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ABSTRACT

Submarine pipelines are an important component of the oil and gas industry. If

designed properly, they can transport fluid product from wells to the destination with

low energy consumption and low maintenance cost. As more and more oil and gas is

produced from the offshore field, the needs for pipelines are increasing.

For safety concerns, offshore pipelines and cables are normally required to be buried

to sufficient depth in the seabed. The procedure to cover the pipelines is called backfill.

The latest backfill method is backfill with a ship called trailing suction hopper dredger

(TSHD) with sand materials. When the pipe has been laid in a pre-dredged trench on

the sea bed, the sand and water mixture can be pumped into the trench through the

suction pipe from a trailing TSHD.

The offshore pipelines are normally designed to be stable throughout its entire life

span. However, it was found, during the backfill process, the pipeline is susceptible

to flotation. As a result, the pipelines sometimes were resurfaced, left unprotected or

even damaged. The flotation may occur if the weight of the pipeline is lower than

the weight of the suspended soil from the discharge mixture. However, the available

field data regarding the sedimentation development and the behavior of the pipeline

during backfilling are insufficient and also difficult to measure. Therefore, how the

suspended soil builds up around the pipe and how to reduce the risk of flotation need

to be investigated.

The aim of this project is to design a suitable set-up and investigate the flotation of

the pipeline during TSHD backfill. The set-up and experiment is designed in 2D based

on the scaling law, empirical equation and sedimentation theory. The measurements

are the displacement of the pipe, water pressure along the height and on the pipe,

the concentration of the sand particles in the domain measured with a home-made

conductivity bar and the discharge rate.

Five tests were performed with Geba weiss sand (d50 = 125 µm) and three kinds of

flotation were defined. The results showed the sedimentation and dispersion dominates

the movement of the particles and could be predicted with sedimentation theories. The

flotation mechanisms can be divided into the buoyancy from the mixture, the hydrody-

namic force due to discharge and the liquefaction of the newly formed sand bed due to

the external disturbance.

With the acquired data, further numerical modeling tools such as 2DV model would

be helpful to describe the development of the mixture and determine the risk of flotation

for 2D case. However, further larger scale 3D tests is recommended to reduce the effect

of sedimentation rate in effective area of the pipe and take the trailing speed, erosion
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into account. Moreover, further investigation for the hydrodynamic effect (erosion) with

the current set-up or 3D test is also recommended.

For the current stage, to reduce the risk of flotation, backfill in layers with 2D static

model [11] combining with weather forecast, construction experience and appropriate

pipe weight [19] is recommended.
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1. INTRODUCTION

1.1 Background

Submarine pipelines are an important component of the oil and gas industry. If

designed properly, they can transport fluid product from wells to the destination with

low energy consumption and low maintenance cost.

For safety concerns, offshore pipelines and cables are normally required to be buried

to sufficient depth in the seabed. With sufficient cover on top, the pipelines can be

protected against current action, fishing gear, dragging anchors, dropped objects and

upheaval buckling due to thermal stress or construction imperfection. The cover can also

increase the thermal resistance between the pipelines and sea water and thus, reduce

hydrate problems for gas pipelines and minimize wax deposition for oil pipelines.

When constructing a buried pipeline, it may be laid on a pre-dredged trench and

backfilled to construct a cover, known as the pre-lay method, or it can also be laid directly

on the seabed and entrenched afterwards by jetting, namely, the post-lay trenching

method.

For pre-lay trenching method, rock (or coarse gravel) and sand are the most common

materials and thus cheaper. Rock dump is performed by rock dumping vessels. During

the rock dump, the quarried rock or coarse gravel cut from offshore banks is dropped

through a steerable fall pipe into the trench. Rock dump is frequently used for scour

protection around platforms and fill under-pipeline spans and sometimes used to cover

long lengths of the pipeline, for example in the North Alwyn project [1]. However, rock

and coarse gravel are quite expensive to source and deposit, whereas sand is more likely

to be available from an offshore borrow ground [2].

Nowadays, sand backfill is normally performed with a trailing suction hopper dredger

(Figure 1.1). Before the pipelines are laid down, trenches can be dredged in the seabed

and the materials loaded into the hopper. The collected soil can be reused for other

projects or stored next to the trench for future backfilling. After the pipelines are in

place, the soil-water mixture stored in the hopper is pumped into to the trench through

suction pipe. The discharge velocity is kept as low as possible while preventing clogging.

Compared with jetting, TSHD backfill introduced less disturbance to the sand bed and

therefore, is more environmentally friendly. However, as a state-of-art construction

method, backfill with TSHD, still meets some challenge and risk.
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Fig. 1.1.: TSHD sand backfill (courtesy of Van Oord)

1.2 Problem definition

Several cases have been documented, where the pipeline designed to be buried, has

been found partly resurfaced (Figure 1.2) or out of its initial position after backfilling.

This is called the flotation fo the pipeline. When this occurs, the backfilling campaign,

instead of protecting pipelines, leads to local deformation (for instance, the pipeline is

at depth at one location and uncovered at other locations) or even damage. Besides, the

imperfections of the pipeline introduced by sand backfilling could also be a trigger for

upheaval buckling in the future. The remedial measures normally includes retrenching

the pipe, laying a screed of rock to increase the downward load on the pipe thus, fixing

it against further uplift, and backfill the line again [3]. These remedies are extremely

expensive and should be avoided.

Fig. 1.2.: Pipeline resurfacing

1.3 Problem definition

The mechanism for flotation during backfilling consists of following steps:

1. The soil-water mixture is pumped continuously from a suction pipe with both

lateral and vertical momentum and gradually settles towards the trench.
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2. The discharge rate is higher than the sedimentation rate of the particles. Therefore,

a layer of suspension gradually builds up above the sand bed.

3. The suspension acts as a dense slurry, imposing buoyancy on the pipeline. When

the buoyancy on the pipeline is larger than the resistance force of gravity and

structural resistance, the pipeline is susceptible to progressive flotation.

The risk of the pipeline flotation mainly depends on the self-weight of the pipeline

and the buoyancy of the suspension. For commercial reasons, the specific gravity of

an empty pipeline is preferred to be low. The buoyancy largely relies on the sand

grading and the discharge density of the mixture. On the one hand, the finer the

backfill materials are, the slower the sedimentation process occurs and the longer the

buoyancy acts on the pipeline. As a result, more particles suspend around the pipe

line and progressive flotation can last for longer. One the other hand, the higher the

discharge concentration is, the longer the particles settle and also the higher the specific

weight of the sedimentation layer can be. Besides the composition and the discharge

density of the backfill, the properties of the seabed, trailing speed of TSHD, and backfill

rate also contribute to the behavior of the pipelines during the backfilling.

Sometimes, if the discharge rate is not under control and become too high or the

distance between the draghead and the bottom sand bed is not sufficient, erosion may

be introduced by the vertical discharge, which would raise the risk of flotation. When

erosion takes place, the bottom sand bed is disturbed and thus more suspension would be

around the pipe. Moreover, the downward discharge flow comes with upward turbulence

surrounding it and the upward flow might lift the pipe as a result. Therefore, the

discharge rate and the distance between the draghead and the bottom sand are kept in

a reasonably small value.

1.4 Aim and objectives

The aim of the research is to investigate the phenomenon of pipeline flotation during

TSHD backfilling. To approach the problem, the following research questions need to

be answered:

• How do sedimentation and buoyancy develop in the domain and around the pipeline

in time?

• How does the specific weight of the pipeline change the behavior of the pipeline?

• How to prevent pipeline flotation during TSHD backfill?

The available field data regarding the sedimentation development and the behavior

of the pipeline during backfilling are insufficient and also difficult to measure. Thus,

physical modeling is proposed.
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In field, the TSHD sails with a constant speed and discharges sand-water mixture

through suction pipe. As the particles settle, the sedimentation builds up from one end

to the other end of the pipeline, and exerts a moving and uneven load onto the pipeline

which leads to local bending of the pipeline, which makes the backfilling process a 3D

problem. To better understand the sedimentation and its interaction with the pipeline,

the experiment is performed in a 2D condition. Specifically, the point discharge from a

moving suction pipe is modeled by a stationary line discharge. The pipeline is simulated

by a finite rigid body and can only translate vertically ignoring the bending of the

pipeline. In the experiment, other simplifications and assumptions are made as follows:

• Erosion is not considered and avoided throughout the experiment.

On the one hand, without proper understanding of the sedimentation process and

the mixture pipe interaction, differentiating the effect of sedimentation and ero-

sion is unlikely. On the other hand, the uncertainties of the seabed material and

densification level can lead to a different degree of erosion, while simulating the

intensity of the erosion is beyond the scope for the current stage.

• The influences of waves, thermocline and natural infill are neglected.

These effects play roles during sedimentation process, and therefore, also the during

backfilling process. However, to investigate the backfilling process itself, these

external factors are not taken into account for simplicity.

• The turbulence induced by the trailing TSHD and the suction pipe is ignored.

A series of vortices or swirling motions can develop behind the pipe, which is also

called the Von Karman Vortex street. In the 2D experiment, this effect is ignored.

1.5 Thesis outline

A literature review is presented in Chapter 2 in which the results and the theories

of the backfill methods, the stability of the pipe and the pipe behavior in the liquefied

sand are included. Chapter 3 discusses the design of the set-up, data processing and

the determination of the key parameters such as the height of the discharge point, the

discharge rate. The analysis of the results is in Chapter 4. Lastly, conclusions are drawn

and recommendations are made in Chapter 5.
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2. LITERATURE REVIEW

A lot of research has been done on offshore pipelines especially on upheaval buckling,

uplift resistance of the pipeline, and pipe behavior in liquefiable sand during the service

period. Only a few investigations focus on pipeline flotation during the construction

period and mostly focus on ploughing.

The literature review covers engineering practice and research of different backfill

methods including ploughing and TSHD backfill (Section 2.1) and the research on

pipeline stability (Section 2.2) regarding buried pipeline in liquefiable sand and the

improvements for stability.

2.1 Backfill methods

Mechanical backfilling normally refer to two different burial methods, ploughing and

backfilling with a TSHD.

2.1.1 Ploughing

Ploughing backfill was the most common backfilling method during the 90s. A typical

pipeline plough comprises skids in front and a heavy ploughshare behind. To form a

trench, the pointed front of the ploughshare cuts soil and pushes it upwards while the

mould-boards direct it to the side. After the pipelines has been lowered, the mouldboards

sweep the trench spoil back into the trench.

In 1996, Cathie et al. [3] conducted the first case study for pipe flotation. Nearly 5

km of the flowlines out of 8 km were found exposed at the surface at a post-ploughing-

backfill survey. The rate of uplift of the pipe was estimated to be in the order of 10

cm/min and the upward movement was estimated to last over a period of 15 minutes.

It was concluded that during ploughing, the mixture produced a very high void ratio

material that behaved as a slurry for long enough in time and length (at least 40 m)

to allow the pipe to uplift progressively as the backfill plough passed. Based on the

case study and the finite element method (FEM) model of SAGE-PROFILE, the risk of

the flotation was strongly related to backfill material characteristics, plough speed, pipe

weight and drainage condition in the trench.

Until 2000, Coflexip Stena Offshore [4] (now Technip SA) differentiated uplift and

flotation. Uplift can occur wherever trenched spoils are mechanically returned or al-

lowed to collapse into an open trench with a pipeline at the base, which is specifically

associated with backfill plough. The following conditions are required to initiate and
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propagate uplift: low pipeline specific gravity and flexural rigidity, sensitive soil such as

very soft clay of low plasticity and very silty fine sands, high backfill speed, sufficient

out-of-straightness (OOS, space between the bottom of the pipeline and the trench bed).

Flotation is induced by the backfilling process only and can only occur if: the submerged

weight of the pipeline is lighter than the surrounding soils, and the backfill soil above

the pipeline has little or no strength. Several authors [4] [5] [6] appealed further 3D scale

model tests to investigate the uplift initiation and propagation during plough backfilling.

