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Abstract: Free-spanning submarine pipelines are usually affected by vortex-induced vibration (VIV).
Such vibration could influence the liquefaction of the supporting soil at both ends of the free spans
and could have catastrophic consequences, including the failure of the local seabed and the displacing,
sinking, or floating of pipelines. The influence of pipeline vibration on soil liquefaction has not been
studied sufficiently. Therefore, we explored the influence of vortex-induced pipeline vibration on the
excess pore pressure of silty soil around a pipeline using flume experiments. Our results showed
that pipeline vibration could induce the buildup of excess pore-water pressure, even without wave
loading. A fully liquefied zone was found close to the pipeline, where excess pore pressure reached
the soil liquefaction criterion, which was surrounded by a partially liquefied zone. The extent of
liquefaction depended on the vibration conditions and the weight and burial depth of the pipeline.
The pipeline vibration amplitude increased after soil liquefaction. Unlike wave-induced liquefaction,
pipeline-induced vibration liquefaction occurred at a critical value smaller than the initial mean
normal effective stress. Considering the possibility of pipeline-vibration-induced seabed liquefaction,
conventional approaches could underestimate the potential risks to pipeline stability and result in
unsafe maintenance practices.

Keywords: soil liquefaction; suspended pipeline; vortex-induced vibration; seabed scour; flume
experiment; silt

1. Introduction

Pipelines are used widely in energy industries for transporting oil and gas [1]. When
a submarine pipeline is laid on the seafloor, the formation of free spans could be induced
owing to seabed unevenness or changes in seabed topography, such as seabed scouring.
When exposed to currents or wave loading, such spanning pipelines are possibly subjected
to vortex-induced vibration (VIV), which has been widely recognized as a crucial factor
causing fatigue damage to pipelines [2,3]. Accordingly, it is of practical importance to
understand the vortex-induced vibration of free-spanning pipelines near the seabed.

Over the past few decades, extensive research has been conducted on vortex-induced
vibration, using both theoretical and experimental approaches. Several studies have focused
on pipeline vibrations either under wall-free conditions or near a rigid boundary [4–7],
whereas others have investigated the interaction of pipeline vibrations and dynamic
changes in the sediment bed [8–12]. In the case of the transverse vortex-induced vibrations
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of a submarine pipeline close to an erodible seabed, it was found that pipe vibrations and
the corresponding local scour were often coupled dynamically, resulting in an equilib-
rium state [8,9,12–14]. Pipeline vibrations possibly intensify local seabed scour, thereby
increasing the depth and width of the scour around the pipeline [12].

Apart from the scour processes, pipeline failure induced by soil liquefaction has
received considerable attention since it was reported by the American Society of Civil
Engineers [15] and Christian et al. [16]. Notable studies include investigations of pore-
water pressure buildup and soil liquefaction potential around submarine pipelines under
the influence of waves [17–23] and earthquakes [24–26] and the stability of submarine
pipelines on liquefied soil [27–34]. These studies have focused only on pipelines supported
uniformly by the soil. However, for spanning pipelines, the interaction between the
vibrating pipe and the soil surrounding it possibly involves both scour and liquefaction
processes. When a spanning pipeline vibrates, the section of the pipe in contact with the
soil bed (Figure 1) exerts fluctuating pressures on the bed and, under some conditions,
could cause an accumulation of excess pore pressure. Such pressure could even lead to
liquefaction of the silty seabed, a process that could significantly accelerate the erosion of
the local seabed [35–39] as well as the stability of the pipeline [10].

One of the most significant issues in pipeline stability design is evaluating the free-
span length and the rate at which a free span develops owing to local scour. These factors
depend not only on flow conditions but also on the dynamic properties of the soil at the span
shoulder. Soil liquefaction induced by pipeline vibration could reduce the shear strength
of the soil, thereby changing the scouring conditions around the span shoulders. Efforts
have been directed toward understanding scour processes and related span development;
however, the dynamic soil properties of the span shoulders appear not to have attracted
much attention, either experimentally or theoretically.

