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𝐴 amplitude parameter hyperbolic arcsine 

𝐵𝑛 Bingham number 

𝐶𝑑 drag coefficient 

𝑐𝑙 trench clearance to pipe or cable 

𝑐𝑀 value for the remoulded shear strength at the liquid limit 

𝐷 diameter of the pipe 

𝐷𝑜𝐿 depth of lowering 

FA total resistance of the slurry to the movement of the pipe 
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𝐹𝐿𝑉𝐷𝑇 fore exerted by lvdt 
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𝐻 height of soil cover over the pipe 
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𝑡 time 
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𝑣 velocity of the backfilling plough 

𝑣𝑙𝑖𝑚 limiting velocity  

𝑣|| parallel plough velocity 

𝑣┴ orthogonal velocity 

𝑉𝑝𝑖𝑝𝑒 volume of the pipe 

𝑤 moisture content 

𝑊𝑑 weight of the dry soil 

𝑊𝑝 weight of the pipe 

𝑊𝑤,𝑛 weight of water extracted 

𝑊𝑤 weight of water 

𝑦𝑐 depth of the centre of the pipe 
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�̇� strain rate 

𝛾𝑠𝑎𝑡 saturated unit weight of soil 

𝛾𝑤 unit weight of water 

𝛿 pipe displacement 

𝛿𝑚𝑜𝑏 𝑚1 mobilisation distance method 1 

𝛿𝑚𝑜𝑏 𝑚2 mobilisation distance method 2 

𝛿𝑚𝑜𝑏 mobilisation distance  

∆𝑝𝑡 differential pore pressure 

𝜁 stiffness of the second segment of the trilinear model 

η plastic viscosity 

𝛳 plan angle of attack 

𝜇 fluid viscosity 

𝜈 kinematic viscosity of water 

𝜌𝑝 density of the grains 

𝜏𝑦 yield stress 

𝜒 and 𝛤𝑃𝐼 empirically fitted parameters 

Ω imposed angular velocity of the rheometer upper plate 
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vii. Abstract 

Embedment of pipeline and cables in the seabed is achieved to protect them from issues 

such as loading by currents, damage from fishing trawler vessels and to provide thermal 

insulation. Depending on the type of soil and on financial and operational constraints, the 

embedment of pipelines/cables can be achieved using either ploughing or jet trenching with 

remotely operated vehicles.  

In this thesis the issues arising while embedding pipelines and cables using jet trenching 

and backfill ploughing were investigated by means of scaled physical model tests. The 

purpose of the investigation was to optimise the specific gravity (SG) of pipelines and cables 

to minimise flotation or movement during installation. The issues under considerations were 

the flotation of pipelines/cables in high moisture content fine grained materials due to jet 

trenching and the uplift of pipelines/cables due to backfilling in granular materials at different 

speeds. 

The effect of embedment depth and trench width on the soil resistance to the flotation of 

pipelines/cables were studied. Two types of test, free flotation and pull-out tests were used 

for validation at two different model scales. To summarise the results in a unified framework 

a relationship between undrained shear strength and liquidity index was calibrated using two 

fine grained materials at very high moisture contents. While the existing literature lacks a 

criterion to define flotation, a standard framework to quantify the mobilised resistance as a 

function of the movement of the pipeline/cable was developed to represent uplift 

displacement due to flotation. This was required as no abrupt flotation event actually 

occurred. The pipeline typically moved and then stopped as greater soil resistance was 

mobilised. This allows customisation of the flotation criterion to different industry needs (i.e. 

varying the allowable pipeline or cable displacement). Design charts and tools are provided 

to estimate undrained shear strength at high moisture content and resistance provided by 

soils at different embedment depth and trench width. These can be used to determine the 

lowest safe SG of pipelines/cables which will not exceed the maximum allowable movement. 

 

The effects of backfilling velocity on soil and pipeline or cable movement and the forces 

exerted by the soil on the pipeline/cable were also studied in separate testing. Two 

underwater plain strain model tests, at 7.5th and 50th scale, were employed to verify the 
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scalability of the results. The effect of backfill ploughing in granular material was investigated 

using accelerometers and pore pressure transducers to quantify the magnitude and duration 

of forces on the model pipes. The soil flow behaviour and mechanisms were monitored via 

high speed video recording. The aim of the tests was to provide characterisation of the 

backfilling mechanism and quantify the forces acting on the pipe, whilst investigating their 

velocity dependency. The type of backfilling mechanism and the force acting on the pipe 

were found to be dependent on the backfilling velocity and scalable via the Froude number 

(Fr) calculated using plough velocity and pipe diameter. The changing point was found to be 

at Fr=0.1. The pore pressure measurements confirmed the dependency on the ploughing 

velocity of both the backfilling mechanism and the forces acting on the embedded product. 

Results from the model backfill ploughing tests were interpreted and used to calibrate an 

empirical correlation of upward forces as a function of backfilling velocity. The results of the 

pore pressure instrumentation were used to predict the duration of the uplift force action. 

These correlations allow the use of the model test results to determine the mechanical 

properties of pipelines/cables required to achieve correct embedment depth during 

installation to minimise movement during installation. Estimation of the most influential 

mechanical properties of pipelines/cables being installed is provided via simple structural 

analysis implementing Euler beam equation to represent the pipepline/cable being 

backfilled. 

 

 

Keywords: backfill plough, cable, drag coefficient, fine grained soil, flotation, granular 

material, jet trencher, mobilisation, pipeline flotation, pipeline, ploughs, trenching, undrained 

shear strength, uplift. 
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1 Introduction  

The necessity of using pipelines and cables arises when offshore human activities require 

continuous connection between onshore and offshore facilities or connections between 

continents. The seabed is where these structures are normally located, and it is common 

practice to embed pipelines and cables (product) into the seabed for a number of reasons. 

For instance, there could be the potential for human disturbance from fishing gear or 

anchoring activities. In addition, burial may be required to reduce thermal losses and ensure 

constant flow of the transported product. For these reasons, and to provide on-bottom 

stability and mitigation against upheaval buckling, pipelines and cables are embedded into 

the sea bed. Soil-pipe/cable interaction is not always well understood, and an improved 

understanding of the geotechnical issues is required, especially with the rapid increase in 

the number of small diameter, lightweight flexible pipelines and cables, which transport high 

pressure and high temperature fluids, power and data.  

Pipelines are normally laid on the seabed and subsequently a trench is formed underneath, 

this process is referred to as post-laid trenching; one of the most common methods of burial 

is ploughing which is favoured due to its effectiveness in various soil conditions and even in 

rock if suitably weak or heavily fractured. To bury the pipeline an additional operation is 

required where a backfill plough returns the trenched spoil back into the trench. To achieve 

pipeline/cable trenching and burial quickly with less demand on vessel specification, jet 

trenching, based on remotely operated vehicles, may be used where ground conditions 

allow. Trenching at the desired depth is achieved by effectively fluidising or cutting the soil 

with high pressure water jets which face the direction of trenching. Low pressure – high flow 

nozzles fluidize and keep the soil material in suspension to allow the pipeline to sink. 

Backfilling in this case is achieved by consolidation of the soil matrix when fluid motion 

ceases and/or natural/man-made trench collapse occurs. While consolidating the soil 

undergoes a density change process and partially behave as a continuum with the water. 

This allows for higher buoyancy force than buoyancy in water to act on the embedded pipe. 

At the same time the soil is increasing its shear strength, and this would reduce the 

possibility of the pipe to move under buoyancy forces. The increase in density and in 

strength of the soil are not necessarily happening at the same rate and this leaves possibly 

the pipe vulnerable to move upward. There is the necessity to investigate further these 

possible condition of unbalanced forces.  
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Offshore operations are intrinsically expensive, due to the high costs of operational vessels 

due to their size and their running expenses. The easiest way to reduce costs is to decrease 

the installation time. The installation time is intimately connected with the weight and 

flexibility of the products to be handled, i.e. the unit weight or specific gravity (SG) of the 

pipelines and cable to be embedded into the seabed. The economic advantage of optimising 

the specific gravity (ratio between the density of the product and the density of water) of 

lightweight pipelines/cables is relevant because of the resulting reduced cost associated 

with reduced vessel use and handling time. The drawback with a decrease in specific gravity 

is an increasing possibility of product flotation occurring in the early stages after jet trenching 

or uplift during the mechanical backfilling process in ploughed trenches. In extreme cases 

the result of both uplift and flotation may be the exposure of the pipeline/cable or the final 

depth of the product being out of contract specification. Where uplift or flotation occur, 

remedial works may consist of either costly re-trenching (jetting or ploughing), or rock 

dumping of the uplifted sections to avoid experiencing the same failure again.  

Limited literature is available on how to select pipeline/cable specific gravity. Common 

industry practice consists of selecting the value of the SG of the pipe to be 1.8 or higher to 

avoid flotation or uplift (Powell, et al., 2002; Maconochie, et al., 2015). This method can be 

regarded as simplistic and it might to lead to overdesign as it does not consider soil 

conditions and/or pipeline/cable mechanical properties. On the contrary, the design process, 

should consider different factors and the process should be integrated with regard to soil 

conditions and pipeline/cable mechanical performance. Examples of SGs of coated and 

insulated pipelines can be found in the Nielsen, et al. (1990) case study, where the pipeline 

had a concrete coating, and its overall SG was 2.1. if the concrete was ignored the pipeline 

SG would reduce to 1.3. This would mean that 36% of the pipeline weight was for ballast 

reasons only. Reducing the SG of pipes from 1.8, or higher, could lead to drastic cost 

savings due to transportation and installation time reduction and would pose less demands 

on the lifting equipment. 

Research to gain a more in depth understanding of the backfilling process both with jet 

trenchers and with backfilling ploughs was undertaken at the University of Dundee. The aim 

was to improve the decision making process to select an optimum SG and the mechanical 

properties for pipelines and cables to maintain stability whilst minimising costs. 
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1.1 Investigation of flotation due to jet trenching  

Reduced scale model pipeline/cable flotation tests were carried out in two fine grained soils 

of different particle size distributions. The tests were performed at various relative moisture 

contents, at four different pipe embedment depths and at three trench width to diameter 

ratios. Tests were conducted at two scales to allow scale effects to be investigated as well. 

To better understand the types and magnitude of forces involved, a series of pull-out tests 

were carried out replicating the same conditions as the pipeline/cable flotation tests. Element 

testing of high moisture content fine grained materials were carried out to evaluate the 

undrained shear strength-liquidity index relationship (𝑆𝑢 − 𝐿𝐼). Results were also compared 

to previous experimental studies identified in the literature. A framework was produced to 

evaluate the resistance to flotation vs displacement relationship in fine grained high moisture 

soils at different moisture contents. This led to the possibility to adapt a flotation criteria 

according to the level of conservatism required for each specific application. 

1.2 Investigation on uplift due to backfill ploughing 

Reduced 2D scale modelling of backfill ploughing was carried at various backfilling 

velocities. This allowed investigation of the effect of plough velocity on the forces exerted by 

granular soils on pipelines. Tests were conducted at two scales (30th and 7.5th) to allow scale 

effects to be investigated. The tests were filmed with a high-speed camera to capture the 

mechanism of soil deposition into the trench. It was found that the increase in soil impact 

force with plough velocity is caused by an increase in inertia of the soil particles and to a 

change in moving soil mechanism. A non-dimensional drag coefficient to plough velocity 

was empirically calibrated. A correlation between time and force reduction was calibrated to 

quantify the lasting effects on the pipe after ploughing. These correlations allow 

quantification of the force dependency on the backfilling velocity and it can be applied to 

different pipelines and cable mechanical properties to evaluate specific effects on the 

particular product.   
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1.3 Aims and objectives 

This research work has been subdivided into two parts, in the same way that Finch, et al. 

(2000) subdivided the problem arising during backfilling of pipelines: 

• the first part considers the jet trenching process in fine grained soils and its impact 

on flotation phenomenon for pipelines/cables; 

• the second part considers the backfill ploughing process in granular soils and its 

implications for the uplift phenomenon of pipelines/cables. 

This subdivision is mainly due to the type of actions that are considered to take place during 

the different backfilling operations.  

This thesis will describe the results of the investigation into the pipeline and cable behaviour 

during installation processes. The aims of the thesis are (1) to investigate the forces acting 

on pipelines/cables during and soon after jet trenching or backfill ploughing; (2) to improve 

industry design methods creating a framework to allow design of the optimum unit weight of 

pipelines and cables to safely accomplish the installation process. 

The aims will be met through the following key objectives: 

1. Conduct a series of tests, at different scales and different boundary conditions, where 

the forces on the pipe during flotation in fine grained soils are monitored and 

measured; 

2. Conduct a series of comparable tests using different pipeline uplift techniques; 

3. Compare the two types of tests together with literature results; 

4. Use the data gathered during the study to create a framework that can describe soil 

resistance to pipeline/cable flotation; 

5. Conduct a series of tests, at different scales and backfilling velocities, where the 

forces on the pipe during backfill ploughing in sand are monitored and measured; 

6. Use the data gathered during the study to create a framework that can describe soil 

forces exerted on the pipeline/cable which can lead to pipeline uplift. The framework 

implements a method for more realistic design during backfilling operations to 

mitigate pipeline and cable movement; 
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1.4 Thesis structure 

Due to the split nature of this work the thesis will be then subdivided in the subsequent main 

chapters: 

• Chapter 2: Literature review for jet trenching and backfill ploughing; 

It consists of a review of the current literature relevant to this study on flotation and uplift 

during pipeline/cable embedment. Attention is focussed on the limited previous flotation 

and backfill ploughing research. Additional literature is presented on topics that are not 

directly related to the phenomena investigated, but that provide useful information on 

parameters to investigate where gaps in the knowledge are present. 

• Chapter 3: Methodology - investigation of flotation due to jet trenching; 

The chapter introduces the experimental methods used to conduct the study on flotation 

in fine grained soils. Two types of tests are described to assess pipelines/cables flotation 

and two material tests are described to assess the undrained shear strength to liquidity 

index relationship of clays at high moisture contents.  

• Chapter 4: Results - investigation of flotation due to jet trenching; 

The chapter presents the results and the discussion of the tests performed to investigate 

the flotation phenomenon. The chapter incorporates the result of the material testing for 

the 𝑆𝑢 − 𝐿𝐼 relationship and the flotation results. Interpretation of the results of the tests 

is introduced together with the creation of a framework to define the flotation criteria 

based on the resistance vs displacement relationships. 

• Chapter 5: Methodology - investigation of uplift due to backfill ploughing; 

A description of the experimental methods used to conduct the backfilling study is 

contained in chapter 5. Two scales of backfill ploughing apparatus and the scaling 

method are discussed in the chapter. 

• Chapter 6. Results - investigation of uplift due to backfill ploughing; 

The chapter comprises the discussion of the backfilling mechanism variation with 

velocity. The variation of the vertical components of the impact force on the plough are 

analysed and used to calibrate a drag coefficient vs plough velocity correlation. A 

proposed interpretation of the force dissipation behind the plough is given. This chapter 

also shows the potential applicability of the findings to practical cases. 

• Chapter 7: Summary and Conclusions. 

It summarises the main findings of the research, highlights how these are important to 

the offshore industry and presents recommendations for future research.  
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2 Literature review 

2.1 Jet trenching and flotation 

Jet trenching or Jetting can be defined as an embedment method that employs water jets to 

break and/or fluidise the seabed to allow the cable or pipeline (product) to sink into the soil 

(DNV-RP-J301, 2014) as represented in Figure 2-1.  

 

Figure 2-1 Jetting process and lay back representation 

The choice to use jet trenchers is mainly related to soil conditions (Figure 2-2) but due to 

the fact that some soil conditions allow for more than one trenching method, the choice might 

be dictated by economical or operational reasons. Jetting has several advantages in that it 

only requires a limited amount of towing force from the support vessel, the pipeline/cable 

burial can be carried out in one pass for flexible pipelines/cables and the jet trencher has 

small dimensions compared to ploughing rigs. 

 

 

Figure 2-2 Trenching method suitability (DNV-RP-J301, 2014). 
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On the contrary jet trenching may need to be repeated for less flexible pipelines in soils that 

settle fast, where the layback (i.e. pipeline lay back, Figure 2-1) of the product is too long 

and the fluidised soil settles before the pipe touches the bottom of the trench (Finch, et al., 

2000). Jet trenching may also cause particle dispersion (i.e. loss of potential cover material 

from the trench). Thus the depth of cover (DOC) that can be achieved may not be 100% of 

the trench depth excavated, indeed it may only be a small fraction of it e.g. 0 to 50% of the 

trench depth for clays (Cowie and Finch, 2001) which may need to be considered during 

pipeline design. One method to improve the depth of cover and give more protection to the 

pipeline is under reaming, this consist of wider soil excavation at the bottom of the trench 

and a natural collapse of the trench wall (Finch, et al., 2000). This mechanism results in a 

larger portion of original soil remaining in lumps surrounded by fluidized slurry (around the 

product).  

The main issue for a buried object in a fluidized soil is the higher flotation force acting on the 

object, in comparison to water, due to the higher unit weigh of the fluidized soil (Ghazzaly 

and Lim, 1975). This problem of the increased flotation force (due to the fluidized soil) has 

to be carefully assessed by designers in jetted materials as the soil in which the pipeline is 

placed will be heavily remoulded making it difficult to assess the soil shear strength which 

resists flotation (especially where shear strength may vary with time). 

Trenching with jetters exposes the pipeline to the risk of flotation (Finch and Machin, 2001; 

Powell, et al., 2002) which cannot be considered as straight forward flotation controlled by 

Archimedes’ principle (Ghazzaly and Lim, 1975). Any kind of unknown quantity (shear 

strength of a liquefied soil, grain specific gravity, Atterberg limits, moisture content of the soil 

after trenching, etc.) can be a source of over-design or under-design, with potential for 

economic loss under either scenario. The assumptions for geotechnical design, 

(conservative or under-designed) generally relate to knowledge (or assumptions) of the soil 

properties, but during (and potentially for some time after) backfilling operations there is a 

lack of knowledge of the resistance of the heavily remoulded soil. 

2.1.1 Jet trenching related flotation phenomenon 

The high-pressure water ejected from the nozzles of the trencher inject an elevated quantity 

of water into the soil matrix. This process completely remoulds the soil and simultaneously 

rapidly increases its water content (Cathie, et al., 2005). The pipe/cable is allowed to sink in 

this soil/water matrix that has a lower unit weight compared to that of the cable/pipe (Powell, 

et al., 2002). The soil starts to regain its properties depending on its permeability and 

increases unit weight with time. Several studies have been carried out on jet trencher 
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performance in clay (Machin and Allan, 2010; Nobel, 2013; Zhang, et al., 2016; Zhang, et 

al., 2017) or in sand (O’Donoghue, et al., 2001)), but to the author’s knowledge just Nobel 

(2013) qualitatively describe the resulting material of the jetting process. This was described 

as dependent upon the type of jet used in fine grained soils; and Machin and Allan (2010) 

state that a complete fluidized fine-grained soil is possible especially in soft clays and loose 

silts, and it may maintain a lumpy state (Brennan, et al. 2017) and not be completely 

disaggregated (White and Cathie 2011). 

During this stage the soil and water mixture is assumed by Ghazzaly and Lim (1975) and 

Ghazzaly, et al. (1975) to behave in an undrained continuum manner in which the particles 

of soil and/or the lumps are surrounded by the fluid and the interaction between the 

pipe/cable can be represented as an equilibrium of forces as shown in the free body diagram 

of Figure 2-3. 

As already proposed by Ghazzaly and Lim (1975), Ghazzaly, et al. (1975) and Endley, et al. 

(2009), a pipeline, embedded in a fine grained soil with high moisture content, will be 

subjected to several forces: 

• buoyancy force; 

• self-weight; 

• resistance to the movement provided by the soil.  

To avoid any evident movement of the pipe/cable, equation (2.1) should be satisfied: 

FA  +𝑊𝑝 + 𝑆 > 𝐹𝑏𝑢𝑜𝑦 (2.1) 

Where: 

FA= is the resistance of the slurry; 

𝑊𝑝 = weight of the pipe; 

𝑆 = suction underneath the pipe that may be present; 

𝐹𝑏𝑢𝑜𝑦 = is the weight of the volume of fluidized soil replaced by the pipe. 

 
Figure 2-3 Force balance in a flotation mechanism for a pipeline/cable unit length submerged in a slurry 
of high water content soil. Plain strain representation Wp=weight of the pipe, Fbuoy= buoyancy force. 
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The presence of suction has been proposed by Powell, et al. (2002), but it may be accounted 

for as part of a general resisting mechanism (Ghazzaly and Lim (1975), Ghazzaly, et al. 

(1975) and Endley, et al. (2009)), hence a designer should not necessarily add a suction 

force again against flotation.  

Complexities to the straight forward equilibrium problem schematized in Figure 2-3 arise 

when it is necessary to predict the undrained shear strength of high moisture content soils 

and to make assumptions about the underlying resistance mechanisms to movement. 

Following the equilibrium reported in equation (2.1) if one expands the pipe weight and the 

buoyancy force terms, for a circular object, using Archimedes’ principle, it becomes: 

𝛾𝑝 ∙
𝜋𝐷2

4
∙ 𝐿 − 𝛾𝑠

𝜋𝐷2

4
∙ 𝐿 + 𝐹𝐴 = 0 

(2.2) 

Where: 

γ𝑝
πD2

4
 ∙ L = 𝑊𝑝 = weight of the pipe, [𝑘𝑁]; 

γ𝑠 ∙
πD2

4
 ∙ L = 𝐹𝑏𝑢𝑜𝑦 = weight of the volume of fluidized soil replaced by the pipe, [𝑘𝑁]; 

FA= resistance opposed by the soil, [𝑘𝑁]. 

Equation (2.2) is a model that accounts for the maximum buoyancy force that the 

pipeline/cable can experience while the soil is consolidating, which is calculated with the 

saturated unit weight of the soil. The maximum buoyancy force occurs at the point of soil 

fluidisation that can be defined when the pore water pressure is equal to the total stresses 

in the soil. The buoyancy force reduces from its maximum value during the process of 

consolidation to its minimum that is the buoyancy force calculated with the unit weight of 

water. 

Figure 2-4 shows the resistance measured with a pipe free to float in three different types of 

soil by Endley, et al. (2009). It can be seen that to normalise the influence of different soils 

Endley, et al. (2009) used the ratio between the soils moisture content and its liquid limit 

(𝐿𝐿). The resistance increases with reducing moisture content, which reflects a similar trend 

of the undrained shear strength, as will be discussed in section 2.1.3.  

For this reasons, 𝑅 could be represented by a non-dimensional resisting factor for a fully 

developed flow around mechanism.  
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Figure 2-4 Resistance to pipe flotation vs normalised moisture content, redrawn from Endley, et al. 
(2009). 

Randolph and Houlsby (1984) derived an analytical solution for a perfectly plastic material, 

which is normally written as:  

F𝐴

𝐷 ∙ 𝐿
= 𝑁𝐶 ∙ 𝑆𝑢 (2.3) 

Where:  

FA = is the total resistance on the pipe, [𝑘𝑁]; 

𝐷 = diameter of the pipe [𝑚]; 

𝐿 = projected pipe area normal to the displacement direction [𝑚2];  

𝑁𝐶 = bearing capacity factor, [-]; 

𝑆𝑢 = undrained shear strength of the soil, [𝑘𝑃𝑎]. 

This solution is widely used for the flow around pile mechanism where the factor 𝑁𝐶  is a 

function of the ratio of pile adhesion ratio (𝛼 that varies 0 <  𝛼 < 1 from smooth to rough) 

and undrained shear strength 𝑆𝑢  of the soil. For a pile of intermediate roughness 𝑁𝐶 , 

equates to 10.5. The same solution is widely used to interpret the data from T-Bar tests.  

Using equation (2.3) the equilibrium equation can then be rewritten as: 

(𝛾𝑝 − 𝛾𝑠)
𝜋𝐷2

4
+ 𝑁𝐶 ∙ 𝑆𝑢 ∙ 𝐷 = 0      →          𝛾𝑝 = 𝛾𝑠 −

4 ∙ 𝑁𝐶 ∙ 𝑆𝑢
𝜋 ∙ 𝐷

 (2.4) 

In this form the unit weight of the pipe 𝛾𝑝, or the Specific Gravity 𝑆𝐺 of the pipe, at which 

flotation initiates can be estimated. Equation (2.4) is similar in form to the one formulated by 
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Ghazzaly, et al., (1975). To solve equation (2.4) the unit weight of the slurry is estimated as 

the saturated unit weight of a soil at that moisture content 𝑤 as:  

𝛾𝑠 =
𝐺𝑠 ∙ 𝛾𝑤 ∙ (1 + 𝑤)

1 + 𝐺𝑠 ∙ 𝑤
 (2.5) 

Where: 

𝐺𝑠 =is the grain specific gravity;  

𝑤=is the moisture content, defined as the ratio between the weight of water (𝑊𝑤) and the 

weight of the dry soil (𝑊𝑑). 