Cathie et al. [5] reviewed a series of experiments and numerical simulations regard-

ing ploughing backfill, some of which were not published. According to case histories,

the uplift might have occurred with pipes of relatively high specific gravity (even 1.78).

Based on a 1:20 small scale test, the forces acting on the pipeline during backfilling were

concluded to be (shown in Figure 2.1): pipe submerged weight, lateral force from soil

flow, dynamic hydraulic pressure generated by trapped water under the pipe, hydraulic

forces from turbulence, buoyancy in liquefied soil, and backfill soil weight. The excess

pore pressures existed in the sand for a period of 5-10 seconds, while in clay mixtures it

lasted for more than a few minutes. Based on the backfill model testing and numerical

analysis, the uplift is also related to the hydraulic force ahead of the plough and OOS.

SAGE Engineering performed a 2D particle flow analysis for a V-shaped trench. It in-

dicated that at sufficiently high speeds e.g., 850m/hr, the sudden dump of the material

encourages liquefaction and trapping large volumes of water. The flotation and defor-

mation propagation is modeled with SAGE-Profile package and the results are shown in

the following Figure 2.2.

A series of full-scale in-field tests [7] was undertaken at the University of Cambridge

to investigate the flotation during plough backfilling. The saturated sand used in the

tests was representative of typical fine to medium North Sea sand, with the fraction

between 150 and 300 µm. The backfilling was simulated by cascading saturated sand

down the walls of the trench by removing baffles from large hoppers above the model.

A sudden uplift was witnessed in all tests. It was postulated that this represents a

liquefaction of very loosely packed sand beneath the pipeline. The results validated

the excess pore pressure trigger mechanism proposed by Cathie [5]. It was suggested

that the specific gravity of the pipeline should be greater than 1.7; the OOS should be

minimised; and the maximum plough backfilling speed should be 400 m/hr to avoid

flotation.

During 2001, Technip SA performed a numerical modeling analysis and a minimum

specific weight of 1.8 for the pipeline was recommended for ploughing backfill. They

identified the forces acting on a pipeline in a 2-D trench, using Computational Fluid

Dynamics method (CFD) and ABAQUS with simple beam bending theory [8]. The

placement of stitch rock dump was modelled by fixed support with various spacings.

The CFD result showed that once the fluid hits the pipeline, the forces increase rapidly

to the peak at approximately the five-second time step. With time, typically two seconds

after the dissipation of the hydrodynamic influence (if there is), the resultant vertical



7

Fig. 2.1.: Transverse flow and longitudinal flow

Fig. 2.2.: Typical pipeline profiles of uplift

force is equal to the buoyancy component. It was also found that the liquefied backfill

density and the un-liquefied soil play important roles during the backfilling.

In 2010, according to Technip SA [9], risks such as uplift and flotation are now gener-

ally recognized and are in general mitigated during trenching and backfilling by ensuring

backfilling speeds are under control i.e. less than 500 m/hr and the specific gravity of
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the product is greater than 1.8, even though there were still occasional incidents where

a targeted depth of cover of backfill may have not been achieved.

2.1.2 TSHD

The research on flotation during plough backfilling is quite extensive over the years.

However, the mechanism and mitigation of flotation induced by TSHD backfill is still

relatively unknown. The main distinctions between ploughing backfill and TSHD backfill

is the distance between backfill source and pipe and the backfill layer thickness. The

difference in distance leads to different level of turbulence surrounding the pipe. As

for backfill layer thickness: ploughing normally backfills the trench in one go, while

backfill by TSHD can backfill in thin layers. In other words, ploughing backfill is more

intense and more dominated by the momentum of the soil spoils and hydrodynamic

effects while TSHD backfill is milder and determined by the sedimentation process and

the pure buoyancy.

Engineering practice of TSHD

Nowdays, to reduce the flotation risk, the pipelines are backfilled with thin layers [10].

After each backfill, when the TSHD sails to the borrow area to refill the hopper, the

latest backfill can settle and consolidate. On discharge cycle takes 4 - 6 hours.

According to the backfilling technical reports, the influential parameters for backfill

flotation include stand-off distance (SOD) of the drag head, trailing speed of drag head,

discharge rate, mixture density, sand characteristics. These parameters combine to

determine the quality of the backfill [11]. SOD is the distance between sand bed and

the drag head as well as the trade-off between the erosion and sedimentation. SOD

should be large enough to avoid extreme erosion and small enough to minimize sand

loss. Previous work experiences indicate an optimal SOD of 4 - 5 m [12]. The layer

thickness applied each time is mostly determined by the trailing speed of TSHD.

To determine the maximum layer thickness, a 2D static pipe flotation model (Figure

2.3) is adopted by Van Oord [11]. In the model, for each backfill process the most critical

state during backfill, is defined as the moment when all the sedimentation (liquefied

layer) suspends above the sand bed. By assuming the average specific weight of this sand

bed layer, the maximum thickness of the new backfill layer to avoid pipeline flotation

can be derived. Then, the pipelines can be buried with the calculated layer thickness

until the pipelines are fully buried. Afterwards, thick layers can be backfilled as quick

as possible. Unfortunately, in the model the hydrodynamic force, the erosion of the new

backfill layer and the actual sedimentation process are not considered. To compensate

for the erosion and hydrodynamic forces, the assumed specific weight of the liquefied

layer is normally conservative. Typically the layer thickness ends up to be one fifth of
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the pipeline outside diameter.

Fig. 2.3.: 2D static model for TSHD backfill (courtesy of Van Oord)

Research on TSHD

Besides the trailing speed, the sand volume loss due to dispersion and waves also

influences the layer thickness indirectly. A small-scale test simulating the backfilling

process to reduce the sand loss during backfilling was performed at Van Oord [13].The

experiment showed the shape of the buoyancy jet can be changed with some modifica-

tions to the suction head. The discharge with both momentum and buoyancy is defined

as the buoyant jet. Four types of buoyancy jets (Figure 2.4) are classified.

Fig. 2.4.: Four types of buoyancy jets (courtesy of Van Oord)

A 2DV (horizontal and vertical) flow model [14] based on Reynolds Averaged Navier-

Stokes (RANS) equations was proposed to simulate the sedimentation process inside the

TSHD. In the model, the turbulent equations are sovled by finite difference method

(FMD) and the momentum and sediment transport equations are solved using the finite

volume method (FVM). Later, Van Rhee [15] verified and validated the model using a

data set from Mastbergen and Winterwerp [16].

Biemans [17] implemented this 2DV model on the TSHD backfill for different sand

types. Three cases were considered, 1D space with homogeneous mixture over the do-
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main , 2D stationary TSHD and 2D moving TSHD. Combining the water pressure at

one particular moment and the beam model, the pipe displacement can be assessed.

Van de Leur [18], also investigated the TSHD post-trenching or jetting with small-

scale and large-scale tests as well as CFD. It was found for the specific soil used, post-

trenching with TSHD the soil can be eroded to the desired depth and a data-set had

been created.

2.2 Pipeline stability

2.3 Pipeline in liquefied soil

Damgaard [19] compared the existing guidance in codes and standards and the pre-

vious research for buried pipeline behavior in liquefied soil. A new formula is presented

for the embedment of pipelines in liquefied sand to prevent wave-induced flotation.

Schupp [20] found liquefaction can also triggered by upheaval buckling of the pipeline,

but the flotation of the pipeline is likely to be stopped by the re-settling of the liquefied

soil, so that there is only a small window within limiting boundary conditions where

catastrophic flotation failure can occur.

Pisano [21] proposed a CFD total stress analysis method for flotation of buried

pipelines in liquefied sand considering sand re-consolidation. The increasing strength

and viscosity of sand is simulated by Bingham fluid with rheological properties evolving

in time and space.

2.3.1 Improvement on pipeline stability

Hulsbergen [22], and Bijker [23] concluded that mounting a spoiler on top of a offshore

pipeline has a remarkable positive effect for stability during backfill, based on advanced

numerical models with ODYSSEE package, small and full-scale laboratory tests and a

prototype test in the North Sea. With the spoiler, the hydrodynamic force coefficient for

drag increases, and the lift coefficient decreases. At the same time, the natural backfill

is also intensified by the spoiler. Consequently, the pipeline become more stable during

backfill.

Sumer [24] performed wave induced liquefaction tests for a buried pipe and had

interesting findings about the pore pressure around the pipe. In the experiment, the

excess pore pressure built up at the bottom of the pipe is amplified by a factor of 1.2

to 1.8 compared with the that in the far field at the same level, while the excess pore

pressures at the top and at the side edge of the pipe are not radically different from that

in the far field. It was also found when the pipe is coverd with toothy fabrics, velcro

(Velcro USA Inc. Manchester, NH) (Figure2.5), the factor dropped to 1.

To conclude, there was extensive research concerning the traditional backfill methods

and pipe behavior during service period. However, the backfill of the TSHD is still
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Fig. 2.5.: Pipe covered with velcro material

relatively unknown and the consequent damage can lead to great loss. Therefore, there

is a need for investigate into this problem.
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3. PHYSICAL MODELING OF PIPE FLOTATION DURING
TSHD SAND BACKFILL

In this chapter, the experimental set-up, materials and measurements will be discussed.

The trailing suction hopper dredger (TSHD) backfill flotation is modeled by a small-scale

2D experiment. The interaction between the mixture and the movement of the pipe are

of interest. Therefore, the criteria for the experiment and the experimental set-up is to

simulate the construction conditions and initiate the flotation.

3.1 Experimental set-up

3.1.1 Prototype and laboratory conditions

Prototype

For TSHD backfill, before the pipelines are laid down, a trench is dredged in the

seabed through the trailing pipes by suction pump. After the pipelines are in place, the

TSHD can discharge the mixture above the pipelines to form the cover layer over the

pipe.

As discussed in Section 2.1.2 the determining parameters are: stand off-distance

(SOD, the distance between the draghead and sand bed), trailing speed (vtrail,p), dis-

charge speed (udis,p), mixture density (ρdis,p) (or expressed by the volume concentration

of sand, cdis,p), empty pipe density(ρp,p) and sand characteristics in the prototype. The

prototype of above parameters and the geometry [12] [25] are summarized in the Table

3.1 below:

Where the d50,p is the median diameter of the discharge sand of the prototype,

ρseawater,p is sea water density of the prototype, ddis,p and Adis,p is the diameter and

area of the prototype suction pipe, dp,p and ODp,p are the outside diameter of the pro-

totype pipelines including and excluding the coating, din,p is the diameter of prototype

dispersion zone of the discharge.

A typical one-pipeline trench cross-section with the slope of the trench, trench bottom

width, cover thickness is shown in Figure 3.1.

Laboratory conditions

Set-up and geometry The experimental set-up (Figure 3.2) consists of two perspex

tanks. The first perspex tank, experimental tank consists of two identical compart-

ments, both have a bottom area of 725 mm × 745 mm and height of 850 mm. One
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Table 3.1.: Summary of the prototype

Parameters Value Unit Parameters Value Unit

SODp 5 m vtrail,p 1 m/s

udis,p 5 m/s ρdis,p 1.5 t/m3

cdis,p 30 % ρp,p 1.3 t/m3

d50,p 100 - 150 µm ρseawater,p 1.025 t/m3

ddis,p 1.0 m Adis,p 0.79 m2

dp,p 1.2 m ODp,p 42 inch

din,p 20 m Slope of trench < 1:3 -

Trench bottom width > 5 m Cover thickness > 1 m

Fig. 3.1.: Trench cross-section

of the compartments (Figure 3.3) is where the experiment takes places while the other

compartment acts as a container to collect the overflow from the lower edge of the exper-

imental compartment keeping the water level at the experimental tank constant during

the test. The sand-water mixture is prepared in the other perspex tank, called mixture

tank. The mixture is mixed with a mixture pump (Homa pump) and also with the

help of the backflow circuit. With the Einhell GE-DP 7935 discharge pump, the flow

from mixture tank can either form discharge into the experimental tank or backflow into

the mixture tank depending on the T valve. Therefore, the start and the end of the

experiment is controlled by the T valve. With the help of the flow-meter and the control

valve, the discharge rate can be adjusted.