The purpose of the present work was to investigate the pipeline–soil interaction
process at the span shoulders by employing a purpose-built experimental system. The
investigation focused on the changes in silty soil dynamic properties under different
conditions of pipeline vibration. We considered processes such as the development of
excess pore-water pressure, liquefaction, the occurrence of quick scour, changes in vibration
frequencies, and shear failure of the silty seabed.
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2. Materials and Methods
2.1. Experimental Design

To study the interaction between the vibrating pipeline and the seabed, we conducted
a series of physical experiments to simulate the behavior of a pipeline system (either partly
or completely buried) at the touchdown section of the pipeline span (see Figure 1). In
our experiments, a model pipeline unit is set up to represent a section of pipeline at a
certain depth in the subsoil (Figure 1). The pipeline unit is considered rigid and without
any bending or deformation, i.e., the model pipeline is a horizontal circular cylinder with
a uniform burial depth. When the pipeline vibrates, the pipeline unit exerts a periodic
dynamic pressure on the ambient soil.

2.2. Experimental Facility

The experiments were conducted in a water tank (1.0 m × 1.0 m × 1.1 m). The
experimental set up and instrumentation are shown in Figure 2.

As vortex-induced vibration of a spanning pipeline occurs mainly in the vertical direc-
tion [40–42], only transverse pipe vibration is simulated in this study. The test pipe is at-
tached to the supporting frame by two vertical slide tracks to constrain its motion (Figure 2).
The weight of the pipe and the supporting frame are 31 kg. Four springs, with an individual
elastic coefficient of 4100 N/m, are employed to provide a restoring force for the pipeline.
A similar test pipe and supporting frame were used by Sumer et al. [13], Yang et al. [8], and
Gao et al. [9] to study current-induced seabed scour around a vibrating pipeline.

The vibration of the pipeline is induced by a centrifugal vibrator with different load
amplitudes and periods (Figure 2 and Table 1). The magnitude of the centrifugal force, F,
created by the rolling vibrator can be calculated as:

F(t) = Mω2r sin ωt (1)

where M is the rotator weight, ω is the angular frequency, and r is the rotation radius.
During the experiments, we simultaneously measured the pore-water pressure and

the acceleration of the pipeline vibration. The pore-water pressure in the soil was measured
using the SR-1-type miniature pressure sensors produced by the Nanjing Hydraulic Re-
search Institute (Nanjing, China), with sampling frequency of 3 Hz and accuracy of 5‰
measured pressure values. Pore pressure sensors were fixed to the bottom of the water tank
by rigid wires and distributed throughout the soil depth (the distribution of each sensor
is shown in Figure 2). Pore-water pressure signals were amplified through a 16-channel
dynamic strain amplifier, with a response frequency of 5 kHz. Each sensor was covered
with a filter cap to prevent soil particles entering the sensor cabin, and to ensure that no air
is trapped between the sensors and the filter caps. The sensors were positioned at precise
depths. Static calibration of pressure sensors was conducted before and after each test.

The vertical vibration of the pipeline was measured using a BZ1109-type piezoelectric
accelerometer (produced by Beijing Wave Spectrum Science and Technology Co., Ltd.,
Beijing, China), with a measurement frequency of 100 Hz and accuracy of 1% measured
pressure values. The accelerometer sensors are located at the top of the supporting frame (as
shown in Figure 2a). Vibration acceleration signals were amplified through a WS-2401-type
Multichannel Charge Amplifier and recorded using a WS-DAQ-type Data Acquisition Sys-
tem (produced by Beijing Wave Spectrum Science and Technology Co., Ltd., Beijing, China).
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Figure 2. (a) Experimental set up. (b) Location of pore-water pressure sensors, designed to have
varying distances from the pipeline center. The coordinates of each sensor are p1 (0, 0, −6); p2 (0, 0,
−18); p3 (−5, 0, −5); p4 (5, 0, −14); p5 (−5, 0, −11); p6 (10, 0, −4); p7 (0, −20, −5); p8 (15, 0, −21); p9
(−10, 0, −2); p10 (15, 0, −7); and p11 (0, 20, −7).
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Table 1. Test conditions.

