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a b s t r a c t

Ocean-current induced pipeline on-bottom stability on a sloping sandy seabed involves a complex

interaction between the hydrodynamic loading, the untrenched pipeline and the neighboring soil. In

including the downslope instability and the upslope instability. Unlike the pipeline lateral stability on

the horizontal seabed, an initial lateral-soil-resistance is developed and the static-instability might be

triggered for the sloping seabed. According to dimensionless analyses, an ultimate lateral-soil-

resistance coefficient is proposed to describe the interaction of the pipe with the sloping sand-bed.

Experimental results indicate that sand-bed slope angle, pipe submerged weight and end-constraints

have much influence on pipe on-bottom stability. No matter for the upslope instability or the

downslope instability, the corresponding lateral-soil-resistance coefficient for a sloping sand-bed is

larger than that for a horizontal sand-bed.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The theme for submarine pipeline on-bottom stability design
is the instability criteria under various environmental conditions.
To avoid the occurrence of pipeline on-bottom instability, i.e., the
pipe breakouts from its as-laid original site, the seabed must
provide enough soil resistance to balance the hydrodynamic loads
upon the untrenched pipeline. The on-bottom stability of a
submarine pipeline involves complex interactions between the
wave/current, the untrenched pipeline and the neighboring soil.
In the recent decades, numerous experimental studies on the
pipeline on-bottom stability have been carried out with 1g

mechanical-actuator simulation (e.g., Lyons, 1973; Brennodden
et al., 1989; Wagner et al., 1989), with Ng centrifuge tests for
calcareous sand–pipe interaction (e.g., Zhang et al., 2002), and the
oscillatory-flow tunnel or wave flume modeling (e.g., Gao et al.,
2003, 2007; Teh et al., 2003).

1.1. Literature review on physical modeling of pipeline on-bottom

stability

1.1.1. Pipe–soil interaction mechanism

Before 1970, Coulomb friction theory was employed to
estimate the pipe–soil friction force under the action of ocean
ll rights reserved.

x: þ86 10 62561284.
waves in shallow waters. However, the pipe–soil interaction
experiments by Lyons (1973) showed that, wave-induced pipe–
soil interaction is too complex to describe with Coulomb friction
theory. That is, the pipeline on-bottom stability involves a
complex pipe–soil interaction process.

Since the 1980s, base on the results of a series of large scale
pipe–soil interaction tests, several pipe–soil interaction models
were proposed to predict the ultimate soil resistance to the
pipeline in waves. The ultimate soil resistance is defined as the
maximum soil resistance to the untrenched pipe against
on-bottom instability under the action of environmental loadings
including waves, currents, etc. In the pipe–soil interaction model
proposed by Wagner et al. (1989), the ultimate soil lateral
resistance (FRu) was assumed as the sum of the two components,
i.e., the sliding resistance component and the passive soil resis-
tance component:

FRu ¼ mðWs�FLÞþbg0A ð1Þ

where the passive soil force (the second component) modeling the
resistance offered by the sand in front of the slightly embedded
pipeline is expressed as the effective (buoyant) unit weight of sand
(g0) multiplied by a characteristic area (A) and an empirically
determined coefficient (b). The empirical coefficient (b) is a
function of the pipe displacement and the lateral loading history
(see Wagner et al., 1989). In the energy-based pipe–soil interac-
tion model proposed by Brennodden et al. (1989), the aforemen-
tioned soil passive resistance component is, however, relative to
the work done by pipe during its movement. In the above two
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Nomenclature

CD drag force coefficient;
CL lift force coefficient;
Cu coefficient of uniformity of sand grains ðCu ¼ d60=d10Þ;
d10 effective size of sand grains;
d50 mean size of sand grains;
ds sand grain diameter;
D outer diameter of pipeline;
Dr relative density of sand;
e settlement of pipe while losing stability;
e0 initial settlement of the pipe;
es void ratio of sands;
FCu pipe–soil contact force while pipe instability occurs;
FD drag force on the pipe;
FDu ultimate drag force on the pipe;
FL lift force on the pipe;
FR lateral soil resistance to the pipe (parallel to seabed

surface);
FR0 initial lateral soil resistance to the pipe on a sloping

seabed;
FRu ultimate lateral soil resistance for pipe instability;

g gravitational acceleration;
G non-dimensional submerged weight of the pipe;
s lateral displacement of the moving pipe;
U flow velocity of the current;
Ucr critical flow velocity for the pipe instability;
WS submerged weight of the pipe per meter;
a slope angle of the seabed surface;
f internal friction angle of soil;
g0 buoyant unit weight of soil (¼g’rsatg�rwg);
l pipe end constraint conditions;
m coefficient of sliding friction;
y inclination angle of the mechanical loading

(y¼arctan(FL/FD));
rsat mass density of saturated sand;
rw mass density of water;
Za coefficient of ultimate lateral-soil-resistance for pipe

instability on a sloping seabed;
b empirical coefficient in the pipe–soil interaction

model by Wagner et al. (1989);
A one half the area of a vertical cross section of the soil

displaced by the pipe during the penetration and
oscillations (see, Wagner et al. (1989));
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pipe–soil interaction models, a few empirical coefficients without
implicit physical meanings are difficult to be determined. The
underlying physical mechanism for pipe–soil interaction has not
yet been well understood, as stated by Hale et al. (1991).