As discussed in Section 1.4, the experiment is designed to be 2D and erosion is

avoided. In other words, the pipe is considered to be a rigid pipe and can only have

vertical translation. In addition, the moving point discharge of TSHD in the field is

simulated by horizontal line discharge over the pipe to eliminate the erosion (see Figure

3.4). Since no erosion is expected, the SODmodel in the experiment needs to remove the

length of momentum flow and then scale down according to the scaling ratio.
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Fig. 3.2.: Set-up

Fig. 3.3.: Experimental tank

From Van Oord’s technical report [13], the length of the prototype momentum flow

(LMB,p) (Figure 3.5) can be roughly estimated by the discharge parameters with an

empirical equation shown in the Equation 3.1. Then, the SODmodel can be expressed as

Equation 3.2.
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Fig. 3.4.: Horizontal discharge

LMB,p

SODp

=
M

3
4
p

SODp(Qpg
ρm,p−ρseawater,p

ρseawater,p
)0.5

= 0.42 (3.1)

SODmodel =
SODp − LMB,p

N
= 0.58

SODmodel

N
(3.2)

Where Mp = Adis,pudis,p is the discharge momentum, udis,p is discharge speed, Qp =

Mpudis is volume flux, g is gravity acceleration, ρseawater and ρm are sea water and

mixture density, N is the scaling ratio.

Fig. 3.5.: Momentum behavior length scale (courtesy of Van Oord)
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The design criteria for the set-up can be summarized as:

• The distance between the side wall and the pipe edge should be at least 3 times

of the pipe diameter to simulate the clear spacing of the trench;

• SODmodel = 0.58 SODmodel

N

• The pipe diameter should be as large as possible to reduce the system errors such

as friction, measurements.

• There is a sand bed underneath the pipe to provide comparable drainage path.

Based on the geometry constrains of the experimental tank, the scaling ratio is 1:12

and the pipe has a diameter of 100 mm (Figure 3.7(a)). The specific gravity of the pipe

can be adjusted from 1.03 to 1.97 with an increment of 0.04 by adding ballast steel rod.

The steel rod has the same length of the pipe and does not lead to relativce slide when

the pipe tilts. SODmodel (distance between the side holes on T-junction and sand bed) is

25 cm. The pipe has a diameter of 10 cm. Therefore, the spacing between the discharge

point and the top of the pipe is 15 cm. The thickness of the sand bed is 20 cm. The

sand bed is re-prepared for each test. Due to the size of the tank, it is not feasible to

fit in the gentle side slopes of the trench as that in field. Thus, the pipe would be laid

on the flat sand bed directly. With the restraint of the vertical guiding rod attached on

the pipe and the polyoxymethylene bearing as well as two vertical rods next to the pipe

on both sides (Figure 3.6), the pipe is only able to have vertical translation.

Fig. 3.6.: Vertical rod

The stationary line discharge is achieved by a reversed perforated T junction (Figure

3.7(b)). There are 14 holes uniformly distributed on both horizontal edge of the T



17

junction with the diameter of 8 mm. The principle behind this is to maintain the

total area of the discharge points equal to the cross section of hose, so that the water

head drop due to the change of area is minimum, and the discharge in different holes is

more uniform. The T junction is fixed in the middle of the tank to keep the discharge

symmetric. To avoid over-lapping of the vertical guiding rod attached to the pipe and

the T junction, the pipe offset is 7 cm to one side (see Figure 3.10). Considering the

symmetric discharge and the dispersion of the sand, the offset of the pipe should not

make significant difference in terms of buoyancy force. This influence will be further

discussed in Section 4.2.1.

(a) Pipe (b) T junction

Fig. 3.7.: Pipe and T junction

Material In the experiment, Geba weiss sand is used to represent backfill sand as well

as sea bed material.

The grain size distribution of the sand according to the sieving test is shown in Figure

3.8 below.

The major sand properties are listed in the following Table 3.2:

Table 3.2.: Geba weiss sand properties

d10 [µm] d50 [µm] d60 [µm] Cu [-] nmax [-] nmin [-]

92 125 133 1.45 0.51 0.37

Where, d10, d50, d60 are cumulative 10%, 50%, 60% point of grain diameter. Cu = d60

d10

is the uniformity coefficient, nmin and nmax are the minimum and maximum porosity of

the sand.

According to the grain size distribution curve, Geba weiss sand is well sorted and

may has limited segregation effect during the sedimentation.
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Fig. 3.8.: Grain size distribution of Geba weiss sand

The development of the mixture in time and space is of interest. In this report, the

amount of the sand particle in the domain is described by ns or cs. ns is the porosity of

the sand or the void (air or water) volume fraction in the sand while volume concentration

of sand particle (cs) is more direct. cs = 1 − ns. When relating the mixture with the

pipe, the specific gravity is used. In this report, the specific gravity refers to the ratio of

the density of a substance to that of pure water (sw = 1.0). The specific gravity of the

mixture can be expressed by: sm = cs ss + (1 − cs) sw. Where, ss is the specific gravity

of sand particles, 2.65.

3.2 Measurements and data processing

The experiment is equipped with the following instruments and most of the specifi-

cations will be introduced later:

• 16 non-standard(home-made) conductivity probes at different levels (Figure 3.9(a)).

These measurements can reflect the development of sand concentration in space

and time;

• Hand held SC 72, conductivity meter (Figure 3.9(b)) to measure fluid temperature

and conductivity;

• 6 MPXA6115A series, absolute pressure gauges (APG) for the water pressure at

different levels;

• 3 Model 1151 Alphaline differential pressure transmitters (DP) to measure the

change in water pressure in the domain;
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• ZWS-70, ultrasonic sensor to detect the displacement of the pipe;

• DMI 6530 flowmeter.

(a) Conductivity probe (b) Hand-held SC meter

Fig. 3.9.: Conductivity measurements

3.2.1 Conductivity bar

The development of the mixture in time and space is of interest during the experi-

ment. Conductivity bar is a home-made sensor which can measure potential difference

between the pairs of the electrodes on it. There has been some solid investigation [26]

and implemention [27] [28] for conductivity bar.

Based on the electrical resistivity of the medium between these electrodes, the den-

sity of the mixture can be back-calculated. A pair of conductivity probes consists of

two electrodes (diameter 3 mm) placed 7 mm from each other. Seventeen pairs of the

conductivity probes are embedded in the conductivity bar. The lower thirteen conduc-

tivity probes are aligned vertically with a distance of 25 mm, with the lowest one 50

mm from the bottom of the bar. The higher four are offset 50 mm from one another.

The acquisition system for the conductivity probe has sixteen channels in total with an

accuracy of 16 bits. The conductivity bar is fixed 9 cm away from the middle of the

pipe standing on the bottom of the tank (Figure 3.10).

Bisschop [27] had a concern of mutual interference between different pairs of con-

ductivity probes and therefore, for one column of the conductivity probes, besides the

50 mm vertical spacing, there were also 5 mm of horizontal offset for his set-up. The

conductivity bar for this experiment, no horizontal offset was applied. Several valida-

tion tests have been done for the chosen vertical spacing of 25 mm. It was found that,
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Fig. 3.10.: Conductivity bar location

for water and Geba weiss sand mixture, with the current design, there is no detectable

interference between the conductivity probe pairs.

Calibration for conductivity bar

Since the conductivity bar is not a standard sensor, the relationships between the

electrical resistivity and the concentration or density of mixture for each pair of electrodes

have to be derived individually. This process is called as calibration for the conductivity

bar. The electrical resistance is not only influenced by the concentration of the sand-

water mixture, but also by the temperature, the original and introduced salinity (by

sand) of the water. The standard deviation of the readings from calibration tube due

to system error is 0.1 V and the range for the acquisition system is from 0 to 10.77 V .

During the calibration, every data point is taken from the average of three measurements,

each lasted for 10 seconds consecutively.
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Temperature dependence The conductivity of water increases approximately 2%

every Celsius degree and thus, the reading of conductivity bar is temperature dependent.

The initial temperature is different for each test and the operation of the pump is possible

to heat the water. Therefore, it is necessary to understand how the temperature influence

the results.

The calibration was performed in the experiment perspex pipe (Figure 3.7(a)). The

change in temperature is achieved by heating water up to 35 oC and the readings are

taken as the water gradually cools down so that the medium is only heated (interfered)

once. The first reading is taken when the conductivity bar and pipe reach the same

temperature and the readings become constant. Afterwards, the readings are taken every

half or one hour. The temperature of the water is measured by hand-held conductivity

probe. The results from different conductivity measurement point are shown as different

lines in Figure 3.11 below.

Fig. 3.11.: Calibration for temperature

Even though the offsets and slopes of the conductivity probes are different from each

other, in the concerned range, the readings can be considered to develop linearly to the

temperature. In addition, the influence of the temperature is found to be limited if the

temperature fluctuation is under 1 oC during the experiment which is always the case.

Relation between electrical resistivity and density Bisschop [27] calibrated the

conductivity probe based on three different medium, water, a sand-water mixture (slurry)

and sedimented and/or compacted sand (sand bed) for four kinds of sand including Geba

weiss sand. It was found that the concentration of the mixture can be interpolated from

the maximum concentration of sand bed and pure water for Geba weiss sand. The

empirical relationship can be expressed as:
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(
cm
cmax

)α =
Vw − Vm
Vw − Vmax

(3.3)

Where cm is the measured volume concentration, cmax is the maximum volume con-

centration (densest sand bed), Vw is the measured potential difference at water, Vm is

the measured potential difference at the measured concentration, Vmax is the potential

difference at the maximum concentration of the sand bed, α = 1.05 for Geba weiss sand.

In Bisschop’s calibration, the constant concentration of sand particle in the sand-

water mixture is achieved by a steady circuit with his specific set-up, which is not

feasible for this research. Therefore, one of the solution is to interpolate between Vw and

Vmax based on Equation 3.3. Moreover, Maxwell equation was proposed based on the

physical mechanism of conductivity, and was also used for the conductivity probe [28]

and can be written as Equation 3.4, 3.5 :

cm =
2 − 2 ∆

2 + ∆
(3.4)

∆ =
σm
σw

= 1 − (1 − ∆max)
Vw − Vm
Vw − Vmax

(3.5)

Where σm and σw are the electrical conductivity of the measured mixture and wa-

ter [Sm−1], ∆ is the normalized relative conductivity, ∆max is the normalized relative

conductivity with maximum volume concentration (densest sand bed). The comparison

between the empirical equation and the Maxwell equation is discussed in Appendix A.

The Maxwell equation is adopted in the end.

Vw may not be constant for different experiment, due to the temperature variation

and the sand introduced salinity. Thus, for each experiment, the concentration is derived

separately based on the Vw measured prior to the experiment. Thereafter, the influence

of the temperature variation and the sand introduced and original salinity in each test

is removed. Vmax is the readings taken from densest state of saturated sand bed, which

reflects the properties of the sand, and is considered to be a constant. Vmax is measured

by the following steps:

1. Fully mix the sand and water with the mass ratio of 2:5, the same as that in

the experimental tank, so that the salinity introduced by sand during calibration

is comparable to the experimental conditions. Measure the conductivity of the

surface water (water above sand level) with hand-held conductivity meter.

2. Erect the conductivity bar vertically in the perspex pipe and fill wet sand into

perspex pipe in layers. Vibrate pipe and compact the sand every 5 cm to achieve

the maximum concentration.