Test

Burial
Depth

(b)
(cm)

Rotator
Radius

(r)
(cm)

Vibration
Frequency of

Pipeline
(f )

(Hz)

Magnitude of
Centrifugal Force

(F)
(N)

Specific Weight
of Sediment

(γt)
(kN/m3)

1 0 25 1 9.9 23.3
2 5 25 1 9.9 23.3

3 15
35 1.5 31.1

19.835 2 55.3
4 15 25 2 39.5 19.8
5 14 25 2 39.5 19.8

6 12
25 1 9.9

19.825 2 39.5

7 10
30 1 11.8

20.130 2 47.4

8 10

25 1 9.9

20.1

25 2 39.5
25 3 88.8
25 2 39.5
25 1 9.9
30 2 47.4

9 10
35 1 13.8

20.135 2 55.3

10 20
35 1 13.8

17.335 2 55.3
35 3 124.4

11 24 35 2 55.3 17.3
12 15 35 2 55.3 17.3

13 10
35 2 55.3

17.335 1 13.8

14 5
35 2 55.3

17.335 1 13.8

2.3. Test conditions

Previous studies have shown that silty soil is more susceptible to liquefaction than
sand [27,35,38,43]. Silty soil is found widely in the coastal areas of China, particularly in the
Yellow River delta [44,45]. Therefore, silty sediment was selected as test soil to illustrate the
interaction between soil liquefaction and pipeline vibration. The test soil, with a median
particle diameter d50 = 0.049 mm, was obtained from the Yellow River delta. The size
distribution of the soil particles is shown in Figure 3.
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High-porosity foam material was affixed to the internal wall of the test tank, and the
bottom of the tank was filled with coarse sand (which could dissipate excess pore pressure
quickly to eliminate the border effect).

A stainless-steel circular pipeline, with a diameter of 20 cm, was set up in the center
of the tank. The pipeline in each test was kept at the same position relative to the tank
bottom, and the bottom of the model pipe was set to z = 0. The pipeline was buried at
different depths by adding test soils to the designated levels. The model pipeline was
loaded with periodic forces to create vibrations, with different frequencies from 1 to 3 Hz
(Table 1) as vibrations, as frequencies below 4 Hz are known to significantly contribute
to fatigue damage of spanning pipelines [46,47]. The still-water depth was maintained at
0.2 m above the soil surface for each experiment. These test parameters, including burial
depth on the bottom of the pipe, b; radius of the rotator, r; pipeline vibration frequency, f ;
magnitude of the centrifugal force created by the rotator, max(F); and specific weight of
sediment, γt, are listed in Table 1.

2.4. Test Programs

The test soil was mixed well with water and subsequently placed into the soil tank to
form fresh beds. At the start of each experiment, the bed was leveled. Subsequently, the flume
was filled with water to 20 cm above the soil surface. The test soil was left to consolidate
undisturbed in water for 3 days, before it was subjected to periodic force loading. The pipeline
was loaded with periodic forces through the rotator until the soil was liquefied and the
pipeline vibrated. Pore-water pressure and vibration acceleration were measured during the
entire period of the loading cycle and subsequent pore pressure dissipation.

2.5. Data Processing

The vibration frequencies of the model pipeline in these experiments were 1 to 3 Hz,
and the sampling frequency of the pore-water pressures was 3 Hz, which, according to the
Nyquist principle, was not sufficient to record the instantaneous response of the soil under
the periodic loading of the vibrating pipe. Accordingly, we used a trapezoidal filter to
extract the accumulative pore-water pressure under cyclic loading of the vibrating pipeline.
One example showing the extracted accumulative pore-water pressure and the original
pressures are shown in Figure 4.
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3. Results
3.1. General Description

Figure 4 shows the time series of vibration acceleration (Figure 4a) and excess pore
pressure (Figure 4b) after the rolling vibrator is switched on in Test 13. The excess pore
pressure, p, is the excess pore-water pressure at different depths. The burial depth of the
pipeline in Test 13 is b/D = 0.5, and the vibration frequency is 2 Hz (Table 1).