To investigate the interaction of a shallowly-embedded
pipeline with the calcareous sand, Zhang et al. (2002) conducted
a series of centrifugal tests. A non-associated bounding surface
model was then constructed on the basis of test data and the
theory of plasticity was used to simulate the response of a
pipeline embedded in sandy soil under combined vertical and
horizontal monotonic loading.

Foray et al. (2006) studied the pipe–soil interaction with special
emphasis on the conditions leading to liquefaction around a pipe. By
employing a large-scale experimental setup with an electro-
mechanic actuator to simulate the hydrodynamic loadings, White
and Cheuk (2008) investigated the soil resistance on the pipeline
during large cycles of lateral movement. To reveal the pipe–soil
interaction mechanism for steady-flow induced pipeline on-bottom
stability, Gao et al. (2011) conducted a series of tests with an
updated pipe–soil interaction facility including a load–displacement
synchronous measurement system. It was indicated that, for the
equivalent level of dimensionless submerged weight, the value of
the critical Froude number for the directly-laid pipe instability in
currents is higher than that in waves. Note that the aforementioned
studies focused mainly on the pipe–soil interaction modeling with
mechanical-actuators for hydrodynamic loading simulations.

1.1.2. Flow-pipe–soil interaction mechanism

As aforementioned, the ocean wave/current induced on-bottom
stability of a submarine pipeline involves complex flow-pipe–soil
interaction, i.e., the interaction between the hydrodynamic loading,
the untrenched pipeline and the neighboring soil. Recently, a series
of water flume tests have been made to reveal the flow-pipe–soil
coupling effects on the wave-induced pipe lateral instability (e.g.,
Gao et al., 2002, 2003, 2007; Teh et al., 2003).

For simulating the oscillation of water particles near the seabed,
a U-shaped oscillatory flow water tunnel was employed to inves-
tigate the wave-induced pipeline instability (Gao et al., 2002, 2003).
Three characteristic times in the process of pipeline losing lateral
stability in waves, i.e., (i) onset of sand scour, (ii) pipe rocking, (iii)
pipe breakout, were identified from the pipe displacements records
and experimental observations. This process of pipeline instability
was also verified with the wave-flume experimental observations
by Teh et al. (2003). Based on experimental results, the criteria for
the pipeline on-bottom stability on sand-bed for two kinds of
constraints, i.e., Case I: the pipe is free at its ends and Case II: the
pipe is constrained against rolling, have been established as the
following form, respectively (Gao et al., 2003):

Ucrffiffiffiffiffiffi
gD

p ¼ aþb
Ws

g0D2
ð2Þ

An improved analysis method was further proposed by Gao
et al. (2006) for the on-bottom stability of a submarine pipeline,
taking into account the coupling effects between wave, pipeline,
and sandy seabed. The proposed improved method comparable
with the DNV recommended Practice provides a helpful tool for
the engineering practice of pipeline on-bottom stability design.

Local scour at submarine pipelines under the action of currents or
waves also drew much attention among numerous researchers, e.g.,
Sumer et al. (1988), Chiew (1990), Pu et al. (2001), Liang et al. (2005).
In those studies, the pipelines were fixed or spring-supported above
the soil surface, i.e., the pipeline on-bottom instability was not
directly involved. Sand scour, as an indicator of the wave-pipe–soil
coupling, was observed usually accompanying in the process of the
pipeline losing on-bottom stability (see, Gao et al., 2002). The onset of
tunnel scour underneath the shallowly-embedded pipeline (see,
Sumer et al., 2001; Zang et al., 2009; Gao & Luo, 2010) may further
induce the occurrence of pipeline spanning.

1.2. The significant of the pipeline stability on a sloping seabed

As more and more oil and gas reservoirs having been found at
the continental slopes, e.g., in the Western and Northern Gulf of
Mexico, the South China Sea etc, the stability of deepwater
pipelines on a sloping seabed attracts much attention of
engineering designers and researchers. The continental slope is
the area between the offshore shallows and where the continental
shelf dips steeply to the sea floor. One of most interests to the
offshore petroleum industry in Gulf of Mexico is the Louisiana-
Texas slope, which occupies 120,000 square km and in which



Fig. 1. Illustration of the on-bottom instability of a submarine pipeline on a

sloping seabed: (a) downslope instability; (b) upslope instability.
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bottom slopes range from less than 11 to greater than 201 around
knolls and basins (Coleman et al., 1989). The seabed in the South
China Sea also holds rich varieties of its topographic feature
including the vast continental shelf, the continental slope and
deep sea basin. At the continental slope of South China Sea, the
water depth is generally between 150 and 3500 m, and
the seabed slope angles are deep at various locations, e.g., the
measured slope angle generally reaches up to 6.7–17.61 at the
western continental slope of South China Sea (Liu et al., 2002).