3. Add as much sand as possible up to the expected sand level (Figure 3.12) with

vibration and compaction.
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4. Record Vmax for all the measure points and measure the conductivity of surface

water in the perspex pipe with hand held conductivity meter.

5. Sieve out the rest of the sand from the left mixture and oven dry the filtered sand

until the weight is constant.

6. Back-calculate the porosity achieved based on the mass of the sand that consumed

and the known volume of the sand bed.

Fig. 3.12.: Calibration for porosity

With this calibration method, the difference in water conductivity between each test

due to water temperature, original and introduced salinity for each test is taken into

account by Vw prior to the test. However, for each calibration only one data point can

be collected, as the amount of the sand consumed can only be known when the remained

sand is oven dried. During the calibration, the cmax = 0.618 or nmin = 0.382 which is

close to the nmin in dry state listed in Table 3.2.

According to the hand-held conductivity meter, during the calibration the conduc-

tivity of the surface water did not change.

Calibrated concentration

The calibrated concentration from one of the tests based on Maxwell equation is

shown in Figure 3.13.
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Fig. 3.13.: Calibrated concentration

The discharge point is at 45 cm and the discharge rate is 2 l/s. Each line rep-

resents the development of the sand concentration in time at different levels. Before

the discharge, the points above the sand bed have a concentration of 0 and the points

submerged in the sand bed reflects a relatively constant value of 55%. The deeper the

point buried in the sand bed, the higher the concentration is. As the discharge begins,

the concentration in the domain starts to build up evenly due to dispersion and under

the under-pressure (will discussed in Section 4.3.2). At the same time the sand bed

front (the interface between the sand bed and the mixture) is moving upward due to

the sedimentation. When the sand bed front is close to the measurement point, the

concentration of that point shoots up to approximately 51% until the sand bed forms.

At 55 seconds the discharge pauses and the concentration declines from higher elevation

to the bottom. (The sudden fall for the line ”height = 32.5 cm”, was due to an artificial

impact on the tank wall and led to a sudden liquefaction as well as compaction. As a

result, the sand bed front dropped to lower than 32.5 cm.)

Quantitatively, the calibration is considered reliable for the reasons below:

1. As the starting of the discharge, the calibrated concentration below the discharge

point shows the same trend and rises with an identical slope.

2. As the discharge stops, all the points almost reach the same maximum value, 12%

in the figure.



25

3. In the end, the points submerged in the sand bed reach the identical concentra-

tion of 52% close to the value from sedimentation column (Section 3.3.2), while

the points above sand bed return 0 indicating the temperature variation and re-

introduced salinity from the discharge during the test is negligible.

Further verification is shown in Appendix A.

3.2.2 Water pressure

During the experiment, some increase in water pressure is expected since the sand

particles add weight to the specific gravity of the domain. By measuring the development

of these increment, the specific gravity of the mixture in the domain can be estimated.

Two kinds of water pressure sensors, 3 DPs and 6 APGs are used in the tests and

their properties are listed in Table 3.3 below.

Table 3.3.: properties of DP and APG

Parameter DP APG

Range 0 - 7 kPa 0 - 115 kPa

σsd 0.001 kPa 0.03 kPa

Connection Stiff hose Electrical wire

Measured pressure Differential pressure Total pressure

The DP measured the relative head difference between the two channels. The datum

channel is the same for 3 DPs and the magnitude of the datum is set to ensure the

range of the measurement is sufficient. In the case of pure water, the summation of the

elevation head and pressure head is a constant. Therefore, the DPs at different elevations

should return the same readings. As for APGs, they measure the total pressure including

both the air pressure and water pressure. Thus, the readings of APGs are influenced

by the elevations, which make it harder to compare the results between different APGs

and the DPs. Therefore, the influence of the elevation have to be removed for APGs.

The water table in the domain is maintained by allowing overflow from the exper-

imental compartment to the container compartment. Still, some global water head

increment was found during discharge. This global increment was mainly due to the

rise in the water table (≈ 15 mm in the far end side of overflow or 0.15 kPa) in order

to initiate the overflow because of the discharge (for the increase in water head see Sec-

tion 4.2.2). The change in water pressure is shown in the Figure 3.14. In other words,

the measured water pressure increment was the summation of the global water pressure

increment and the gravity of the sand. To differentiate this global increment and the

local pressure increment due to the suspended sand, a pressure sensor (APG/DP) was

fixed at 80 cm, top of the tank where few sand particles can reach. Taking the readings
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from this sensor as the datum, the net pressure increment (Equation 3.6 and Equation

3.7) due to suspended sand in the domain can be derived.In test 1,2 and 3 (Table 4.1),

a AGP was mounted on the top of the conductivity bar just below the water table. All

3 DPs were mounted on the conductivity bar at the same level as the top, middle and

bottom of the pipe (h = 20, 25, 30 cm) facing downward. However, since the accuracy

of AGP was in doubt in the concerned range. In test 4 and 5 this AGP was replaced by

the middle DP.

PDP,h,net = ∆PDP,h − ∆PDP/APG,80 (3.6)

PAPG,h,net = ∆PAPG,h − ∆PDP/APG,80 − ρwg∆hAPG,h (3.7)

Where, PDP,h,net and PAPG,h,net are the net pressure increment due to the development

of mixture measured by DP and APG at height h, ∆PDP,h and ∆PAPG,h are the measured

pressure increment at height h from DP and APG, ∆PDP/APG,80 is the measured pressure

increment at 80 cm from DP or APG, ∆hAPG,h is the elevation increment of the pipe.

Fig. 3.14.: Change in water pressure

3 APGs connected with soft electrical wires are fixed on the top, middle and bottom

of the pipe to measure the pressure around the pipe directly aligned with the longitudinal

direction of the pipe. The other one is fixed on the conductivity bar in the middle of the

original sand bed (h = 10 cm) and the last two are mounted on the conductivity bar at

25 cm and 30 cm, which is 5 cm and 10 cm above the top of the pipe, to measure the

water pressure along the height. The location of the pressure sensor on the conductivity

tube can be found in Figure 3.10. The APGs fixed on the pipe can be seen in Figure

3.15. It should be paid attention that the orientation of the sensors is of importance to

the measure the velocity head, shown in the Figure 3.16.
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(a) Location of the APGs on pipe (b) APGs fixed on pipe

Fig. 3.15.: APGs on the pipe

Fig. 3.16.: Orientation of the sensors

3.2.3 Displacement

The ultrasonic sensor can reflect the vertical displacement of the pipe. The measured

standard deviation of the displacement is 0.05 cm.

3.2.4 Data processing

Sedimentation speed

During the experiment, the pipe is laid on the sand bed at the elevation of 20 cm

and the top of the pipe is 30 cm. 5 sets of electrodes of conductivity bar (20 cm, 22.5

cm, 25 cm, 27.5 cm, 30 cm) are in the this range. When the sedimentation front is close

to the specific pair of electrodes, the readings of it soar up rapidly. Thus, with these

sensors, the movement of the sedimentation front can be tracked and the sedimentation

speed is estimated.
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Specific gravity and buoyancy of mixture

In the experiment, the main focus is to understand how the specific gravity of the

mixture around the pipe develops. According to the results from the conductivity bar,

DP and APG, the average specific gravity around the pipe can be estimated.

Conductivity bar The specific gravity of the mixture at height h (scon,h) can be

estimated by assuming the specific gravity of the sand particle (ss) to be 2.65 and the

specific gravity of the mixture can be expressed as Equation 3.8:

scon,h = sw(1 − cs,h) + ss cs,h = 1 + 1.65cs (3.8)

Where scon,h is the specific gravity of the mixture estimated based on conductivity

bar at height h, sw is the specific gravity of water, cs,h is the volume concentration of

the sand at height h.

The specific gravity of the mixture around the pipe scon,m can be estimated by weigh-

ing the calculated specific gravity from 5 discrete scon,h. Take the initial state and when

pipe is 40% buried as examples (Figure 3.17).

In the initial state (Figure 3.17(a)), the pipe is laid on the sand bed (in black) and

the dashed line is the location of the electrodes where the specific weight of the mixture

is known (from s1 to s5). The weighed average specific gravity of the mixture around

the pipe according to concentration scon,m can be expressed as :

scon,avg =
(s1 × 1

8
D + s2 × 1

4
D + s3 × 1

4
D + s4 × 1

4
D + s5 × 1

8
D)

D
(3.9)

Where s1 to s5 are the specific gravity of the mixture in subordinate area 1 to 5, D

is the diameter of the model pipe.

However, as the sedimentation starts, the buoyancy from the mixture could no longer

be estimated by Equation 3.9, since the settled and consolidated sand has the same

pressure gradient as that of water. Therefore, only the area of the pipe that is above the

sedimentation front can be considered the effective area where the buoyancy increases

with the concentration and the buoyancy below the sedimentation front is regarded as 0.

The situation when the pipe is 40% submerged in terms of height without flotation (pipe

displacement = 0) is shown in Figure 3.17(b). In this case, the sedimentation front has

passed two pairs of the electrodes (dashed lines) already. When the sedimentation front,

passes by, the local concentration increases rapidly from 18% to approximately 52% (see

Figure 3.13). In the meantime, there could be a great pressure gradient locally shortly,

namely, buoyancy due to the high concentration of the particles before the effective stress

builds up. As the excessive water pressure dissipates, the effective stress of the sand bed

increases, the pressure gradient gradually drops to that of water. Since this rapid jump

in the specific gravity is only a local phenomenon not in the whole subordinate area of

the sensor, this local high concentration is not applied for the whole subordinate area.
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(a) Scon,avg before submerged (b) Scon,m when 40%D submerged

Fig. 3.17.: Sp in different conditions

Therefore, as soon as the local concentration of a certain sensor reaches the maximum

concentration in the suspension domain cs,max (slightly different for each tests), the

sedimentation front is considered reached and the average sedimentation velocity for the

certain subordinate area is derived and therefore, the location of the sedimentation front

can be roughly estimated. When the sensor is submerged under the sedimentation front,

the subordinate area of this sensor is set to 0 and the rest of subordinate area of this

electrodes, that is still above the sedimentation front, will be taken by the electrodes

above. Thus, in Figure 3.17(b), Aeff,3 expands taking the area of Aeff,2. The weighed

average specific gravity of the mixture surrounding the pipe for 40% submersion can be

expressed as: scon,avg =
0.4×swD+(s3× 9

40
D+s4× 1

4
D+s5× 1

8
D)

D
.

It should be noted that, the scon,m calculated above is not the average specific gravity

of the mixture in the effective area. Instead, it is the average specific gravity of the

mixture in the effective area rounded to the full pipe depth. The reason is that the

averaged specific gravity can be directly compared with the specific gravity of the pipe

directly to estimate the risk of flotation. Moreover, since the buoyancy of the dense

mixture (cs > domain concentration, approximately 10%) is considered as settled and

consolidated sand, the buoyancy is underestimated. At last, due to the un-uniform width

along the depth, the buoyancy according to the average specific gravity of the mixture

is also different from the buoyancy on pipe. The magnitude of the buoyancy expressed

by specific gravity after considering the shape effect (scon,p) can be written as:

scon,p =

∑
(siAeff,i)

Ap
(3.10)

Where Aeff,i is the effective submerged area of the pipe in the subordinate area ith,

si is the specific gravity of the mixture measured by sensor in the effective area Aeff,i,

, Ap is the total area of the pipe. For example, the scon,p can be expressed as scon,p =
Aeff,3×s3+Aeff,4×s4+Aeff,5×s5

Ap
.

Since the pipe is wider in the middle, before the pipe is half buried, scon,p is slightly

larger than scon,avg and in reverse afterwards. However, since the mixture around the
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pipe is relatively homogeneous, this effect is minor. The results from test 1 to test 5 are

shown in Figure 3.18 as examples. More details will be discussed in Section 4.2.3.