Figure 4 shows that, along with the fluctuating forces acting on the pipeline, the
evolution behavior of the excess soil’s pore pressure and the acceleration in the vibration
of the pipeline vary with time. The entire process after the rolling vibrator is switched
on can be divided into four stages, namely (I) the steady stage, (II) the vibration starts
and the pore pressure builds up, (III) the soil liquefaction and pipe vibration stage, and
(IV) the vibration stops and the excess pore pressure dissipates. The main features of the
soil–pipeline evolutions can be identified as follows:

Stage I (steady stage). In the first stage of the process, as the initially packed soil grains
support and constrains the pipe, the pipeline does not vibrate despite the periodic forces
acting on it. This means that at the earliest stage after the spanning pipeline vibration starts,
the partly buried pipeline at the touchdown section is stable.

Stage II (the vibration starts and the pore-water pressure builds up). With the initiation
of pipe vibration, the excess pore pressure starts to build up, possibly because the cyclic
shear strains in the sediment causes the rearrangement of the soil grains. This factor causes
compression of the pore volume in the sediment, which “pressurizes” the pore water and
results in the generation of excess pore pressure [17]. As the vibration action continues,
the excess pore pressure accumulates continually until it reaches a maximum value, Pmax.
The sequence of the processes is analogous to wave-induced liquefaction, as described by
Sumer et al. [17].

Stage III (soil liquefaction and pipe vibration). Along with the progressive accumu-
lation of pore pressure, soil liquefaction occurs when the excess pore pressure reaches a
maximum value, Pmax. In the meantime, notable mud waves form and fluctuate along
with the periodic force loading. The formation and periodic motion of the mud waves can
be used as an indicator of soil liquefaction in the seabed [48,49]. The experimental soil,
particularly the surface soil, is liquefied at this stage. After the soil is liquefied, the effective
stresses between individual grains in the soil bed vanish, causing the water–soil mixture to
behave like a liquid [17]. As a result, the soil pressure fluctuates with the pipeline vibration
(Figure 4b) after soil liquefaction. Excess pore pressure close to the pipe tends to build up
more rapidly and reaches a maximum value earlier, implying that soil liquefaction initially
occurs near the pipeline and, subsequently, spreads downward and sideways. This factor
is probably ascribable to the soil close to the pipeline being subjected to shear deforma-
tion caused by the vibration of the pipeline, where it is expected to generate pore-water
pressures owing to soil deformation. This observation is consistent with those reported by
Sumer et al. [17], Kirca et al. [50], and Miyamoto et al. [51].

Stage IV (excess pore pressure dissipation). After the vibration stops, the sediment
grains start to settle down in the water–sediment mixture until they come into contact with
each other, after which, the generated pore-water pressure diffuses in either a vertical or a
horizontal direction [50]. Sumer et al. [17] calls this process “the soil compaction process”.
As the compaction process continues, the accumulated excess pore pressure dissipates.

3.2. Criterion for Onset of Liquefaction

Sumer et al. [17,18], McDougal et al. [52], and Zhou et al. [38] have extensively dis-
cussed a criterion for the onset of liquefaction. According to Sumer et al. [17], liquefaction
occurs when the pore-water pressure exceeds the initial mean normal effective stress, σ0

′,
which is defined by

σ′0 = γ′z
1 + 2K0

3
(2)
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where γ′ is the submerged specific weight of sediment, z is the vertical distance measured
downward from the mudline, and K0 is the ratio between the horizontal and vertical
effective stresses than can be calculated simply through K0 = 1 − sinϕ, according to Jaky’s
equation [17], in which ϕ = 26.8 is the friction angle of the soil. Such a criterion is supported
by McDougal et al. [52].

Figure 5 shows a comparison between the measured maximum excess pore pressure,
Pmax, and the corresponding initial mean normal effective stress values, σ′, calculated from
Equation (2). In most tests, the measured maximum excess pore pressure, Pmax, is smaller
than the calculated initial mean normal effective stress, σ′, implying that liquefaction occurs
(p reaches Pmax) before the measured excess pore pressure reaches the theoretical initial
mean normal effective stress value, σ′. This phenomenon could probably be ascribed to
the soil close to the pipe following a complicated undrained (or partially drained) stress
path [10] during the lateral pushing of the vibrating pipeline. In this way, a decrease occurs
in the initial mean normal effective stresses, related closely to the additional force loads
exerted by the vibrating pipeline. Accordingly, the existing local effective stress-based
criterion for determining the onset of liquefaction might not be applicable in engineering
practice for such loading cases in the vicinity of the pipe.
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3.3. Liquefaction Process

To demonstrate the liquefaction process, relatively small forces, (i.e., not large enough
to cause liquefaction) were used at the early stages of tests 6 to 10 (Table 1). After liquefac-
tion occurred, different ranges of vibrating force were applied to observe the subsequent
pipeline behavior in the liquefied soil.