 

2.1.2 Previous flotation detection and testing studies  

The tests of Ghazzaly, et al. (1975) were performed by placing a model pipe at a set position 

(embedment depth) in an empty test tank where soil was pumped until the model pipe was 

covered to a depth of cover of one diameter of soil above the top of the pipe. The soil was 

previously prepared at the required moisture content in a separate tank. Endley, et al. (2009) 

on the other hand prepared the soil-water mixture at the required moisture content in the 

testing tank and inserted the pipe through/into the soil and locked the model pipe at the initial 

testing position (depth of cover (H) = 1.5-2 times the pipe diameter, D, embedment ratio 

H/D=1.5-2). As well as differences in test preparation, Ghazzaly, et al.(1975) and Endley, et 

al. (2009) also had different procedures for how flotation was allowed to occur. After 

embedding the pipe, Ghazzaly, et al., decreased the initial unit weight of the model pipe at 

which flotation commenced, conversely Endley, et al. increased the unit weight of the pipe 

until flotation was not present anymore. In the end both Ghazzaly and Lim (1975) and 

Ghazzaly, et al. (1975) and Endley, et al. (2009) investigated the phenomenon providing 

only unit weight of pipes that floated, without specifying the flotation criteria used to detect 

floating pipes. Ghazzaly, et al. (1975) provided an interpretation of their results with a non-

dimensional approach using a Vesic factor for cavity expansions (section 2.1.4). 

The flotation of a pipe was treated, by Ghazzaly and Lim (1975) and Ghazzaly, et al. (1975), 

as if flotation of pipeline/cables in fluidised soils is a phenomenon with a clear tipping point. 

Endley et al. (2009) did not add any detail to the criterion that can be used to identify flotation 

conditions, and they did not present an interpretation of the data, but just reported the 

resisting forces of the soil at flotation, whilst applying equation (2.2). Finally, Powell et al. 

(2002) in an experimental study on pipeline installation processes, provided only qualitative 
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indications on the floating SG after performing pipeline flotation tests in fluidised clays. 

Consistently with other experimental studies, they did not provide any description of the 

flotation criterion, but they introduced the concepts of absolute stability and that the pipe 

embedment ratio (H/D) affected the results of the flotation tests, but with no specific 

evidence. The same embedment ratio (H/D) dependency was introduced by Ghazzaly and 

Lim (1975) and Ghazzaly, et al. (1975), but no test was performed to verify the assumption. 

Also each of the studies were ambiguous regarding the testing tank width (b). They either 

did not report the information or they did not regard it as a parameter necessary to be 

studied. Only Powell et al. (2002) reported the information, without performing any sensitivity 

study on the testing tank width to diameter ratio (B/D), which will be discussed more in depth 

in section 2.1.4.2. 

Table 2-1 shows the parameters investigated in the studies already published in literature. 

It can be seen that in the same studies only one embedment ratio (H/D) was tested for each 

pipe diameter, and thus disregarding the influence of the parameter. 

Table 2-1 Summary of previous studies showing diameter and embedment ratio adopted. 

Study 

Outer pipe 

diameter 

Depth of 

cover 

Embedment 

ratio 

Width ratio 

 D H H/D B/D (B) 

 [in]([mm]) [mm] [-] [-] ([mm]) 

Ghazzaly and Lim (1975) 
2.5 (63.5) 

914 
14.39 Not 

described 4.5 (114.3) 8 

Powell, et al. (2002) 5.9 (150) 400 2.62 2.53 (380) 

Endley et al. (2009) 2.4 (60.96) 122 
Between 1.5 

and 2 

Not 

described 

 

On this basis, further investigation is required on the flotation criterion or criteria that were 

used in the literature. Subsequently a flotation definition should be established for designers 

that ultimately will need to perform a flotation evaluation of embedded objects. In fact, in the 

literature pipes were just marked as floating, but there is no evidence that the various studies 

were consistent with each other. For this reason, the resistance to flotation must be 

evaluated according to know flotation criteria and ideally through non-dimensional approach.  
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2.1.3 Shear strength in high water content fine grained soils 

In order for any research to estimate the resistance on an embedded pipe/cable as reported 

in equation (2.2), it is necessary to evaluate resistance of the soil. One possibility is to use 

a non-dimensional factor 𝑁𝐶  as in equation (2.3), and the undrained shear strength. 

Although it is necessary to evaluate if a non-dimensional resistance factor can be adopted 

in fluidised clay. Also evaluating the undrained shear strength, of a fine-grained soil at the 

moisture content at which the flotation potential is going to be calculated is not straight 

forward. Setting aside the non-dimensional resistance factor for now, (it will be considered 

in section 2.1.4), a brief introduction on the undrained shear strength determination and 

representation at high moisture content is given. 

A widely used method to represent soil properties and to give a non-dimensional state of a 

fine-grained soil and its particular behaviour is the liquidity index (𝐿𝐼) ( equation (2.6). The 

Liquidity index is based on the Atterberg limits (or consistency indices) which can be related 

to more general geotechnical properties. The liquidity index expresses the moisture content 

of a soil (𝑤) relative to the range of liquid limit (𝐿𝐿) and plastic limit (𝑃𝐿) as in equation (2.6). 

𝐿𝐼 =
𝑤 − 𝑃𝐿

𝑃𝐼
 (2.6) 

Where: 

𝑃𝐼 = 𝐿𝐿 − 𝑃𝐿 (2.7) 

This procedure allows the moisture content of the soil to be expressed in relation to the 

plastic range of the material, generally normalising the effect of the mineralogy or the particle 

size distribution of a fine-grained material. The determination of the undrained remoulded 

shear strength (𝑆𝑈) is normally based on correlation with the liquidity index (𝐿𝐼). Muir-Wood 

(1990) states that based on data from literature the remoulded shear strength at the liquid 

limit corresponds to a strength of approximately 1.7kPa and at the plastic limit (PL) the range 

of strength variation is low with an approximate average value of 170kPa. Approximating 

the values to 2kPa at the LL and 200kPa at the PL and assuming that the relationship 

between the water content and the logarithm of strength is linear, lead to equation (2.8) 

(Muir-Wood, 1990). 

𝑆𝑢 = 2 ∙ 100
(1−𝐿𝐼) (2.8) 

Equation (2.8) can be rewritten in the form of: 
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𝑆𝑢 = 𝑐𝑀 ∙ 𝑅𝑀𝑊
(1−𝐿𝐼) (2.8a) 

Where: 

𝑐𝑀= value for the remoulded shear strength at the liquid limit; 

𝑅𝑀𝑊= the ratio of the shear strength at the plastic limit and at the liquid limit 

According to Muir-Wood (1990) the parameter RMW is a function of the mineralogy, and is of 

the order of 100 for montmorillonite and close to 30 for kaolinite. A more recent analysis 

carried out by Vardanega and Haigh (2014) on over 640 fall cone tests from other authors 

highlighted that that a CM factor, may be taken as 1.7kPa, in the liquidity index range of 

0.2  L I  1.1. Vardanega and Haigh (2014) suggested that a general value for RMW may be 

taken as 35, with no variation of the RMW due to the mineralogy. Indeed among various 

categories of soils the RMW factor reported in Table 2-2 varies over the range 21.3 to 39.3 

with none of the categories having a value that approaches RMW of 100 for montmorillonite 

as reported from literature by Muir-Wood (1990). 

 

Table 2-2 Mineralogical influence on RMW values from Vardanega and Haigh (2014) – classified according to 
BSI (1999) BS5930 

Classification  
Number of 

cases 
RMW Min RMW Max RMW Mean 

Extremely plastic clays (CE) 4 16.1 30.2 21.3 

Very plastic clays (CV) 11 19.3 94.3 35.8 

High plasticity clays (CH) 19 9.9 47.4 28.0 

Intermediate plasticity clays (CI) 37 10.8 152.3 39.3 

Low plasticity clays (CL) 13 13.1 61.7 31.6 

Extremely plasticity clays (ME) 6 10.4 55.7 26.4 

Very plastic Silts (MV) 5 17.6 73.7 36.7 

High plasticity silts (MH) 3 28.4 38.8 32.3 

Low plasticity silts (MI) 2 15.0 16.8 15.9 

Low plasticity silts (ML) 1 - - 7.1 

 

To characterise the undrained shear strength at high moisture content, with w>LL, several 

studies (Torrance, 1987; Locat and Demers, 1988; Jeong, et al., 2010; Boukpeti, et al., 

2012) used a common procedure employing viscometers apparatus, which consist of 

characterising the stress-strain rate relationship of the material at different moisture 

contents. Analysing the stress-strain rate relationships Locat and Demers, (1988) assessed 

the yield stress of a high moisture content soil as non-Newtonian fluid, either Casson or 
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Bingham fluids depending on the soil, and compared it with undrained shear strength 

measured using fall cone tests.  

 

Similar comparison was made between yield stress and undrained shear strength measured 

with full-flow cylindrical (T-bar) or spherical (ball) penetrometers by Boukpeti et al. (2012)., 

but in order to do so the yield stress needs to be defined. The yield stress can be defined 

as the limiting shear stress at which the material starts to flow, and below which the material 

behaves as a rigid or elastic material (Nguyen and Boger, 1992). The strain rate- stress 

curve for a non-Newtonian material is reported in Figure 2-5 and 𝜏𝐵 is defined as the yield 

stress. 

To describe the stress-strain rate relationship (𝜏 - �̇� .) in Figure 2-5 for non-Newtonian 

materials, popular rheological models are the Bingham fluid equation (2.9), the Casson 

equation (2.10) and the Herschel-Bulkley model equation (2.11) (from Nguyen and Boger 

(1992)):  

𝜏 = 𝜏𝑦 + η �̇�   (2.9) 

√𝜏 = √𝜏𝑦 +√η �̇�   (2.10) 

𝜏 = 𝜏𝑦 + K�̇�
𝑛  (2.11) 

Where: 

𝜏 = is the stress at which the fluid is deforming, [Pa]; 

𝜏𝑦 = is the yield stress, [Pa]; 

η = is the plastic viscosity, [Pa ∙ s]; 

K = is the consistency coefficient; 

n = is the flow behaviour index (n<1 flow pseudo plastic; n>1 is dilatant). 

 
Figure 2-5 Steady-state shear stress with shearing rate for flocculated kaolin suspensions (𝜏𝐵 is the yield 
stress), Michaels and Bolger (1962) 
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A practical evaluation of the various non-Newtonian models is given by Nguyen and Boger 

(1992), that refer to the Bingham model as a model that overestimate unnecessarily the yield 

stress; the Casson model as a straightforward model due to a linear interpolation of 𝜏1 2⁄ and 

�̇�1 2⁄ ; and to the Herschel-Buckley model as more tedious and less certain model. Coussot 

(1997) as well depicts the Bingham model as a model that over predicts the yield stress and 

highlights that the model fits only a limited range of high strain rates, which lead to significant 

error when the model is used to predict initiation of flow.  

Locat and Demers (1988) have shown correspondence between undrained shear strength 

measured with a fall cone test and a Bingham yield stress derived from stress-strain rate 

curves for undrained shear strength with a lower minimum of 73Pa. This low stress of 73Pa 

apparently is the lower value that can be measured with a fall cone test according to Locat 

and Demers (1988). In Figure 2-6 a clear correlation between undrained shear strength for 

remoulded soil and Bingham yield stress can be seen. 

The data collected by Locat and Demers (1988) was expressed in terms of liquidity index 

for values between 1.5  LI  6: 

 𝑆𝑢 = 1.46(𝐼𝐿)
−2.44 [𝑘𝑃𝑎] (2.12) 

In a more recent study Locat and Lee (2005) suggest two correlations between yield stress 

(or undrained shear strength) and Liquidity Index for sensitive clays with both fresh water 

and sea water (saline) conditions (NaCl). 

 

Figure 2-6 Relationship between yield stress and remoulded shear strength from fall cone tests from Locat 
and Demers (1988). 
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 𝑆𝑢 = 2.99(𝐼𝐿)
−4.55 [𝑘𝑃𝑎]                 0 [g/L] of NaCl (2.13) 

 𝑆𝑢 = 2.42(𝐼𝐿)
−3.13 [𝑘𝑃𝑎]               30 [g/L] of NaCl (2.14) 

An appropriate parallel between slow flow of non-Newtonian fluids and plasticity analysis for 

fine grained soils in undrained conditions is drawn in section 2.1.4. Here instead a 

comparison of the various relationships is shown in Figure 2-7. It can be seen that for the 

relationship given in equation (2.8a) the parameters proposed by Vardanega and Haigh 

(2014) (CMW=1.7 RMW=35) seem to have a significantly greater rate of shear strength 

degradation above a Liquidity index of 1.1, which is also the this relationship’s upper limit. 

The relationships in equations (2.12), (Locat and Demers, 1988), equations (2.13) and (2.14) 

(Locat and Lee, 2005)) highlight the reduced rate of strength degradation after the moisture 

content exceeds the liquid limit, i.e. the liquidity index exceeds the value of 1.  

In contrast, Ghazzaly et al. (1975) measured the undrained shear strength of the fluidised 

soils introducing errors by performing pull-out tests of pipes at different velocities and 

extrapolating the resistance to zero strain rate. They used the extrapolated ‘zero strain rate 

resistance’ to calculate the undrained shear strength by dividing it by the surface area of the 

pipe. This method does not take into account the type of resisting mechanism that is 

generated by the pipe that is fundamental to evaluate the shear strength of a soil. An 

example of this type of mechanism is the Randolph and Houlsby (1984) deep flow solution 

used to analyse T-bar test results.  

 

 

Figure 2-7 Comparison of various undrained shear strength (SU) vs Liquidity Index (LI) relationships from 
(Locat and Lee (2005), Locat and Demers (1988), Vardanega and Haigh (2014)). 
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2.1.4 Bearing capacity factor (NC) - of high moisture content cohesive soil 

As seen in section 2.1.1, the bearing capacity or break out factor, seems to be the factor 

that has the potential for greatest uncertainty because it can represent various kinds of 

resistance or pull-out mechanisms relative to the depth of cover; and also in relation to soil 

shear strength. In fact both Powell, et al. (2002) and Ghazzaly et al. (1975) have hypotesised 

the influence of the embedment ratio of the pipe withouth further investigation. Ghazzaly et 

al. (1975) refered to the breakout factor (𝐾𝑓) based on Vesic (1971) which takes into account 

the embedment depth in its analyittical solution. Ghazzaly et al. (1975) used the break out 

factor (𝐾𝑓) in a flotation equilibrium approach to quantify the resistence of the soil: 

𝛾𝑝𝑓 = 𝛾𝑝𝑠 − 𝐾𝑓
𝑆𝑢

𝐷
  where 𝐾𝑓 =

4 𝑁𝐶

𝜋
   (2.15) 

 

Where Kf incorporates the 𝑁𝐶 factor derived by Vesic (1971) (Figure 2-8). The factor was 

derived for expansion of a cavity close to the surface in a semi-infinite rigid-plastic solid. The 

plot in Figure 2-8 represents 𝐾𝑓 from equations (2.15) and the Vesic break out factor (𝑁𝐶) 

variation versus embedment ratio 𝐻 𝐷⁄ . Where H is the depth of soil cover over the pipe and 

D is the diameter of the pipe. 

 

 

Figure 2-8 Break out factor with embedment ratio from Vesic (1971) and Ghazzaly et al. (1975). 
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𝐾𝑓  is approximately 3 for a normalized depth (H/D) of 1. An alternative approach to 

incorporate the increasing embedment ratio of a pipe is given for pipeline uplift resistance 

at shallow embedment in DNV-RP-F110 (2007), section B.4.3.1. The same approach is not 

reported in the superseding and most recent DNV-RP-F114 (2017). DNV-RP-F110 (2007) 

proposed a reduction of the NC at the shallow pipeline/cable embedment for uplift resistance 

(equation (2.16)), this approach is valid up to an embedment ratio given in equation (2.16). 

At deeper embedment the mechanism is assumed to be a deep flow around mechanism, as 

per Randolph and Houlsby (1984). In Figure 2-9 are represented both DNV-RP-F110 (2007) 

factor (𝑁𝐶−𝑠ℎ𝑎𝑙𝑙𝑜𝑤−𝐷𝑁𝑉) and Randolph and Houlsby (1984) (called NC-deep) once the roughness 

factor r is set to 0.5 for both. 

 

𝑁𝐶−𝑠ℎ𝑎𝑙𝑙𝑜𝑤−𝐷𝑁𝑉 = 2 ∙ 𝜋 [1 +
1

3
∙ 𝑎𝑟𝑐𝑡𝑎𝑛 (

𝐻 + 𝐷 2⁄

𝐷
) ∙ (1 + 𝑟)]     valid for   (

𝐻 + 𝐷 2⁄

𝐷
) ≤ 4.5 (2.16) 

 

Where:  

H=height of soil cover over the pipe; 

D= diameter of the pipe; 

r= roughness factor of the pipe. 

 

Figure 2-9 Resisting mechanism factors. NC-deep (Randolph and Houlsby, 1984) and NC-shallow-DNV 

dependent on the embedment ratio.  
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2.1.4.1 Plasticity solutions for high moisture content soils 

The main challenge to apply analytical results from plasticity theory to fluidised fine grained 

soils is to understand if the behaviour of these type of materials have similar plastic 

mechanisms and ultimately if they can be idealised as soil i.e. a plastic continuum. It appears 

that the same sort of behaviour identified by Randolph and Houlsby (1984), i.e. a plastic full 

flow mechanism for cohesive soils can be identified as non-Newtonians fluids flowing around 

a steady cylinder at low velocities as pointed out by Tokpavi, et al. (2008) and Tokpavi, et 

al. (2009). Tokpavi, et al. (2008) directly compared the solution given by Randolph and 

Houlsby (1984) and found identical values of 𝑁𝐶 parameter for fully rough conditions. Figure 

2-10 shows the influence of the Oldroyd number (Od) on the area of the resisting mechanism 

around the pipe. The Oldoryd number quantifies the influence of the yield stress (or 

undrained shear strength) and the viscous forces as a ratio and it is defined as: 

𝑂𝑑 =
𝜏𝑦 ∙ 𝐷

𝜇 ∙ 𝑈
 (2.17) 

Where: 

𝜏𝑦=yield stress, [Pa]; 

𝐷=diameter of the disk, [m]]; 

𝜇=viscous term of a non-Newtonian fluid, [Pa s]; 

𝑈=velocity of the fluid, [m/s]; 

𝜇 ∙
𝑈

𝐷
= term that express the stress in the fluid due to viscous forces, [Pa]. 

At Od > 2 × 105 the resisting mechanism gives a force comparable to Randolph and Houlsby 

(1984). Such a low Od number allows inference that the yield stress is dominating the 

behaviour of the soil flowing around the pipe. This implies that if it is possible to model the 

fluidised material as a non-Newtonian fluid, at low velocities the typical solutions derived 

from plasticity theory can be used as well. Additionally, according to Tokpavi, et al. (2008), 

the yield stress of the material is a parameter that can be used to non-dimensionalise the 

resistance opposed by the surrounding material to the moving pipe.  

Combining both the knowledge that soils at high liquidity indexes behave as non-Newtonian 

fluids (Locat and Demers, 1988 and Boukpeti, et al., 2015) and that non-Newtonian fluids 

produce the same amount of force on slowly moving pipes as described in cohesive soils, it 

can be inferred that similar approaches used for upheaval buckling resistance as per DNV-

RP-F110 (2007) can be used for pipelines/cables in fluidised clay. It must be verified though 
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that the flotation phenomenon mobilises the same type of behaviour. The use of plastic 

solutions is based on the condition that a stable pipe does not move or move in a quasi-

static manner, hence the viscous forces should tend to zero. 

 

 

 

Figure 2-10 Overall change in rigid zones (coloured grey) as a function of Oldroyd number. The shapes 
proposed for Od = 104 and Od = 2 × 105 (in discontinuous lines) are obtained according to the asymptotical 
trend of the velocity field at high-Oldroyd number. The flow of the material is vertical. From Tokpavi, et al. 
(2008). 
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2.1.4.2 Boundary conditions: embedment and trench walls 

From a geotechnical point of view, the flotation of a pipe should be opposed by a resistance 

mechanism that can normally be accounted for by a resisting factor NC as in equation (2.4). 

Once the similarity between fluidised soils and fine grained soils has been established, the 

parameters that have been quantified to affect the force on pipe in a non-Newtonian fluid 

flow, can be taken into account as well for pipes embedded in fluidised soil.  

The trench can also be considered as a stiff boundary condition for the flotation problem in 

fluidised soil, assuming that the soil which forms the walls of the trench is unaffected by the 

jet trenching process. Under this assumption the geometry under investigation is given by 

the pipe embedded in fluidised material that is constrained by the walls of the trench. Table 

2-1 reported the boundary conditions from previous studies, the only value reported was by 

Powell, et al., (2002), where only the test tank width was used, although no comment was 

made on the effect or lack of effect from trench width or boundary proximity. 

Figure 2-11 shows the influence of the boundaries on the resisting mechanism of a non-

Newtonian fluid flow around a cylinder (Mitsoulis, 2004). The yielded zone of the material 

that forms the resisting mechanism is affected by the gap between the boundaries and the 

diameter of the pipe. A gap to diameter ratio of 2:1 is shown to have a significant effect on 

the shape of the yielded area.  

a) 

 

b) 

 

c) 

 

d) 

 
 

               Fluid flow   

Figure 2-11 Yielded zone (un-shaded) for drag flow of Bingham plastics past a cylinder contained 
between parallel plates with a gap/diameter ratio of a)2:1; b)4:1; c)8:1; d)10:1. The flow of the material 
is horizontal. Adapted from Mitsoulis (2004). 

𝑂𝑑 = 2 ∙ 𝐵𝑛 (2.18) 
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The Bingham number (Bn) expressed by Mitsoulis (2004) express the same quantities of 

the Oldroyd number (Od) by Tokpavi, et al. (2008) in equation (2.17). The two numbers are 

related to by a factor of 2 as in equation (2.18). Mitsoulis (2004) consider a fluid dynamic 

approach expressing the force on the pipe as a drag coefficient as per Stokes’ law adapted 

for cylinders. Comparing Figure 2-10 and Figure 2-11 one can draw a parallel between the 

unbounded case in Tokpavi, et al. (2008) and the bounded case in Mitsoulis (2004). In fact 

it appears that the shape of the resisting mechanism (yielded area) at Bi≈1000 is similar for 

both the studies. From Mitsoulis (2004) in Figure 2-11 it can be seen that for a ratio of 2:1 

between wall width and diameter, the resisting mechanism starts to be influenced by the 

presence of the boundaries.  

In Figure 2-12 the drag coefficient is expressed as 𝐹𝐵
∗ =

𝐹𝐷

𝜇 𝑈 𝐿𝑐
 and the yield stress as 𝜏𝑦

∗ =

 
2 𝜏𝑦 𝜋𝑅

2

𝐹𝐷
, where:  

𝑈= drag speed of fluid velocity far from the cylinder [𝑚/𝑠]; 

𝜇= the viscosity of the non-Newtonian fluid [𝑃𝑎 ∙ 𝑠]; 

𝐿𝑐 = length of cylinder, [𝑚]. 

In the case where a pipe is stable, the interesting part of Figure 2-12 is at high 𝐹𝐵
∗ due to the 

low velocity values (U). At high 𝐹𝐵
∗ values the gap to diameter ratio of 2:1 results are well 

separated from all the other boundary conditions. Hence, 2:1 can be seen as a critical ratio 

to be investigated with respect to pipe/trench wall separation. 

A bounded case for a flotation of pipeline/cable in fluidised soil, might be due to the presence 

of the trench walls made of the intact, non-remoulded – non-liquefied soil.  

 
Figure 2-12 Drag coefficient vs dimensionless yield stress Bingham plastics flowing with a drag velocity U past 
a bounded cylinder between walls for different gap/diameter ratios (Mitsoulis, 2004) 
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No previous study has taken into account the presence of the wall as an influencing variable, 

although some previous testing equipment may have had possible boundary influence on 

the results. Figure 2-13 shows, as an example, the testing equipment from Powell, et al. 

(2002), and it can be seen that the boundaries were quite close to the pipe, with each of the 

test tanks having a width of 380mm and a pipe diameter of 150mm (Table 2-1). These 

dimension lead to a 2.5:1 ratio, close to the 2:1 gap to diameter ratio highlighted by Mitsoulis 

(2004), but the influence of the embedment ratio and/or the boundaries conditions were not 

investigated in the study. In fact, the boundary conditions that need to be considered are not 

only the one due to the trench walls, but as well due to the proximity of the soil surface (H/D). 

Some studies on flotation, as already mentioned, have considered this topic, but without 

providing evidence or quantifying the effect of the vicinity of the soil surface (Ghazzaly and 

Lim, 1975; Powell, et al., 2002). 

It is then necessary to expand the review to similar subjects to identify the influence of the 

soil surface. In fact, the influence of the soil surface was investigated by White, et al. (2010) 

numerically for the interpretation of T-Bar tests results in very soft soils at shallow 

emblements. White, et al. (2010) characterised the transition from a “shallow” to “deep” 

mechanism as shown in Figure 2-14.  