In Figure 3.18, there is a sudden drop at 58 seconds. It is because, when it comes to

the end of the sedimentation, the development of the sedimentation front become un-

traceable if the sedimentation front stops between two pairs of electrodes. It is assumed

that, the sedimentation front to be in the middle of these pairs of electrodes as soon as

the sedimentation front passes the last pair of electrodes. Since the flotation occurs long

before this period, this assumption should be acceptable.

Assume in the end of the sedimentation, the pipe is 40% submerged. According

to the concentration bar, sedimentation front had passed the second dashed line but

not the third one. Then, as soon as the sedimentation front passes second dashed line,

it is supposed that the sedimentation front is between 25% and 50%, and in another

word, pipe is 37.5% submerged. Thereby, afterwards, the weighed specific gravity of the

mixture surrounding the pipe can be expressed as scon,m =
sw× 3

8
D+(s3× 1

4
D+s4× 1

4
D+s5× 1

8
D)

D
.
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Fig. 3.18.: Influence of the shape effect

Pressure sensors The average specific gravity of the mixture can also be assessed by

pressure with the following Equation 3.11:

sDP/AGP,h+ ∆h
2

= sw +
(PDP/AGP,h+∆h,net − PDP/AGP,h,net)

gh
(3.11)
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Where sDP/AGP,h+ ∆h
2

is the average specific gravity between two measurement points

according to DP or AGP, PDP/AGP,h,net and PDP/AGP,h+∆h,net are the net pressure incre-

ment at h and h+ ∆h, and g is the gravity acceleration.

Since the oscillation and error in APG is too huge for the concerned range, it is

mainly used for qualitative analysis. The specific gravity of the mixture around the pipe

is derived from DP. Since the DPs are mounted on top and bottom level of the pipe, the

average specific gravity of mixture between two measurement points is sDP,avg.

Net pressure increment along the height

The APGs and DPs are mounted on the conductivity bar along the height. By sub-

tracting the global pressure increment due to the discharge, the net pressure increment

along the height can be derived.

Discharge conditions

The thickness of the sand bed and the water table in the container compartment is

measured prior and after the tests in different locations. The total discharge volume

and the average discharge concentration can then be estimated. Each data point is the

average of four measurements in different locations.

3.3 Sand sedimentation

Sedimentation is the process of the objects being deposited as a sediment. The

sedimentation process dominates the backfill process. To understand the backfill process

and simulate the field conditions, it is necessary to investigate the sedimentation process

of the sand. The sedimentation behavior of the Geba weiss sand is discussed in this

section based on theory analysis and sedimentation column tests.

3.3.1 Sand sedimentation theory

The fall velocity is the falling velocity of the particle. The sedimentation velocity is

the vertical moving speed of the interface between the mixture and the sand bed. The

fall velocity and the sedimentation velocity of the mixture are mostly determined by the

following aspects: grain size, particle shape and also the concentration of the particles.

Single particle

For a single sphere particle setting in still water, it is under self-weight, buoyant force

and fluid dynamic drag force and the equilibrium can be expressed by:
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ms
dvs
dt

= msg −mfg −
1

2
ρfACDv

2
s (3.12)

Where, ms is the grain mass, mf is the mass of displaced fluid, g is the gravity

acceleration, vs is the velocity of the particle, t is time, A is the cross-section area

perpendicular to the relative flow and CD is the non-dimensional drag coefficient.

For the case of turbulence, CD ≈ 0.4 and the velocity of the particle and the terminal

velocity (vp,tur) read:

vp,tur,l = vp,turtanh(
gl

vp,tur

ms −mf

ms

) (3.13)

vp,tur =

√
2g(ms −mf )

ρfCDA
(3.14)

Where, vp,tur,l is the particle velocity after traveling for l, l is the travel distance of

the particle.

Based on Equation 3.13 the time needed to reach 99% vp,tur is in the order of 0.05

seconds, which can be ignored.

However, drag coefficient CD is not a constant when the flow is laminar or in tran-

sition regime and it is a function of Reynolds number and shape factor.

A equation [29] was proposed by Ferguson to estimate the falling velocity for different

flow conditions:

vp =

ρs−ρf
ρf

gd2

C1ν +
√

0.75C2
ρs−ρf
ρf

gd3
(3.15)

Where d is particle diameter, ν is kinematic viscosity, C1 = 18 and C2 is the constant

asymptotic value of CD. C2 = 1 for natural sand and C2 = 0.4 for sphere.

Sedimentation concentration

The presence of the other particles can reduce the settling speed of the particles,

known as hindered settling. In a confined domain, due to volume conservation, the

volume of the particle going down should be equal to the volume of fluid moving upwards.

The reduction in the settling speed is mostly due to the this upward flow. Kynch [30]

proposed a sedimentation thoery assuming the sedimentation speed is only determined

by the local particle density. The influence of the volume concentration on the settling

velocity of mono-size mixture can be expressed as [31]:

vs,c = vp(1 − cs)
n0 (3.16)
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n0 =
4.7 + 0.41Re0.75

1 + 0.175Re0.75
(3.17)

Where, vs,c is the hindered settling velocity with a concentration of cs, vp is the

terminal velocity of a single particle in the fluid, cs is the volume concentration of the

particle, n0 is a factor, Re is Reynolds number.

Sedimentation velocity

When the mixture slowly settles, a new layer of sand bed will gradually form on the

bottom. The interface between the sand bed and the mixture is defined as sand bed front.

The sedimentation velocity (vsedi) is the vertical moving speed of the sedimentation front.

Assume that the layer of the mixture above the sand bed has a constant concentration

of cdomain and the particles are settling with the constant terminal velocity of vs,c. Below

the top of the sand bed, the newly formed sand bed has a porosity of nbed = 1 − cbed.

Then, based on the volume conservation, the volume increment of the sand in the sand

bed should be the same as the volume of the sand settling below front of the sand bed.

This volume can be expressed as:

dV = (1 − nbed)vsedidt = (vs,c + vsedi)cdomaindt (3.18)

Where dV is the sand volume increment in sand bed within time dt, nbed is the

porosity of the sand bed, cdomain is the volume concentration of the sand in the domain,

dt is a small duration of time.

Combining Equation 3.16 and Equation 3.18, the sedimentation velocity can be ex-

pressed as:

vsedi =
vs,ccdomain

1 − nbed − cdomain
=
vpcdomain(1 − cdomain)n0

1 − nbed − cdomain
(3.19)

Analytical sedimentation velocity

Since Geba weiss sand is well sorted (Cu = 1.45), it is possible to take d50 to represent

the sand properties. According to the sedimentation theory in Section 3.3.1, the settling

velocity of a single particle with d = d50 = 125 µm, is 1 cm/s. Take nbed = 0.46 (or

cbed = 0.54) according to the sedimentation column. Then the sedimentation behaviors

with different sand volume concentrations can be figured and are listed in the Table 3.4

below. However, it should be noted that, after the discharge , the concentration in the

domain decreases due to sedimentation and dispersion.
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Table 3.4.: Sedimentation behavior of Geba weiss sand

Concentration [%] 5 10 15 20 25 30

Hindered settlement rate [mm/s] 8.5 6.8 5.3 4.1 3.1 2.3

Sedimentation velocity [mm/s] 0.9 1.6 2.1 2.4 2.7 2.9

3.3.2 Sedimentation column

The sedimentation properties listed in the Table 3.4 have at least three assumptions,

the concentration in the domain is a constant, the settling velocity in the domain is

the terminal settling velocity and the settling velocity of the Geba weiss sand can be

represent by mono-size particles.

Apparently, the concentration in the domain is not constant. However, it would be

interesting to perform several sedimentation column tests to shown the errors of the

results. These test are performed in a perspex column with a diameter of 45 mm and

a height of 524 mm (Figure 3.19). To improve the clarity of the sedimentation column

and better define the top of the sand bed level, the particles with a diameter of less than

63 µm (< 1 mass percent). In addition, 1% mass percent of the sand is dyed to track

the movement of the sand.

Fig. 3.19.: Sedimentation columns

Prior to the sedimentation test, the calculated amount of the sand is added into the

column to ensure the initial concentration in the domain. The cylinder is rolled back

and forth and flipped up and down to distribute the sand homogeneously throughout

the cylinder. In this way, the initial concentration of the sand in the column is roughly

constant. Thereafter, the column is put onto a horizontal table. In front, a camera is

used to take video for the settlement front. A measuring scale is stick on the cylinder



35

to reflect the elevation.

The sedimentation rate when 10%, 50% and 90% of sand bed formed is derived from

the sedimentation column and listed in the Table 3.5 below.

Table 3.5.: Sedimentation column

Concentration [%] 5 10 15 20 25 30

vs,c [mm/s] 0.9 1.6 2.1 2.4 2.7 2.9

v10 [mm/s] N/A1 1.6 2.0 2.2 2.2 2.2

v50 [mm/s] 1.0 1.6 1.9 2.0 2.0 2.2

v90 [mm/s] 0.8 0.9 1.1 1.2 1.3 1.3

The sedimentation rate is decreasing slowly due to the slight segregation and sudden

drops to zero when the sedimentation progress is close to 90%. Similar trend was dis-

covered by Schupp [20] when measuring the sedimentation rate by liquefying the bottom

sand sample in the settlement column.

It is interesting to find that the measured sedimentation rate is slightly smaller than

the theory value. First, there is some air in the sedimentation column and the sand

is not fully saturated which may reduce the sedimentation rate. Second, as soon as

the sand settles, the amount of the suspended sand reduced and reduced the overall

sedimentation rate, which is also more realistic. Moreover, the friction between the wall

and the mixture may also further hinder the sedimentation.

It was found the newly formed sand bed has an average porosity of 0.46 matching

well with the Figure 3.13. Since the newly formed bed ended at an concentration of

54%, namely, porosity of 0.46.

In the Figure 3.13, the sedimentation rate increases from 1.25 to 1.47 to 1.67 mm/s

and the concentration in the domain rises up to 15%. As the discharge ended, the

sedimentation rate increased to 2.08 mm/s, close to the theory value and measure value

from sedimentation column. Afterwards, when it comes to the end of the sedimentation

rate dropped to 1.00 mm/s. Since the sedimentation column has a height of 524 mm

while the sedimentation domain in the experiment has a thickness of approximately 250

mm, same as SODmodel, the sedimentation in the experiment ends relatively fast.

Discharge rate

In field, the mixture is continuously pumped from a TSHD trailing with a volume

concentration of 30% and discharge rate of 5 - 7 m3/s. Determining the discharge rate is

one of the keys for simulating the field conditions. Too high a concentration can lead to

clogging in the pump and the hose. Therefore, the discharge concentration is determined

110% of the sand bed was formed immediately
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to be 0.3, the same as the field condition.

As the mixture leaves the discharge point, the mixture would disperse in the whole

domain and settle at the same time. To maintain the concentration in the domain

(cdomain), the amount of the sand discharged should be the same as the amount of sand

settling and the equilibrium can be expressed as:

Qdiscdis = vsedi(1 − nbed)AP tank (3.20)

Where Qdis is the discharge rate, cdis = 30% is the sand concentration in discharge,

vsedi is the sedimentation rate, nbed = 0.46 (Section 3.3.2), Atank is the area of the new

sand bed or bottom area of the tank. It should be noted, due to the dilution of the

dispersion effect, the concentration of the mixture experimental domain is smaller than

cdis.

According to Equation 3.19 and Equation 3.20, the theoretical relationship between

concentration of the mixture in the domain (cdomain) or specific gravity of the mixture

(sm) and discharge rate of the mixture (Qdis) are listed in the Table 3.6 below.