Figure 6 shows the time series of excess pore pressure (b) and vibration acceleration (a)
in Test 8. In this test, six vibration processes (abbreviated to VP in Figure 6) were conducted
with different magnitudes of force (Table 1).

In Figure 6, the Pmax values in VP 1 are substantially smaller than the calculated initial
mean normal effective stress, σ′, indicating that the soil is in a non-liquefaction state. The
implication is that relatively small forces (with the magnitude of centrifugal force 9.9 N,
VP1 in Figure 6) are not large enough to induce soil liquefaction.

Along with an increase in the vibration force (with the magnitude of centrifugal force
is 39.5 N in vibration process VP2 in Figure 6), the pore-water pressure of P9 at z = 3.9 cm
reaches its Pmax value, but the pore-water pressures at the other pressure sensors are
much smaller than their corresponding Pmax values. Such a phenomenon indicates that soil
liquefaction initially occurs in the surface of the seabed or in the local area near the pipeline.
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When the vibration force increases even further (with the magnitude of centrifugal
force is 88.8 N in vibration process VP3 in Figure 6), the excess pore pressure in deeper soil
(up to z = 11 cm at P5) builds up rapidly, and the soils at sensors P1 (not shown in Figure 6),
P3, P5, P6, and P9 liquefy in an extremely short time, whereas those at P2, P4, P8, and P10
do not. This process indicates that, along with more severe vibration situation, liquefaction
develops downward after surface liquefaction, with the maximum liquefaction depth being
approximately P5 at z = 11 cm.

After the shallow soil is liquefied, the reduction of cyclic loading from the vibrating
pipeline (VP4–VP6 in Figure 6) does not reduce the pore pressure in the liquefied soil (see
P3, P6, P9, and P10 in Figure 6b) but reduces the pore pressure by dissipating the pore
water in the deep soil (see P2 and P4 in Figure 6b); the increase in cyclic loading from the
vibrating pipeline does not enhance the accumulative pore pressure in the liquefied soil as
it reaches its liquefication criterion (indicated by the red and blue lines in Figure 7), and
the pore pressure in deeper soil also does not show a distinct increase along with larger
cyclic loading, although the liquefication criterion has not been reached (the black line in
Figure 7). Such occurrence could probably be ascribed to the energy of periodic loading
from the vibrating pipeline was absorbed by the liquefied soil through the movement
of mud waves. Accordingly, an ultimate liquefaction depth probably exists, which is
approximately P5 when the burial depth of the pipeline is 10 cm. Larger cyclic loading
from the vibrating pipeline cannot induce the liquefaction of the deeper soil beyond the
ultimate liquefaction extent.

3.4. Liquefaction Extent

The extent of sediment liquefaction around a submarine pipeline is vitally important
for pipeline stability. We used the liquefaction index, Y, to intuitively describe the soil
liquefaction degree, which is defined as [49,53]:

Y =
p
σ′0

100% (3)

where p is the measured excess pore pressure and σ0’ is the initial mean normal effective
stress. The calculated Y varies between 0 and 100, with a greater value of Y indicating that
the soil is closer to the liquefied state, and Y = 100% indicating complete liquefaction, as
described by Foray et al. [10].