 

 
Figure 2-13 Flotation testing equipment from Powell et al. (2002) 
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Figure 2-14 shows the idealized behaviour and change in resisting mechanism for the T-bar 

test. This test is normally interpreted as a flow around of soil at deep embedment, whereas 

at shallow embedment the T-bar displays a different mechanism which needs to be 

corrected based upon the ratio between the depth of embedment and the deep mechanism 

transition depth (as shown by White et al. (2010)). 

The 𝑁𝐶  value correction proposed by White, et al. (2010) accounts for the effect of 

embedment ratio on the appropriate mechanics for soft soils.  

It is therefore shown that a shallow embedment depth is a significant factor in a resistance 

characterisation process. This requires correction to the resistance that ultimately is 

detected at deeper embedment. For this reason, the embedment depth should be taken into 

account in an investigation on flotation issues, and it should be evaluated if the embedment 

ratio is significantly affecting the resulting resistance on the pipe. 

 

Figure 2-14 Idealized behaviour associated with shallow and deep T-bar penetration: (a) variation in bearing 
factor with depth; (b) shallow and deep failure mechanisms. From White et al. (2010)  
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2.1.5 Summary 

This part of the literature review has introduced the process of pipeline/cable embedment 

with jet trenching. Previous research on this topic was summarised and followed by an 

analysis of the most critical parameters that can affect the soil pipe interaction in fluidised 

soil, and the forces that drive the flotation phenomenon. The flotation phenomenon has 

already been investigated in literature and it was shown that in fluidised fine-grained soil, 

buoyancy driving forces can be accounted for in the same way as per Newtonian fluids. It 

was also shown that the magnitude of the resistance that the fluidised soil has to a moving 

pipeline/cable is proportional to the undrained shear strength via the resisting/drag/bearing 

factor, even for soils at high moisture content. It is still not clear if the same approach can 

be used for pipelines/cable that float in a self-propelled way. In addition, there appears to be 

no clear definition of flotation as it was never properly defined in the literature or previous 

studies. 

An investigation into the flotation phenomenon hence needs to address several open 

questions. Mainly, identifying a performance criterion to define flotation, and subsequently 

investigate what are the parameters that influence the soil resistance to flotation, such as 

embedment ratio and lateral boundary conditions and ideally create a comprehensive 

framework to evaluate the resisting force to flotation. A starting point should be to evaluate 

if existing methodologies for other phenomena are applicable directly to flotation in fluidised 

fine-grained soils.  
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2.2 Uplift of pipeline cables due to backfill ploughing 

The second part of this project is concerned with the investigation of the phenomenon of 

pipeline/cable uplift due to backfill ploughing operations. Uplift herein is considered as a 

separate phenomenon from the previously defined flotation. Flotation was defined as a 

phenomenon that takes place sometime after the fluidization of the fine grained soil, and 

that is related to the undrained shear strength (𝑆𝑢) and to the unit weight of the soil. The 

uplift during backfilling phenomenon on the contrary is triggered by the flow of a mass of soil 

down the side of a previously excavated trench which creates upward forces due to wedging, 

entrapment of water underneath the pipe/cable and soil liquefaction (Finch, et al., 2000). 

The mass of soil is resting initially on the sides of the trench in spoil heaps and is meant to 

create the backfilling cover on top of the pipeline or cable once the backfilling process is 

completed (Figure 2-15). 

a) 

 

b) 

 

Figure 2-15 Backfilling process redrawn from Cathie, et al. (1998). a) plan view of the backfilling plough 
and soil flow. b) section of the backfilling process showing the lateral flow. 

Lateral flow 

Transient uplift 

force 
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The backfilling process which is performed to provide mechanical restraint to the movement 

of the pipe, can have detrimental effects on the long-term life of the asset. In fact, minor 

instances of uplift during backfilling operations, could cause an out of straightness (OOS) of 

the pipe in the vertical plane. This imperfection could increase in size with time and could 

induce future upheaval buckling episodes due to compressive stresses caused by restrained 

thermal expansion and internal pressure of a pipeline. Backfilling of a pipeline is required 

with a certain depth of cover both to provide enough resistance to restrain undesired 

upheaval buckles and to provide mechanical protection from trawling gear.  

The countermeasures to uplift during backfilling (Maconochie, et al. 2015), are to limit the 

backfill plough velocity to 500m/hr and to set the specific gravity (SG) of the pipeline/cable 

to be embedded at 1.8 (Finch, et al., 2000, Powell, et al., 2002; Cathie, et al., 2005). The 

main issue with uplift during backfilling is that the phenomenon has never been properly 

quantified, but only described qualitatively (Cathie, et al., 1996; Cathie, et al., 1998; Finch 

and Machin, 2001; Cowie and Finch, 2001). 

On the contrary many regulations (DNV-RP-F110, 2007; DNV-RP-F114, 2017) and studies 

have been published about upheaval buckling resistance (Schaminee, et al., 1990; Finch, 

1999; Schupp, 2009; Cheuk, et al., 2007; Brennan, et al., 2017), unburial behaviour 

(Schupp, et al., 2006) and vertical resistance of backfilled pipelines in general (Maitra, et al., 

2016; Stuyts, et al., 2016; Byrne, et al., 2013). Although this type of phenomenon should not 

be confused with uplift during backfilling. 

 

2.2.1 Backfilling process 

While describing the process of backfilling pipelines and cables two stages of the process 

need be taken into account (Cathie, et al. 1996), the movement of the pipe during the 

backfilling process due to the soil movement, and its movement after the backfilling process, 

while the soil is still in a disturbed state. These two stages are linked to the type of soil 

behaviour as described by Cathie, et al. (1996) and Cathie, et al. (1998):  

• Soil flowing during backfilling; 

• Soil response immediately after backfilling. 

In this part of the research, the focus will be mainly on the first stage, soil flowing during 

backfilling for granular materials. But none the less the second issue, soil response 

immediately after backfilling should be taken into consideration although this might be short 
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lived for granular materials. On the contrary for fine grained materials the effect of the 

backfilling operations may last for a longer period. This would lead to a pipe or cable 

immersed in a soil at high moisture content with high potential for flotation, hence the results 

of the research on the floating issues may apply. 

On the topic of soil flowing during backfilling operations, there have been some privately 

financed laboratory tests at the University of Leuven, which results have been only 

qualitatively described by Cathie, et al. (1998) and Finch, (1999). The tests description by 

Cathie, et al. (1998) highlighted the two main soil flow patterns: 

• Lateral flow (Figure 2-15b); 

• Longitudinal flow (Figure 2-16); 

The characteristics of the ‘lateral flow’ are dictated by the geometry of the particular case of 

trenching and backfilling ploughs. This flow is fed directly from the spoil heaps and has a 

downward direction following the trench slope. The position of the lateral flow is ahead of 

the main soil mass as depicted in Figure 2-16. 

The ‘longitudinal flow’ or ‘gravity flow’ (Figure 2-16) is described as a gravity driven flow, fed 

by the central part of the plough’s mouldboard. The longitudinal flow has an apparent 

influence on the uplift potential: “when the gravity current is behind the transverse inflow the 

uplift potential increases. When the gravity flow envelopes the transverse flow the uplift 

potential is reduced”(Cathie, et al., 1998). The transverse flow apparently is the one that 

transmits the most plough momentum to the pipe in the uplift vertical direction, on the 

contrary the gravity driven flow adds a mitigating downward force.  

 
Figure 2-16 Longitudinal flow representation of a steady state backfilling mechanism, redrawn form Cathie 
(1998). 
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Taylor (2011) used a simplified single blade 2D plain strain representation of the problem 

(Figure 2-17). The study identified two different mechanism of soil deposition that were 

related to the velocity of the blades: 

• Soil flow (Figure 2-18a) at lower velocities; 

• Hydraulic fill (Figure 2-18b), at higher velocities. 

These two mechanism can be related to the lateral and longitudinal flow described by Cathie 

(1998), in fact as long as the backfilling blades do not reach a critical velocity the soil moves 

down into the trench without restriction as a lateral flow. Once the velocity increase enough 

the soil mass moves altogether toward the centre of the trench (Taylor 2011) and it starts to 

envelope the lateral flow creating the longitudinal or gravity flow as in Cathie (1998). The 

work of Taylor (2011) was a pilot study at the University of Dundee (UoD) on backfilling of 

trenches.  

 

 
Figure 2-17 experimental setup for one spoil heap. Redrawn from Taylor (2011). 

 

 
a) b) 

Figure 2-18 Taylor (2011) flow mechanism change at different velocities, one blade test. a) soil flow 
mechanism at 100m/h; b) hydraulic fill at 300m/h.  
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Finch, et al. (2000) pointed out that the position of the pipe in respect to the bottom of the 

trench is important, in fact for section of the pipe not completely at the bottom of the trench, 

the transverse soil flow could wedge underneath the pipe resulting in higher destabilising 

upward forces. In their paper Cathie, et al. (1998) suggest that there are parameters that 

influence the potential outcome of the backfilling process. These parameters are: 

• Slope of the trench; 

• Velocity of plough; 

• Soil rheology and composition; 

• Depth of the trench. 

Finch, et al. (2000) describing the same tests as Cathie, et al. (1998) added as a controlling 

parameter the as-laid unit weight of the pipe. In fact Powell, et al. (2002) mention an as-laid 

pipeline specific gravity (SG) of 1.8 as an SG that reduces the potential for pipeline 

movement during backfilling. By altering the specific gravity of the pipeline, the buoyancy 

effect of the pipe can be reduced. A heavy enough pipe is needed to counteract the forces 

that the transverse flow transmits to the pipe. Depending on how localised the upward force 

is that derives from the backfilling process, it might be necessary to also consider the 

bending stiffness of the pipe as a resisting action. In fact, if the pipe is considered as a 

structural beam, as per the upheaval buckling solutions proposed by Pedersen and Jensen 

(1988), the bending stiffness plays a crucial role in finding the final position of the pipe after 

the loads are applied. 

 

2.2.2 Plough speed and trench characteristics 

Both the backfill plough speed and the trench characteristics have been reported as 

influential, in the previous section, for the outcome of backfilling operations. Different backfill 

plough speeds have been reported in the literature, although the actual plough speed 

achieved must be dependent on the towing barge together with the in-situ soil conditions 

and the contractor work schedule.  

For trenching ploughs achievable speeds are reported to be up to 1000m/hr (Palmer, 1999), 

and for the backfill plough the speed is said to be typically 500m/hr (Cathie, et al., 1996, 

Maconochie, et al., 2015). Cathie, et al. (1996) report velocities up to 800m/hr where uplift 

has occurred, and personal communication from Powell (2017) report that backfill ploughs 

can reach speeds of 1000-3000m/hr. This kind of short lived event with high speeds of the 
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backfilling plough is mentioned as a possible cause the conditions for uplift to initiate (Cathie, 

et al., 2005). For these reason Maconochie, et al. (2015) reports that a backfilling plough 

speed lower than 500m/hr is recommended together with a pipe SG of 1.8 to avoid upward 

movement.  

 

2.2.3 Soil flow during backfilling 

In this part of the thesis, the focus is on granular-sandy soils, which will isolate issues that 

may arise from the sustained fluidisation of fine grained soils as clays, i.e. flotation and soil 

response after backfilling (Cathie, et al., 1998). 

Flow of granular materials are encountered in many engineering applications and natural 

process. The nature of the granular material might be quite wide, spanning from cereal 

grains to sand and gravel. Engineering applications are mainly related to the transportation 

of bulk material, storage of grains in silos, whereas natural phenomenon can include debris 

flow and landslides (Pouliquen, 1999). Ploughing and backfilling could be regarded as being 

part of the first category of industrial and engineering application even though it may be 

interpreted as a reduced scale debris flow or landslides, while the mass of soil is flowing 

down the slope of the trench (Cathie, et al., 1998).  

Following the nomenclature reported by Andreotti, et al. (2013) (Figure 2-19), different flow 

regimes for granular flow can be identified as ‘inertial’, ‘dense granular flow’ and ‘quasi 

static’. The dense granular flow is characterized by a very dense state of the particles.  

 

 

Figure 2-19 Granular media (steel balls) idealized behaviour, kinetic (top), quasi static (middle), 
solid (bottom). Adapted after Andreotti, et al. (2013) 
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To describe the inertial regime, It is widely accepted to use the kinetic theory of granular 

gases (Jenkins and Savage, 1983; Lun, et al., 1984) which originally described dispersed 

granular flows that follow a gas type behaviour of binary collision between particles. The 

kinetic theory of granular gases is applicable only at low particles concentrations hence for 

flow regimes at higher concentration different representations are required.  

Although granular flows have been studied since Bagnold (1954), some major unresolved 

issues remain. Examples of these are the difficulties in bridging different rheologies 

describing the behaviour of different flow regimes (inertial, dense and quasi-static), and 

connecting the triggering point of a landslide with the subsequent description of the flow 

(Chialvo, et al., 2012). To classify the flows the Savage number a non-dimensional number, 

firstly introduced by Savage and Hutter (1989) can be used: 

𝑁𝑠 =
𝜌𝑝𝑑

2�̇�2

𝑝𝑇
 (2.19) 

Where: 

𝜌
𝑝
 is the density of the grains; 

𝑑 is the diameter of the grains; 

𝑝𝑇 is the normal stress; 

�̇� is the strain rate. 

The Savage number (NS) is an indication of the magnitude of the frictional interaction over 

the inertial collision, hence for small NS values the frictional stresses are dominant. A crude 

value of NS for the transition between dense granular flow and inertial regimes is suggested 

by Savage and Hutter (1989) at 0.1. Chialvo and Sundaresan (2013) mapped the transition 

between different flows regimes at different ‘modified Savage number’ (Figure 2-20) 

depending on the friction coefficient between the particles. At the higher end of Figure 2-20, 

over the value of 0.01, it can be seen that the flow regime is mainly dense granular flow. 

According to Srivastava and Sundaresan (2003) the pressure due to self-weight, in most of 

the granular flow cases, is sufficient to ensure enduring frictional contacts. Self-weight of 

granular materials then makes a significant contribution to the shear stresses (Srivastava 

and Sundaresan, 2003) and it allows classification of most soil flows as dense granular 

flows. 
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Figure 2-20 Regime map for friction coefficient =0.5, with volume fraction vs dimensionless shear rate 
(modified Savage number, from equation (2.19)), from Chialvo and Sundaresan (2013) 

 

2.2.4 Dense granular flow 

Geotechnical engineers generally deal with the reasons that trigger the onset of a frictional 

flow regime. For Mohr-Coulomb materials the friction angle is the main parameter used to 

quantify the stability of a soil mass in quasi static conditions. Hunger and Morgenstern 

(1984) showed that even at high velocity (5m/s) for gravity driven flows (hopper discharging 

onto an inclined plane) the materials continued to behave as frictional solids, with derived 

friction angles comparable to the quasi-static constant volume angle, i.e. residual friction 

angles. Johnson and Jackson (1987), Savage and Hutter (1989), Schaeffer (1987), 

Dartevelle (2004) and Srivastava and Sundaresan (2003) implemented this notion that the 

granular material behaves plastically even when it is flowing in a quasi-static or dense 

regime. These models are largely based on the fact that at critical state a material can shear 

without volumetric strain and that the material is in a disturbed condition. Hence the stress 

at yield endures for the whole movement process. These authors have all implemented their 

assumption in momentum equilibrium equations (equation (2.20)) using the yield stress as 

a frictional dissipation term of the momentum (equation (2.21)).  

𝛼𝑠 𝜌𝑠
𝑑𝒖𝑠

𝑑𝑡
= −𝛼𝑠∇𝑝 − 𝛻 ∙  𝝈𝑠̅̅ ̅ + 𝛼𝑠𝜌𝑠𝒈 + 𝑘𝑙𝑠 (𝒖𝑠 − 𝒖𝑙)  (2.20) 

𝝈𝑠
𝑓̅̅̅̅
= −𝑝𝑓 �̅� + 

𝜏𝑦(𝜑 , 𝑝𝑓)

|�̇�𝑝̅̅̅̅ |
�̇�𝑝̅̅ ̅  (2.21) 

Where: 

𝑘𝑙𝑠 = momentum exchange coefficient between fluid and solid 

𝑙 and 𝑠 indicate respectively the liquid and the solid phases. 

𝛼𝑠= solid volume fraction; 

Quasi static 

Dense 

Inertial 
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�̇�𝑝̅̅ ̅ =
1

2
(
𝜕𝑢𝑖

𝜕𝑥𝑗
+
𝜕𝑢𝑗

𝜕𝑥𝑖
) = strain rate tensor; 

|�̇�𝑝̅̅ ̅| =  [∑ �̇�𝑝
2

𝑖𝑗 ]
1

2 =  norm of the strain rate tensor and is a measure of the strain rate 

magnitude. 

𝑝𝑓= frictional pressure and is based on the notion that at critical state a material is subjected 

to no volumetric strains, hence the correspondence with the void ratio (or the volumetric 

concentration (𝛼𝑠)) is direct (Johnson and Jackson (1987)); 

𝜏𝑦(𝜑 ,  𝑝𝑓)=yield stress as function of friction angle and frictional pressure. 

Alternatively considering the friction angle as constant at different strain rates was proposed 

by Forterre and Pouliquen (2003) and GDR MiDi (2004). They used a frictional term that is 

dependent on the strain rate, which is represented by inertial number 𝐼 that is the square 

root of the Savage number in equation (2.19): 

Forterre and Pouliquen (2003) identified a way to non-dimensionalise lab scaled models of 

gravity driven granular flows, they found that in air the height of the flow of the granular 

materials (Figure 2-21a) relates to the Froude number (Figure 2-21b), which is reported in 

equation (2.22).  

𝐹𝑟 =
𝑢

√𝑔 ℎ
 

(2.22) 

Where: 

𝑢= is the velocity of the flow and represent the inertia forces, [m/s]; 

ℎ= is the height of the flow perpendicular to the sliding plane, [m]; 

𝑔= is the gravitational acceleration, [m/s2]; 

√𝑔 ℎ= represents the gravitational forces, [m/s]. 

This gives the possibility to scale the velocity of the flow and the geometry of the flow with 

one constant non-dimensional number. Cassar, et al. (2005) proved that the same concept 

works for submerged dense granular flow as well, with limited changes to the inertial number 

to take into account the presence of the viscosity of water.  

Figure 2-22 shows that the normalised vertical thickness of a slide that can reach an 

equilibrium for a certain slope inclination is comparable both in aerial and submerged flow, 

especially at slope inclinations less than 35 degrees 
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a) b) 

Figure 2-21 a) representation of a inclined plane granular flow. b) relationship between non 

dimensional head velocity (𝑢/√𝑔 ℎ) of a granular flow down an inclined plane and the non-

dimensional head thickness (ℎ/ℎ𝑠𝑡𝑜𝑝).(Forterre and Pouliquen, 2003). ℎ𝑠𝑡𝑜𝑝, below which no flow 

is possible at different inclinations of the sliding surface. 

Assuming that all the soil velocities achieved during the backfilling lead to a dense granular 

flow, the findings of Forterre and Pouliquen (2003) and Cassar, et al. (2005) are of particular 

importance. These allow for the flow generated during the backfilling process to be scaled 

using the Froude number rather than considering the models as small prototypes as per 

Taylor (2011). The main assumption made by Taylor (2011) was that the backfilling process 

is represented if the small prototype satisfies the length required for particles to reach the 

terminal settlement velocity according to Stokes’ law. Therefore, as long as a geometry was 

large enough to allow greater particle settlement than the terminal settlement velocity it was 

proposed that the process was equivalent to a full scale process regardless of actual trench 

depth. On the contrary, using the Froude number allows for some practical implications in 

the scalability of the process, i.e. smaller model needs to be backfilled at slower velocities 

to achieve the same prototype velocity, but it will be described more in depth in the backfilling 

methodology section 5.1.1. 

 

Figure 2-22 Deposit thickness at rest vs inclination (θ) in subaqueous (W1 and aerial (A1) cases. From 
Cassar, et al. (2005) 

h 

θ 
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2.2.5 Soil flow impact on pipelines or cables 

Considering the possibility to scale gravity driven dense granular flows with a non-

dimensional number like the Froude number, the objective of this part of the thesis is to 

investigate pipeline/cable uplift events triggered by backfilling operations. Thus, the 

subsequent steps are to look into ways to quantify the force of the soil flow acting on the 

backfilled objects and the parameters that can affect the magnitude of this force. 

Historically the soil impacting on a pipeline has been represented either with a geotechnical 

approach or with a fluid dynamics approach (Zakeri, 2008). The geotechnical approach is 

the same as in equation (2.3) reported here again for clarity: 

𝑅

𝐷 ∙ 𝐿
= 𝑁𝐶 ∙ 𝑆𝑢 (2.23) 

 

The geotechnical approach is mainly applied for pipes already embedded in a soil mass, as 

examples of this approach the work of several authors can be considered (Schapery and 

Dunlap 1978, Summers and Nyman 1985, Towhata and Al-Hussaini 1988, Calvetti, et al. 

2004, and Zhu and Randolph, 2011). On the contrary in order to take into account the effect 

of soil velocity, a fluid dynamics approach (equation (2.24)) was adopted for example by 

Georgiadis (1991), and Zakeri, et al. (2008) after the work of Pazwash and Robertson 

(1975). The drag force presented by these authors and represented in equation (2.24) might 

be of a different nature than a strictly fluid dynamic drag force. In fact it might be of an inertial 

nature as well as being generated by frictional forces between the soil and the object 

affected by the flow. Despite this, in the geotechnical literature the force generated by soil 

flow on pipelines and cable is still mentioned as drag force, although it might be classified 

generally as a non-dimensional action on the affected object. 

 𝐹𝑑𝑟 =
1

2
 𝜌 ∙ 𝐶𝑑 ∙  𝑣

2 ∙ D ∙ 𝐿 (2.24) 

Where: 

𝜌 = density of the surrounding soil, [𝑘𝑔/𝑚3]; 

𝐶𝑑 = drag coefficient, [-]; 

𝑣 = Velocity of the surrounding soil, [
𝑚

𝑠
] 

D ∙ 𝐿 = projected area of the dragged or moved pipe, [𝑚2]. 
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Pazwash and Robertson (1975) found that Bingham fluid rheology gave satisfactory results 

in evaluating the forces for submerged pipes. A hybrid approach was proposed to combine 

both the geotechnical and hydrodynamic methods, by Sahdi, et al. (2014). This allows 

capture of non-zero forces that contribute under quasi static conditions, where the 

hydrodynamic approach would not allow for any force to be computed. 

 𝐹𝑑𝑟 = (
1

2
 𝜌 ∙ 𝐶𝑑 ∙  𝑣

2 + 𝑁𝐻 ∙ 𝑆𝑢)D ∙ 𝐿 (2.25) 

Where 𝑁𝐻 is the lateral bearing capacity factor given in Figure 2-23 

Both the geotechnical and hydrodynamic approaches were tested for fine grained material 

on pipes, but for granular materials fewer examples can be found. Wieghardt (1975) and 

subsequently Chehata, et al.(2003) have used a fluid dynamics approach for granular 

materials flowing over pipes. Both studies used the Froude number to non-dimensionalise 

the results of their tests. Chehata, et al.(2003) gave an evaluation of the drag coefficient due 

to steady granular flow at different velocities on a cylindrical object (Figure 2-24). As typical 

dimension for the Froude number, the hydraulic area of the test container was used (area 

of the flow divided by perimeter of the container).  

The main advantage of the hydrodynamic approach for granular soil then, is that it does not 

require knowledge of the undrained shear strength, (necessary for the ‘geotechnical 

approach’) and it allows to account for of the inertia of the soil flow. In Figure 2-24b this is 

achieved by calculating the drag coefficient of the flow on the pipe (Cd) and plotting it against 

the Froude number, which is expression of the ratio between inertial and gravitational forces. 

To identify additional factors that can affect the force exerted by the soil on the backfilled 

pipeline/cable, it is useful to idealise the backfilling process as a pair of debris flows, one on 

each side of the trench. 

 
Figure 2-23 Combined drag approach from Sahdi, et al. (2014) 

Sahdi, et al. (2014) 
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a) b) 

Figure 2-24 2D granular soil over a pipe, steady state granular flow from Chehata, et al.(2003): a) 
photograph of a typical flow, where the camera shutter was left open for a fraction of a second in order to 
get the streamlines from the moving particles; b) Drag coefficient as a function of the Froude number  

This leads to consideration of more general results of studies on debris flows impacting on 

objects. In fact, the issue of debris flows impacting on barriers have been studied 

extensively. Particular similarities can be found between the analytical approaches used to 

study granular flows around pipes and debris flows impacting on barriers. The same fluid 

dynamics approach reported in equation (2.25), together with the Froude number as mean 

of comparison was used by Tiberghien, et al. (2007), Proske, et al. (2011), Ng, et al. (2016) 

and Calvetti, et al. (2017). Of particular importance for this research are the results of Ng, et 

al. (2016), Calvetti, et al. (2017), Ceccato, et al., (2017). These studies, used physical 

modelling, DEM simulations, and MPM simulations to prove the influence of the angle of 

attack on the forces exerted by the granular flows on barriers. Figure 2-25 shows the results 

from Ceccato, et al. (2017). A summary of the time histories of the forces acting on a vertical 

barrier depending on the angle of attack of the granular flow is reported in Figure 2-25b.  