Table 3.6.: Discharge rate for different cdomain

cdomain [%] 5 10 15 20 25 30

sm [-] 1.08 1.17 1.25 1.33 1.41 1.50

vsedi [mm/s] 0.9 1.6 2.1 2.4 2.7 2.9

Qdis [l/s] 0.8 1.5 2.0 2.3 2.6 2.8

In the end, a discharge rate of 2 l/s is chosen and the maximum specific gravity of

the mixture in the domain is 1.25.
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4. PIPE FLOTATION TESTS

In this chapter, the test procedure and test plan is outlined. Thereafter, the results are

discussed.

4.1 Experiment

4.1.1 Test procedure

The whole experiment procedures are as follows:

Preparation for sand bed

1. Take the pipe out and (if necessary) replace the ballast steel bars.

2. Pump the sand bed and water from the experimental tank to the mixture tank.

3. Fix the conductivity bar on the horizontal beam and start to take readings after

checking the sensors and the geometry.

4. Mix the mixture tank with the help of the mixture pump and the back flow from

the discharge pump.

5. Adjust the control valve until the readings from the flow-meter reach the desired.

value

6. Double check all the measurements and switch the T valve to start the discharge.

7. Discharge for multiple times until the thickness of the sand bed reach 20 cm.

8. 10 minutes later, stop the measurements and lay the pipe onto the new sand bed.

9. Adjust the amount of sand and water in the mixture tank for experiment.

Experiment

1. Check the measurements, geometry centering and whether the pipe is free to float

2. Start to take readings and video

3. Adjust the discharge rate and start the discharge as 4, 5 and 6 in the sand bed

preparation procedures
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4. Pause the discharge by the T valve when the desired discharge volume is reached

5. Stop the measurements 10 minutes after the end of the discharge

During the preparation for sand bed, the initial discharge is relatively high inten-

tionally, in order to pump out the air in the hoses, otherwise, the air can introduce

unnecessary fluctuation to the sensors.

The discharge is ceased by changing the setting of the T valve. In this way, the exper-

imental tank and the mixture tank are disconnected and the siphon effect is mitigated

so that the water table in the experimental tank can stabilized.

The readings are only taken for 10 minutes, since the data are stationary within 5

minutes.

4.1.2 Test plan

One of the objectives of the experiment is to simulate the interaction between the

pipe and the mixture as well as the movement of the pipe. Considering that the self-

weight of the pipe is the main resistance for flotation, the principle for the test plan

is to find the maximum specific gravity of the pipe that results in flotation in different

situations. To reduce the number of tests, the pipe specific gravity is chosen based on

dichotomy search and the estimated specific gravity of the mixture derived from the

measurements.

Since a too high discharge concentration might lead to blocking issue of the hose,

the experiment is performed with different discharge volume with a relatively constant

discharge concentration of 0.30.

Five effective tests were performed and the test conditions and results are summarized

in table 4.1.

Table 4.1.: Test conditions and results

Test No. sp [-] Qdis [l/s] SODmodel [cm] cdis [-] ∆h [cm] Flotation

1 1.20 2.0 25 27% 4.1 No

2 1.07 1.9 25 25% 4.1 Yes, > 9 cm

3 1.115 2.0 25 24% 5.1 No

4 1.115 1.9 25 31% 4.6 No

5 1.115 2.0 25 32% 10.5 Yes, 0.1cm

Where, sp is the specific gravity of the pipe, Qdis is the discharge rate of the mixture,

SODmodel is the stand-off distance chosen for the model, namely the distance between

the discharge point and the sand bed, cdis is the concentration of the discharged mixture,

∆h is the thickness of the newly formed sand bed.
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4.2 Test results

4.2.1 Sedimentation

Overview

Figure 4.1 displays the development of the concentration in the whole domain after

discharge. The discharge lasted for 50 seconds. The discharge point was at a height of

45 cm and the sand bed had a thickness of 20 cm. Thus, before the discharge, the points

lower than 20 cm had a concentration of roughly 54%.
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Fig. 4.1.: Concentration development from Test 5

As soon as the horizontal discharge started, the mixture headed to side wall under

the discharge momentum and also moving downwards under the gravity (Figure 4.2(a))

When the mixture hit the side wall and later the sand bed, the turbulence was formed.

As the discharge continued, the mixture was brought around by the turbulence and

the dispersion effect and the under-pressure (Section 4.3.2)creating a homogeneous do-

main. As shown in Figure 4.1, the concentration below the discharge point built up

altogether until the discharge ended or until the sedimentation rate and the discharge

rate had reached equilibrium. In the meantime, the new sand bed was forming due to

the sedimentation. As soon as the sedimentation front passed by, the local concentration

rocketed up to 48% and then gradually to approximately 50%.



40

When the discharge ended, the turbulence dissipated and the driving force for dis-

persion was gone. Thus, the remained mixture in the domain began to settle from the

top to the bottom. Therefore, the concentration in the bottom continued to rise and

the concentration dropped in order, from the elevation of the discharge point.

In Figure 4.2(a), due to the existence of the pipe, the turbulence on the right side

of the pipe was limited in a smaller range. Because of this asymmetricity, the right side

has less erosion of the sand bed shown in Figure 4.2(b). The nonuniform turbulence

may exert horizontal force on the pipe and increase the friction between the bearing and

the vertical guiding rod.

The ”mixture wave” was found under the water table above the discharge point,

which explained the repeated jumps from 0% for t < 60 s, at the elevation of 50 cm in

Figure 4.1.

(a) Turbulence (b) Sand wave and erosion

Fig. 4.2.: Sand distribution during experiment

Sedimentation front

During the experiment, it was found that, the sedimentation rate on both sides is

slightly slower than that in the middle around the pipe (Figure: 4.2(b)). This might

be partly due to the erosion of the potential sand bed by turbulence. The existence of

the pipe might also increased the local sedimentation rate. On the one hand, the pipe

may block the turbulence and reduce the momentum of the mixture and therefore, more

sand settled. On the other hand, the pipe already took up some volume and less sand

was needed to form the sand bed.



41

Even though the sedimentation front is not an ideal horizontal plane. Considering the

distance between the pipe and the conductivity bar and the sensors on it are relatively

close, the difference should be minor. However, some delay in the conductivity bar

compared with the pipe can be expected.

The sedimentation front is defined as the moving horizontal plane where the concen-

tration is 20%. Based on the theoretical analysis (Table 3.6), with the discharge rate

of 2 l/s and a discharge concentration of 30%, the sedimentation rate will gradually

increase to 2.1 mm/s when the concentration in the domain rises to 15%. Among the

five tests, Test 5 reached the highest concentration, 12%. The corresponding average

sedimentation rate (vsedi) after discharge is summarized in Table 4.2. The discharge

ended at 50 seconds. From 54 seconds to 65 seconds, the average sedimentation rate of

the remained sand reached 2.08 mm/s, matching well with the theoretical prediction for

free sedimentation. Afterwards, since the suspended sand in the domain reduced, the

sedimentation rate decreased to 1.00 mm/s. It can be seen in Figure 4.1, that in the

end all the sand concentrated at the height of 32.5 cm and suspended for a long time.

Sedimentation domain

Table 4.2.: Sedimentation rate in Test 5

Time [s] 0 - 21 21 - 38 38 - 53 54 - 65 65 - 90

vsedi [mm/s] 1.19 1.47 1.67 2.08 1.00

tsedidom [s] 2.85 2.70 2.70 3.90 N/A

dsedi [mm] 3.9 4.0 4.5 8.3 N/A

When the sedimentation front passes by, the local concentration rises swiftly from

18% to 48% and gradually to approximately 54%. The domain where the concentration

is between 18% to 48%, is where the main sedimentation occurs. This layer of dense

mixture is defined as the sedimentation domain.

In this domain, the effective stress of the sand have not been fully built and the

concentration of the sand is high. Therefore, the buoyancy from this domain is high.

The thickness of this sedimentation domain dsedi can be estimated by the time that

needs for the concentration at a certain point to increase from 18% to 48% (tsedidom)

multiplying the correspondent average sedimentation rate. The estimated thickness of

the sedimentation layer from Test 5 is displayed in Table 4.2. tsedidom and dsedi from 54

seconds to 65 seconds is significantly larger than the previous ones. The reason is that

after the discharge, the driving force for dispersion disappeared and the accumulation

of the sand in the bottom, expanded the sedimentation domain. Unfortunately, since

the effective stress could not be derived explicitly, the buoyancy from this relatively thin
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layer was not considered when evaluating the scon,m and scon,p.

New sand bed

During the sedimentation, the sand settles downwards and the water is uplifted. If

the sand settles too fast, there might be some water trapped in the sand bed and leads

to excessive pore pressure.

According to the DP mounting on the conductivity bar in Test 3 (Figure 4.3(a)),

from 54 seconds to 64 seconds after the discharge, the pressure increment in the middle

and bottom of the pipe collided. Combined with the concentration data from Test 3

(Figure 4.4), at 54 seconds, the sand front was just at the middle of the pipe. Thus,

as soon as the new sand bed had been formed, the excessive pore pressure dissipated.

Similar trend can be found from Test 1 from DP and Test 5 from AGPs (Figure 4.3(b)),

in which the sensors at the middle of the pipe were submerged under the new sand bed.

Therefore, the Geba weiss sand is quite permeable in terms of dissipation of excessive

pore pressure.
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Fig. 4.3.: Pressure increment at pipe

It needs to be pointed out in that, in Test 3 (Figure 4.3(a)), after 64 seconds, there

was a sudden jump in pore pressure at pipe bottom and the pipe was lifted. That is

due to a manual liquefaction introduced by an impact on the experimental wall to check

whether the pipe was stuck during the experiment. The liquefaction would be further

discussed in Section 4.3.3.



43

0 20 40 60 80 100 120 140 160
Time after discharge [s]

0

10

20

30

40

50

Co
nc
en

tra
tio

n 
[%

]

Concentration over time at different levels

height = 5.0 cm
height = 7.5 cm
height = 10.0 cm
height = 12.5 cm
height = 15.0 cm
height = 20.0 cm
height = 22.5 cm
height = 25.0 cm
height = 27.5 cm
height = 30.0 cm
height = 32.5 cm
height = 35.0 cm
height = 40.0 cm
height = 45.0 cm
height = 50.0 cm
height = 55.0 cm

Fig. 4.4.: Concentration in Test 3

4.2.2 Pressure increment

As discussed in Section 3.2.2, the pressure increment consists of the global pressure

increment due to water table rise and the pressure increment because of suspended sand.

Removing the initial readings prior to the test and set the global pressure increment as

the datum, the net pressure increment can be derived. Thereby, the specific gravity of

the mixture can be obtained.

Global pressure increment

The global pressure increment in the five tests are shown in Figure 4.5. It shows

similar trends and maximum values in different tests (except the end value in Test 3)

when the discharge rate is 2 l/s. The global pressure increased with discharge and

became stable at approximately 0.15 kPa and then dropped rapidly when the discharge

ended. In the test, if was found the water table uplifted for 15 mm matching the global

water pressure increment. This water table rise should be a function of the discharge

rate in the test. In Test 3, the abnormal end valves were found (shown in the Figure

4.5) and thus, in Test 4 and Test 5 the DPs at pipe middle replaced it.



44

0 20 40 60 80 100
Time after discharge [s]

−0.025

0.000

0.025

0.050

0.075

0.100

0.125

0.150

Pr
es

su
re

 in
cr

em
en

t [
kP

a]

Pressure due to discharge
Test 1
Test 2
Test 3
Test 4
Test 5

Fig. 4.5.: Global pressure increment

Net pressure increment

After removing the datum global pressure increment, the net pressure increment due

to the suspended sand in Test 4 and Test 5 are shown in Figure 4.6. The magnitude

of the increment depends on the amount of the sand above. On the one hand, the

lower the elevation, the larger increment is expected. On the other hand, the longer

the discharge, the more sand suspends in the domain and higher the increment until

the equilibrium between the sedimentation and discharge is reached. According to the

both figures, since the net pressure increment did not reach a stationary value yet, the

discharge rate of the sand particles was still faster than the sedimentation rate. If the

discharge had continued, the amount of the suspended particles would keep increasing.