Water 2022, 14, 1782 10 of 17

Three zones of the extent of the liquefaction can be identified according to the measured
value of excess pore pressure and the calculated values of the degree of soil liquefaction, Y
(Figure 8). These zones are Ys of 100%, 50–100%, and <50%, respectively.
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with the magnitude of periodic force F = 88.8 N in Test 8.
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Zone I is close to the pipeline, where the excess pore pressure reaches Pmax, i.e., the
soil in Zone I is in a state of “complete liquefaction”. The liquefied soil in this zone has
completely lost its strength and shows strong plastic deformations, including obvious
fluctuations of instantaneous excess pore pressure. Zones II and III mainly show elastic
deformations combined with excess pore pressure buildup, with the soil strength being
reduced rather than completely lost, attributable to the relatively long distances to the
pipeline. The boundary between the three zones is inconstant and moves downward and
sideways from the surface of the pipeline along with the enhanced loading magnitude and
shallower burial depth of the pipeline (Figure 9). The maximum complete liquefaction
depth is 13.8 cm below the bottom of the pipeline when its burial depth is 5 cm, as recorded
by pressure sensor P4 in Test 14. The depth of complete liquefaction becomes shallower
when the burial depth of the pipeline is deeper, indicating that burial depth is a significant
factor in the stability of submarine pipelines.
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3.5. Dissipation of Accumulated Pore Pressure and Soil Compaction

In the final stage of the test sequence, when pipeline vibration ceases, the accumulated
excess pore pressure dissipates and the sediment is compacted.

Figure 10 shows the time series of the dissipation of excess pore pressure in Test 14.
The excess pore pressure in the deeper soil dissipates much more rapidly than that in the
shallow soil. This phenomenon can be explained as follows: (1) The accumulated excess
pore pressure is larger in deeper soil and smaller in shallow sediment (Figures 6b and 10b),
generating an upward pressure gradient which drives the pore water upward while the
soil grains settle down in the soil–water mixture until they come into contact with each
other [17]. (2) The excess pore pressure in the deep soil probably dissipates through the
porous sandy bottom in the experimental tank.

After dissipation of the accumulated pore pressure, the soil bed becomes progressively
denser as the soil grains are rearranged, leading to soil compaction and mudline subsidence
(Figure 11). The compacted soil increases its resistance to liquefaction during the subsequent
loading cycles [54]. Ultimately, the seabed probably does not experience further liquefaction
unless more severe pipeline vibration occurs.
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Figure 11. Soil deformation and mudline subsidence after dissipation of excess pore pressure in Test
5. The arrows show the soil was compressed after soil liquefaction and pore water dissipation.

4. Discussion
4.1. Influence of Span Shoulder Liquefaction on Pipeline Stability

The residual pore-water pressure accumulation and soil liquefaction at the span
shoulders influence the instability of a pipeline in several ways. First, the support that
the soil skeleton provides to the pipeline is weakened. After the soil is liquefied, notable
mud waves form and the pore pressure of the liquefied soil fluctuates under the periodic
loading of the vibrating pipeline (Figure 4b), probably because it acts like a liquid [31,50,53].
In such situations, the liquefied soil ceases to support the pipeline, which causes the
effective supporting area of the spanning pipeline to move outward from the initial contact
points of the free span (Figure 12). Such a process is analogous to increasing the span
length, causing the effective supporting area of the spanning pipeline to move outward
in opposite directions from the original ends of the span, thereby increasing the actual
spanning length (Figure 12). The extended span possibly moves, floats, or sinks, depending
on the hydrodynamic conditions and the specific gravity of the pipe [31,37,50].
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Figure 12. Schematic map showing the touchdown points of a spanning pipeline (a) before and
(b) after soil liquefaction, indicating the touchdown point of the span move backward after soil
liquefaction. The extended span possibly floats or sinks, depending on the specific gravity of the pipe.

Second, seabed liquefaction could accelerate sediment resuspension in three ways.
These are (1) reducing the critical velocity required to initiate sediment transport [35,48,55];
(2) forming mud waves and leading to an increase in turbulent kinetic energy; and
(3) dissipating excess pore pressure and forming seepage channels inside the seabed soil,
which results in the pore-water carrying fine-grained sediment upward into the water
body and causing an increase in suspended sediment concentration (SSC) [48]. As a result,
the sediment at the span shoulders could be scoured more rapidly and the span length
enlarged in a shorter time. This scientific hypothesis can be proven by the field investiga-
tions of submarine pipelines in the subaqueous Yellow River Delta (a typical case is shown
in Figure 13). As the figure shows, the erosion of the seabed is more severe around the
shoulders of the spanning pipeline, indicating that the supporting regions of the spanning
pipeline were probably scoured away rapidly once the vibration of the pipeline occurred.
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Third, the bending deflection of the spanning pipeline could be increased (Figure 12)
by the two processes discussed above, thereby increasing the risk of pipeline rupture before
the center of the spanning pipe descends to the seabed.