 

 
a) b) 

Figure 2-25 a) summary of the geometry of the simulations; b) time history of the forces acting on a vertical 
barrier depending on the angle of attack of the granular flow. From Ceccato, et al. (2017). 
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Depending on how steep the front of the flow is, the force vs time graph (Figure 2-25b) 

changes from an impulse-like force (vertical front, 90 degree) to a continuous and steady 

force (60 degree front). This influence, combined with the quantitative observations of 

change in mechanism at different velocities during backfilling, by Taylor (2011), can be used 

to idealise a change of force magnitude during the backfilling operations.  

As mentioned, Taylor (2011) identified the change in mechanism of backfilling while 

investigating the effect of backfilling on pipes, but rather than analysing the force impacting 

on the flow, focused on the final position of the backfilled pipe and the influence of its specific 

gravity (SG). Taylor (2011) used two pipes with a specific gravity (SG) varying in the range 

1.18-2.08 and diameters of 25.4mm (1”) and 38.1mm (1.5”). The pipes in Taylor (2011) were 

free to move, i.e. no constraint was provided to simulate the remaining part of the pipeline 

cable, which would provide additional downward resistance forces. The results are 

summarised in Figure 2-26, non-dimensionalised by a Reynolds number reported in 

equation (2.26). 

𝑅𝑒 =
𝑣 ∙  𝐷

𝜈
  (2.26) 

 

Where: 

𝑣 = is the velocity of the backfill blades, [𝑚 𝑠⁄ ]; 

𝐷 = is the diameter of a representative soil particle[𝑚]; 

𝜈 = is the kinematic viscosity of water, [𝑚
2

𝑠⁄ ] ; 

 

 

Figure 2-26 Response of pipes of different specific gravities (SG) to a range of backfilling velocities in HST 95 
fine sand (redrawn from Taylor (2011)) 
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Figure 2-26 shows different pipe behaviours are highlighted with different symbols. The tests 

that experienced uplift are all concentrated in the lower part of the graph. This trend seems 

to suggest that the velocity scaled via the Reynolds number is not a controlling parameter 

for the uplift phenomenon, but appears to affect the deposition mechanism as seen in Figure 

2-26. The uplift potential seems to be controlled only by the specific gravity of the pipe, with 

a light pipe floating irrespective of the velocity dependant mechanism involved for the soil 

deposition. According to Taylor (2011) the lightest SG that was tested and was not classified 

as exposed was an SG of 1.71, although this pipe has experienced a significant reduction 

in soil cover but didn’t unbury totally. Therefore SG lower than 1.71 may still form a safe 

construction value. 

In this section of the literature review two methods to represent the backfilling forces acting 

on objects impacted by the soil flow where identified, the geotechnical and the hydrodynamic 

approach. It was shown that the hydrodynamic approach provides the necessary features 

to describe the influence of the inertia of the flow on the forces acting on the backfilled pipe. 

The forces with this approach can be non-dimensionalised with the aid of a drag coefficient 

and expressed as a function of the Froude number as per Chehata, et al.(2003). This 

approach is suitable as well for granular materials as it does not require knowledge of an 

undrained shear strength. The slope of the front of the flow and the SG of the pipeline are 

significant variables that requires further investigation as they may affect either the forces 

impacting on the pipe, or the net resulting force acting on the backfilled object. This will affect 

the outcome of the backfilling operations.  
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2.2.6 Soil flow impact on pipeline/cable - applications 

Although Taylor (2011) improved the understanding of the mechanical backfilling process, 

generally it is not enough to evaluate the final position of the pipe at the end of a test or allow 

assessment of the potential damage to a pipeline/cable infrastructure. In fact the effects of 

forces that have been identified as acting on the pipes by Cathie, et al. (1998), should be 

evaluated in a wider analysis of soil structure interaction. Examples can be found in the field 

of soil slides or soil impact on pipes as per Georgiadis (1991) (Figure 2-27a) and White, et 

al. (2016) (Figure 2-27b), where the actions are taken into account along with potential 

mitigating forces. In these cases, the part of the pipe that is not affected by the soil slide, is 

providing resistance both due to its mechanical strength through friction along the pipe, and 

due to the passive pressure of the remaining static soil. 

  
a) b) 

Figure 2-27 Soil structure interaction static schemes a) Georgiadis (1991) b) White, et al. (2016) 

In order to adapt the representation given in Figure 2-27 to pipe backfilling operations, the 

forces acting on the pipes should be taken into account. The task was undertaken by Cathie, 

et al. (1998). The forces that can be taken into consideration are reported in Figure 2-16 and 

listed as follows: 

• Flotation force due to possible transient state of fluidised soil - action; 

• Upward transient force from transverse flow – action; 

• Downward force – resistance. 

Once these actions have been quantified, they can be added to a model similar to the one 

schematised in Figure 2-27, where the soil is represented by springs and the soil actions by 

forces. The pipe mechanical properties should be taken into consideration, to produce a soil 

pipe interaction analysis. Cathie, et al. (1996) (Figure 2-28) produced a progressive failure 
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analysis for pipe vertical displacement to back analyse a pipeline failure problem due to a 

moving flotation load induced by backfilling operations. The purpose of the analysis was to 

back calculate the magnitude of the buoyancy force necessary to displace vertically a 

pipeline after backfilling in order to create a similar deformed shape as per the case study. 

A 30m length for the distributed load was assumed and a 0.26kN/m was the resulting 

magnitude of the force that provided a similar exposed length of pipe to the case in 

consideration. The analysis was performed as a sequence of static analyses, where the 

upward pointing load, acting on the pipe, was moving forward and the only resisting forces 

were the weight of the pipe and its axial stiffness. 

 

 

Figure 2-28 Progressive failure analysis due to flotation loads, from Cathie, et al. (1996) 

While the planned tests for this thesis will be introduced in the methodology chapter, these 

types of structural analyses could be employed to carry out a sensitivity analysis on the 

parameters of the final empirical correlations. In fact, they could be used to highlight the 

influence of various parameters of the correlations on the assessment of the vertical position 

of a backfilled pipeline/cable including the effects of the mechanical properties of the 

pipe/cable. More flexible pipes/cables have potential for greater upward movements, 

considering that higher bending stiffness would provide higher resistance to the backfilling 

forces. Nonetheless these types of analysis could be used as a means to demonstrate the 

way to employ empirical correlations that were calibrated in the experimental part of this 

thesis.  
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2.2.7 Summary 

In this section of the literature review the process of pipeline/cable mechanical backfilling by 

means of backfilling ploughs was introduced. Previous literature on this topic was 

summarised and followed by an analysis of the critical parameters that can affect the soil 

pipe/cable interaction during the backfilling process, and the forces that drive the uplift of 

pipelines and cables. It was shown how the backfilling process can be analysed separating 

the main components of the flow into lateral and the longitudinal flow. It was also highlighted 

how these two components play a destabilising and stabilising effect on the equilibrium of 

the pipe at the bottom of the trench.  

Subsequently a brief introduction was given on the different types of soil flow and how gravity 

driven flow can be generally classified as dense granular flow. Ultimately it was shown how 

the Froude number in literature was used to scale the physical model of aerial and 

underwater soil flow.  

With respect to the representation of the backfilling forces onto the pipeline/cable at the 

bottom of the trench, it was highlighted that two methods are normally employed to describe 

soil forces on pipelines: the classical geotechnical approach based upon factors that multiply 

the undrained shear strength of the material for the quasi-static situation and the 

hydrodynamic approach, which assumes that the force exerted on the objects is due to the 

inertia of the flow. In the case of backfilling flow of granular materials impacting on 

pipelines/cables the most promising approach seems to be the hydrodynamic approach, 

which was already employed in literature for similar cases of debris flow impacting on 

barriers. The parameters that will need to be investigated are the velocity of backfilling, 

scaling it via the Froude number rather than the Reynolds number and the SG of the pipe 

keeping into consideration the effects of the inclination of the front of the flow. With the 

results of the tests carried out varying these parameters, a 𝐶𝑑 − 𝐹𝑟 empirical relationship 

should be calibrated. This empirical relationship should be then used to evaluate the effects 

of the soil movement on the pipeline-cable structure. A numerical computational analysis 

can help to investigate the sensitivity of the soil-structure interaction to parameters that were 

not selected to be investigate via physical models, and this could be parameters such as 

the mechanical properties of the pipeline/cable.  
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3 Methodology - investigation of flotation due to jet 
trenching 

The research carried out for this project has been subdivided into two main topics:  

• Flotation of pipeline and cables in fluidised fine grained soil as a result of jet trenching; 

• Uplift of pipeline and cables due to the direct impact of soil during mechanical 

backfilling.  

This section of the thesis outlines the various tests designed to investigate the first topic, 

flotation of pipeline and cables due to jet trenching of fluidised soil. The mechanism and 

process that lead to flotation issues are briefly introduced here. 

At the start of the jet trenching process, the pipeline/cable is lying on the seabed (assumed 

to be clay in this case). The seabed soil then undergoes a series of events that result in the 

mechanical remoulding and changes in moisture content due to the high pressure water jets 

(Cathie et al., 2005). At this stage the soil is no longer in its initial insitu condition, the 

moisture content may be significantly increased and consequently the shear strength and 

the unit weight decrease enough to allow the pipe to sink (Powell et al., 2002). The 

pipeline/cable is then resting at the bottom of the newly formed trench and the soil starts to 

settle and consolidate under self-weight (above and around the pipe). During this 

consolidation stage, the soil void ratio reduces and consequently there is an increase in unit 

weight. At the same time the strength increases accordingly as well, but it does not 

necessarily increase at the same rate as the unit weight. This appear to be the critical stage 

of embedment using jet trenching, for pipeline/cable flotation. Flotation is a phenomenon 

that may take place sometime after the trenching activity. This delay is due to the time 

required for the recovery of soil unit weight. At the same time if the soil strength does not 

increase as fast as the unit weight, the pipe may start moving upwards due to increased 

buoyancy force. The controlling factor which determine the delay in the increase of the unit 

weight is the low permeability of the soil. This characteristic is observed typically in fine 

grained materials (for example clay), which is the reason why the focus of this part of the 

project is to investigate the controlling parameters on the flotation instability in these 

materials. 

  



Chapter 3 46 Methodology - investigation of flotation 
due to jet trenching 

 
Two laboratory model tests have been designed to investigate flotation of pipeline/cable in 

fine grained soils: 

• Free flotation test – a force driven test, controlled by changing the weight of the model 

pipe;  

• Pull-out test – a displacement driven test, controlled using an actuator.  

The reason of having two tests is to reproduce the flotation phenomenon with the first test 

(free flotation) and check if the resistance that the soil mobilises in the free flotation test can 

be compared to the one measured during the pull-out test. Once the similarity between the 

free flotation test and the pull-out test can be verified (if this occurs), the aim is to use the 

force-displacement behaviour measured with the pull-out test to assess the flotation 

potential. The benefit of using the pull-out test’s force-displacement relationship is the 

potential for higher definition that can be achieved compared to the free flotation tests. 

The following will introduce how these two tests have been employed to identify the 

influencing factors and the extent of their influence on the flotation phenomenon. Boundary 

walls (trench width) and pipe embedment have also been designed to be adaptable. 

Therefore, the influence of these factors can be investigated together with the moisture 

content and the SG of the pipe.  

To carry out both the tests, two types of fine grained soil were selected due to their low 

permeability. Fine grained soils, are more likely to remain in a fluidized state while they 

consolidate under self weight. This allows laboratory observation of the flotation mechanism. 

In order to confirm that the fluidized soil response of the model is applicable to the scale of 

commercially available subsea pipeline or cables, two model scales were selected. In 

addition, the influence of the boundary conditions (or trench width) was taken into 

consideration. Three different lateral constraint conditions were used including the far field 

case (test box boundaries). These tests were designed to take into account the boundary 

effects that may affect the results of the tests and to model the influence that trench wall 

proximity may have on flotation.  

Further tests, with a parallel plate spinning rheometer, were carried out to relate the 

proprieties of the soil at various moisture content to T-bar type tests (i.e. 𝑆𝑢 determination) 

and to the output of the flotation tests. 
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3.1 Flotation testing model design and setup 

The main assumption made for the flotation investigation was the uniformity of the soil 

condition after the jetting process. This idealized condition represents a uniform starting 

seabed, which is characterised by homogeneous soil type and a constant moisture content. 

This requires a jetting process carried out at a constant advancement rate with a constant 

flow rate, i.e. the resulting soil moisture content is constant. The result of the jetting process 

is then assumed to be a remoulded seabed at a uniform moisture content.  

The two tests, free flotation and pull-out, were designed to represent the problem in a two-

dimensional plain strain perspective and this was aided by the assumption of uniform 

seabed conditions. To achieve the 2D plain strain representation, the model pipe was 

manufactured to match the tank dimensions (discussed later in detail), and its flexural 

modulus was considered high enough to avoid undesired relative upward movement 

between the two ends of the pipe over the short length modelled. Due to the wide range of 

diameters of pipelines cables and umbilicals available on the market a dimensionless 

approach was adopted. The pipe diameters chosen for the test were used to scale the 

results of the tests at the two scales adopted. For this reason, the two scales investigated 

have the same boundary walls distance to diameter ratios (𝐵/𝐷), and the same embedment 

ratios studied (𝐻/𝐷). 

In literature, the flotation problem was already represented as plain strain. Ghazzaly and 

Lim (1975), Ghazzaly et al. (1975) and more recently Powell et al. (2002) and Endley et al. 

(2009) adopted this approach. Figure 2-3 was showing the schematic representation of the 

plain strain idealization of flotation. The forces shown are the ones that are believed to act 

on the pipe. The tests carried out for this part of the project are meant to relate the “soil 

resistance” to the buoyancy force (Fbuoy) and the weight of the pipe (Wp) under various soil 

conditions.  

The test rig and experiments were designed to overcome some common sources of 

uncertainties from previous studies, such as the absence of control over the boundary 

conditions namely the lack of control on the embedment ratio (𝐻/𝐷) tested and on the width 

ratio (B/D) as discussed in the literature review. 
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3.1.1 Pull-out testing 

This section of the chapter is intended to describe the procedures and methodology which 

were used to carry out one of the two types of test performed to investigate the flotation 

issue, the pull-out test. The overall test programme was designed to evaluate if the two types 

of tests, free flotation and pull-out, can be used to study the same type of issues, the 

pipeline/cable flotation as a consequence of the jet trenching process.  

Pull-out tests were performed to achieve a greater degree of precision, when compared to 

the free flotation tests, and to allow continuous uplift resistance profiling. In addition, pull-out 

tests were carried out to investigate the effects of the preparation method of the soil bed on 

the results. The investigation of the soil bed preparation consisted of trying to replicate 

previous preparation methods used by Ghazzaly and Lim (1975), Ghazzaly, et al. (1975) 

and Endley, et al. (2009). The methods were described in the literature, but are reported 

briefly here for simplicity. Ghazzaly and Lim prepared the soil in a mixing container, placed 

the pipe in the flotation tank at the correct position and then pumped the soil slurry in the 

tank. Conversely Endley, et al. (2009) prepared the soil-water mixture at the required 

moisture content in the testing tank and inserted the pipe through/into the soil. 

Other than stating that flotation was not present, the studies did not provide clarification on 

what was considered flotation. As it will be shown in the result chapter, the flotation 

phenomenon in fluidised soil it cannot be easily identified, in fact pipes with different unit 

weights could be considered stable in a soil with the same moisture content depending on 

the flotation criteria adopted. In addition, no systematic investigation on the effect of pipeline 

embedment depth was reported in literature. In these studies, the focus was purely on the 

effects of varying soil type and moisture content. One of the scopes of this study then 

became to preliminary investigate and to compare the possible differences between the two 

installation and testing approaches with a view to choosing the most appropriate approach 

to investigate flotation issues. 

In this study the pull-out test consisted of the model pipe being embedded in the slurry and 

pulled out at a constant velocity. The model pipe was moved at constant push-in and pull-

out velocities using an Instron universal testing machine (Instron UTM). The moisture 

content at which the tests were conducted was carefully assessed at the beginning of each 

test. The pipe specifications, Instron UTM and moisture contend assessment procedure will 

be described in later sections.  
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The pull-out test methodology consisted of three stages, but with some variations depending 

on the preparation method being tested to evaluate the difference between the methods of 

Ghazzaly and Lim (1975) and Endley, et al. (2009).  

Only the pull-out test was used to investigate the soil bed preparation method and a soil 

remixing stage was either performed before or after the push-in stage as highlighted in the 

following two methods: 

Method 1: 

1st stage, the insertion, which is a controlled downward movement of the test pipe; 

2nd stage, soil remixing above and around the pipe, to create a homogeneous soil sample, 

simulating the soil pumping as in Ghazzaly and Lim (1975); 

3rd stage, the pull-out, which is a controlled upward movement of the test pipe;  

Method 2: 

1st stage, soil remixing to create a homogeneous soil sample;  

2nd stage, the insertion, which is a controlled downward movement of the test pipe, 

reproducing the insertion through the soil of Endley, et al. (2009); 

3rd stage, the pull-out, which is a controlled upward movement of the test pipe;  

The insertion and extraction velocities are reported in Table 3-1. Two velocities were 

chosen, the extraction velocity was selected to minimise undesired strain rate effects on the 

force measured. A velocity of 0.2mm/s was selected being 100 slower than a field T-bar 

penetrometer (20mm/s for a 40mm diameter T-bar probe, Boukpeti, et al. (2012)). The 

insertion velocity was set to be three time faster than the extraction velocity to reduce the 

overall length of the test. Further strain rate checks are reported in section 4.2.1 of the results 

chapter. 

 

Table 3-1 push-in pull-out velocities 

Insertion velocity Extraction velocity 

[
mm

s
] [

mm

s
] 

0.6 0.2 
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The first soil testing method (Method 1) was required to represent a homogeneous bed with 

the pipe already embedded in the soil as described by Ghazzaly and Lim (1975), and 

Ghazzaly, et al. (1975), which is assumed to be potentially a long-term behaviour after some 

time of reconsolidation. Thus after setting up the box with the pipe, selecting the right 

embedment depth for the pipe, the soil bed was remixed on top and beneath the pipe. This 

operation was meant to remove any deformation or variability on the soil bed persisting from 

the insertion stage. Having the remixing stage between the insertion and extraction phases 

may simulate a long term condition, where the moisture content in the soil has a distribution 

independent of the penetration of the pipe. This installation approach is similar to the one 

adopted by Bransby et al. (2002) to investigate the uplift resistance in jetted clay using 

centrifuge tests. In their tests no water was dragged into the soil by the insertion of the pipe 

because they didn’t have any water layer over the soil bed. In addition, after the embedment 

of the pipe they consolidated the clay bed for a time period that vary between 2 weeks and 

8 months at prototype time. 

The second soil bed preparation (Method 2) requires a remixed soil bed with the pipe initially 

above the soil, and a layer of water on top of the soil. The pipe in the first stage of the test 

passes through the water layer and then the soil as shown later in section 3.2.1. Once the 

target embedment ratio is reached the motion of the pipe was reversed and the second 

stage started. The second method of insertion and testing is meant to be a more reliable 

representation of the whole sequence of events that the pipeline/cable and the soil bed could 

be subjected to in the event of flotation in the short term. 

 

3.1.2 Free flotation tests 

The second type of test performed to investigate the issues related to the flotation due to jet 

trenching was the free flotation test. This test is meant to represent the phenomenon of 

pipe/cable flotation in fluidised fine-grained soil due to a jet trenching process. The force that 

displace the pipe is the buoyancy force rather than having an actuator forcing the movement 

at a constant upward or downward velocity. 

To achieve a feasible comparison between the two test designs, the condition of the test 

must be comparable to begin with. As a consequence of this consideration, the soil bed 

moisture contents need to match between the two types of test. As well as the moisture 

content, there is a necessity for similar boundary conditions. To maintain the moisture 

content of the soil as close as possible the free flotation tests were performed immediately 
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after the pull-out tests. For the free flotation test the pipe was embedded at the same 

embedment ratio (𝐻/𝐷) of the corresponding pull-out test.  

The methodology of the free flotation test is similar to the Method 2 of the pull-out test: 

Free flotation test method: 

1st stage, soil remixing to create a homogeneous soil sample;  

2nd stage, manual insertion, which is downward movement of the test pipe, and lock in place 

at the appropriate embedment depth; 

3rd stage, free flotation, which is an upward movement of the testing pipe that follow the pipe 

unlocking;  

The exact procedure for locking the pipe in place and releasing it will be explained in a 

subsequent section together with the testing apparatus. 

One of the features of the model pipe employed is the possibility to change its weight by 

adding or removing water even if the pipe is buried in the soil. Each free flotation tests started 

with the pipe at its maximum weight. Once the pipe at its maximum weight was in place and 

locked after stage 1 the weight was reduced. The weight was reduced by removing water 

from the pipe. A normal weight reduction step was around 2N, but for lower moisture 

contents, the weight of the pipe required to induce even small displacements was so low 

that 4N steps were required. The pipe was then released and the vertical movement was 

recorded via an upward pointing LVDT (Figure 3-1). Contact between the tip of the LVDT 

and the horizontal clamp was achieved through the spring present on the LVDT shaft. The 

arrangement of the pipe and container box will be described in detail in section 3.2.2, but it 

is important to notice the LVDT pointing upward for the comparison of the forces measured 

with the pull-out test and the free flotation test. 

 

Figure 3-1 Image of the LVDT during a flotation test measuring the displacement due to flotation 

Upward 
pointing 

Flotation pipe rods 

Horizontal clamp 
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3.1.3 Pull-out and free flotation, tests comparison 

To allow for a comparison between the results of the two types of test, free flotation and pull-

out, the concept of these tests needs to be analysed. The load measured by the Instron 

UTM is equal to the force applied to maintain a constant upward velocity of the pipe. To 

maintain a constant velocity of the pipe the load applied must equate to the forces that are 

resisting the upward movement. Hence, the load measured during the pull-out test was a 

combination of the buoyant weight of the pipe that need to be added to the resistance 

opposed by the soil surrounding the pipe, in relation to the displacement of the pipe, as 

reported in equation (3.1). 

𝐹 = (𝛾𝑝 ∙
𝜋𝐷2

4
− 𝛾𝑠

𝜋𝐷2

4
) ∙ 𝐿 + 𝐹𝐴 (3.1) 

Where: 

𝐹= load measured, [kN]; 

FA = soil force resisting the movement of the pipe, depth dependent, [kN]; 

γ𝑝 ∙
πD2

4
 ∙ 𝐿= weight of the pipe, [kN]; 

γs ∙
πD2

4
∙ 𝐿= weight of the volume of fluidized soil replaced by the pipe, [kN]; 

γp = unit weight of the pipe [
kN

𝑚3]; 

γs = unit weight of the soil [
kN

𝑚3]; 

D = diameter of the pipe, [m]; 

L = length of the pipe, [m]. 

Assuming the unit weight of the soil is constant around the pipe, the soil resistance during 

the upward movement can be accounted for, and equation (3.1) can be modified to give the 

mobilized resistance provided by the soil in terms of the undrained shear strength: 

Fpo

𝐿 ∙ 𝐷
=
𝐹 − (𝛾𝑝 − 𝛾𝑠) ∙

𝜋𝐷2

4 ∙ 𝐿

𝐿 ∙ 𝐷
= 𝑅𝑝𝑜 (3.2) 

 

Where: 

Fpo

𝐿∙𝐷
= 𝑅𝑝𝑜 = Mobilized resisting pressure, soil resistance proportional to undrained Shear 

strength (𝑆𝑢), [
kN

𝑚2]; 
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γp = unit weight of the pipe during the pull-out test, [
kN

𝑚3
]; 

𝐿 ∙ 𝐷 = projected area of the pipe in the direction of the movement, [𝑚2]. 

The force equilibrium reported in equation (3.1) for the pull-out test can also be adapted to 

the flotation test, in fact the displacing force applied by the Instron UTM disappears, and it 

can be substituted by the force applied by the upward pointing LVDT reported in Figure 3-1. 

This force was calibrated, and although of low value was not irrelevant, hence it is necessary 

to take it into account to be able to compare the results of the two types of tests. 

𝐹𝐿𝑉𝐷𝑇 =  (𝛾𝑝 ∙
𝜋𝐷2

4
− 𝛾𝑠

𝜋𝐷2

4
) ∙ 𝐿 + 𝐹𝑓 (3.3) 

Which becomes: 

Ff

𝐿 ∙ 𝐷
=
𝐹𝐿𝑉𝐷𝑇 − (γpn − γs) ∙

πD2

4 ∙ 𝐿

𝐿 ∙ 𝐷
= 𝑅𝑓 (3.4) 

Where all the symbols have the same significance as in equation (3.2) except: 

Ff

𝐿∙𝐷
= 𝑅𝑓 = Mobilized resistance pressure, resistance proportional to Shear strength in the 

case of flotation, [kN/m2]; 

γp,n = reduced unit weight of the pipe at the beginning of the flotation event, equation (3.8); 

𝐹𝐿𝑉𝐷𝑇 = force that the LVDT applies on the horizontal clamp, Figure 3-1. 