The original thickness of the sand bed was 20 cm. According to the both figures, the net

pressure increments in the middle of the sand (APG, height = 10 cm) and on the top

of the sand were very close, indicating good permeability of the sand bed. The APG at

30 cm in Figure 4.6(a) did not return expected data. The APG at 40 cm in Test 4 did

not function well and thus the measurement is not shown. Overall, the readings from

APGs were only used for qualitative analysis.

Maximum net pressure increment

The maximum net pressure increment at the top of the pipe and the bottom of the

pipe in five tests are collected in the table 4.3 and related to different parameters in Fig-
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Fig. 4.6.: Net pressure increment along the height

ure 4.7. Theses measured maximum values were reached when the discharge stopped,

when all the sand had been discharged and least sand had settled. It shows, the max-

imum pressure increments are strongly correlated with the new sand bed thickness or

discharge volume (Figure 4.7(b)) and might be weakly correlated with the discharge

concentration (Figure 4.7(a)). With different discharge parameters, the maximum con-

centration of the particles in the domain changed and thereby the maximum pressure

increment is influenced correspondingly (4.7(c)).

Table 4.3.: Maximum ∆P at the top and bottom of the pipe based on DP

Test No. ∆h [cm] cdis,avg [%] cdomain,max [%] ∆Pbot,max [kPa] ∆Ptop,max [kPa]

1 4.1 27 4.8 0.23 0.15

2 4.1 24 5.7 0.23 0.17

3 5.1 24 6.9 0.31 0.21

4 4.6 31 6.8 0.25 0.17

5 10.5 32 10.7 0.41 0.26

Where the ∆d is the thickness of the new sand bed, cdis,avg is the average concentra-

tion of the discharged mixture, cdomain,max is the maximum concentration of the domain

above the sedimentation front before the end of discharge, ∆Pbot,max and ∆Ptop,max are

the maximum pressure increment at the bottom and top of the pipe according to DP.
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(a) Discharge concentration (b) New sand bed thickness (c) Domain concentration

Fig. 4.7.: Discharge parameters

4.2.3 Specific gravity of the mixture

The average specific gravity of the mixture around the pipe can be estimated ac-

cording to the measured concentration (scon,avg and scon,p) and the pressure (sDP,avg)

increment as discussed in Section 3.2.4, where scon,avg is the weighed specific gravity of

the mixture around the pipe while scon,p is the average buoyancy from the mixture after

considering the circular shape of the pipe.

Test 1 to 4

For Test 1 to Test 4, the discharge volume and the discharge period are comparable.

The results for Test 1 to 4 are shown in Figure 4.8. After the discharge, the suspension

started to build up around the pipe and the average specific gravity of the mixture

around the pipe increased. 35 seconds after the discharge, due to the decrease in the

effective height and the decrease in suspended sand because of sedimentation, the specific

gravity of the mixture dropped.

It is found scon,avg and scon,p are matching well with sDP,avg. However, as discussed

in the section 3.2.4, there was a sudden drop in scon,avg and scon,p because of the discon-

tinuity of the effective height when the sedimentation front having passed the last pair

of electrodes.

It needs to be explained that, during Test 3 (Figure 4.8(c)), in the end of the test, a

manual impact was exerted on the side wall of the tank to obtain a flat sand bed. As

a result, a liquefaction was introduced and the pipe was uplifted. However, there was

no flotation found before the impact. This indicated that, the external disturbance may

lead to flotation.
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(d) sm and sp in Test 4

Fig. 4.8.: Specific gravity of mixture

Test 5

In Test 5, the discharge volume is enough to bury the whole pipe and another trend

for the development of the specific weight is found, shown in Figure ??. The discharge

stopped at 50 seconds. At first 20 seconds, scon,avg and scon,p are comparable with

sDP,avg and scon,avg and scon,p slowly reached the peak. However, as the sedimentation

went on, scon,avg and scon,p dropped before sDP,avg reached the peak and before the

discharge stopped. This can be explained by the progressive movement of the pipe.

The displacement of the pipe may exert shear forces on the surrounding loose sand bed,

leading to local excessive water pressure. This liquefaction did not necessarily change

the local concentration in the domain but the effective stress was 0 and this could not

be tracked by the conductivity bar.
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Fig. 4.9.: sm and sp in Test 5

Test 1 to 5

All the tests discharged for at least 25 seconds with the same set-up and the identical

discharge rate. Except for the discharge concentration and the displacement of the pipe,

in the first 25 seconds the fives tests should be comparable.

In Figure 4.10(a), it indeed shows that after the discharge, for Test 1 to Test 5 scon,avg
are matching well with each other while in Figure 4.10(b), Test 5 showed a greater sDP,avg
around the pipe. The average specific gravity of the mixture depends on both the net

DP increment at top and bottom of the pipe, and they are shown in Figure 4.11. It was

found in the first 25 seconds, that ∆P at the top of the pipe has an identical trend in all

tests, while ∆P in Test 5 is larger than in the other tests. This comparison may further

indicate the liquefaction introduced by the displacement of the pipe which could not be

found from concentration.

The scon,avg and scon,p are also shown in Figure 4.12. In Test 4 and Test 5, the

specific gravity in the domain builds up faster than that in the other tests also due to

the discharge concentration. It is interesting to note that, even though, the discharge

volume in Test 5 is twice as that of the others, the specific gravity of the mixture around

the pipe dropped as fast as the other tests. As discussed in Section 4.2.3, since the rapid

reduction of the effective area of the pipe, scon,avg and scon,p dropped accordingly after

the pipe is half submerged.
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Fig. 4.10.: sDP,avg and scon,avg in 5 Tests
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Fig. 4.11.: Net DP increment in 5 Tests

4.3 Analysis

To float the pipe, the buoyancy acting on the pipe should at least overcome the

gravity of the pipe, the friction between the bearing and the guiding pipe. Three kinds

of possible uplift forces were found among the five tests.

4.3.1 Buoyancy

The suspended sand particles add weight to the mixture and thus exert extra buoy-

ancy to the pipe.

Within the five tests, Test 2 (Figure 4.8(b)) and Test 5 (Figure 4.9) had noticeable

flotation during discharge while the other tests also had some oscillation in terms of

displacement. Apparently, in Test 1, the pipe with a specific gravity of 1.20 was the
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stablest.

The first 50 seconds of Test 5 represents the flotation of the pipe under pure buoyancy.

In Test 5, the maximum displacement was merely 0.1 cm. Thus, sDP corresponding to

20 cm to 30 cm can still represent for the average specific gravity of the mixture well.

The development of the specific gravity of the mixture is shown in Figure 4.13.

0 25 50 75 100 125 150 175
Time after discharge [s]

1.000

1.025

1.050

1.075

1.100

1.125

1.150

1.175

1.200

Sp
ec

ifi
c 

gr
av

ity
 [-

]

Specific gravity of mixture around the pipe Maxwell
sDP, avg
scon, avg
scon, p
s = 1.115

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

Di
sp

la
ce

m
en

t [
cm

]

Displacement

Fig. 4.13.: sm and sp in Test 5
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The pipe with a specific gravity of 1.115, started to float only when sDP,avg was

close to this value. As mentioned, since scon,avg and scon,p could not detect the local

liquefaction due to the oscillation of the pipe, they may underestimated the buoyancy.

Then, when the buoyancy on the pipe reduced to 1.115, the displacement of the pipe

tended to stop. The displacement of the pipe after the discharge will be discussed in

Section 4.3.3.

According to Figure 4.8(c) and Figure 4.8(d), the maximum buoyancy level was in the

order of 1.10 and lower than the specific gravity of the pipe (1.115) and the pipe barely

float during discharge. However, it needs to be paid attention that shown in Figure

4.14(a) and Figure 4.14(b), as the discharge started, the sedimentation began and the

effective area of the pipe in the mixture reduced. Shown in Figure 4.15(a) and Figure

4.15(b), for this reason, even though the average concentration in the domain raised to

7.5% and 8%, corresponding to a specific gravity of 1.12 and 1.13, the buoyancy on the

pipe is still less than the specific gravity of the pipe. We can imagine, in the field, with

the same kind of the sand particles and a full scale pipe, the sedimentation rate is then

negligible compared with the pipe diameter. In this case, the effective area is constant

and the pipe surrounded by a mixture with a concentration of 7.5% is susceptible to

flotation. Therefore, further 3D and large or full scale tests may be needed to determine

the risk of the flotation in the field. Otherwise, hanging the pipe in the water without any

support from bottom may also reduce the effect of the sedimentation but the drainage

path and the hydrodynamic effect may be different.

(a) Heatmap of Test 3 (b) Heatmap of Test 4

Fig. 4.14.: Development of mixture concentration
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(b) Concentration in Test 4

Fig. 4.15.: Mixture concentration

4.3.2 Hydrodynamic effect

The buoyancy is a static force acting on the pipe. Because of discharge, there might

be hydrodynamic effects existing.

Hydrodynamic force

For test 2, the pipe floated before the concentration of the mixture build up. The

reason behind could be the hydrodynamic force. Before looking into the hydrodynamic

force, it should be noted that, since the displacement the pipe floated for more than 9

cm, the specific weight according to the fixed DPs could not reflect the buoyancy on

the pipe anymore. Therefore, Figure 4.8(b) is updated according to the displacement of

the pipe and the weighed concentration from the conductivity tube and the results are

shown in 4.16.

In Figure 4.16, the pipe with a specific gravity of 1.07 started to move when the

specific of the mixture was only 1.02, indicating that there should be another uplift

force acting on the pipe.

The pipe could sink or float when scon,avg and scon,p between 1.06 and 1.07 and the only

difference is that when floating, the discharge was still on. When the discharge halted

at , the pipe Therefore, it is reasonable to assume that the under-pressure introduced by

the discharge (Figure 4.19), exerted upward forces on the pipe, which were not captured

by the DP.
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Fig. 4.16.: Scon,pipe and Displacement in Test 2

Fig. 4.17.: Hydrodynamic force on pipe

Shown in the Figure 4.17, during the discharge the turbulence on both sides collided

with the bottom part of the pie and provided an uplift force to the pipe. This also

explains the oscillation of the displacement in Figure 4.8, the pipe oscillate under the

upward hydrodynamic force and the uneven lateral force. According to Figure 4.17, the

magnitude of the upward hydrodynamic force is in the order of 0.06 in terms of the

specific weight of the pipe. To derive the accurate upward hydrodynamic force, CFD
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analysis may be needed. This hydrodynamic force on the pipe, largely dependent on the

local geometry and backfill method.

After considering the hydrodynamic force, Figure 4.16 can be explained. As soon

as the discharge started, the water table started to rise. When the equilibrium in the

domain reached, the uplift hydrodynamic force was also stabilized and lifted the pipe

upwards with the help of buoyancy. When the pipe left the sedimentation domain,

the buoyancy reduced and the momentum of the pipe dropped. As the mixture in the

domain build up, the pipe continued to float until it hit the T junction at 45 cm. The

discharge ended at 29 seconds. Later, the pipe started to sink when the specific gravity

of the mixture dropped to as much as 1.07 at 46 seconds. When the pipe was close to the

sedimentation front, the buoyancy and resistance increased and the upward momentum

declined. In the end, the buried depth of the pipe was only half of the desired thickness.

Under-pressure

Below the T-junction there is also under pressure, which may provide uplift force.

According to Bernoulli’s equation, within a equilibrium system, the summation of

the pressure head location head and the velocity head shall be a constant. The initial

velocity of the mixture from the nozzle of the T-junction had an average velocity (vdis)

of 1.4 m/s. Then, the under-pressure at the nozzles compared with the static state

(∆punder,nozzle) can be written as Equation 4.1:

∆punder,nozzle =
1

2
ρmv

2
dis = 0.5 × 1495 × 1.42/1000 = 1.3 kPa (4.1)

Where, ρm is the density of the discharged mixture (concentration = 30 %), vdis is

the discharge rate at the nozzles.

