Centrifuge experiments on submarine gravity flow of liquefied sand
and its impact on structures
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ABSTRACT

This study examines the behavior of submarine gravity flows of liquefied sand and their impact
on subsea structures through centrifuge model tests. The centrifuge model testing technique
provides an effective method for simulating submarine gravity flows, reproducing prototype-
scale conditions under enhanced gravities. A sediment gravity flow with a velocity of 2.5 m/s,
generated by the liquefaction of a 5 m-thick sand bed on the prototype scale was successfully
reproduced in the drum centrifuge channel under a centrifuge acceleration of 50g. The impact
pressures of the sediment gravity flow on the structures placed on the channel floor were
measured. It was found that when the sediment gravity flow head reached the structure, the
pressure on the structure rapidly increased, and then remained at a high level followed by a
gradual decrease in the impact pressures. The pressure exerted on the structures was found to be
approximately twice that of the pressure acting on the channel floor. This suggests that
embedding structures in the seabed can substantially reduce impact pressures compared to those
when placing them on the seabed surface.

INTRODUCTION

Submarine gravity flows of seafloor sediments are an increasingly important subject for research
in relation to the stability of offshore wind farms, submarine cables, and foundations of offshore
structures, as well as large-scale sediment transport to offshore areas (Figure 1). Submarine
gravity flows are a volumetrically significant sediment transport and are powerful. For instance,
Paull et al. (2018) showed that fast and dense sediment flows carried heavy objects (800 kg) at a
speed of 4m/s. A turbidity current induced by an earthquake sequentially broke 11
telecommunication cables on the seafloor, thus indicating that the destructive power of turbidity
currents on the underwater facilities should not be underestimated (Hsu, et al., 2008). In Taiwan,
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submarine cable breakages have frequently occurred due to sediment flows, including those
triggered by the extreme river discharge following the 2006 earthquake (Carter et al., 2014).
Furthermore, submarine sediment flows play a crucial role in global sediment transport
processes, highlighting the need for further monitoring, observation, and understanding of these
phenomena (Talling, et al, 2013).

The behaviour of sediment gravity flows is mainly governed by the gravity acting on the
sediment. Conventional flume tests under 1g condition cannot reproduce such in-situ gravity
flows due to an inevitably much smaller mass of the sediment than the mass of a prototype
sediment. The centrifuge model testing technique is a realistic means of reproducing a submarine
sediment gravity flow (Miyamoto et al. 2022).

The purpose of this study is to examine the behavior of submarine gravity flows of
liquefied sand and the impacts of these flows on subsea structures through centrifuge model
tests. In this study, the sediment gravity flows were reproduced using a dam-break type system in
the channel, and the impact pressures induced by the sediment flows acting on the structures
placed on the channel floor were measured and evaluated.
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Figure 1. Illustration of the impact of sediment gravity flows on coastal hazards, offshore
structure stability, and seafloor environments.

EXPERIMENTATION

Drum Centrifuge. This study used a drum-type centrifuge equipped with a cylindrical water
channel with a diameter of 2.2m (Figure 2). The water channel rotates under a centrifugal
acceleration of Ng, thereby enabling the experiments of gravity flows to be performed under the
prescribed centrifugal acceleration. The drum-type centrifuge has a long channel, allowing long-
distance flow observations, whereas a conventional beam-type centrifuge has a short channel
within a container, making the observation of long-distance flows inherently difficult
(Takahashi, et al., 2020).



Centrifuge modelling. A distinct feature of centrifuge gravity flow testing is its capability to
reproduce the stress and pressure in the sediment flow in a scaled model equivalent to those in
the prototype flow due to the enhanced gravity of Ng. Additionally, it allows for matching the
time-scaling laws for both fluid motion and soil consolidation. This is achieved by using non-
plastic silt as the sediment material, with a mean particle size approximately 1/N°° of that in the
prototype (Table 1). In this study, the flow test was conducted under a centrifugal acceleration
of 50g (N=50). The prototype material is assumed to be fine sand, such as silica sand No.8 with
Dso of 0.1mm (Figure 3). This is the reason why non-plastic silt was used in the experiment.