The influential factor of seabed sloping angle has not been
considered in the existing design codes or recommended practices
regarding the pipeline on-bottom stability (see, Det Norske, 2007).
As the oil and gas exploitation moving into deeper waters, ocean
current becomes the prevailing hydrodynamic load upon submarine
pipelines (Jones, 1985). However, the aforementioned studies
focused mainly on pipeline on-bottom stability on the horizontal
seabed. As illustrated in Fig. 1, the lateral on-bottom instability of a
submarine pipeline horizontally-laid on a sloping seabed can be
mainly categorized into two types, i.e., (i) downslope instability (DI)
and (ii) upslope fnstability (UI). The effect of seabed slope angle on
the pipeline on-bottom stability is far from being well understood.

In this experimental study, the pipeline on-bottom stability on
a sloping sandy seabed is investigated using a newly-designed
pipe–soil interaction facility, which is capable of modeling the
prototype-size pipeline on an inclined seabed with the slope from
0 to 301. Meanwhile, a large flow–structure–soil interaction flume
is also employed to further simulate the flow-pipe–soil coupling
process for pipe losing lateral stability. The effects of seabed slope,
pipe submerged weight and end-constraint on the pipeline lateral
stability are investigated experimentally.
2. Pipe instability on a sloping seabed: Full-scale mechanical
actuator modeling

2.1. Dimensionless analyses

The ocean-current induced pipeline on-bottom stability on a
sloping sandy seabed involves a complex interaction between
flow, pipe and its neighboring soil. The ultimate lateral-soil-
resistance (FRu) for pipe instability is mainly related to the
parameters of the pipeline, sand properties and the characteristics
of hydrodynamic loads, i.e.,

FRu ¼ f ða,WS,m,rsat ,rw,g,D,ds,Dr ,f,tany,e0,l,. . .Þ ð3Þ

which can be expressed in the following non-dimensional forms:

Za ¼ f 0ða,G,m,
rsat

rw

,
D

ds
,Dr ,f,tany,

e0

D
,l,. . .Þ ð4Þ

where the coefficient of ultimate lateral-soil-resistance (Za) is
defined as the ratio of the ultimate lateral-soil-resistance FRu

ð ¼ FDu�WSsinaÞ to the corresponding pipe–soil contact force FCu

ð ¼WScosa�FDutanyÞ perpendicular to the surface of the sloping
seabed while the pipe losing lateral stability, i.e.,

Za ¼
FRu

FCu
¼

FDu�WSsina
WScosa�FDutany

ð5Þ

in which ‘‘FDutany’’ is the lift force exerted on the pipeline in
currents; G is the non-dimensional submerged weight of the pipe:

G¼
WS

g0D2
ð6Þ

The detailed dimensionless analyses on the pipeline on-bot-
tom stability on the horizontal sand-bed (a¼0) have been made
by Gao et al. (2011).

In this study, the influences of the seabed slope angle (a), pipe
end-constraint (l) and submerged weight (G) on the pipe lateral
stability are examined intensively. Two types of pipe instability
on a sloping seabed have been examined, i.e., (i) upslope instabil-
ity: the pipe is moving upward along the sloping seabed (a is
positive), and (ii) downslope instability: The pipe is moving
downward (a negative).

2.2. Experimental setups

The principal test facility for modeling the pipeline instability
on a sloping sand-bed is the mechanical-loaded pipe–soil inter-
action facility (see Fig. 2(a)). Moreover, a flow-pipe–soil interac-
tion flume (see Fig. 2(b)) was also adopted for the purpose of
comparison with the results of pipe–soil interaction tests. The
details of the two experimental setups are described as follows.

2.2.1. Mechanical-loaded pipe–soil interaction simulation

The pipe–soil interaction facility newly constructed at Insti-
tute of mechanics, Chinese Academy of Sciences (IM-CAS), was
specially designed for simulating the pipe on-bottom stability on
a sloping seabed, which is 5.0 m long, 1.0 m wide and 3.2 m high
(the height of sand box is 1.5 m), as shown in Fig. 2(a). This
facility mainly consists of a test flume with its subsidiary
structure, a mechanical-actuator system, and the measurement
system, etc. To facilitate the observation of experimental
phenomena and data collection, the side-walls of test section
are made of toughened glass, and the rests are made of stainless
steel plate.