𝑅𝑝𝑜 and 𝑅𝑓 respectively from equations (3.2) and (3.4) can be compared, as they account 

only for the resistance generated by the soil. In addition, 𝑅𝑝𝑜 and 𝑅𝑓 are independent of the 

dimension of the pipe, both the scale tested should give comparable results at the same 

moisture content. In addition, to normalise the effect of the moisture content on the 

resistance opposed by the soil, the reduction of the undrained shear strength due to the 

increased moisture content should be investigated as in Ghazzaly and Lim (1975). If the 

resisting force provided by the soil decay due to increased fluidisation of the soil in the same 

manner as the mobilised resistance, it can be inferred that the resisting mechanism do no 

vary due to the moisture content. For this reason a 𝑁𝑐 type of approach can be adopted as 

per Randolph and Houlsby (1984) or White, et al. (2010). Hence 𝑅𝑝𝑜 and 𝑅𝑓 should be able 

to be expressed as in equation  
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𝑅 =  𝑁𝑐  ∙  𝑆𝑢 (3.5) 

Where: 

𝑅 = general term for the mobilised resistance pressure, 𝑅𝑝𝑜 and 𝑅𝑓, [
𝑘𝑁

𝑚2]; 

𝑁𝑐 = non-dimensional bearing capacity factor, or in this case resistance factor; 

𝑆𝑢 = undrained shear strength of the soil, dependent on the moisture content, [
𝑘𝑁

𝑚2
]; 

As reported in literature review, Tokpavi, et al. (2008) have already demonstrated that for 

non-Newtonian fluids the resisting mechanism can be normalised by the yield stress for slow 

movements, and that the bearing factor has the same value as per Randolph and Houlsby 

(1984), for fully formed flows around the pipes. Considering the yield stress (𝜏𝑦) and the 

undrained shear strength (𝑆𝑢) as comparable, it is possible estimate the undrained shear 

strength even for high moisture content soils. And considering that the undrained shear 

strength reduces with the increased moisture content an undrained shear strength to liquidity 

index relationship (𝑆𝑢 − 𝐿𝐼 ) is necessary. The methodology to investigate the 𝑆𝑢 − 𝐿𝐼 

relationship will be discussed in section 4.1.1. 

3.1.4 Parameters investigated: lateral boundary and pipe embedment depth  

As mentioned previously the pull-out tests and the flotation tests have been represented as 

a 2D plain strain model, this though, does not give any information on the boundary 

conditions either for the lateral constraints or the pipe distance to the surface, i.e. 

embedment of the pipe. For this thesis two non-dimensional parameters have been used to 

define the boundary conditions of each test conducted. The embedment of the pipe is 

represented by the ratio (𝐻/𝐷), the soil surface distance to the top of the pipe (𝐻) and the 

diameter of the pipe (𝐷) (Figure 3-2). The lateral boundary conditions are expressed as a 

ratio (𝐵/𝐷) of the trench width (𝐵) and the pipe diameter (𝐷). Three set of values were 

selected as lateral boundary conditions and they are reported in Table 3-2. The last ratio in 

Table 3-2 is dependent on the size of the box and the diameter of the pipe, hence the scale 

of the model. This is considered the unbounded case or far field case for both of the scales 

investigated.  

𝐵/𝐷 is a non-dimensional ratio necessary to allow scaling of the results between different 

pipe diameters. Mitsoulis (2004) showed the importance of lateral boundaries for pipes 

moving in visco-plastic fluid, where the resisting force due to boundary interaction is 

significant when the ratio 𝐵/𝐷 is close to or lower than 2. 
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Table 3-2 Boundary ratios studied 

Boundary conditions 

(
𝐵

𝐷
) 

1.48 

2.0 

10.31 or 6.5 (unbounded) 

In the tests reported herein the trench geometry can be defined by the geometry of the pipe 

and the trenching machine that are represented in Figure 3-2. The average additional width 

of the trench over and above the diameter of the pipe is due to the width of the machine’s 

trenching swords or jet wands (typically 50mm wide) and 100mm to 200mm of clearance 

between each sword and the pipe or cable (Powell personal comunications, 2017) (Figure 

3-2). Industry diameters for umbilical cable and flexible pipelines typically vary between 2” 

to 16” (50.8mm to 406.4mm) (Oil & Gas UK, 2013). These diameters result in a typical trench 

width:  

𝐵 = 𝐷 + 2 ∙ (𝐽 + 𝑐𝑙) (3.6) 

Where: 

𝐽= jetter sword width; 

𝑐𝑙 = clearance to pipe or umbilical. 

 

 

Figure 3-2 Trench representation for a fully embedded pipe with trencher swords (Bizzotto and Brown, 2016) 



Chapter 3 56 Methodology - investigation of flotation 
due to jet trenching 

 
Trenching sword width and the clearances can vary in the range of 300 to 500mm. The 

resulting B/D ratio for field situations is in the range reported in Table 3-3. 

 

Table 3-3 Maximum and minimum B/D ratios for commercially available pipeline/cable diameters 

D 2 ∙ (𝐽 + 𝑐𝑙) B B/D 

[mm] [mm] [mm] - 

406.4(16in) 300 706.4 1.73 

406.4(16in) 500 906.4 2.23 

50.8(2in) 300 350.8 6.9 

50.8(2in) 500 550.8 10.84 

The boundary constraint ratio (B/D) is used together with the embedment ratio (H/D) to 

define the test case under study. Generally four different embedment depths were studied 

for each prepared soil bed (Table 3-4). 

 

Table 3-4 Embedment ratio studied 

Embedment ratio 

[𝐻/𝐷] 

0.5 

1.0 

1.5 

2.0 

 

The embedment ratio is in a non-dimensional form (𝐻/𝐷), as two pipe diameters were 

employed, and this would ease the comparison of the results. Using the same embedment 

ratio for each pipe diameter tested required insertion of the pipe to a deeper pipe depth (𝑦) 

(Figure 3-) for a larger diameter pipe to maintain the same embedment ratio. 

A graphical representation of the soil cover (𝐻), the diameter (𝐷) and the pipe depth (𝑦) is 

provided in Figure 3-. This is a necessary specification as the results of soil resistance 

versus displacement are reported in a Cartesian system. As shown in Figure 3- the insertion 

depth (𝑦) has been set at the lower point of the pipe. The position of the pipe completely 

above, but touching the surface of the soil has a y coordinate of 0 m and the position referred 

as totally embedded has a y coordinate of -0.063m in this example as the pipe diameter is 

0.063m. The same positions in the 𝐻/𝐷  coordinate system are equal to -1 and 0 

respectively.  
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Figure 3-3 H/D and y coordinate systems comparison for the 63mm pipes 

 

 

3.1.5 Description of testing apparatus 

In this section of the methodology chapter the pipes manufactured for the pull-out and 

flotation tests are described together with all the equipment employed to perform the tests. 

The pipes used in the tests had an outer diameter (D) of 63mm (2.5”) and 100mm (3.94”), 

and length of 397mm (Figure 3-4). The material used for the pipe manufacture was Perspex, 

which assured low specific weight, as reported in Table 3-5.  

Table 3-5 Model pipe characteristics 

  Small pipe Large pipe 

Outer diameter [mm] 63 100 

Wall thickness [mm] 5.75 6.2 

Material type - Perspex Perspex 

perspex [kN/m3] 11.90 11.90 

Length of pipe [mm] 397 397 

Inlet tubes: Quantity 2 2 

Outer diameter [mm] 6 6 

Material - Stainless steel Stainless steel 

steel [kN/m3] 11.90 11.90 

Length [mm] 720 720 

Weight of empty pipe + 

accessories 
[N] 8.50 12.50 

Specific gravity (SG) with empty 

pipe + accessories 
- 0.70 0.41 

Weight of pipe full of water [N] 15.25 36.43 

SG of pipe full of water  - 1.26 1.19 
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The two end caps of the pipes were made of PTFE and fixed in place with eight bolts. The 

bolts screw into eight holes made in the Perspex in the longitudinal direction, and each hole 

had a helicoil to allow the bolt to screw in and assure proper closure of the end caps. A 

sealing washer was placed between each cap and the Perspex pipes to guarantee that the 

pipe would not change unit weight (leaking) during the test. Specific gravity (SG) is an 

alternative quantity to the unit weight of a pipe/cable and it is the ratio between of the unit 

weight of the pipe and the unit weight of the water. Different specific gravities (SG) can be 

achieved by adding ballast weights and a water transfer and storage system was designed 

to control small changes of the weight of the pipe. The thickness of the pipe end caps was 

reduced from the original in order to achieve a total length that ensured no contact between 

the Perspex walls and the PTFE caps. Because of the nature of the Perspex internal 

surfaces of the walls were not guaranteed to be completely flat. Due to the low buoyancy 

forces applied to the pipe, it was necessary to guarantee a contact free travel for the pipe. 

The length of the pipe was set at 397mm rather than the initial 400mm, hence the gap 

between the pipe and the walls should be of 1.5mm each side. As can be seen in Figure 3-4 

and Figure 3-5, the pipe was provided with two steel inlet tubes/linear guides of 6mm outer 

diameter and 4.6mm inner diameter. The inlet tubes/linear guides were used to keep the 

movement vertical, to pull the pipe out in the pull-out test, and to convey water in and out in 

order to increase the weight of the pipe in the flotation test. 

 

 

Figure 3-4 Cross sectional view of a Flotation pipe. 
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Water 

container 
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Figure 3-5 Flotation pipe - 63mm diameter with guide/clamping system (position of pore pressure sensors 
indicated but not installed in case shown). 

 

A horizontal clamp was placed at the top of the inlet tubes. The horizontal clamp worked as 

a spacer between the tubes and it was fixed to the reference bars to keep the pipe in place 

prior to the free flotation tests (Figure 3-8). The horizontal clamp provided a reference point 

that was required for the LVDT to measure the displacement of the pipes during the free 

flotation tests and it was also necessary to provide an anchoring point for the pull-out test 

(the pull-out pin in Figure 3-6).  

 

 

Figure 3-6 Detailed image of the reference bar mounted between the linear guides 

 

The test box was made of aluminium and Perspex plates. The external dimension were 

680mm length x 430mm width and the height of the box was 700mm. The base plate and 

the side plates were made of aluminium. The long front and rear plates were made of 

Inlet tubes 

and linear 

guides 

Water 

container 
Pressure sensor 

positions 

Horizontal clamp 

Pull-out pin 

Horizontal clamp 
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Perspex in order to allow visual examination of the test. All of the plates were 15mm thick. 

Figure 3-7 shows the schematic plan view of the box and the final version prior to bed 

formation. The pipe position is fixed in the middle of the box, with two moving walls to 

simulate different trench widths. The walls were manufactured from two identical PVC 

panels 15 mm thick. 

 

 

a) b) 

Figure 3-7 Flotation test box with movable trench boundaries for 63mm pipe diameter: a) schematic plan 
view; b) Image of side elevation of box with test pipe and various trench boundary walls. 

 

The walls were locked in place by four fixed points (Figure 3-8b), two at the top and two at 

the bottom of the box. The rigidity of the walls was improved by the interposition of two wood 

counterforts each side between the PVC walls (trench simulation) and the aluminium walls 

of the box during testing (Figure 3-8a and b). The shear strength and stiffness of the 

undisturbed clay (insitu), which would make up the trench walls, was assumed to be several 

orders of magnitude higher than the backfill material. Because of this, it was thought to be 

reasonable to simulate the trench wall with a material which would not contribute to the 

resisting mechanism such as PVC. 

In Figure 3-8 is reported schematically the position of the LVDT used to monitor the upward 

movements during the free flotation tests already mentioned and seen in Figure 3-1. The 

bracket that held the LVDT was removable and was installed only when a free flotation tests 

were performed as shown in Figure 3-1.  

Moveable trench boundaries 



Chapter 3 61 Methodology - investigation of flotation 
due to jet trenching 

 
As reported in section 3.1.3 the lateral boundary conditions investigated are the unbounded 

case, and the two bounded cases B/D=1.48 and B/D=2. For the unbounded cases the full 

width of the box is used, which gives B/D = 10.3 and 6.5, for the 63mm and the 100mm 

respectively as reported in Table 3-6. These widths are considered well above the B/D=2 

where the boundary constraints showing influence as per Mitsoulis (2004). For the pipes in 

the present tests, with an outer diameters (D), the trench width (B) and the ratio (B/D) are 

reported in Table 3-6. These ratios were chosen as they give B/D ratios similar to the one 

reported in Table 3-3 as per current industry standards. 

 

Table 3-6 Pipeline and trench geometries investigated 

D [mm] B [mm] B/D 

63 (2.5”) 650 10.31 

63 (2.5”) 126 2.00 

63 (2.5”) 93 1.48 

100 (3.9”) 650 6.5 

100 (3.9”) 200 2.00 

 

 

 

Figure 3-8 Flotation and pull-out test setup: a) side view; b) frontal view; c) reference bar detail with LVDT 
position shown. 

  

a) b) 

c) 
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3.1.6 Actuation, data acquisition and instrumentation 

The testing apparatus just described in the previous section is the one manufactured to 

perform the free flotation tests and the pull-out tests. The constant velocities necessary to 

perform the insertion and the extraction stages of the pull-out tests were provided by an 

Instron universal testing machine model 5900 (Figure 3-9). The Instron UTM can 

accommodate the flotation box under the moving beam. To perform the pull-out tests, the 

horizontal clamp (Figure 3-6) was connected to the Instron proprietary load cell via the pull-

out pin. The pin was connected to an articulated joint that was clamped to the load cell. The 

load cell used was a 10kN load cell manufactured by Instron and incorporated below the 

250 KN load cell in the Instron testing frame. The displacement control is accurate to 

0.001mm and the load cell at 0.001N. The acquisition frequency was set at 0.5Hz. 

During the test all the measurement were acquired using the data acquisition system 

embedded in the Instron UTM, which allows the acquisition of 4 external transducers as a 

differential voltage. The load cell and the displacement are monitored via the Instron 

dedicated software and provide the feedback necessary to the control loop to maintain the 

constant insertion and extraction velocities. 

 

Figure 3-9 Instron UTM, load cells and data acquisition. 
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During the flotation test the pipe was not connected to the moving beam, hence the 

displacement was measured with an external LVDT. The LVDT output varying between 0V 

to 10V for a ± 40mm travel was acquired via the Instron data acquisition system for external 

transducers. The mounting system for the LVDT has been introduced in the previous section 

and can be seen in Figure 3-1 and Figure 3-8. 

The force that the LVDT is applying on the pipe is significant, and for this reason it was 

included in equation (3.3). In fact, in order to compare the results of the pull-out tests and 

the free flotation tests the force of the LVDT needs to be accounted for to evaluate the 

buoyant unit weight of the pipe. For this reason, during the calibration of the LVDT the force 

exerted by its internal spring was also recorded, the total force varies with the displacement 

as shown in Figure 3-10. Depending on the reading of the LVDT the correspondent force 

can be used in equation (3.3). 

 

Figure 3-10 LVDT calibration, both for spring force and recorded movement. 

Additionally, two pore pressure sensors were embedded in the 100mm pipe, at the top and 

the bottom of the pipe in the middle of the length of the pipe as illustrated in Figure 3-11. 

The connection to the data acquisition system and the power supply was provided by wires 

that run through one of the inlet tubes, together with a venting pipe that provides reference 

to atmospheric pressure for the sensors (Figure 3-12). The pressure sensors were two 

Honeywell, 24PCAFA6G (Honeywell, 2015) with a range of ±6.9kPa. The sensors were 

waterproofed with a double layer of epoxy resin and Plastidip. To prevent the fine grained 

soil coming into contact with the sensor, a piece of metal mesh grid n200 (43m mesh size) 
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was glued at the top of the PVC connection pipe, and on top of this was placed a small 

diameter piece of replaceable Whatman grade 42 filter paper. 

 

 

Figure 3-11 100mm diameter pipe with pore pressure transducers. 

 

 

Figure 3-12 Pore pressure transducer pipe mounting details. 
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The pressure sensors needed to be saturated with a syringe filled with deaired water, since 

vacuum pump saturation was proven to be destructive for the sensitive inner sensor. The 

pressure sensors were connected in parallel to a 10V DC regulated power supply, and the 

signal was acquired with the embedded data acquisition system of the Instron universal 

testing machine, which provided data synchronization with the force and the displacement 

measured. 

During the flotation tests, to achieve different pipe unit weights (or alternatively SGs), from 

the pipe some water was progressively removed, as previously described. The amount of 

water removed was then weighed and recorded to account for the actual weight of the pipe. 

To do so a weighing scale was used to record the weight of water extracted from the pipe 

during the flotation test. The accuracy of the scales was 0.01g.  
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3.1.7 Material characterisation 

To carry out the tests, two fine grained soils were utilised, a Kaolin clay and Hyplas 71. The 

soils were provided by Imerys Ltd. in the form of dried powders, the procedure of rehydration 

that was followed is described in the bed preparation section. 

The Soil specific gravity (GS) and Atterberg limits, which were identified as fundamental for 

the characterization of the flotation phenomenon, were quantified following the procedures 

described in BS1377-2 (1990). The soil specific gravity or particle density, was measured 

with the small pycnometer test, which is suitable only for soil with particles finer than 2mm 

in diameter (Head, 2006). For this test a scale with an accuracy of 0.0001g was used, with 

a set of three small pycnometers. The Atterberg limits were determined using a cone 

penetrometer test compliant to the standard BS 1377:1990 section 4.3, and the plastic limit 

test was performed using the procedure highlighted in BS 1377 1990 section 5.3. The results 

of the tests are reported in Table 3-7. A particle size distribution was performed with the 

Hydrometer method following BS1377-2 (1990) and instructions from Head (2006). The 

results are reported in Figure 3-13. Both the soils chosen, have a similar PI index, but 

dissimilar LL and PL due to the different particle size distribution. This allows investigation 

of the effect of higher percentages of fines on the flotation potential. Higher plasticity clays 

could also be studied i.e. soil containing montmorillonite if this was deemed appropriate. 

 

Figure 3-13 Particle size distribution of the Kaolin clay and Hyplas 71. 
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Table 3-7 Atterberg limits and soil Specific Gravity tests results, from this study 

 Kaolin Hyplas 71 

Plastic Limit (PL) [%] 26 19.8 

Liquid Limit (LL) [%] 52.5 46.5 

Plasticity Index (PI) [%] 26.5 26.7 

Soil specific Gravity (Gs) [%] 2.55 2.64 

 

For completion a series of other soil characterisation are reported in Table 3-8 from 

Robinson (2018) that used the same materials and performed more in depth 

characterisation. 

 

Table 3-8 Soil characterisation from Robinson (2018) 

   Kaolin Hyplas 71 

Clay Fraction  [%] 82 65 

Activity  [%] 39.6 37.8 

Specific Surface Area SSA [
m2

g
] 36.7 53.2 

Permeability* k [
mm

s
] 

0.76x10-6 to 

1.17x10-6 

0.51x10-7 to 

1.05x10-7 

NCL Gradient, λNCL  0.168 0.101 

Unload/Reload Line Gradient κ  0.021 0.046 

NCL Intercept N  3.101 2.328 

CSL Intercept Γ  2.988 2.268 

Gradient of CSL in q-p’ space M  0.851 0.785 

Reference State Parameter ξref  0.113 0.06 

Proportion of Kaolinite  [%] 80 28 

Proportion of Illite  [%] 18 28 

Proportion of Quartz  [%] 2 44 
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3.2 Soil bed preparation and tests preparation   

This section will describe the steps followed for pipeline free flotation and pull-out testing 

execution. The pull-out tests were undertaken using two different methods to reproduce the 

methodologies used by previous authors, and potentially to simply simulate two different 

amounts of time undergone after the jetting process, short and long term. The exact 

procedure of flotation and the pull-out tests are explained and the difference between the 

two tests are highlighted. Some examples of the results are also presented to give an 

explanation of the terminology used later in the analysis of results. Finally, some limitations 

of the flotation test are identified. 

3.2.1 Soil preparation 

The Kaolin clay and the Hyplas 71 used for the tests were supplied as a fine dried powder. 

To create a fine-grained soil slurry it is required to mix the powder with deionized water at 

1:1 weight of clay to weight of water. The initial slurry mixed has a moisture content 

approximately 2 times the liquid limit (LL), and this is true for both the soils used. The mixing 

procedure was initiated by pouring approximately 3 kg of water into the mixer container and 

then the soil powder was added gradually and left to settle to the bottom of the container. 

When lumps of powder were no longer present on the water’s surface further kaolin powder 

was added, until the total amount of dry clay had been added. In order to achieve complete 

consistency of the slurry the clay was mixed for 2 hours at the minimum velocity. The mixing 

velocity was maintained at the lower limit to reduce the air entrapment in the sample. 

Because the mixer available allows the preparation of only a limited quantity of soil, the clay 

was maintained in a sealed bucket with a water layer on top until the total volume of clay 

slurry had been prepared. The minimum required volume of soil to ensure all the embedment 

ratios tested is 0.1m2 that corresponds approximately to 70kg of water and 70kg of kaolin 

powder for a total of 140kg of mixed slurry. When enough volume of clay slurry had been 

prepared, it was carefully poured into the flotation testing box and thoroughly remixed with 

a paddle mixer in order to achieve a homogeneous clay bed. This mixing stage was carried 

out carefully, again to prevent any air entrapment. Where it was necessary to vary the 

moisture content in the testing box the appropriate additional water was carefully measured 

out and mixed thoroughly with the paddle mixer in the testing box. Testing was carried out 

as soon as possible after mixing. 
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3.2.1.1 Moisture content 

A series of measurement was carried for every soil bed preparation, to quantify the moisture 

content and to determine the saturated unit weight. The linear measurement method 

(BS1377-2:1990 §7.2.1) with an adapted procedure 3, due to the liquidity of the soil, was 

adopted for the saturated unit weight. The sample was poured carefully, instead of extruded 

as specified in BS1377-1:1990 §8.4. The samples were then weighted, and their weight 

recorded together with the weight of the container (𝑊𝑤 + 𝑡). The samples were then place 

in an oven to dry, at least 24h at a temperature between 105 and 110° C (Head, 2006). The 

weight of the sample was then recorded again. Knowing the weight of the container, the 

moisture content is then calculated as: 

𝑤 =
(𝑊𝑤 + 𝑡) − (𝑊𝐷 + 𝑡)

𝑊𝐷
 (3.7) 

Where: 

w= is the moisture content, [-]; 

𝑊𝑤= is the wet weight of the soil sample, [g]; 

𝑊𝐷= is the dry weight of the soil sample, [g]; 

𝑡= is the weight of the container, [g]; 

 

3.2.2 Tests methodology 

The test box was then positioned on the base plate of Instron universal testing machine. If 

required by the test, the trench walls were positioned at the appropriate distance from the 

pipe. The trench walls were positioned while the slurry was already in the box as the wall 

could pass through the soil quite easily. In this way the soil is present on both side of the 

walls to help keep the wall vertical as the pressure on both side of the wall is equal. 

Subsequently the pipe was placed in the trench by hand and the horizontal clamp clamped 

itself to the reference bar (Figure 3-8c). The reference bar provides the top fixed point of the 

box and the end stop for the horizontal clamp. With the pipe positioned just under the surface 

of the soil (Figure 3-14) the required final target depth of cover was determined and marked 

on the guide tubes. The horizontal clamp was then moved to the final position marked on 

the guide tubes. The position of the horizontal clamp on the tubes fixes the maximum 

embedment allowed for the pipe in each test. This position is used as a reference point to 

perform both the pull-out test and the flotation test with the same depth of cover. The position 
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recorded with the Instron UTM during the pull-out tests was then set at zero with the pipe 

just under the surface of the soil as in Figure 3-14. 

With the pipe in place, prior to starting the test, three samples of the soil were taken from 

the thoroughly remixed soil from three different locations to measure the moisture content. 

If necessary three samples to measure the saturated unit weight were taken from the same 

locations. 

 

Figure 3-14 Zero displacement position used for both pull-out and flotation tests 

Once the position of maximum embedment (horizontal clamp) and the zero position (pipe 

under the soil surface) were set, the pipe was then extracted from the soil to allow the soil 

to be remoulded, to achieve a homogeneous soil bed prior to testing. For the pull-out tests 

the two different methodologies of bed prepraration, Method 1 and Method 2, require two 

different test procedures as highlighted in the previous section 3.1.1. For this reason after 

setting the horizontal clamp and the zero position of the Instron UTM, the pipe was pushed 

to the embedment depth required for the test, letting the horizontal clamp touch the 

reference bar. The soil was then remixed above and around the pipe, this position was used 

as the starting position for pull-out tests in bed preparation Method 1. Additionally, prior to 

starting the sequence of actions of the Method 2 and the free flotation tests, a layer of water 

was placed on top of the soil bed while the pipe was still out of the water (Figure 3-15). At 

this point the soil bed was ready for either the free flotation tests or Method 2 of the pull-out 

tests.  
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Figure 3-15 Pull-out characteristic setup for Method 2 of soil bed preparation (initial interfaces marked 
on the Perspex wall of the test box). 

The flotation tests were performed after the pull-out tests. For the flotation tests the pipe 

were detached from the UTM and the horizontal clamp was clamped to the reference bar. 