Table 1. Similitude ratios in centrifuge gravity flow testing.
Similitude Ratio (model / Prototype)

Gravity (Centrifuge) Acceleration N
length 1N
Viscocity of liquid 1
Particle size of material 1/N%5
Stress, Pressure 1
Velocity (Fluid motion: Froude law) 1
Time (Fluid motion: Froude law) 1/N
Preameabilty of soil 1
Time (Consolidation in Soil) 1/N
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Figure 2. Cross section of the water channel installed inside the drum centrifuge, and an
illustration of the centrifuge.
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Figure 3. Particle size distribution curves of the non-plastic silt used in the experiment and
Silica Sand No. 8 corresponding to a prototype material.

-3-



Testing procedure. A system for generating liquefied flows and the measurement setup in the
channel are illustrated in Figure 4. The deposit of sediment, initially 100 mm thick
(corresponding to 5 m on a prototype scale) was liquefied and fluidized by imposing an upward
seepage flow from a submersible pump installed in the water flume (see Figure 2). The sediment
expanded to a thickness of 150mm, in which a portable agitator was used to ensure uniformity.
The sediment gravity flow was generated by opening the gate set in the channel at a speed of
0.75 m/s. The sediment flow moved through the channel, interacting with structure models
placed with specified intervals on the channel floor. The structures are mounted at a height of
10mm, simulating seabed-placed structures such as submarine cables and mooring anchors.

The movement of the sediment flows was observed using a high-speed CCD (Charge
Coupled Device) camera at 100 frames/s. The pressures exerted on the structures were measured
using pressure sensors attached to the structures. The pore pressures were also measured using
pore pressure sensors next to the pressure sensors. Here, the pressure-sensitive surface of each
sensor was perpendicular to the flow direction. For the purpose of comparison, the pressures
acting on the channel floor were also measured at locations adjacent to the structures in the
channel (Figure 4(b)). These measurements enabled us to capture the pressures induced by the
passing sediment gravity flow, in contrast to the impact pressures acting on the structures.
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Figure 4. A sketch illustrating a system for generating liquefied flows and the measurement
setup.

EXPERIMENTAL RESULTS

Reproducing sediment gravity flows. Sediment gravity flows, following liquefaction of 5 m-
thick sand bed on a prototype scale, were reproduced in the drum centrifuge channel (Figure 5).
This figure shows the generation of the liquefied sediment gravity flow following the collapse of

the sediment (Figure 5(a)). Figure 5(b) shows the sediment gravity flow head at a prototype scale
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distance of 35 m from the gate. The gravity flow head was approximately 9.5 m in length and 2.8
m in height on a prototype scale.
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Figure 5. Observation of sediment gravity flows: (a) Generation of gravity flow and (b)
Sediment gravity flow head at a prototype scale distance of 35 m from the gate.

The observed velocities of the sediment gravity flow head are presented in Figure 6.
These velocities were obtained from high-speed camera observations conducted along a distance
of L=100 m from the gate and represent average velocities taken at Sm intervals. The results
indicate that the velocity of the sediment gravity flow head spatially fluctuated along a distance
of 50 m from the gate, reaching a maximum velocity of 2.5m/s. After passing the 50 m point,
the velocity decreased and remained at approximately 1 m/s up to L=100 m.
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Figure 6. Spatial variation in the velocity of the sediment gravity flow head