As well-known, the flow-induced hydrodynamic force on the
pipe consists of the drag component (parallel to seabed surface
and perpendicular to the pipe axis) and the lift component
(perpendicular to seabed surface), which can be evaluated with
Morison’s equation (Morison et al., 1950), i.e.,

FD ¼ 0:5CDrwDU2
ð7Þ

FL ¼ 0:5CLrwDU2
ð8Þ

Based on the results of the variations of drag (CD) and lift
coefficient (CL) with the Reynolds number (Re) obtained by Jones



Fig. 2. Schematic diagram of test facilities for modeling the pipeline instability on a sloping sand-bed: (a) the mechanical-loading setup for pipe–soil interaction

simulation; (b) the water flume at IM-CAS for flow-pipe–soil interaction simulation (not in scale).
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(1978), the resultant hydrodynamic load upon the pipe is obli-
quely upwards with the inclination angle y (� arctan ðCL=CDÞ)
approximately between 531 and 571. The detailed analysis regard-
ing the hydrodynamic loads on submarine pipeline in currents
was given by Gao et al. (2011).

To simulate the hydrodynamic force on the pipe in the
experiments, the mechanical-actuator simulation method has
been employed. In the mechanical-actuator system, a displace-
ment-controlled testing program was adopted. A stepper motor
was capable of generating an inclined force onto the model pipe
via two cables: the front cable with certain length between the
pipe and the live pulley, and the other connecting the live pulley
and the stepper motor through two fixed pulleys (see Fig. 2(a)).
When the position of the supporting beam is given, the angle of
the inclined load can be adjusted to a certain value by altering the
length of the front cable, on which a tension load cell was
installed for measurement of the resultant load from the drag
and lift components.

A synchronous measurement system was designed, in which
two laser displacement transducers (LDT-1 and LDT-2, see
Fig. 2(a)) were employed for the noncontact measurement of
pipe displacements, i.e., LDT-1 for the measurement of the pipe
lateral displacement (parallel to the seabed surface); and LDT-2
for the pipe settlement perpendicular to the seabed. Meanwhile,
the tension load cell installed along the front cable was used to
measure the exerted inclined load onto the model pipe. The
experimental phenomena were being recorded concurrently
through the transparent glass wall with a digital video camera.

The testing procedure was as follows: (1) the model pipe was
laid downward into the water, and the submerged weight was
measured with the tension load cell; (2) while the model pipe
touching the sand-bed surface, the two laser displacement trans-
ducers (LDT-1 and LDT-2) were triggered to measure the pipe
movements, including the pipe lateral displacement and its initial
settlement into the sloping seabed due to its submerged weight; (3)
after the initial settlement finished, the stepper motor was started to
impose an inclined-load onto the pipe for simulating steady current-
induced hydrodynamic forces. During the process of the pipe losing
lateral stability, the additional settlement and lateral displacement
of the test pipe, and the corresponding load onto the pipe were
measured simultaneously.

2.2.2. Flow-pipe–soil interaction simulation in a water flume

A flow–structure–soil interaction flume (length�width�
height¼52 m�1.0 m�1.5 m) at IM-CAS was also employed to
further simulate the flow–pipe–soil coupling process for pipe
losing lateral stability. This flume is capable of generating rever-
sible steady flow with velocity up to around 0.5 m/s at 0.8 m
water depth. A specially designed large soil–box is located in the
middle section of the flume, as shown in Fig. 2(b).
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The testing procedure was as follows: (1) The sloping sand bed
was prepared with sand-raining technique, which will be
described in Section 2.3; (2) The test pipe was then laid onto
the sloping sand-bed; (3) subsequently, the steady flow was
generated automatically with a computer-controlled system,
whose velocity was increasing gradually until the test pipe lost
lateral stability. The flow velocity at the level of 1.0D above the
sand-bed was measured with an acoustic Doppler velocimetry
(ADV) located in front of the test pipe. Meanwhile, the phenom-
enon of the pipe losing lateral stability was recorded with a
camera through the transparent glass wall. The critical flow
velocity (Ucr) for the pipeline on-bottom instability was finally
determined according to the experimental observation and the
flow velocity measurement.
2.3. Sand-bed and model pipes

2.3.1. Sand-raining technique and the properties of the test sands

In the aforementioned two test facilities, the saturated sand-
beds with certain relative density were prepared by employing
the sand-raining technique. Relative density or density index is
the ratio of the difference between the void ratios of a cohesion-
less soil in its loosest state and existing natural state to the
difference between its void ratio in the loosest and densest states.
While preparing the sloping sand-bed, a sand-carriage with a
slotted bottom, through which the dry sand grains inside can fall
into the water, was moving to and fro along the side-walls of the
flume by altering its speed to obtain a desired slope angle. The
rude surface of the sand-bed was then made smooth with a
scraper moving along the sand surface.