The maximum uplift force due to under-pressure on the pipe can be estimated in

terms of specific gravity of the pipe (sunder,nozzle) can be expressed as Equation 4.2:

sunder,nozzle =
∆Punder,nozzleLpipeD

gVpipe
=

1.3 × 0.7 × 0.1
π0.12

4
× 0.7 × 9.81

= 1.69 (4.2)

Where, Lpipe is the length of the pipe, Vpipe is the volume of the pipe.

The possible maximum uplift force due to the under-pressure is bigger than the

specific gravity of the pipe. However, as the mixture left the nozzle, the speed of the

mixture decreased, and the relative under-pressure shall be lower than this value and

may become bigger when the pipe is closer to the discharge point. Shown in the Figure

4.18, there was no noticeable under-pressure on the top of the pipe from 0 to 29 seconds

during discharge. Therefore, the under-pressure due to discharge is negligible.

The under-pressure on the top of the pipe shown in Figure 4.18 after 40 seconds is

due to turbulence introduced during the sinkage of the pipe or in another word drag

force.
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Fig. 4.18.: Net pressure on pipe

Fig. 4.19.: Turbulence introduced by discharge

4.3.3 Liquefaction

It was also found, liquefaction due to external disturbance could lead to flotation.

In the experiment, it occurred after the discharge in Test 3 and Test 5, shown in Figure

4.20.
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Fig. 4.20.: DPs in Test 5

In Test 3, the liquefaction was due to external impact on the tank wall. In Test 5,

one tiny undesired liquefaction occurred at 54 seconds, when switching off the discharge

and the other took place at 256 seconds due to the impact. During the liquefaction,

the concentration of the sand around the pipe were measured by the conductivity tube.

Therefore, by assuming all the sand (bed) around the pipe was liquefied, the buoyancy

due to liquefaction can be estimated. On the other hand, the specific gravity and the

thickness of the final new sand bed was known. The maximum buoyancy from the

discharged mixture could be estimated, shown in Table 4.4.

Table 4.4.: Liquefaction ratio

Parameters Test 3 Test 5 (Liquefaction 2)

Maximum thickness of liquefied layer > 5 cm 10 cm

Average specific gravity of liquefied layer 1.80 1.84

Newly formed sand bed thickness 5.1 cm 10.5 cm

Average specific gravity of new sand bed 1.84 1.88

Measured maximum buoyancy 1.37 1.80

Calculated buoyancy from liquefied layer > 1.40 1.84

Maximum buoyancy from discharge 1.43 1.88

By comparison, almost the whole sand bed was liquefied and led to noticeable pipe

flotation. Even the local liquefaction 1 in Test 5 combining the suspended mixture also

caused some degree of flotation. Apparently, if disturbance is big enough to liquefy

the whole newly sand bed, the deeper the buried depth, the worse the flotation might

be. Therefore, external disturbance such as storms or erosion may increase the risk of

flotation. Unfortunately, the APG buried in the original sand bed did not function well
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and whether the original sand bed was liquefied is unknown.

Moreover, with the current sand, the liquefaction and the maximum buoyancy did

not last long under single excitation.

To conclude from the three kinds of flotation, when the discharge starts, the pipe

is under the uplift force from the hydrodynamic force and the increasing buoyancy due

to the suspended particles. As the concentration of the particles rises, the risk of the

flotation becomes greater as well. However, as soon as the pipe is half buried, the

hydrodynamic effect reduces, the sand also starts to build up on the pipe preventing

further movement. Therefore, for the experiment geometry, if the pipe does not float

before it is half buried, the possibility of flotation due to pure buoyancy is minor, unless

some external disturbance occurs. On the other hand, if the pipe floats before it is half

buried, the buoyancy and the the hydrodynamic force. When the discharge ends, the

pipe is only floated by the buoyancy of the mixture. When the concentration in the

domain decrease to a certain level, the pipe starts to sink and finally partly buried in

the sand bed.

4.4 Discussion

Three kinds of flotation mechanisms were found, buoyancy, hydrodynamic force and

buoyancy due to liquefaction.

The buoyancy depends on development of the concentration of mixture. According

to the measurements, the development of the mixture is dominated by the sedimenta-

tion as well as dispersion if the vertical erosion is neglected. The sedimentation rate

can be related to the sedimentation theory in the test well. With the acquired data,

further numerical modeling tools such as 2DV model would be helpful to describe the 2D

phenomenon. In the experiment, the risk of pure buoyancy is low due to the relatively

fast sedimentation rate compared with pipe dimension. However, for a full-scale pipe

in field, the risk of flotation could be higher since the reduction in the effective area is

negligible. Moreover, the backfill trench and trailing speed of the suction hopper dredger

and erosion are not taken into account in the tests. Therefore, further larger scale and

3D tests are recommended.

The hydrodynamic force is largely related to the geometry and backfill method. In

the case of the field, vertical discharge, may also cause erosion. On the one hand,

the erosion would raise the sand upwards and thus, more sand would be suspended in

the domain resulting in larger buoyancy. This is greatly related to backfill method,

relative density and the grain size distribution of the sand bed. On the other hand, the

downward turbulence would generate upward flow at the same time and results in upward

hydrodynamic force. Further investigation on the effect of the erosion (hydrodynamic

force) with 3D test or with the current set-up is recommended.
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Moreover, liquefaction may also cause flotation. If the liquefaction occurs, the pipe

is susceptible to flotation, especially when the most of the pipe is buried. However, the

risk of liquefaction under storms, multiple discharge still need further study.

For the current stage, in terms of buoyancy, the relative conservative 2D static model

[11] from Van Oord to determine the discharge layer thickness for a certain pipe is

recommended. The risk of the liquefaction and hydrodynamic force might be reduced

with careful weather forecast, construction experience and appropriate pipe weight [19].
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5. CONCLUSIONS AND RECOMMENDATIONS

In this study, a small scale set-up was designed to simulate the trailing suction hopper

dredger backfill. Five tests were performed with Geba weiss sand (d50 = 125 µm) and

three kinds of flotation mechanisms were defined.

Conclusions

• During backfill process, particle movement is mainly dominated by the disper-

sion and sedimentation. The development of the mixture can be predicted with

sedimentation theory.

• The mechanisms of flotation can be divided into the buoyancy of the mixture, the

liquefaction of the newly formed sand bed due to the external disturbance and the

hydrodynamic force.

• To reduce the risk of flotation, backfill in thin layers calculated with 2D static

model [11] combining with weather forecast, construction experience and appro-

priate pipe weight [19] is recommended for the current stage.

Recommendation

Below are the recommendations for future research:

• Perform larger scale and 3D tests. With the current geometry, the sedimentation

rate was not scaled down and therefore, the buoyancy was smaller due to the rapid

reduction in effective area. Moreover, the backfill trench and the trailing speed

of the trailing suction hopper dredger and erosion are not taken into account. To

further investigate the flotation mechanism and the development of the mixture in

the 3D space, a larger scale 3D test is recommended.

• The effect of erosion. It can be investigated combined with the existing research

on erosion and jetting. The current set-up is also possible to be adapted for

the erosion test with some modifications, such as replacing the T junction and

installing hot-wire anemometers or use PIV to track the turbulence.
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[22] C. Hulsbergen, R. Bijker et al., “Effect of spoilers on submarine pipeline stability,”
in Offshore technology conference. Offshore Technology Conference, 1989.

[23] R. Bijker, “Achieving sub-sea pipeline burial and stability with spoilers,” Pipeline
Gas J, vol. 227, p. 46, 2000.

[24] B. M. Sumer, C. Truelsen, and J. Fredsøe, “Liquefaction around pipelines under
waves,” Journal of waterway, port, coastal, and ocean engineering, vol. 132, no. 4,
pp. 266–275, 2006.

[25] MRP, “Trench backfilling arkutun dagi,” Van Oord, Tech. Rep., 2010.

[26] R. Holdich and I. Sinclair, “Measurement of slurry solids content by electrical con-
ductivity,” Powder Technology, vol. 72, no. 1, pp. 77–87, 1992.

[27] F. Bisschop, “Erosion of sand at high flow velocities an experimental study,” Ph.D.
dissertation, Delft University of Technology, 2018.

[28] F. van Grunsven and A. Talmon, “Local anomalies in slip for slurry flow within
pipes near the deposit limit velocity,” 12 2012.

[29] R. Ferguson and M. Church, “A simple universal equation for grain settling veloc-
ity,” Journal of sedimentary Research, vol. 74, no. 6, pp. 933–937, 2004.

[30] G. J. Kynch, “A theory of sedimentation,” Transactions of the Faraday society,
vol. 48, pp. 166–176, 1952.

[31] J. Richardson and W. Zaki, “Sedimentation and fluidisation: Part i,” Chemical
Engineering Research and Design, vol. 75, pp. S82–S100, 1997.



APPENDICES



62

A. VALIDATION FOR CONDUCTIVITY BAR

The conductivity probe is a home-made sensor and the relationships between the read-

ings and the concentration needs to be derived for the chosen sand for each pairs of the

electrodes.

A simple verification test was first carried out for the sand bed by comparing the

estimated concentration of the sand bed and the average concentration of the sand bed.

The result is displayed in Figure A.1. Unfortunately, the range of the concentration in

the sand bed is very limited and no direct conclusion can be drawn for sand bed range

or mixture range but only some errors can be expected apparently. The error could be

the in-accuracy of the conductivity bar or the un-uniformity of the sand bed along the

height.

Fig. A.1.: Verification of concentration

Therefore, the calibration was later verified based on the sand bed preparation

process by comparing the average specific gravity of the mixture from DPs and the

conductivity bars (based on the empirical equation (scon,emp) and Maxwell equation

(scon,Maxwell)). During the sand bed preparation process, the conductivity bar and the

DPs had been already in place. The location of the DPs and electrode pairs are shown

in Figure A.2. During the sand bed preparation, 2 DPs were mounted at 20 and 30

cm where the pipe would be. The sand would pass the DPs, and form new sand bed

underneath the DPs. The comparison was performed in Zone 1 and Zone 2 in Figure

reffig:zone, namely, around the pipe and above the pipe.
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Fig. A.2.: Conductivity bar location

Calibration in Zone 1 The scon and sDP are estimated by Equation 3.9 and Equation

3.11 separately, since no sand bed was formed in Zone 1. The estimated average specific

gravity of the mixture around the pipe after discharge is shown in Figure A.3.
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(c) Example 3
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(d) Example 4

Fig. A.3.: Sm around the pipe during sand bed preparation

Apparently, based on the Maxwell equation, the concentration is lower, compared

with empirical equation and the Maxwell calibration shows better matching with the

estimation from DPs.

Calibration in Zone 2 The verification is also performed based on Zone 2. Since the

dispersion barely occurs above 45 cm according to the conductivity readings, therefore,

the suspended sand above 55 cm can be ignored and the estimated net pore pressure

increment at 30 cm (∆pcon,30) (or Zone 2) can be expressed by:

∆Pcon,30 =
55∑
30

g(ci∆hi) × (ss − sw) (A.1)

Where ci is the corresponding concentration to the subordinate area, ∆hi is the height

of subordinate area of the corresponding pair of electrodes, g is the gravity acceleration

and ss and sw are the specific gravity of the sand particle and water.
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The results are shown in Figure A.4.

(a) Example 1 (b) Example 2

(c) Example 3 (d) Example 4

Fig. A.4.: Net ∆P at the top of the pipe

Apparently, Maxwell equation still gives better results. Therefore, during the experi-

ment, the calibrations are all based on Maxwell equation and regarded reliable. However,

it should also be noted that, since the conductivity tube is not a standard sensor, the

results have quite some fluctuation from time to time. Therefore, the results have to be

carefully checked before being used.
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