The horizontal clamp provided the necessary reference to embed the pipe at the correct 

embedment depth and measure the movement of the pipe. Each time a different embedment 

depth was required the horizontal clamp was moved accordingly both for the pull-out and 

the flotation tests.  

The pipe for the free flotation tests was embedded at his maximum weight and subsequently 

the weight was reduced at approximately 2N steps. A 100ml syringe was used to extract 

and collect the water from the pipe. The water extracted was accurately weighed with a 

precision scale and recorded. The net value of the unit weight of the pipe was deduced by 

the difference between the initial weight of the pipe plus the water and the extracted water. 

Once the weight of water extracted was accounted for the pipe was released and the upward 

displacement was recorded by the LVDT. 

A limiting velocity (𝑣𝑙𝑖𝑚) below which the pipe is considered stable i.e. floating has ceased 

was chosen and was set at a displacement equivalent to 2% of the diameter in 1hr as the 

velocity was observed to tend to zero, but at increasingly slow rate. For the pipe‘s diameters 

used in this test (63mm and 100) the limiting velocities were set at 1.26 mm/hr                 
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Air-water 

transition 

Soil-water 
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(3.5 10-4 mm/s) and 2mm/hr (5.55∙10-4mm/s). After the pipe reached the limiting velocity the 

flotation stage was considered complete.  

After each individual test, the soil was remixed in order to remove any path left by the 

previous flotation test. The pipe was re-inserted, locked in position, the water extracted was 

weighed, and a new unit weight γp,n tested (equation (3.8)).  

γp,n =
(𝑊𝑛−1 −𝑊𝑤,𝑛)

𝑉𝑝𝑖𝑝𝑒
 (3.8) 

γp,n = unit weight at step n during flotation test; 

𝑊𝑛−1 = weight of the pipe plus water at the previous step, or the initial weight if the step is 

the first; 

𝑊𝑤,𝑛 = weight of water extracted; 

𝑉𝑝𝑖𝑝𝑒 = volume of the pipe. 

Typical displacement-time graphs can be seen in Figure 3-16. Reaching a stable position 

i.e limiting velocity or no moving pipe takes some time, but the velocity decreases 

exponentially. 

 

Figure 3-16 Displacement vs time of floating pipes at different SG. Flotation test carried out with pipe D=63mm 
in Kaolin clay at w=171% - LI=7.22, H/D=2, without trench walls (unbounded sb18).  
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3.2.3 Limitations of the flotation tests  

At this point after introducing the test design, the apparatus, the methodology and the type 

of soil used to study the flotation phenomenon one can make some comments on the 

limitations of the free flotation tests.  

Some of the limitations are dictated by the introduction of systematic errors such as 

measuring errors due to the instruments used or due to the way that measures were taken, 

or due to the production of the soil samples. For the measurements reported in previous 

sections the data acquisition system used was the one of the Instron UTM. Each test had a 

single continuous measurement for the displacement and the force on the pipe. Then each 

datapoint acquired can be considered as a single measurement. The main source of error 

then is given by the evaluation of the weight of the pipe during the flotation tests. The flotation 

test required removal of water from the pipe. The measurement at each step was done by 

measuring the weight of the pipe at the start of the test and then measuring each time the 

amount of weight reduced. The total weight of the pipe was calculated by subtracting from 

the initial weight, the weight of the subtracted material from the pipe subsequently at each 

step. With this methodology the final error on the weight of the pipe might amount to the 

sum of the errors produced at each measuring steps. 

Another systematic error that might affect the results of the tests is the partial consolidation 

of the sample during the duration of the test as discussed in section 4.2.1. This would allow 

for less buoyancy force on the embedded pipe and higher soil resistance to be generated. 

Considering all the different parameters investigated, the tests were undertook more than 

70 times. This would allow some randomization of the systematic and human error which 

led to an approximate 5 to 10% scatter in the non-dimensional data reported later in sections 

4.4.4 and 4.5.2 

Additional as already mentioned, for the free flotation test the driving force that displace the 

model pipe is its own buoyant weight. Hence, the available flotation force is given by the 

difference between the unit weight of the pipe and the surrounding soil multiplied by the 

volume of the pipe as in equation (3.9). 

𝑊𝑝−𝑏 = (γp − γs) ∙
πD2

4
∙ 𝐿  (3.9) 

Where 𝑊𝑝−𝑏 is the buoyant weight of the pipe. The maximum buoyant force is achieved 

when the pipe is as light as possible and the fluidised soil the heaviest tested. The force is 
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negative as the pipe to float need to have a negative buoyant weight. These conditions are 

achieved in these test when the model pipe is empty and when the soil is at the lowest 

moisture content, as the unit weight of the soil is proportional to its moisture content 

(equation (3.10)). 

γs =
𝐺𝑠 ∙ γw ∙ (1 + 𝑤)

1 + 𝐺𝑠 ∙ 𝑤
 (3.10) 

Where: 

𝐺𝑠= is the grain specific unit weight of the soil; 

𝑤=is the moisture content; 

For the tests carried out in this study, the unit weight of the soil (γs) was within the minimum 

and the maximum values reported in Table 3-9. Given the characteristic of the pipe reported 

in a previous section, in  

Table 3-10 are reported the available maximum flotation force calculated using equation 

(3.9).  

The soil resistance to flotation (𝑅𝑓𝑙) detectable using the free flotation test is reported in 

equation (3.4) and it is equal to the buoyant weight minus the force applied by the LVDT. 

Assuming for now that the LVDT force is not relevant, the soil resistance detectable in the 

free flotation test is limited by the values reported in  

Table 3-10. 

 

Table 3-9 Minimum and maximum soil unit weight (𝛾𝑆) achieved in the soil beds at the moisture content tested. 

Soil type 
Moisture content 

(w) 
Unit weight 

(𝛾𝑠) 

 [%] [
𝑘𝑁

𝑚3] 

Kaolin 222 12.09 

Kaolin 138 13.16 

Hyplas 71 156 13.11 

Hyplas 71 94 14.54 

 



Chapter 3 75 Methodology - investigation of flotation 
due to jet trenching 

 
 

Table 3-10 Minimum and maximum pipe’s buoyant weight at minimum and maximum moisture content tested, 
for Hyplas 71 and Kaolin clay. Negative buoyant weight of the pipe( 𝑊𝑝−𝑏) equate to floating pipes. 

 Kaolin Hyplas 71 

Pipe 

diameter 

(𝐷) 

Pipe 

condition 

 

Pipe 

weight 

(𝑊𝑝) 

Pipe unit 

weight  

𝛾𝑝 

𝑊𝑝−𝑏 

Min at 

𝑤=222% 

𝑊𝑝−𝑏 

Max at 

𝑤=138% 

𝑊𝑝−𝑏 

Min at 

𝑤=156% 

𝑊𝑝−𝑏 

Max at 

𝑤=94% 

[mm]  [N] [
𝑘𝑁

𝑚3] [
𝑘𝑁

𝑚2] [
𝑘𝑁

𝑚2] [
𝑘𝑁

𝑚2] [
𝑘𝑁

𝑚2] 

63 Empty 10.52 8.50 -0.26 -0.311 -0.23 -0.30 

63 Full 18.50 14.95 Non floating -0.04 Non floating Non floating 

100 Empty 12.50 4.01 -0.40 -0.45 -0.72 -0.83 

100 Full 36.43 11.68 -0.02 -0.07 -0.12 -0.23 

 

 

For this reason and because during the tests it was not possible to completely empty the 

model pipe, during the free flotation tests it was not possible to move upward enough to get 

the pipe to reach the soil surface. Additionally, the limited availability of flotation force 

combined with greater mechanical resistance provided by the soil is the reason why at lower 

moisture content it was not possible to detect significant movements. 

Analysing  

Table 3-10, it is shown that in the majority of cases the pipe was lighter than the same 

volume of soil, hence to keep the pipe in place at the beginning of the free flotation test the 

pipe was clamped to the reference bar to keep the pipe in place. 
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3.2.4 Soil bed moisture content and 𝑺𝒖 reduction investigation 

Each soil bed at different moisture contents, prior to each test, needs to be characterised. 

As already mentioned, prior to starting the test, three samples of the soil were taken from 

the thoroughly remixed soil from three different locations to measure the moisture content. 

These samples where then weighed, and the moisture content calculated. Once the 

moisture content is known, the only other information needed, for the specific soil bed, to 

normalise the resistance to flotation (𝑅𝑓𝑙) in equation (3.4), is the undrained shear strength 

(𝑆𝑢). In this way it is possible to take into account the effects of the increased moisture 

content in the soil. To simplify the process and to give a more systematic way to normalise 

the resistance it is necessary to determine a relationship that links the reduction in undrained 

shear strength to the increased liquidity index (𝑆𝑢 − 𝐿𝐼) as undertaken by Locat and Demers 

(1988). 

Two methodologies were adopted to determine the undrained shear strength. The first was 

to use the force recorded during stage 1 (the insertion) of the pull-out tests; the second one 

was to independently study the fine-grained material at different moisture contents (i.e. 

liquidity indexes) with a standard material testing machine, a rheometer. The first method 

simply required analysis of the insertion stage of the pull-out tests as the pipe is acting as 

similar to a T-bar probe. In fact, the full flow penetrometers generally rely on plasticity 

analytical solutions (Randolph and Houlsby, 1984; Martin and Randolph, 2006; Einav and 

Randolph, 2005) and/or on numerical simulations (Zhou and Randolph, 2009; White, et al., 

2010), that can be adapted to different sizes of the penetrometer, because for the data 

analysis they rely on non-dimensional factors. 

The second type of test was performed using a parallel plate rotating rheometer, and was 

meant to be a more conventional approach for these type of materials as per Locat and 

Demers (1988). It was set-up to prove the assumption that fine-grained soil at high moisture 

content behave as plastic materials. Confirming this assumption would mean it is possible 

to use the T-bar types tests even in high moisture content fine grained materials. In the case 

of matching results between the two clays tested and with the published literature, a unified 

𝑆𝑢 − 𝐿𝐼 relationship could lead to a simplify approach to be used with the free flotation and 

pull-out test results. 
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3.2.4.1 Undrained shear strength: T-bar type test for high moisture content soil 

The interpretation of the insertion stage of the pull-out tests as full flow penetrometer, i.e. a 

T-bar type test, is mainly dictated by two criteria: Firstly the availability of the data, which 

were acquired during the tests and secondly the increased sensitivity that a full-flow 

penetrometer offers due to the bigger projected area than the tip of a CPT (Einav and 

Randolph, 2005, Einav and Randolph, 2006). In this research the diameter of the model 

pipes are larger than the standard 40mm, but this provide a higher sensitivity, which is an 

advantage, considering the low values of undrained shear strength expected. In fact, 

typically the fine-grained soils at the Liquid Limit (LL) have a residual 𝑆𝑢 of 1kPa (Muir-Wood, 

1990). Here moisture contents well over the LL were tested, as highlighted in Table 3-9. 

The analytical solution to determine the 𝑆𝑢 from the measured force of a T-bar test is the full 

flow plastic analysis (“deep”) by Randolph and Houlsby (1984) (Martin and Randolph, 2006, 

Einav and Randolph, 2005, Einav and Randolph, 2006), in shallow soils the T-bar displays 

a different mechanism which needs to be corrected based upon the ratio between the depth 

of embedment and the deep mechanism transition depth as shown by White et al. (2010). 

White et al. (2010) provided a power law, which fits the results of several Large Deformation 

Finite Elements (LDFE) studies of T-bar tests performed at shallow embedment. The 

correlation given in equation (3.11) relates the depth of transition from a shallow to a deep 

mechanism with a dimensionless parameter that includes the state of the soil related to the 

diameter of the pipe. In this analysis the depth of transition is a property of the state of the 

system created by the weak soil and pipe. 

�̂�𝑑𝑒𝑒𝑝 = 2.58 (
𝑆𝑢
𝛾′𝐷

)
0.46

+ 0.24 (
𝑆𝑢
𝛾′𝐷

)
−0.63

 (3.11) 

 

Where: 

�̂�𝑑𝑒𝑒𝑝 =
𝑦𝑐

𝐷
|
𝑑𝑒𝑒𝑝

, defined in White et al. (2010) as the normalised embedment depth of the 

pipe, at which there is the transition from shallow to deep mechanism; 

𝐷= diameter of the pipe, [m]; 

𝑦𝑐= is the depth of the centre of the pipe, [m]; 

𝑆𝑢 = undrained shear strength, [kPa]; 

𝛾′ = submerged unit weight of the soil, [
𝑘𝑁

𝑚3]; 
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For a depth of embedment that is equal to �̂�𝑑𝑒𝑒𝑝 , 𝑁𝑐−𝑠 (shallow) is equal to 𝑁𝐶−𝑑𝑒𝑒𝑝. Nc-

deep=10.5 should be used. For the T-bar test the depth of embedment continuously increases 

as the test proceeds. The correction for Nc is as expressed in equation (3.12). 

𝑁𝑐−𝑠 = 2 + (𝑁𝐶−𝑑𝑒𝑒𝑝 − 2) (
�̂�

�̂�𝑑𝑒𝑒𝑝
)

𝑝

 (3.12) 

Where: 

𝑝 = 0.61 (
𝑆𝑢

𝛾′𝐷
)
−0.31

= power law factor; 

�̂� =
𝑦𝑐

𝐷
 =embedment ratio referenced to the centre of the pipe. 

This correlation gives an 𝑁𝑐  factor that is related to the state of the soil through the 

dimensionless parameter 
𝑆𝑢

𝛾′𝐷
 and is dependent on the depth of transition through the 

parameter 
�̂�

�̂�𝑑𝑒𝑒𝑝
. 

This methodology was used hereinto investigate the undrained shear strength during the 

complete insertion phase of a pipe into the soil. Even when the pipe is fully immersed in the 

soil, but the surface is still too close to avoid boundary influence, the corrected factor may 

give an appropriate indication of the undrained shear strength. 

 

3.2.4.2 Undrained shear strength: Parallel plate rheometer for high moisture soils 

To perform the rheometric tests a parallel plate rheometer was used. The parallel plate 

rheometer, also referred to as a torsional rheometer (Coleman, et al., 1966), is composed 

of two parallel plates, an upper rotating one and lower fixed one (Figure 3-17 and Figure 

3-18). Angular velocities and torque were recorded for a large range of angular velocities 

and then analysed based on the velocity distribution assumptions that are outlined to follow. 

The testing machine used is a Haake Mars 2 (Figure 3-17), which is commercially available. 

The Haake Mars 2 embeds a control system that allows precise control of the movement 

and the force applied to the rotating upper plate. The control system allows for controlled 

rate tests to be performed. As the name suggests, the controlled rate test consist of 

maintaining a certain angular velocity, i.e. the strain rate, and recording the torque necessary 

to maintain it. As the volume of the tested sample was constant during the tests the angular 

velocity and the strain rate are correlated by a geometric ratio as in equation (3.13). 
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�̇� =
Ω ∙ 𝑟

ℎ
 (3.13) 

Where: 

�̇�= strain rate, function of the distance of point from the centre (𝑟), [
1

𝑠
]; 

Ω= imposed angular velocity of the upper plate, [
𝑟𝑎𝑑

𝑠
]; 

ℎ = thickness of the specimen, [m]; 

𝑟 = distance of from the centre [m], with a maximum equal to the radius of the plate. 

For each test carried out a gradually variable strain rate was tested. The strain rate at the 

outer edge of the circular plate (r=R) was increased from a minimum of 0.001 [1/s] to a 

maximum of 1000 [1/s] in logarithmic increments. 

To avoid reduction in moisture content due to increased temperature in the sample related 

to frictional dissipation, the Haake Mars 2 (Figure 3-17) implements a Peltier cooler plate 

under the fixed plate. This allows control of the temperature of the. The temperature of the 

sample was kept constant at 20° C, to avoid excessive water evaporation during the test.  

The testing machine implement a torque measuring system on the top beam, to measure 

the torque applied on the top plate. To avoid measurements being artificially increased by 

the friction in the mechanical rotating components, the top spinning plate (the spindle) is 

floating on an air bearing. The spindle can be changed easily, and in this case it was chosen 

a ‘P60 TI L’. Which is a spindle with a diameter of 60mm, the same diameter of the lower 

plate was used. The upper beam (Figure 3-17) is moving vertically according to the required 

thickness of the sample, in this case the thickness was set at 4mm. 

The test is controlled by the Haake proprietary software. Through the software it is possible 

to setup the strain rate minimum and maximum values, and the sample thickness.  
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Figure 3-17 Haake Mars 2 rheometer’s main components 

Given the potential to associate yield stress with remoulded undrained shear strength, a 

rheometer is a useful apparatus that can be used to infer the undrained shear strength for 

slurries or high moisture content clays. For non-Newtonian fluids the constant movement of 

the upper plate, the small thickness of the sample, and the adherence to the plates of the 

material tested (i.e. similar velocity of material in contact with the rotating plate and the fixed 

plate) guarantee the linear distribution of velocity in the vertical axis (Coleman, et al., 1966, 

p.53). Analysing equation (3.13), the strain rate follows the same distribution of the velocity 

in the sample. The velocity increases from the centre to the edge of the plate as represented 

in Figure 3-18. An analytical solution for non-Newtonian fluids from Coleman, et al. (1966) 

is obtained from the integration of the shear stresses into the torque necessary to keep the 

top plate spinning at the imposed angular velocity (𝛺): 

𝑀 = 2𝜋 ∫ 𝑟2 𝜏 𝑑𝑟
𝑅

0
  (3.14) 

Where: 

𝑟 = is the radial coordinate from the centre of the plates; 

𝜏 = is the shear stress as a function of the strain rate at the radius r; 

𝑅 = is the radius of the plates; 
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𝑀 =  measured torque that is necessary to maintain the difference in angular velocity 

between the upper and the lower disc. 

Determination of the relationship between shear strain rate and shear stress at the outer 

radius of the plate is the aim of the test. This is achieved by coupling the measured and 

imposed quantities of torque and rotation speed. To be able to measure the shear stress at 

the edge of the disk the test requires an increment or change in strain rate as can be seen 

from equation (3.15) (Coussot, 1997) that is derived directly from equation (3.14). 

 

Figure 3-18 schematic representation of the parallel plate rheometer. 

 

 

𝜏 =
3𝑀

2𝜋𝑅3
+

𝛾𝑅
2𝜋𝑅3

𝑑M

𝑑�̇�𝑅
 (3.15) 

Where: 

𝑀 = [𝑁 ∙ 𝑚] measured torque; 

Ω = [
rad

s
] imposed angular velocity of the upper plate; 

ℎ = thickness of the specimen; 

�̇�𝑅 =
Ω∙𝑅

ℎ
 [m] strain rate at the outer radius; 

a) b) 

𝑅 

𝑀 
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Ω 
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𝑅 = [m] radius of the plate; 

ℎ = [m] distance of the plates and the thickness of the material specimen; 

𝑑M

d�̇�𝑅
 can be approximated by 

M𝑗−M𝑗−1

�̇�𝑅𝑗−�̇�𝑅𝑗−1
 ; 

𝜏(�̇�𝑅) = is the shear stress, dependent on strain rate level, at the outer radius. 

 

According to Coussot (1997) the second term of equation (3.15) vanishes for most of non-

Newtonian fluids, but, becomes significant for Newtonian ones, hence it was ignored in this 

data analysis. As previously mentioned, the results from the parallel plate rheometer helped 

to increase accuracy on the 𝑆𝑢 − 𝐿𝐼 relationship and to verify the magnitude of the reduction 

in shear strength. 

 

3.3 Flotation experimental programme 

The pipeline/cable flotation experimental programme was devised in order to investigate 

how embedment depth, trench width and water content affect the flotation resistance. The 

tests performed are the ones outlined in the previous paragraphs. The programme of tests 

is reported in Table 3-11, Table 3-12, Table 3-13, and Table 3-14. In the test performed in 

soil beds from sb01 to sb05: two different soil bed preparation methods were assessed 

through pull-out testing (preparation Method 1 and Method 2). In Table 3-6 the embedment 

depth is expressed as the ratio of the cover height and the diameter (H/D) as they are 

represented in Figure 3-2. Four embedment ratios have been investigated, from 0.5 

diameters to 2 diameters in half diameter increments. 



  

 

Table 3-11 Test list – 63mm pipe diameter 

Soil bed 
number 

Moisture 
content 

Liquidity 
index 

Trench width to  
Diameter ratio 

Pull-out tests: 
sequence of the tests 

Flotation tests: 
sequence of the tests 

Depth of soil below 
the pipe at H/D=2 

Soil type 

# w [%] LI B/D 
H/D 
0.5 

H/D 
1.0 

H/D 
1.5 

H/D 
2.0 

H/D 
0.5 

H/D 
1.0 

H/D 
1.5 

H/D 
2.0 

[mm] 
 

sb01 151.05 4.72 unbounded 01 02 03 04  - -  -   - 142 Kaolin clay 

sb02 162.54 5.15 unbounded 05 06 07 08  - -  -   - 151 Kaolin clay 

sb03 174.32 5.60 unbounded 09 10 11 12  - -  -   - 191 Kaolin clay 

sb04 218.98 7.28 unbounded 13 14 15 16  - -  -   - 195 Kaolin clay 

sb05 228.41 7.64 unbounded 17 18 19 20  - -  -   - 151 Kaolin clay 

sb06 138.75 4.25 unbounded 21 22 23 24  - -  -   - 176 Kaolin clay 

sb07 162.54 5.15 unbounded  - 25 26 27  - -  -   - 151 Kaolin clay 

sb08 165.70 5.27 unbounded 28 29 30 31  - -  -   - 120 Kaolin clay 

sb09 163.26 5.18 unbounded 32 33 34 35  - -  -   - 123 Kaolin clay 

sb10 173.30 5.56 unbounded 36 37 38 39  - -  -   - 127 Kaolin clay 

sb11 180.43 5.83 unbounded 40 41 42 43  - -  -   - 127 Kaolin clay 

sb12 168.80 5.39 unbounded 44 45 46 47  - -  -   - 113 Kaolin clay 

sb13 172.67 5.53 unbounded 48 49 50 51  - -  -   - 104 Kaolin clay 

sb14 174.58 5.61 unbounded 52 53 54 55  - -  -   - 94 Kaolin clay 

sb15 195.77 6.41 unbounded 56 57 58 59  - -  -   - 111 Kaolin clay 

sb16 214.35 7.11 unbounded 60 61 62 63  - -  -   - 130 Kaolin clay 

sb17 219.75 7.31 unbounded 64 65 66 67  - -  -   - 136 Kaolin clay 

sb18 171.23 5.48 unbounded  - -  -  68  - -  -  242 101 Kaolin clay 

sb19 177.41 5.71 unbounded 69  -  - 70 243  -  - 244 136 Kaolin clay 

sb20 189.31 6.16 unbounded 71  -  - 72 245  -  - 246 165 Kaolin clay 

sb21 201.38 6.62 unbounded 73 74  - 75 247 248  - 249 155 Kaolin clay 

sb22 217.45 7.22 unbounded 76 77  - 78 250 251  - 252 185 Kaolin clay 

sb23 162.69 5.16 1.48 79 80  - 81 253 254  - 255 247 Kaolin clay 

sb24 175.66 5.65 1.48 82 83  - 84 256 -  - 257 249 Kaolin clay 

sb25 187.37 6.09 1.48 85 86 87 88 258 -   - 259 230 Kaolin clay 

sb26 198.79 6.52 1.48 89 90 91 92 260 261  - 262 242 Kaolin clay 

sb27 222.15 7.40 1.48 93 94  - 95 263 264 265 266 266 Kaolin clay 
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Continue … Table 3-11 Test list – 63mm pipe diameter 