In the mechanical-loaded pipe–soil interaction modeling, a
series of tests have been conducted with the angle of the sand-
bed surface in the range of 00

� 300, to investigate the influence of
slope angle on the pipeline stability. In the flume tests, the
medium sand-bed with the slope angle of 01and 751 were
adopted for the comparison with the pipe–soil interaction results.
Two kinds of sand-bed were adopted to simulate a sandy seabed,
i.e., medium sand and silty fine (silica) sand, whose main physical
properties are listed in Table 1.
2.3.2. Test pipes with two kinds of end-constraint

For a long-distance submarine pipeline, the on-bottom stabi-
lity for different end constraints is different. The following two
end-constraints of the model pipe are taken into account:
(i).
Table
Index

Me

Silt
End-constraint I: Anti-rolling pipes (l¼"A"). Pipe’s rolling is
restricted, but the pipe may move freely in parallel and
perpendicular direction to the seabed surface. An anti-rolling
device has been designed, the lower board of which was fixed
to the model pipe. The model pipe was attached through the
anti-rolling device upward onto the slantwise supporting
beam (see Fig. 1).
(ii).
 End-constraint II: Freely-laid pipes (l¼"F"). The model pipe
may rotate around its axis without end constraint, if the
lower board of the anti-rolling device is unlocked to the
model pipe.
1
properties of test sands.

d50 (mm) d10 (mm) Cu es Dr g 0 (kN/m3) f (1)

dium sand 0.38 0.30 1.46 0.791 0.32 9.03 35

y-fine sand 0.11 0.07 1.57 0.793 0.16 9.02 32
Three values of the model pipe diameter at full-scale level are
adopted in a series of tests, i.e., D¼0.20, 0.35, 0.50 m. All of the
model pipes are 0.92 m long, with 40 mm gaps to the side walls of
the test flume. The values of the pipe’s submerged weight vary in
the range of 0.55oGo1.15 according to dimensionless analyses
(see Eq. (6)), to examine its effects on the pipe on-bottom stability.
The coefficient of plexiglass-sand sliding friction mE0.321.
3. Experimental results and discussions

3.1. Typical features of the pipe losing lateral stability on a sloping

sand-bed

‘‘Static Instability’’ of the pipeline on a sloping sand-bed:
Unlike the case of horizontal seabed (a¼01), for the case of
sloping seabed, an initial lateral-soil-resistance (FR0 ¼�WSsina)
is immediately developed while the pipe being laid onto the
sloping sand-bed, to balance the component along the seabed
surface of the pipe’s submerged weight (WSsina), so as to keep
the pipe stable even without the action of hydrodynamic loads in
currents, as shown in Fig. 3. Otherwise, the directly-laid pipe may
lose its lateral stability, even when no external load is exerted. We
term this phenomenon as ‘‘Static Instability’’ of the pipeline on a
sloping seabed, e.g., the freely-laid pipe loses downslope instabil-
ity on the sloping sand-bed with a¼�101, as indicated in Fig. 3(b)
(also see, Table 3 in Section 3.3).
Fig. 3. The development of lateral soil resistance with increasing lateral displace-

ment while the pipe losing stability on a sloping sand-bed: (a) upslope instability;

(b) downslope instability. (D¼0.35 m, WS¼0.801 kN/m, mE0.32 g0 ¼ 9.02 kN/m3,

d50¼0.11 mm, Dr¼0.16).



Fig. 5. Experimental observation of the typical configuration of pipe–soil interac-

tion while the anti-rolling pipe losing stability on a sloping sand-bed (a¼�51,

D¼0.35 m, WS¼0.801 kN/m, mE0.32 g0 ¼9.02 kN/m3, d50¼0.11 mm, Dr¼0.16).

Table 2
Results of a series of pipe–soil interaction tests for comparison with the

flow-pipe–soil interaction tests for the medium sands (d50¼0.38 mm, Dr¼0.32).