Impact pressures on the structures by the sediment gravity flows. The pressure fluctuations
caused by the sediment gravity flow acting on the structures along the channel floor were
measured. The pressure fluctuations at three representative locations, L = 10 m, 25 m, and 42.5
m, are shown in Figure 7. The pressure at L = 10 m increased immediately after the gate was
opened, followed by a decrease (Figure 7(a)). This initial fluctuation was caused by the wave
generation due to the dam-break phenomenon, rather than by the sediment flow itself. Att=
12.185 s, when the sediment gravity flow head reached L = 10 m, the pressure rapidly increased.
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It then fluctuated at a high level for a while before decreasing gradually. The maximum pressure
exerted by the sediment gravity flow was equal to 7.5 kPa. As the sediment gravity flow
advanced and reached L = 25 m, the pressure at that location also increased sharply (Figure
7(b)). Similarly to the pressure fluctuations observed at L = 10 m, the pressure at L =25m
reached and remained at a high value for a while before decreasing gradually. The maximum
pressure at L =25 m was equal to 6.7 kPa. The pressure fluctuations at L = 42.5 m followed
essentially the same pattern as those observed at L = 10 m and L =25 m (Figure 7(c)). However,
the peak pressure 4.9 kPa was lower than those at other locations.
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Figure 7. Time histories of observed pressure fluctuations at three representative locations,
(a) L=10 m, (b) 25 m, and (c) 42.5 m.



Pore pressure in the sediment gravity flow. The enhanced pressure changes caused by the
sediment gravity flow head, as shown in Figure 7, behaved like fluid pressures. This is evident
from Figure 8, which presents the pore water pressure fluctuations measured at the same
locations with the measurements of the pressure fluctuations shown in Figure 7. Namely, the
results in Figure 8 show that the difference between the pressure and pore water pressures was
minimal and essentially equal to zero before impacting the structure, indicating that the sediment
gravity flow head behaved as a fluid. This suggests that the sediment gravity flow could be
modeled as a high-density fluid corresponding to the mass of the flowing liquefied soil. There is
a marginal time difference of 0.003s between the two pressure fluctuations around the timing of
the flow head arrival, which might be attributed to the sensitivity of the pressure transducer.
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Figure 8. Time histories of observed pressure and pore pressure fluctuations at L= 25 m
with their comparison.

Pressure changes on the channel floor caused by the sediment gravity flows. The pressure
increase observed during the passage of the sediment gravity flow head in Figure 7 is not only
due to the pressure of the flow itself but also includes the impact pressure exerted on the
structures. This is evident from Figure 9(a) which compares the pressure acting on the structures
with the pressure where no structures were present (see Figure 4 (b)). The observed impact
pressure that acted on the structures was approximately twice that of the observed pressure on
the channel floor, and essentially the same trend was observed at other locations (Figure 9(b)).
Figure 9(b) shows the peak pressure values that acted on both the structures and the channel
floor. Even at the same distance from the gate, the pressures exerting on the structures were
about twice the pressures acting on the channel floor. This indicates that embedding structures
below the ground surface could substantially reduce the acting impact pressures compared to
those when placing the structures on the seabed surface.
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(a) Difference in observed pressure fluctuations at L=25m with/without structure
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Figure 9. Comparison of the observed temporal and peak pressures with/without structures

CONCLUSION

A set of centrifuge sediment gravity flow tests were performed to investigate the behavior of the
sediment gravity flows of liquefied sand and their impact on the structures placed on the channel
floor. The principal experimental results obtained may be summarized as follows:

1) A sediment gravity flow with a maximum velocity of 2.5 m/s was successfully reproduced in a
drum centrifuge channel and the impact pressures acting on the structures were measured on a
prototype scale. It was observed that when the sediment gravity flow head reached the structure,
the impact pressure exerted on the structure increased rapidly and then remained at a high level
before decreasing gradually.

2) Simultaneous measurements of the pressures and pore water pressures caused by the sediment
gravity flows acting on the structures showed that both pressure fluctuations were in agreement.
This suggests that the sediment gravity flow head essentially behaved as a fluid and the sediment
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gravity flow could be modeled as a high-density fluid corresponding to the mass of the flowing
liquefied soil.

3) By comparing the observed pressure fluctuations on the structures with those on the channel
floor without structures, the impact pressure exerted on the structures was found to be
approximately twice the pressure acting on the channel floor. This indicates that embedding the
structures below the seabed could significantly reduce the impact pressures, compared to those
when placing the structures on the seabed surface.
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