Soil bed 
number 

Moisture 
content 

Liquidity 
index 

Trench width to  
Diameter ratio 

Pull-out tests: 
sequence of the tests 

Flotation tests: 
sequence of the tests 

Depth of soil below 
the pipe at H/D=2 

Soil type 

# w [%] LI B/D 
H/D 
0.5 

H/D 
1.0 

H/D 
1.5 

H/D 
2.0 

H/D 
0.5 

H/D 
1.0 

H/D 
1.5 

H/D 
2.0 

[mm] 
 

sb28 179.19 5.78 2 96  - 97 98 268   - 269 245 Kaolin clay 

sb29 189.00 6.15 2 99  - 100 101 270    - 271 189 Kaolin clay 

sb30 199.94 6.56 2 102 103 104 105 272 273  - 274 244 Kaolin clay 

sb31 212.30 7.03 2 106 107 108 109 275 276  - 277 256 Kaolin clay 

sb32 94.50 2.80 unbounded 110 111 112 113  -  -  -  - 206 Hyplas 71 

sb33 98.77 2.96 unbounded 114 - - 115  -  -  -  - 206 Hyplas 71 

sb34 98.95 2.96 unbounded 116 117 118 119  -  -  -  - 208 Hyplas 71 

sb35 101.51 3.06 unbounded 120 121 122 123  -  -  -  - 216 Hyplas 71 

sb36 101.32 3.05 unbounded 124 - 129 130 278  -  - 279 206 Hyplas 71 

sb37 107.37 3.28 unbounded 131 132 133 134 280  -  - 281 205 Hyplas 71 

sb38 111.09 3.42 unbounded 135 136 137 138 282  -  - 283 207 Hyplas 71 

sb39 116.09 3.61 unbounded 139 140 141 142 284  -  - 285 209 Hyplas 71 

sb40 117.69 3.67 unbounded 143 144 145 146 286  -  - 287 206 Hyplas 71 

sb41 121.13 3.79 unbounded 147 148 149 150 288  -  - 289 206 Hyplas 71 

sb42 119.65 3.74 unbounded 151 152 153 154 290  -  - 291 209 Hyplas 71 

sb43 122.10 3.83 unbounded 155 156 157 158 292  -  - 293 221 Hyplas 71 

sb44 126.95 4.01 unbounded 159 160 161 162 294  -  - 295 241 Hyplas 71 

sb45 130.94 4.16 unbounded 163 164 165 166 296  -  - 297 246 Hyplas 71 

sb46 139.73 4.49 unbounded 167 168 169 170 298  -  - 299 241 Hyplas 71 

sb47 141.31 4.55 unbounded 171 172 173 174 -  -  - - 241 Hyplas 71 

sb48 146.65 4.75 unbounded 175 176 177 178 300  -  - 301 241 Hyplas 71 

sb49 122.49 3.84 2 179 180 181 182 -  -  - - 241 Hyplas 71 

sb50 127.44 4.03 2 183 184 185 186 302  -  - 303 240 Hyplas 71 

sb51 129.40 4.10 2 187 188 187 188 -  -  - - 240 Hyplas 71 

sb52 129.99 4.13 2 189 190 191 192 304  -  - 305 239 Hyplas 71 

sb53 135.45 4.33 2 193 194 195 196 -  -  - 306 239 Hyplas 71 

sb54 142.51 4.59 2 197 198 199 200 307  -  - 308 238 Hyplas 71 
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Continue … Table 3-11 Test list – 63mm pipe diameter 

Soil bed 
number 

Moisture 
content 

Liquidity 
index 

Trench width to  
Diameter ratio 

Pull-out tests: 
sequence of the tests 

Flotation tests: 
sequence of the tests 

Depth of soil below 
the pipe at H/D=2 

Soil type 

# w [%] LI B/D 
H/D 
0.5 

H/D 
1.0 

H/D 
1.5 

H/D 
2.0 

H/D 
0.5 

H/D 
1.0 

H/D 
1.5 

H/D 
2.0 

[mm] 
 

sb55 147.43 4.78 2 201 202 203 204  -  - -  309 238 Hyplas 71 

sb56 151.50 4.93 2 205 206 207 208  -  - -  310 237 Hyplas 71 

sb57 156.22 5.11 2 209 210 211 212 311  - -  312 237 Hyplas 71 
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Table 3-12 Test list –100mm pipe diameter 

Soil bed 
number 

Moisture 
content 

Liquidity 
index 

Trench width to  
Diameter ratio 

Pull-out tests: 
sequence of the tests 

Flotation tests: 
sequence of the tests 

Depth of soil below 
the pipe at H/D=2 

Soil type 

# w [%] LI B/D 
H/D 
0.5 

H/D 
1.0 

H/D 
1.5 

H/D 
2.0 

H/D 
0.5 

H/D 
1.0 

H/D 
1.5 

H/D 
2.0 

[mm] 
 

sb58 139.58 4.29 unbounded 213 214  - 215  - -  -   190 Kaolin clay 

sb59 147.67 4.59 unbounded 216 217  - 218  - -  -  313 200 Kaolin clay 

sb60 150.25 4.69 unbounded 219 220  - 221  - -  -  314 201 Kaolin clay 

sb61 153.56 4.81 unbounded 222  -  - 223  - -  -  315 190 Kaolin clay 

sb62 151.35 4.73 unbounded 224  -  - 225  - -  -  316 180 Kaolin clay 

sb63 152.43 4.77 unbounded 226  -  - 227  - -  -  317 170 Kaolin clay 

sb64 154.49 4.85 unbounded 228  -  - 229  - -  -  318 160 Kaolin clay 

sb65 154.96 4.87 unbounded 230  -  - 231  - -  -   - 150 Kaolin clay 

sb66 141.51 4.36 unbounded 232  -  - 233  - -  -   - 170 Kaolin clay 

sb67 148.93 4.64 unbounded 234  -  - 235  - -  -  319 170 Kaolin clay 

sb68 152.27 4.76 unbounded 236  -  - 237  - -  -  - 180 Kaolin clay 

sb69 161.49 5.11 unbounded 238  -  - 239  - -  -  320 170 Kaolin clay 

sb70 163.70 5.20 unbounded 240  -  - 241  - -  -  321 170 Kaolin clay 

 

Table 3-13 Test list for bed preparation comparison 

Soil bed 
number 

Moisture 
content 

Liquidity 
index 

Pull-out tests: sequence of the tests 
Soil type Method 1 

# 
Method 2 

# 

# w [%] LI 
H/D 
0.5 

H/D 
1.0 

H/D 
1.5 

H/D 
2.0 

H/D 
0.5 

H/D 
1.0 

H/D 
1.5 

H/D 
2.0 

 

Cp1 151.05 4.72 01 02 03 04 05 06 07 08 Kaolin clay 

Cp2 162.98 5.15 09 10 11 12 13 14 15 16 Kaolin clay 

Cp3 174.32 5.60 17 18 19 20 21 22 23 24 Kaolin clay 

Cp4 218.98 7.28 25 26 27 28 29 30 31 32 Kaolin clay 

Cp5 228.41 7.64 33 34 35 36 37 38 39 40 Kaolin clay 
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Table 3-14 Test list – parallel plate rheometer 

Sample 

number 

Moisture 

content 

Liquidity 

index 
Soil type 

# w [%] LI  

rheo01 97.06 2.68 Kaolin clay 

rheo02 102.02 2.87 Kaolin clay 

rheo03 102.02 2.87 Kaolin clay 

rheo04 102.02 2.87 Kaolin clay 

rheo05 109.70 3.16 Kaolin clay 

rheo06 120.73 3.57 Kaolin clay 

rheo07 133.27 4.05 Kaolin clay 

rheo08 142.20 4.38 Kaolin clay 

rheo09 150.46 4.70 Kaolin clay 

rheo10 153.17 4.80 Kaolin clay 

rheo11 180.60 5.83 Kaolin clay 

rheo12 198.84 6.52 Kaolin clay 

rheo13 93.34 2.75 Hyplas 71 

rheo14 93.34 2.75 Hyplas 71 

rheo15 108.94 3.34 Hyplas 71 

rheo16 108.94 3.34 Hyplas 71 

rheo17 132.83 4.23 Hyplas 71 

rheo18 132.83 4.23 Hyplas 71 

rheo19 158.35 5.19 Hyplas 71 

rheo20 158.35 5.19 Hyplas 71 

rheo21 184.12 6.15 Hyplas 71 

rheo22 184.12 6.15 Hyplas 71 
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4 Results - investigation of flotation due to jet 
trenching 

To investigate flotation of pipelines and cables during jet trenching, or as a consequence of 

the process, two types of test were set up, the free flotation test and the pull-out test. The 

same model pipe/cable were used to perform both types of tests as the objective was to 

compare the results and provide higher measuring precision with tests that do not strictly 

represent the flotation process, the pull-out test. In fact, the main initial objective was to 

prove that the results of the two tests were comparable.  

This chapter reports the results of the tests performed to investigate the flotation 

phenomenon in fine grained soils. To do so, firstly are introduced the undrained shear 

strength- liquidity index relationship (𝑆𝑢 − 𝐿𝐼). This is necessary as the relationship is used 

in the following sections of the chapter to non-dimensionalise the following results to provide 

a comprehensive approach to design pipelines and cables to avoid flotation. The 𝑆𝑢 − 𝐿𝐼 

relationship uses the parallel plate rheometer results and the insertion stage of some of the 

pull-out tests that are presented later in section 4.1. After development of the 𝑆𝑢 − 𝐿𝐼 

relationship, the comparison between Method 1 and Method 2 is presented with the 

reasoning behind why Method 2 was chosen to be performed for the remaining of the pull-

out and free flotation tests. Finally, the results of the pull-out tests and the free flotation tests, 

at various moisture content, are presented outlining the influence of all the different 

parameter investigated. At first the results of the unbounded pull-out (no trench influence) 

and free flotation tests are presented. The first results are obtained testing both model pipes 

on both soil at various moisture contents. This is followed by the two cases where the closer 

boundaries were used to simulate different widths of the trench. These results were used to 

explore the potential increase to resistance to flotation when the trench walls are close 

enough to exert some influence. Once the results of the tests are presented, the analysis of 

the data is reported. The data were analysed to characterize the length required to reach 

the maximum soil resistance (mobilisation distance) and then used to create a resistance 

prediction methodology.  

Once the resistance prediction methodology was achieved a definition of flotation in fine 

grained soil was postulated. During the experimental work uncertainty over the definition of 

pipe/cable flotation led to a comparison with the data from previous studies. The conclusion 

was that the flotation definition until now was uncertain and that generally it greatly 

underestimates the soil resistance available if movements are allowed to the product. It will 
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be shown, in fact, that the definition of flotation is dependent on the amount of displacement 

that the designer can tolerate. Allowing a greater mobilization distance may lead to a 

significant increase in the magnitude of available resistance that can be used by design 

practitioners, which can directly affect the choice of the final SG of the pipeline/cable to be 

embedded, (e.g. coating type and thickness and minimum burial depth). 

 

4.1 Development of the undrained shear strength liquidity index relationship 

To interpret the results of the pull-out and free flotation tests, the evolution of the undrained 

shear strength (𝑆𝑢) with the increased liquidity index (𝐿𝐼) must be understood, as different 

𝑆𝑢 − 𝐿𝐼 relationship are reported in literature resulting in uncertainties on this aspect (section 

2.1.3). For this reason, two sets of test were set up, a parallel plate rheometer and the 

analysis of the insertion phase of the pull-out test as described in the previous chapter. The 

data recorded during the insertion stage of the pull-out tests were analysed as per a T-bar 

test. This shows that a T-bar test could be used as a method to assess flotation if undertaken 

after jetting. 

A way to interpret the T-bar tests at shallow and high moisture content (White, et al., 2010) 

have been given in the previous chapter. The model pipe was pushed in at a constant 

velocity and the typical results of the processed data, using the procedure reported in White, 

et al. (2010), can be seen in Figure 4-1. The procedure takes into account the partial 

embedment of the pipe while inserting. 

The average 𝑆𝑢 value shown in Figure 4-1 is the average value of undrained shear strength 

that can be computed excluding the value prior to the peak for the curve that stops at an 

H/D ratio of 2. The 𝑆𝑢 does not seem to be affected considerably by the increased depth in 

the range tested. 
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Figure 4-1 Undrained shear strength (𝑆𝑢) profile from T-bar type interpretation of the insertion stage on 
soil bed sb21 at moisture content w=195%. H/D=2 ratio  

 

The tests were performed with both type of soils used for this investigation, Kaolin clay and 

Hyplas 71. The undrained shear strength (𝑆𝑢) for each test at the specified moisture content 

(or liquidity index 𝐿𝐼) is taken as the post peak average reported in Figure 4-1. The tests 

considered for this kind of determination were the ones without trench boundaries and have 

a final position in the push-in stage of H/D=2.0. Both the model pipe diameters (63mm and 

100mm) were used.  

The interpretation of the insertion stage data as a T-Bar test was used to validate the results 

provided by the parallel plate rheometers. Tests at reduced embedment, suffered from 

variability and that is the reason why only the deeper embedment ratio of H/D=2 is reported. 

Figure 4-2 shows all of the 𝑆𝑢 profiles for the tests performed on Kaolin clay with the smaller 

pipe diameter (63mm). The reduction in strength due to the increased moisture content (𝑤) 

of the soil t is clearly visible in Figure 4-2. 
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Figure 4-2 Undrained shear strength profiles for the Kaolin clay samples – tests performed with small 
pipe diameter. 

 

During a T-bar test the strain rate is not fixed throughout the soil resisting mechanisms, 

where different moving zones and velocities are present (Einav and Randolph, 2005, 

Randolph and Andersen, 2006, Einav and Randolph, 2006). The parallel plate rheometer, 

on the contrary, allows the control of the strain rate and measures the resistance of the slurry 

at various moisture contents, but it is not a necessarily representing a real situation, where 

the T-Bar test resembles the pipe passing through the soil. The available analytical solution, 

for the parallel plate rheometer test, allows inspection of the fundamental behaviour of both 

clays used in this study at various moisture contents using a controlled shear rate approach 

(CSR) as in Mezger (2006). The strain rate at the outer edge of the plate, during the test, 

was varied from a minimum of 0.001 [1/s] to a maximum of 1000 [1/s] in logarithmic 

increments as pointed out in the previous chapter. At lower strain rates the speed control of 

the machine, was struggling to find a balance between the torque applied and the strain 

rate, especially at higher moisture contents (lower 𝑆𝑢), in Figure 4-3 an example can be seen 

where the curves fold on themselves at higher moisture contents. 

The strain rate shear stress relationship has been fitted with a power law curve as reported 

in equation (4.1), as for Biscontin and Pestana (2001).  

𝜏 = 𝜏�̇�𝑟𝑒𝑓 (
�̇�

�̇�𝑟𝑒𝑓
)
𝛽𝑠

  (4.1) 
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Where: 

�̇�𝑟𝑒𝑓= reference strain rate, [
1

𝑠
]; 

𝜏�̇�𝑟𝑒𝑓= is the shear stress measured at the reference strain rate, [kPa]; 

𝛽𝑠= empirical fitting parameter, [-]. 

A drawback of the use of equation (4.1) is the necessity to select a reference shear rate and 

the corresponding shear stress. In this case, the choice has been dictated by the necessity 

to indirectly determine the equivalent vertical strain rate (�̇�𝑒𝑞𝑢) of the T-Bar tests. Therefore, 

a 𝜏�̇�𝑟𝑒𝑓 in equation (4.1) was selected to match the average 𝑆𝑢 measured with the T-Bar type 

interpretation of the insertion stage. In this way the reference strain rate can be identified as 

the equivalent strain rate of the T-Bar type test ( �̇�𝑒𝑞𝑢 = �̇�𝑟𝑒𝑓 ), for the T-Bar type test 

conducted for this study. This mean that �̇�𝑒𝑞𝑢 should not be generalised for standard T-Bar 

tests unless the strain rate is normalised by the ratio of the insertion velocity and the 

diameter of the tests conducted. 

Analysing the data for both the soils tested (Kaolin and Hyplas 72) it was possible to select 

a single strain rate (�̇�𝑟𝑒𝑓) for the rheometer tests that produce a shear stress (𝜏�̇�𝑟𝑒𝑓) that more 

closely matches the undrained shear strength (𝑆𝑢) results of the T-Bar type tests. For both 

Kaolin and Hyplas 71 the selected strain rate was �̇�𝑟𝑒𝑓 = 4 [1/𝑠]. This might seem excessive 

with respect to the velocity over diameter ratio during the insertion stage of the pull-out tests, 

which is 0.003 [1/𝑠] . Analysing this, it must be taken into consideration that the non-

homogeneities of strain rate calculation between the T-Bar test where an equivalent strain 

rate can be taken as 0.8v/D according to Boukpeti, et al. (2012), and the parallel plate 

viscometer where the strain rate at the edge of the plate is used as representative of the 

whole sample as in equation (3.13) (Figure 3-18). 

Figure 4-3 and Figure 4-4 show both the results of the parallel plate rheometer and 

equation (4.1). Equation (4.1) was fitted to the experimental data with Matlab least square 

fitting method, from the curve fitting Matlab toolbox (MathWorksInk, 2015). The fitting 

method had to fit 2 parameters, 𝜏�̇�𝑟𝑒𝑓and 𝛽𝑠, but as 𝜏�̇�𝑟𝑒𝑓 was identified as the experimental 

value of shear stress at the reference strain rate, the only remaining fitting parameter was 

𝛽𝑠. To evaluate the influence of the fitting parameter (𝛽𝑠), the values of 𝜏�̇�𝑟𝑒𝑓=4 have been 

used as reference shear strength to plot in a non-dimensional manner the stress strain rate 
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curves in a plane: (�̇�, 𝜏 𝜏�̇�𝑟𝑒𝑓⁄ ). In this way the 𝜏 𝜏�̇�𝑟𝑒𝑓 ⁄ is a normalised version of the shear 

stressed measured. 

 

 

Figure 4-3 Results summary of the parallel plate tests in Hyplas 71 clay-water mixture at increasing 
moisture content (w%) with data fit lines. 

 

 

Figure 4-4 Results summary of the parallel plate tests in Kaolin clay-water mixture at increasing moisture 
content (w%) with data fit lines. 
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Figure 4-5 and Figure 4-6 show the results of the normalisation procedure. The two figures 

show graphically how the 𝛽𝑠 parameter in equation (4.1) does not have significant variability, 

this is represented as well in Table 4-1, where all the parameter, both for Kaolin and 

Hyplas71 are reported. 

 

Figure 4-5 Normalised shear stress summary of parallel plate in Hyplas 71 clay-water mixture at 
increasing moisture content (w%). 

 

 

Figure 4-6 Normalised shear stress summary of parallel plate in Kaolin clay-water mixture at increasing 
moisture content (w%). 
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Table 4-1 𝛽𝑠 parameters for Kaolin clay and Hyplas71 

Kaolin clay  Hyplas 71 

Moisture content 

(w) 

[%] 

Fitting parameter 

(𝛽𝑠) 

[-] 

 

Moisture content 

(w) 

[%] 

Fitting parameter 

(𝛽𝑠) 

[-] 

93.34 0.127  102.02 0.238 

108.94 0.138  102.02 0.237 

132.83 0.133  102.02 0.242 

158.35 0.134  120.73 0.220 

184.12 0.131  150.46 0.280 

108.94 0.136  180.60 0.226 

93.34 0.128  198.84 0.291 

132.83 0.128  97.06 0.294 

158.35 0.121  109.70 0.296 

184.12 0.122  133.27 0.280 

 

 

Figure 4-5 and Figure 4-6 show that at a lower strain rate than �̇�𝑟𝑒𝑓 = 4 [1/𝑠] the magnitude 

of the normalised shear stress is almost constant and lower than 0.5. It is worth noting that 

the extraction velocity compared to the insertion velocity in the pull-out tests is three time 

slower (Table 3-1). Hence the strain rate can be assumed to be reduced by a factor of three 

that is equal to an equivalent strain rate �̇�𝑟𝑒𝑓 = 1.33 [1/𝑠] for the extraction stage. This 

places the shear stress values of the extraction stage of the pull-out tests in a zone, in Figure 

4-5 and Figure 4-6, where the shear stresses are of comparable magnitude to the ones of 

the insertion stage.  
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4.1.1 Combined results of T-bar and rheometer 

The post-peak average of the undrained shear strength (𝑆𝑢) and the shear stress at the 

reference strain rate (�̇�𝑟𝑒𝑓) of 4 (1/s) have been plotted in Figure 4-7 and Figure 4-8 together 

with and interpolation curve. The interpolation curve is given in Equation (4.2), and it is in 

the form proposed by Locat and Demers (1988). 

𝑆𝑢 = 2.35 ∙ 𝐿𝐼
−2.60                                  [𝑘𝑃𝑎] (4.2) 

Where: 

𝑆𝑢 =is the undrained shear strength, [kPa]; 

LI= is the liquidity index, [-]. 

Using the liquidity index (LI) allowed direct comparison with the results obtained for the two 

different soils. The magnitude of the undrained shear strength varies by an order of 

magnitude in the range of liquidity index tested. In fact the values reported for the parallel 

plate rheometer carried on Kaolin samples span from 0.02 kPa to 0.19 kPa at liquidity 

indexes of 6.52 and 2.68 respectively. The T-Bar type tests report a similar trend, in a way 

that a singular curve can represent the entire set of data, including both tests together. This 

is of no surprise considering that the strain rate level of the parallel plate was chosen to 

match the T-bar test results. Although the fact that the trend is the same, maintaining 

constant equivalent strain rate, is of particular importance.  

 
Figure 4-7 𝑆𝑢-LI relationship, T-bar and parallel plate rheometer tests (�̇�

𝑟𝑒𝑓
= 4), Hyplas71 and Kaolin 

clay. 
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In fact this suggests that having a sample of the soil from the pipeline/cable route could allow 

for a sensitivity study of the soil undrained shear strength on the increase in moisture 

content. The parallel plate rheometer test requires a small sample of soil and is relatively 

fast. Inspecting Figure 4-7 it can be noted that the majority of the results are collapsing on 

a single trend once they are plotted against the Liquidity Index. Figure 4-8 shows the same 

results of Figure 4-7 together with some empirical relationships from literature (Locat and 

Demers, 1988; Muir-Wood, 1990; Locat and Lee, 2005; Vardanega and Haigh, 2014). It 

should be noted that Muir-Wood (1990) and Vardanega and Haigh (2014) are not meant to 

be used to calculate the undrained shear strength at high liquidity index, but they have been 

plotted for comparison. The figure though does highlight the potential problem of using 

relationships outside of the range they were originally intended for.  

Extrapolating the relationship that was given in equation (4.2) to lower liquidity indexs (lower 

moisture content) one can calculate the undrained shear strength at LI=1 (moisture content 

at the liquid limit) and the result is 2.35 kPa, this is in line with what reported by Wroth and 

Wood, (1987). The 𝑆𝑢 values were in a range that varies from 0.7 to 2.65 kPa and they were 

mainly measured with vane shear tests in previous studies. Other literature relationships, 

expressly produced for fluidized clays as Locat and Demers (1988) and Locat and Lee 

(2005), still are found to underestimate the undrained shear strength (𝑆𝑢) values at higher 

liquidity indexes, this might be due to different strain rates considered or to different data 

analysis. Literature relationships could still be used when higher level of uncertainty is 

present in the insitu soil conditions.  

 
Figure 4-8 Comparison of literature’s 𝑆𝑢-LI relationships and the one of this study. Values of 𝑆𝑢 T-bars 

and parallel plate rheometer tests at (�̇�
𝑟𝑒𝑓

= 4) on Hyplas71 and Kaolin clay. 
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4.2 Pull-out tests results: typical outcome 

The pull-out and free flotation tests results were analysed as reported in the previous 

chapter, applying equation (3.2) and (3.4) it is possible in fact to compare the results of the 

two tests. As the presented comparison method only focuses on the pull-out phase of the 

test, it was deemed necessary to introduce the typical shape of the force displacement 

relationship of the whole pull-out tests, from insertion through the layer of water to the final 

pipe extraction.  

As previously mentioned in the methodology chapter, while preparing the pull-out test, the 

pipe was filled with water and weighed before each test. This allows correction of the load 

measured during the test due to the buoyant weight of the pipe. The push in and pull out 

phases of the test were conducted at constant velocities, 0.6 and 0.2mm/s respectively. The 

control software of the Instron UTM applied the varying vertical force to maintain the 

constant upward and downward velocity. The stages of a standard pull-out test and points 

of different behaviour are shown in typical pull-out test data (Figure 4-9): 

1. Initial weight of the pipe and loading apparatus; 

2. Reduction of the weight of the pipe due to immersion in water; 

3. Constant weight of the pipe when moving through the water before 

encountering the soil bed; 

4. Reduction of the weight of the pipe proportional to the area immersed in the 

soil and due to the build-up of the soil resistance at shallow embedment; 

5. Closure of the soil or insertion channel over the pipe; 

6. Start of extraction; 

7. Mobilization to peak resistance; 

8. Convergence after peak resistance.  

The load in stages 1, 2 and 3 were always in tension or downwards, as the weight of the 

pipe is higher than the weight of the water and the resistance to penetration is negligible. At 

the beginning of stage 4 the weight of the pipe is still higher than the weight of an equivalent 

volume of soil and the added resistance due to the penetration of the soil. The measured 

force or resistance changes sign when the resistance is equal to the buoyant unit weight of 

the pipe plus the resistance to penetration. The pipe is not inserted completely into the soil 

until the depth of the pipe reaches -0.063mm (or -0.100mm for the larger diameter pipe), so 

the portion of the area in the soil has to be estimated while accounting for the decreased 

buoyant unit weight. In stage 5 the soil partially fills the trench left behind by the pipe. 
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Subsequently the resistance force keeps increasing until the target depth for the test is 

reached. Stage 6 denotes the start of the pull-out of the pipe. During stage 7 there is clear 

reduction of the load measured due to the downward resistance opposed to the upward 

movement of the pipe. The direction of the movement has changed and also the direction 

of the resistance offered from the soil to the movement of the pipe is in the opposite direction. 

After the peak resistance has been mobilized each test converges, this stage in the figure 

is referred as stage 8. The only exception is the shallower embedment test due to the low 

displacement length available as a result of limited soil cover (H/D=0.5).  

 

 

Figure 4-9 Typical sequence during a pull-out testing at various H/D (test sb02) at a w= 162%, unbound case 
in Kaolin. Depth of the pipe (y) is the depth of the lower point of the pipe, the pipe used for this example is the 
63mm pipe. 