Test no. D (m) a (1) WS (N/m) G l FDu (N/m) Za Ucr (m/s) Frcr

M-1 0.20 0 22.6 0.063 F 2.25 0.115 0.127 0.091

M-2 0.20 0 31.4 0.087 F 3.68 0.139 0.162 0.116

M-3 0.20 0 49.5 0.137 F 6.82 0.169 0.221 0.158

M-4 0.20 0 58.5 0.162 F 8.18 0.172 0.242 0.173

M-5 0.20 0 85.8 0.238 F 14.05 0.209 0.317 0.226

M-6 0.20 5 22.6 0.063 F 3.28 0.072 0.153 0.109

M-7 0.20 5 31.4 0.087 F 6.56 0.170 0.216 0.155

M-8 0.20 5 49.5 0.137 F 12.47 0.250 0.298 0.213

M-9 0.20 5 58.5 0.162 F 15.39 0.273 0.332 0.237

M-10 0.20 5 85.8 0.238 F 26.10 0.367 0.432 0.308

M-11 0.20 �5 22.6 0.063 F 0.63 0.120 0.067 0.048

M-12 0.20 �5 31.4 0.087 F 0.96 0.123 0.083 0.059

M-13 0.20 �5 49.5 0.137 F 1.36 0.119 0.099 0.071

M-14 0.20 �5 58.5 0.162 F 1.41 0.115 0.101 0.072

M-15 0.20 �5 85.8 0.238 F 1.97 0.114 0.119 0.085
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For the upslope instability (see Fig. 3(a)), with the increase of
lateral displacement during the pipe losing lateral stability, the
lateral soil resistance (obliquely upward) decreases from certain
negative value to zero, and then increases gradually to its
maximum value. The ultimate (maximum) soil resistance (FRu)
decreases with the slope angle (a) varying from 51 to 101. Mean-
while, the additional settlement of the pipe is being gradually
developed with increasing pipe lateral displacement (see Fig. 3).

For the downslope instability (see Fig. 2(b)), the lateral
soil resistance increases from certain value (�WSsina) to its
maximum/ultimate value FRu with increasing lateral displace-
ment, whose direction is always obliquely upward. The ultimate
soil-lateral-resistance (FRu) increases with the slope angle (a)
varying from �51 to �101. The ultimate soil resistances (FRu)
for downslope instability (see Fig. 3(b)) are bigger than those for
upslope instability (see Fig. 3(a)).

The effects of pipe end-constraint on the static stability are
quite significant. Experimental observation shows that, static
instability occurred to a freely-laid model pipe while being laid
on the sloping sand-bed (a¼101). However, the same model pipe
with anti-rolling end-constraint kept statically (see Fig. 3). The
ultimate lateral-soil-resistance for the anti-rolling pipe is much
larger than that for the freely-laid pipe with a fixed value of pipe
submerged weight (WS).

The development of pipe’s settlement ðe=DÞ with its lateral
displacement ðs=DÞ for a certain slope angles (a¼751) during
pipe losing on-bottom stability is illustrated in Fig. 4. As indicated
in this figure, the pipe’s settlement varies with its lateral dis-
placement while losing on-bottom stability. The negative sign of
‘e’ means the settlement direction is obliquely downward (normal
to the sand-bed surface). There exists an initial settlement of the
pipe ðe0=DÞ after being laid onto the seabed surface (see Fig. 4). A
similar phenomenon of the variation of pipe’s settlement with its
lateral displacement has also observed for the case of horizontal
sand-bed (see Gao et al., 2011). For both the anti-rolling pipes and
the freely-laid pipes, some additional settlement was further
developed while the pipe breaking out from its original site. The
additional embedment for the anti-rolling pipe is much larger
than that for the freely-laid pipe, indicating the pipe’s end-
constraint affects significantly its embedment into the soil and
further affects the ultimate lateral soil resistance. As shown in
Fig. 5, while losing on-bottom stability, the pipe is pushing ahead
the neighboring sand particles and further inducing the sand
upheaval in front of the moving pipe.
Fig. 4. Additional embedment vs. lateral displacement while pipe losing stability

on a sloping sand-bed (D¼0.35 m, WS¼0.801 kN/m, mE0.32, g0 ¼ 9.02 kN/m3,

d50¼0.11 mm, Dr¼0.16).
3.2. Comparison with the flume tests

One of the main advantages for the aforementioned mechan-
ical-loaded pipe–soil interaction testing method is its capability
of directly obtaining the ultimate soil resistance to the pipe while
losing lateral stability; another one is its modeling pipe instability
at full-scale level. The results of the pipe–soil interaction simula-
tion (see Fig. 2(a)) need a validity comparison with the flume tests
(see Fig. 2(b)).

In order to make a comparison between the results of mechan-
ical-actuator tests and those of water flume tests, the correspond-
ing equivalent critical flow velocity Ucr can be calculated by
submitting the ultimate drag force parallel to seabed surface
in the mechanical-actuator tests (let FD¼FDu) into Morison’s
equations (see Eq. (5)), i.e.,

Ucr ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2FDu

CDrwD

s
ð9Þ

Then, the critical Froude number:

Frcr ¼
Ucrffiffiffiffiffiffi

gD
p

 !
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2FDu

CDrwgD2

s
ð10Þ

The results of 15 series of pipe–soil interaction tests are listed
in Table 2. Meanwhile, 15 series of water flume tests were also
conducted for the comparative study (see Fig. 6). It is indicated in
Fig. 6 that, the experimental results for current-induced pipe
lateral stability are comparable for various values of sloping angle
(a¼�51, 01 and 51). In the steady-flow flume tests, some local



Fig. 6. Comparison between the results of mechanical-actuator tests and those of

water fume tests (D¼0.20 m; medium sands: d50¼0.38 mm, Dr¼0.32).

Table 3
Results of a series of pipe–soil interaction tests for the sloping silty-fine sand-beds.