Finally, the boundary conditions at the span shoulders could change from the initially
fixed support to viscoelastic support. The natural frequency of the span system would,
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therefore, be expected to change [56]. The pipeline span could also be subjected to changing
vortex-induced vibrations, depending on the soil state of the span shoulders [55,57].

4.2. Remarks on Practical Applications

Our experimental studies emphasize the influence of pipeline vibration on pore pres-
sure accumulation and seabed liquefaction. As these experiments did not involve wave
loading, the experimental results are applicable to a silty seabed with negligible wave load,
such as a seabed with the water depth deeper than the wave base. In such environments,
unidirectional flow could induce the transverse vortex-induced vibrations of submarine
pipelines [8,9,12–14]. However, the natural seabed in a nearshore seabed is usually sub-
jected to wave action, which is recognized as a significant reason for the seabed liquefaction
and erosion around pipelines [17–23,38,58]. Soil liquefaction is probably more severe when
the seabed is subjected to the combined effects of wave action and pipeline vibration. This
aspect requires further investigation.

We used silt as test soil in our experiments. Silt tends to liquefy when subjected
to the accumulation of pore pressure under cyclic loading, such as waves, earthquakes,
and pipeline vibration [17–26]. The performance of a sandy seabed probably differs from
that of silt as sand has superior drainage conditions. Therefore, a sandy seabed would
probably not show the accumulation of pore pressure and accumulative liquefaction under
the waves [59,60]. Furthermore, we used fresh silt in our experiments. This sediment
was exposed to cyclic force loading for the first time, whereas the sediment in the field
would have a long history of wave action and is, therefore, normally in a stiffer state. The
liquefaction conditions of such sediment probably differ from those of the test soil we
used [31].

Boundary conditions probably affect the buildup and dissipation process of pore-
water pressure, as a rigid boundary could act as a fully reflecting boundary during the
accumulation of pore pressure [50]. To eliminate this boundary effect, the sides of the test
tank in our study were covered with a porous material and the bottom was covered by
coarse sand. However, the porous boundary probably served as a “sink” condition for the
generated pore-water pressure, possibly causing the cumulative pore pressure to dissipate
from the borders of the model. In field conditions, neither rigid nor porous boundaries
exist, except in special conditions, e.g., impermeable soil or porous sand underlying the silt
layer. In such situations, the extent of Zones I and II is expected to differ significantly. In
further studies on soil liquefaction, in situ observations should be conducted or larger test
tanks used.

Despite these considerations, the various influences of soil liquefaction at the span
shoulders on pipeline stability identified in our experiments imply that the traditional
approach of evaluating the safety of spanning pipelines according to the detected spanning
length could underestimate the potential risk of pipeline instability.

5. Conclusions

We simulated the coupling process between a vibrating pipeline and silty soil dynamics
using a physical model. Based on our experimental results, the following conclusions can
be drawn:

(1) Along with the introduction of pipeline vibration, excess pore pressure accumulates
and is followed by soil liquefaction, during which the vibrating amplitude is enhanced
as a result of reduced effective soil stresses. After the period of liquefaction, the
accumulated excess pore pressure gradually dissipates, and the sediment becomes
more compacted.

(2) For a given silty soil, liquefaction occurs when the excess pore pressure reaches its
maximum value, Pmax. The measured Pmax was found to be much smaller than the
theoretical values calculated based on the initial mean normal effective stress.

(3) Soil liquefaction initially occurs in the top layer or in the area proximal to the pipeline
and develops downward and sideways under more severe vibration situations. The
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extent of liquefaction depends on the vibration conditions and the weight and burial
depth of the pipeline.

(4) The conventional approach for assessing the safety of a suspended pipeline is based
on detecting the spanning length and assuming normal soil properties for evaluating
the safety of spanning pipelines in fine sediments that are susceptible to liquefaction.
However, such an approach could underestimate the risks of pipeline instability and
result in unsafe maintenance practices.
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