region. Bed sand
grains move along the dash line as shown in Fig, 5. Following the flow, the sand grains
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sedimentated at the top of the pipe shake left and right. As a result of the above process, the
pipe is self-buried gradually. The stability of the self-burial pipe increases. The middle weight
pipe model shakes a little in the scour hole at a certain velocity. but does not move away from
the original place. When the flow amplitude increases drastically the pipe would roll up. It is
seen in the experiment that the formation of the self-burial phenomenon of the pipe is related to
the accelerating process of the flow. A slow acceleration of flow leads to the self-burial phenome-
non, while a sudden acceleration of flow would cause the instability of the pipe, especially after
shaking of the pipe. The self-burial phenomenon is also related to the pipe weight and the initial
burial depth. For the same accelerating process the heavier of the pipe weight or the deeper of
the burial depth, the more easily the self-burial phenomenon will take place. It is also observed
in the experiment that the characteristics of sediment transport near the separating point are ma-
jor factors affecting self-burial formation, The self-burial phenomenon does not occur in the
tests for fixed pipe models.
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Fig. 5. Schematic diagram of self-burial process.

3.5 Maximum Equilibrium Scour Depth

The experimental results of the maximum equilibrium scour depth are obtained at e/ D=
0~ 1.0 for the fixed pipe of D= 2 and 3 cm. The experimental parameters are listed in Table 1.

Table 1 Experimental parameters for different bed materials
_ uT v |
Bed material Ke= o Re= - 0= G- D-g-dy
Fine plastic grain 430~ 22.20 0.9 % 10°~4,0x10° 0.052~0.273
Coarse plastic grain 3.91~31.90 13x10°~6.5%10° 0.049~0.395
Standard sand 6.07~32.57 13%10°~4.9%10° 0.030~0.245 -

For every bed material the test resuits can be related by a series of oblique lines in the loga-
rithm coordinates of S/ D and Kc, S being the maximum equilibrium scour depth. For differ-
ent e/ D the intercepts of the oblique lines are different, but their slopes only differ a little, The
average of these slopes taken, the normalized test results are given in Fig. 6, Fig. 7, and Fig. 8 in
the logarithm coordinates of S/ (DA) and K, for fine, coarse plastic sand and standard sand
bed respectively. Here A represents the intercepts of the oblique lines with the average slope and
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is a function of ¢/ D and D, as seen in Fig. 6(b), Fig. 7(b) and Fig. 8(b). It must be pointed out
that most results for plastic sand are obtained at live-bed case, but most results for standard
sand are taken where sediment far away from the pipe does not move. A does not change with
e/ D much in Fig. 6(b) and Fig. 7(b) but it changes obviously in Fig. 8(b). From Figs. 6 and 7,
and Fig. 8 the following relationship between S/ D and K¢ can be given by

S
D

where m is a constant of bed material,
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Fig. 6. Dimensionless scour depth vs, K¢ for fine plastic sand bed.
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Fig. 7. Dimensionless scour depth vs. Kc for coarse plastic sand bed.

4. Conclusions

The following conclusions are drawn from the present experiments.
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Fig. 8. Dimensionless scour depth vs. K¢ for standard sand bed.

—The onset of scour is mainly influenced by K- number. The reiaticnstii between the crit-
ical initial gap-to-diameter ratio (e / D)” above which ro scour occurs and the X nuinber can
givenby (e / D) = 2.2logKc ~ B, B being i constant of bed material.

— The presence of a mupe can result in a reducticn of the dimensionless critical amplitude
A,,../ k, abovz which the sand wave forims cn e surface of the bed.

-—The seli-burial phenomenon is observed for the pipe directly installed on the bed but not
for 1he fixed pipz. The self-burial phenomenon is related to the flow accelerating process, the
pipe weight, and the initial burial depth.

— The relationship between dimensionless maximum equilibrium scour depth S/ D and
Kc number can be given by the expression S/ D= A4 » K¢, m being a constant of bed materi-
al,
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