Test no. D (m) a (1) WS (kN/m) G l FDu (kN/m) Za

S-1 0.35 0 0.801 0.725 A 0.276 0.638

S-2 0.35 0 0.801 0.725 F 0.096 0.143

S-3 0.35 5 0.801 0.725 A 0.323 0.690

S-4 0.35 �5 0.801 0.725 A 0.258 0.722

S-5 0.35 5 0.801 0.725 F 0.140 0.114

S-6 0.35 �5 0.801 0.725 F 0.069 0.197

S-7 0.35 10 0.801 0.725 A 0.366 0.756

S-8 0.35 �10 0.801 0.725 A 0.225 0.745

S-9 0.35 �10 0.801 0.725 F SI SI

S-10 0.35 20 0.801 0.725 A 0.426 0.826

S-11 0.35 �20 0.801 0.725 A 0.174 0.861

S-12 0.35 �20 0.801 0.725 F SI SI

S-13 0.35 30 0.801 0.725 A 0.465 0.876

S-14 0.35 �30 0.801 0.725 A 0.115 0.956

S-15 0.35 �30 0.801 0.725 F SI SI

S-16 0.50 0 1.523 0.675 A 0.547 0.690

S-17 0.50 0 1.523 0.675 F 0.159 0.121

S-18 0.50 5 1.523 0.675 A 0.605 0.664

S-19 0.50 �5 1.523 0.675 A 0.485 0.710

S-20 0.50 5 1.523 0.675 F 0.252 0.101

S-21 0.50 �5 1.523 0.675 F 0.138 0.203

S-22 0.20 10 0.221 0.613 A 0.111 1.044

S-23 0.20 �10 0.212 0.588 A 0.078 1.096

S-24 0.20 �10 0.215 0.596 F SI SI

S-25 0.20 �10 0.212 0.588 F SI SI

S-26 0.20 10 0.264 0.732 A 0.134 1.079

S-27 0.20 �10 0.242 0.671 A 0.087 1.055

S-28 0.20 �10 0.253 0.701 F SI SI

S-29 0.20 �10 0.247 0.685 F SI SI

S-30 0.20 10 0.340 0.942 A 0.174 1.119

F.-P. Gao et al. / Ocean Engineering 50 (2012) 44–5250
scour around the pipe was observed in the process of the pipe
losing lateral stability under the action of currents. For the same
value of non-dimensional pipe submerged weight (G), the values
of Frcr for the present mechanical actuator tests are slightly
greater than those for the steady-flow flume tests when increas-
ing the non-dimensional pipe submerged weight. This indicates
that the local scour behind the un-trenched pipe reduce the
pipeline lateral stability to some extent.
S-31 0.20 �10 0.320 0.887 A 0.123 1.250

S-32 0.20 10 0.322 0.892 F 0.089 0.167

S-33 0.20 �10 0.310 0.859 F 0.016 0.247

S-34 0.20 10 0.397 1.100 A 0.210 1.271

S-35 0.20 �10 0.396 1.098 A 0.159 1.280

S-36 0.20 10 0.377 1.045 F 0.120 0.260

S-37 0.20 �10 0.385 1.067 F 0.032 0.293

S-38 0.20 10 0.421 1.167 A 0.222 1.256

S-39 0.20 �10 0.418 1.159 A 0.173 1.354

S-40 0.20 10 0.420 1.164 F 0.135 0.294

S-41 0.20 �10 0.426 1.181 F 0.059 0.392

Note: ‘‘SI’’ represents the occurrence of the ‘‘Static Instability’’ on the sloping

sand-bed.
3.3. Influential factors for pipe lateral instability on a

sloping sand-bed

3.3.1. Effects of slope angle

In this study, a series of experiments have been carried out
with the newly-designed facility to investigate the effects of slope
angle intensively. The results of 41 series of pipe–soil interaction
tests for the sloping silty-fine sand-beds are given in Table 3.

Fig. 7(a) gives the variations of the ultimate lateral soil
resistance (FRu) and the corresponding ultimate drag force (FDu)
on the anti-rolling pipes with the slope angle of the sand-bed (a).
As indicated in this figure, for a given value of pipe’s submerged
weight (WS¼0.801 kN/m), with the slope angle increases from
�301 to 301, the ultimate lateral soil resistance decreases, but the
corresponding ultimate drag force increases significantly. Note
that, FRu ¼ FDu�WSsina. As such, the more precipitous the slope is,
the bigger the difference between FRu and FDu. The ultimate value
of soil lateral resistance for downslope instability is larger than
that for upslope instability. Due to the influence of the pipe’s
submerged self-weight, for the case of upslope instability, the
drag force firstly balances the component of submerged weight
ðWSsinaÞ and then balances the lateral soil resistance (FRu).

Fig. 7(b) shows the variation of the lateral-soil-resistance
coefficient (Za) with the slope angle (a).The values of
non-dimensional pipe submerged weight (G) for the two pipe
diameters (D¼0.35 m, 0.5 m, see Fig. 7(b)) are approximately
same (Note: WS¼1.523 kN/m, G¼0.662, for D¼0.50 m). It is
indicated that, no matter for the upslope instability (UI) or
downslope instability (DI), the lateral-soil-resistance coefficient
for a sloping sand-bed is larger than that for a horizontal sand-
bed. Za increases with increasing the value of 9a9, and the values
of Za for downslope instability are bigger than those for upslope
instability for the same 9a9 (see Fig. 7(b)). Curve fitting to the
experimental data for the variation of Za with a, the following
best-fit exponential equation is obtained:

Za ¼ Z0expðA1aþA2a2Þ
/for UIS : Z0 ¼ 0:624; A1 ¼ þ1:16, A2 ¼�0:978

/for DIS : Z0 ¼ 0:624; A1 ¼�1:27, A2 ¼�0:886

(

ð11Þ

Note that in Eq. (11), the slope angle ‘‘a’’ is in radian and valid
for the examined range of 9a9o p

6

� �
. Submitting Eq. (5) into Eq.

(11), we can further obtain the ultimate drag force for the lateral
instability of anti pipeline on a sloping sand-bed as

FDu ¼
sinaþZ0expðA1aþA2a2Þcosa

1þZ0expðA1aþA2a2Þtany

� �
WS ð12Þ

3.3.2. Effects of pipe submerged weight and end-constraint

The effects of non-dimensional submerged weight of the pipe
(G) on the ultimate drag force (FDu) are shown in Fig. 8(a). For
both the anti-rolling pipes and the freely-laid pipes, the ultimate
drag force increases with increasing the non-dimensional
submerged weight. The values of FDu for upslope instability are
larger than those for downslope instability for the same value of G

and same pipe end-constraint.
Fig. 8(b) gives the relationship between the lateral-soil-resis-

tance coefficient and the non-dimensional submerged weight for



Fig. 7. Effects of slope angle on the on-bottom stability of anti-rolling pipes:

(a) ultimate lateral soil resistance vs. slope angle; (b) lateral-soil-resistance

coefficient vs. slope angle (D¼0.35 m, WS¼0.801 kN/m, G¼0.725, m¼0.32; Silty-

fine sand: d50¼0.11 mm, Dr¼0.16).

Fig. 8. Effects of non-dimensional submerged weight and end-constraints of the

pipeline on the pipe on-bottom stability: (a) ultimate inclined mechanical load vs.

non-dimensional submerged weight of the pipe; (b) ultimate lateral-soil-resis-

tance coefficient vs. non-dimensional submerged weight of the pipe (D¼0.20 m,

m¼0.32; Fine sands: d50¼0.11 mm, Dr¼0.16).
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pipe stability on a sloping sand-bed with a certain slope angle
(9a9¼101). For all the examined cases, the lateral-soil-resistance
coefficient (Za) increases with increasing the non-dimensional
submerged weight (G) of the pipes. Static instability occurs to the
freely-laid pipes while their submerged weight is less than a
certain value (see Fig. 8(b)). The values of the lateral soil
resistance coefficient for anti-rolling pipes are much larger than
those for the freely-laid pipes. Compared with the instability
directions (upslope or downslope), the pipe end-constraints have
much more effects on the Za�G relationships for pipe stability on
a sloping seabed.
4. Concluding remarks

The pipeline lateral instability on a sloping seabed is one of the
main concerns for the design of submarine pipelines at subsea
continental slopes or some special coastal zones. In this experi-
mental study, both a newly-designed pipe–soil interaction facility
and a flow–structure–soil interaction flume have been utilized to
reveal the mechanism of the steady flow-induced pipe instability
on a sloping sandy seabed.

A series of tests have been conducted to full-scale modeling
the pipeline lateral instabilities, including the downslope instabil-
ity and the upslope instability. Unlike the pipeline instability on
the horizontal seabed, the ‘‘Static Instability’’ of the pipeline may
occur for freely-laid model pipes with certain values of sloping
angle. A validity comparison is made between the pipe–soil
interaction simulations and the large flume tests, indicating their
results are comparable when the scour effect can be ignorable.

According to dimensionless analyses, an ultimate lateral-soil-
resistance coefficient (Za) is proposed to describe the pipe–soil
interaction on a sloping sand-bed. The on-bottom stability is
influenced by the sand-bed slope angle, pipe submerged weight
and end-constraints, etc. No matter for the upslope instability or
downslope instability, the lateral-soil-resistance coefficient for a
sloping sand-bed is larger than that for a horizontal sand-bed.
Za increases with increasing the value of 9a9, and the Za for
Downslope Instability is bigger than that for Upslope Instability.
For a given value of the examined slope angles, Za increases with
increasing the non-dimensional submerged weight (G) of the
pipes. The values of lateral soil resistance coefficient for anti-
rolling pipes are much larger than those for the freely-laid pipes.
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