 

4.2.1 Viscous effects and drainage condition during the push-in pull-out test 

To evaluate the results of the tests it has been assumed that the fine grained clay materials 

behave in an undrained manner. This assumption needed verification, in fact if the tests 

were carried out at a low penetration velocity, there could have been enough time for the 

dissipation of the pore pressure, generated by the movement of the pipe and the remoulding 

process, to happen. This would result in a drained or partially drained condition during the 

insertion. A drained condition could lead to consolidation and to an increase in the 

penetration resistance which would provide a higher soil resistance. Conversely, because 
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the soil beds have high moisture content and they could behave as a non-Newtonian fluid 

(Locat and Demers, 1988 and Locat and Lee, 2005) at high velocity viscous effect could be 

detectable and also increase the undrained shear strength measured. In fact the velocity at 

which the insertion and pull-out tests are performed can affect the results of the pull-out tests 

and/or of the undrained shear strength (𝑆𝑢). The results already presented from the parallel 

plate rheometer tests allows assessment of the strain rate dependency of the two soils 

tested at high moisture content. 

To quantify the viscous effect on the T-Bar type tests, carried out as part of the pull-out tests, 

the results of Tokpavi et al. (2008) are used (literature review section 2.1.4.1). In our case 

the parallel plate rheometer tests reported in the section 2.1, shown that the undrained shear 

strength measured with the T-Bar type test and with the parallel plate rheometer overlap at 

the reference strain rate (�̇�𝑟𝑒𝑓) of 4[1/s]. The shear stress measured at �̇�𝑟𝑒𝑓 was used to 

calibrate the parameters in equation (4.1) for the increase in undrained shear strength due 

to viscous forces.  

To evaluate the viscous term of the Oldroyd number using the power law formulation of 

equation (4.1) instead of a Bingham formulation, it is proposed equation (4.3).  

𝜇𝑝 ∙
𝑈
𝐷⁄ = 𝜏�̇�𝑟𝑒𝑓 − 𝜏�̇�𝑟𝑒𝑓 (

�̇�

�̇�𝑟𝑒𝑓
)
𝛽

  (4.3) 

As �̇� = �̇�𝑟𝑒𝑓 for the insertion stage of the pull-out test (T-Bar type test), 𝜇𝑝 ∙
𝑈
𝐷⁄  tend to zero, 

and hence the Oldroyd number (𝑂𝑑) tend to infinite. This mean that no significant viscous 

effect were present in the results of the T-bar type tests, this can be considered to be valid 

as well for the pull-out tests results that were conducted at a velocity three times slower than 

the insertion stage (T-Bar type tests). 

On the other hand the pull-out results can be affected by partial consolidation if the extraction 

velocity is to slow, as previously mentioned.  

To verify that this is not the case in the tests that were conducted for this research project, 

one can use again the numerical results of Tokpavi et al. (2008) and the values of pore 

pressure monitored with the pore pressure transducers embedded in the 10mm pipe. The 

model investigated by Tokpavi et al. (2008) did not account for consolidation or for a two 

phase model at all. For this reason the pressure values that they monitored on the surface 

of the pipe can be accounted as the undrained total stresses applied to a pipe in undrained 

conditions. Therefore, to prove the assumption of undrained behaviour, the pore pressure 
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at the surface of the pipe was monitored and compared to the values computed by Tokpavi 

et al. (2008) in their simulations.  

The fine grained soils at high moisture content tested are considered to behave in an 

undrained manner if the measurements of the pore pressures are comparable to the 

readings given by the simulations. This procedure was used to verify a separate check 

carried out using the procedure described in Lehane, et al. (2009).  

Lehane, et al. (2009) used the value of normalised insertion velocity of a penetrometer 

(equation (4.4)) to evaluate increases on the undrained shear strength measured due to the 

effects of consolidation and/or viscosity. 

 

𝑣 ∙ 𝐷

𝑐𝑣
 (4.4) 

Where: 

𝑣=penetrometer insertion velocity [m/s]; 

𝐷=pentrometer diameter[m]; 

𝑐𝑣=coefficient of consolidation calculated with permeability [m2/s]. 

Lehane, et al. (2009) used to calculate 𝑐𝑣, the literature relationship for the permeability of 

Kaolin clay as per Al-Tabbaa and Wood (1987). Horizontal permeability in Al-Tabbaa and 

Wood (1987) was given as a function of the void ratio, for void ratios up to 2.1, hence it does 

not hold necessarily true for void ratios varying from 3.8 to 5.4 as in these tests. For this 

reason was necessary an alternative method to verify that no secondary effect are measured 

during the insertion and pull-out of the pipe, hence the Tokpavi et al. (2008) method. In Table 

4-2 are reported the values of 
𝑣∙𝐷

𝑐𝑣
 calculated for the extreme values of moisture content 

tested with the 63mm pipe in Kaolin clay n Kaolin clay both during insertion and extraction 

of the pipe. 

 

Table 4-2 Values of non-dimensionalised insertion speed (
𝑣∙𝐷

𝑐ℎ
) calculated for the extreme values of moisture 

content tested with the 63mm pipe in Kaolin clay, according to Lehane, et al. (2009) 

Test 
number 

w e 𝑘𝑣 𝑐𝑣 
𝑈  

Degree of 
consolidation 

𝑣∙𝐷

𝑐𝑣
 

extraction 

𝑣∙𝐷

𝑐𝑣
 

insertion 

[#] [%] [-] [m/s] [m2/s] [%] [-] [-] 

sb06 138.75 3.54 1.94E-08 3.13E-06 20 4.03 12.09 

sb05 228.41 5.82 5.33E-08 1.18E-05 39 1.06 3.19 
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All the value reported in Table 4-2 are characteristic of insertion velocities where both the 

consolidation and the viscous effects are minimised, according to Lehane, et al. (2009). 

Values in Table 4-2 are based on assumptions that the permeability relationship of Al-

Tabbaa and Wood (1987) works even at high moisture content. Comparing the 

measurements of the pore pressures on the pipe and the numerical results of Tokpavi et al. 

(2008) can remove this uncertainty. Additional consolidation can occur as well, after 

preparing the sample. In fact, the soil might consolidate due to self-weight and the soil might 

be at a certain degree of consolidation only minutes after the soil is left undisturbed in the 

testing tank after mixing it a the new moisture content. Using 𝑐𝑣  values derived from 

literature relationships for the permeability of Kaolin clay as per Al-Tabbaa and Wood (1987), 

the mean percentages of consolidation U after 1h post preparation of the sample can be 

seen in Table 4-2 for the extreme cases of moisture content,. The percentage of 

consolidation U varies between 20% and 39% depending on the moisture content. This 

requires testing to be carried out promptly after the soil was mixed. 

Figure 4-10 and Figure 4-11, show the results from a test at a moisture content of 163.7%. 

Figure 4-10 shows the result at the bottom pore pressure transducer, during insertion and 

extraction of the pipe from/to different embedment depths. The pressure increases linearly 

with depth at the same rate as if the soil was acting in undrained condition, i.e. with an 

increased pressure that considers the saturated soil unit weight. It can be noted that the 

pressure is higher than the undrained saturated pressure because of an overpressure due 

to the movement of the pipe while inserting and an under pressure while extracting the pipe. 

This effect is reversed in Figure 4-11 where the insertion movement creates a suction on 

top of the pipe while inserting and an overpressure while extracting the pipe. 

According to Tokpavi, et al. (2008) the change in non-dimensional pressure (
𝑝

𝑆𝑢∙2𝜋
) due to 

the movement of the pipe should be in the range of ±0.7 to 0.8 at the top and bottom of the 

pipe, without including the increase or decrease in geostatic pressure, i.e. no gravity was 

considered (deeper or shallower embedment). 

To compare the experimental results with the numerical results of Tokpavi, et al. (2008), 

comparison was made of the differential top-bottom pressure ignoring the difference in 

pressure due to positioning of the pressure transducers at the top and bottom of the pipe. 
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Figure 4-10 Bottom pore pressure transducer, pipe 100mm, Kaolin clay, sb70 w=163.70% 

 

 

 

Figure 4-11 Top pore pressure transducer, pipe 100mm, Kaolin clay, sb70 w=163.70 

 

 

This mean that the difference in geostatic pressure read by the two transducers was 

considered negligible. With this assumption, to compare the physical tests results with the 

numerical results, it is only necessary to subtract the bottom pressure readings from the top 

ones (equation (4.5)). Considering the differential normalised pressures top to bottom 

requires doubling the range of normalised pressure previously reported. The range hence 

for normalised top to bottom differential pressure become ±1.4-1.6 for ∆𝑝𝑛𝑑 as reported in 

equation (4.5). 
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∆𝑝𝑛𝑑 = [
(𝑝𝑡𝑜𝑝 − 𝑝𝑏𝑜𝑡)

𝑆𝑢 ∙ 2𝜋
] (4.5) 

 

Where: 

∆𝑝𝑛𝑑= normalised top to bottom differential pressure, [-]; 

𝑝𝑡𝑜𝑝 = pressure measured with the transducer positioned at the top of the pipe, [kPa]; 

𝑝𝑏𝑜𝑡 = pressure measured with the transducer positioned at the top of the pipe, [kPa]; 

𝑆𝑢 = undrained shear strength at w(%) of the test from equation (4.2), [kPa]. 

Figure 4-12a, b and c show the results of the pressure transducer tests analysed with 

equation (4.5). It can be seen that both during insertion and extraction at the deeper 

embedment ratio, the pipe reaches values in the range of 1.5 normalised differential 

pressure, that is comparable with the doubled range of ±1.4-1.6. Having subtracted the 

bottom pressure reading from the top, to remove the geostatic component, it is reasonable 

to assume that the pressure increase is mainly due to the formation of the full resisting 

mechanism in the soil. If drained or partially drained conditions were to be achieved due to 

the low insertion velocities, the normalised top to bottom differential pressure (∆𝑝𝑛𝑑) would 

not reach values in the range of 1.5 both for insertion and extraction, in fact the measured 

pressure would be lower due to dissipation of the excess pore pressures.For shallower 

embedment than H/D=2, and during the mobilization distance, it can be assumed that the 

resisting mechanism of the form hypothesized by Randolph and Houlsby (1984) is not yet 

fully formed.  

These results show that both the insertion and the extraction velocities produce strain rates 

in the soils that do not generate excessive viscous forces or do not allow for consolidations 

to happen. And confirm the values reported in Table 4-2 which were calculated using the 

normalised insertion velocity as per Lehane, et al. (2009). 
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a) b) 

 

c) 

Figure 4-12 Normalised Top to Bottom differential pressure: a) sb63 w=152% b)sb69, w=161% c)sb 70, 
w=163% 
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4.3 Comparison of soil bed preparation techniques  

The physical modelling investigation of pipeline/cable flotation in post-jetted fine grained 

soils has been carried out previously by different authors (Ghazzaly, et al., 1975; Ghazzaly 

and Lim, 1975; Powell, et al., 2002; Endley, et al., 2009), but the effect of bed preparation 

on soil resistance to flotation was never assessed, to the author’s knowledge. By performing 

pipeline pull-out tests in clays at various moisture contents with the different bed preparation 

methods, the effect of different soil conditions were assessed and evaluated to determine 

which one is the most conservative.  

The penetration of the pipe/cable through the fluidised soil drags water lenses into the clay 

and leaves the soil in a disturbed state. The mobilization of resistance is found to be 

dependent on the simulation of pipeline/cable installation process and embedment ratio 

(H/D), hence the less conservative of the two method can be evaluated. 

The effect of bed preparation on the mechanism of soil resistance was assessed by 

performing pipe pull-out tests in clays at various moisture contents with a series of tests, 

reported in Table 3-13, with two bed preparation methods. The tests being conducted using 

the two methodologies outlined in the previous chapter (section 3.1.1).  

The pipes that were installed with Method 2, passed through the water layer and then the 

soil (Figure 3-15). Once the target embedment ratio was reached the motion of the pipe was 

reversed and the pull-out stage commenced. On the contrary during tests conducted with 

Method 1, the pipe did not pass through a layer of water and once the target embedment 

ratio is reached the soil is remoulded manually around and above the pipe. At that point the 

pull-out stage commences. Method 1 was a way to produce a wished in place pipe in the 

manner of Ghazzaly, et al. (1975), and Method 2 was meant to be a simplified representation 

of the sequence of events that the pipeline/cable and the soil bed could be subjected in the 

event of flotation in the short-term situation just after installation, similar to the Endley, et al. 

(2009) methodology. 

Figure 4-13 and Figure 4-14 show some post-installation examples that were encountered 

with the soil beds prepared with Method 2. In Figure 4-13a and Figure 4-13b the initial 

moisture content of the two soil beds are different but installation method is the same. It can 

be seen that at higher moisture content the edges of the insertion channel left behind from 

the pipe insertion are much smoother in Figure 4-13b (w= 196%, H/D = 0.5) in comparison 

with the irregular trench interface seen in Figure 4-13a (w = 163%). The depth of insertion 
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also appears to play a role where when exceeding a certain depth the insertion channel 

seems to “heal” itself or close in on its self, as can be seen in Figure 4-14 (H/D=1.0, H/D=1.5, 

H/D = 2).  

The backfilling material in all the insertion channels in Figure 4-13, Figure 4-14 and Figure 

4-15 visibly has a very different texture to the insitu material. The new texture of the soil in 

the insertion channel, magnified in Figure 4-14 and Figure 4-15, shows water lenses trapped 

in the soil matrix and there is a clear distinction (highlighted with the black line in Figure 

4-14c and Figure 4-15) between the in situ material and the remoulded filling material.  

 

Table 4-3 Test series for bed preparation comparison 

Soil bed 

number 

 

Moisture 

content 

(w) 

Liquidity index 

(LI) 

Pull-out tests: sequence of the tests 

Method 1 

# 

Method 2 

# 

# [%] [-] 
H/D 

0.5 

H/D 

1.0 

H/D 

1.5 

H/D 

2.0 

H/D 

0.5 

H/D 

1.0 

H/D 

1.5 

H/D 

2.0 

Cp1 151.05 3.64 01 02 03 04 05 06 07 08 

Cp2 162.98 4.00 09 10 11 12 13 14 15 16 

Cp3 174.32 4.35 17 18 19 20 21 22 23 24 

Cp4 218.98 5.72 25 26 27 28 29 30 31 32 

Cp5 228.41 6.01 33 34 35 36 37 38 39 40 

 

 

  

a) b) 

Figure 4-13 Pipe and soil after insertion, prior to pull-out, comparison at two moisture contents: a) 
soil bed sb 09 (w=163%); b) soil bed sb15 (w=196%) (Method 2 preparation H/D=0.5). 
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a) 

 

b) 

 

c) 

 

Figure 4-14 Pipe and soil after insertion, prior to pull-out, a) w=161.35% (Method 2 – 
H/D=1)b)w=172.77% (Method 2 – H/D=1.5), c) w=173% (Method 2 – H/D=2)  
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Figure 4-15 Typical texture of soil post insertion soil bed at moisture content w=139% (Bizzotto, et al., 
2017) 

Figure 4-16 to Figure 4-19 show the results of the pull-out test for the two bed preparation 

techniques. Each of the figures compares the pull-out test for Method 1 and Method 2 soil 

bed preparation at different moisture contents. In Figure 4-9 the typical pull-out load 

behaviour highlighted that after the beginning of the upward movement two fundamental 

stages could be identified: the mobilization to peak stage, (in Figure 4-9, stage number 7) 

and the stage of convergence after peak (in Figure 4-9, stage number 8). As can be seen 

from Figure 4-16 to Figure 4-19, although the embedment ratios are the same for both the 

methodologies, the soil bed prepared with Method 1, displays peak behaviour at shorter 

mobilization distance (𝛿𝑚𝑜𝑏 𝑚1) than Method 2 (𝛿𝑚𝑜𝑏 𝑚2), but then they converge to similar 

post peak behaviour. For both bed preparation methods the post peak convergence appears 

to be unique and it is sensitive to the presence of the approaching soil surface. The 

maximum uplift resistance provided by the soil decreases while approaching the soil surface. 

This trend is observed throughout the range of moisture contents tested.  

The differences between Method 1 and Method 2 are almost certainly a result of the heavily 

remoulded clay above the pipe in the case of Method 2 where drawn down water lenses 

were clearly observed. This will result in a reduction in local shear strength of the material 

irrespective of the bed initial water content. The trapped water lenses in the soil of the 

insertion channel seems to increase the length of mobilisation to peak stage because the 

channel acts as a preferential breakout path for the material that is displaced above the pipe. 

The weaker material remaining in the insertion channel before the upward movement starts, 

generates less resistance in uplift in comparison with the remixed soil bed in the Method 1 

preparation.  
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The general decrease in uplift resistance, present in both methods, comparing the tests from 

Figure 4-16 to Figure 4-19, is dependent on the increase in moisture content that reduces 

the shear strength which could be assessed through shear strength liquidity index 

relationships which was reported in the section 4.1. It is apparent from what is shown in 

Figure 4-16 to Figure 4-19 that the installation method also has a significant effect on the 

stiffness of the response during uplift pre-peak displacements in Method 1. This is an effect 

of two features that have been just described, such as, the longer mobilization distance of 

Method 2 (𝛿𝑚𝑜𝑏 𝑚2) and the common post peak convergence of the uplift resistance. 

Method 2 reproduces a simplified series of events occurring during jet trenching, it was used 

as test method for the overall investigation of flotation carried out in this thesis. Method 2 

also gives a more conservative choice if the objective is then to apply these results in a 

methodology to design the weight of a pipeline in order to resist to flotation. In fact, a reduced 

stiffness requires greater pipe movements to mobilise the same amount of soil resistance to 

the pipe flotation. 

 

 

Figure 4-16 Comparison of Method 1 and Method 2 soil bed preparation techniques in pull-out test (cp1 - 
w162%, Kaolin) 
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Figure 4-17 Comparison of Method 1 and Method 2 soil bed preparation techniques in pull-out test (cp3 – 
w174 , Kaolin) 

 

Figure 4-18 Comparison of Method 1 and Method 2 soil bed preparation techniques in pull-out test (cp4 - 
w218.97, Kaolin) 
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Figure 4-19 Comparison of Method 1 and Method 2 soil bed preparation techniques in pull-out test (cp5 - 
w228.40, Kaolin) 

 

4.3.1 Mobilization distance 

The pipe was embedded in samples at different moisture content and at different 

embedment ratio (H/D), 0.5, 1.0, 1.5 and 2.0. It can be seen that the bed preparation method 

has a significant effect on mobilization distance but that the effect of bed preparation 

becomes less obvious with increasing upward pipe displacement with all tests converging 

to a similar resistance. The decrease in peak uplift resistance mobilized by the pipe is likely 

to be influenced by the disturbance of the soil due to installation method and the trapping 

and mixing of water with the clay slurry during the insertion process (trapped water lenses 

were identified after insertion). As not all the load-displacement curves reach a peak load 

before the soil surface, a comparison has been made of the two datasets at the same initial 

embedment ratio where this does occur. The two embedment ratios that satisfy this criterion 

are the H/D=1.5 and H/D=2.0. Figure 4-20 shows the normalised mobilisation distance or 

distance to the tangent point as 𝛿𝑚𝑜𝑏 𝑚1 and 𝛿𝑚𝑜𝑏 𝑚2 normalised by the pipe diameter. From 

Figure 4-20, it can be seen that no significant difference in normalized mobilisation distance 

is present for the two embedment ratios where the same installation method is adopted i.e. 

mobilization distance appears unaffected for pipe embedment greater than H/D=1.5. 

Knowing that the mobilisation distance is almost unaffected by the depth of embedment after 
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1.5D, has given the required confidence to limit further investigation carried out at H/D of 2. 

The mobilisation distance also seems relatively unaffected by soil bed moisture content. It 

can be noted in Figure 4-20 that Method 1 installation always produces a 
𝛿𝑚𝑜𝑏 𝑚1

𝐷⁄  under 

1 diameter of displacement i.e. a “stiffer response”, but with Method 2, 
𝛿𝑚𝑜𝑏 𝑚2

𝐷⁄  is always 

higher than 1 diameter. The normalized difference in mobilisation distance is shown in 

Figure 4-21 where it can be seen that 𝛿𝑚𝑜𝑏 𝑚2 is always at least 0.3D higher than 𝛿𝑚𝑜𝑏 𝑚1 

the method obtained testing the samples with Method 2. Longer 𝛿𝑚𝑜𝑏 𝑚2  are the 

consequence of the preparation method, where instead of having a completely remoulded 

soil around the pipe, the soil bed is subjected to the insertion stage that leave behind a 

disturbed path. 

 

Figure 4-20 Normalised mobilisation distance for Method 1 and 2 in-stallation at H/D=1.5 and H/D=2.0. 

This require a longer mobilisation to reach the maximum resistance. Method 1, due to the 

fact that has a shorter mobilisation distance and present a homogeneous soil on top of the 

pipe, can be seen as a long term situation where on the contrary Method 2 represents a 

short term situation. After some time of self-weight consolidation the Method 2 soil bed 

should tend to a Method 1 soil bed at lower moisture content. The preparation Method 2 

hence can be used to further study the flotation phenomenon as it represents the more 

conservative condition of the process, i.e. longer mobilisation distance. 
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Figure 4-21 Differential distance between Method 1 and 2 installations at H/D=1.5 and H/D=2. 

 

4.3.2 Soil bed preparation method discussion 

The final objective of these tests is to look into flotation related issues during jet trenching 

operations, but valuable comparison can be drawn from the regulation and literature for 

pipeline uplift resistance. DNV-RP-F110 (2007) in appendix B reports (for pipeline uplift 

resistance in fine grained soil) the values of mobilization distances ratios 
𝛿𝑚𝑜𝑏

𝐻⁄  ratios 

(where H is the depth of cover of soil over the pipe). For different soil conditions, the values 

are reported in Table 4-4.  

The values for intact clay lumps, that have the longest mobilization distances reported in 

DNV, are lower than the lower bound of the values reported in Figure 4-20 for Method 1 and 

in the range of mobilisation distances reported for Method 2. It must be highlighted that the 

values reported by DNV-RP-F110 (2007) are not specified to be for high moisture content 

clay, although the trend in Figure 4-20 suggests that the mobilization distance is not 

significantly affected by moisture content at the high moisture contents investigated here.  

Table 4-4 DNV-RP-F110 (2007) mobilization distance ratio for different soil conditions 

 From 
DNV-RP-F110 

(2007) 

Converted to 
𝛿𝑚𝑜𝑏

𝐷⁄  

Soil type 𝛿𝑚𝑜𝑏
𝐻⁄  

𝛿𝑚𝑜𝑏
𝐷⁄  

(for H/D=1.5) 

𝛿𝑚𝑜𝑏
𝐷⁄  

(for H/D=2) 

Remoulded clay 0.07 - 0.08 0.105 - 0.12 0.14 - 0.16 
Intact clay 0.01 - 0.06 0.015 - 0.09 0.02 - 0.12 
Intact clay lumps 0.20 - 0.40 0.3 - 0.6 0.4 - 0.8 
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DNV-RP-F110 (2007) does not directly correlate the values of the mobilization distance to 

the long term or short-term behaviour, but it indirectly mentions using the consolidation 

process as means of reduction of the depth of cover (H), which will reduce the mobilization 

distance (𝛿𝑚𝑜𝑏). It should be noted that the conversion in in Table 4-4 gives different ranges 

for H/D 1.5 and 2. Using a H/D even higher than 2, would give a proportionally higher 

𝛿𝑚𝑜𝑏
𝐷⁄ , this effect was not encountered in any of the result shown. On the contrary, as 

already highlighted, the mobilisation distance ratio (
𝛿𝑚𝑜𝑏

𝐷⁄ ), do not change between H/D= 

1.5 and H/D=2, (Figure 4-20). 

Although, there appear to be significant differences between the normalized mobilization 

distances observed in this study and those published in DNV-RP-F110, (2007) it is not the 

first time that such differences have been noted between model studies and DNV-RP-F110, 

(2007). For uplift capacity in blocky backfills, Brennan, et al. (2017) reported values in 

excess of four to five times those proposed in the DNV-RP-F110, (2007). Brennan, et al. 

(2017) also refer to debate by other authors over the scalability of mobilization distance from 

centrifuge tests (rather than 1g test reported herein) and suggest that it may be more 

appropriate to scale relative to particle size or some dimension specific to the soil. For this 

reason, a second pipe with a larger diameter was used in this study to investigate the 

mobilisation distance scalability. The analysis on the mobilisation distance achieved with 

Method 2, to compare the results given by the two different pipes, is discussed further in 

section 4.4.4, after the introduction of the results of the pull-out tests. 
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4.4 Free flotation and pull-out test results with different boundary conditions 

and materials 

In this section of the thesis the results from the pull-out tests and the free flotation tests are 

compared. Different boundary conditions and pipe diameters and soil material have been 

tested. It will be shown how the results of the pull-out tests and of the free flotation test are 

comparable at different mobilisation distances. This is an important finding as it allows to 

utilise the easier to undertake pull-out tests results to infer the behaviour of floating 

pipe/cables. 

The results in this section were acquired performing tests using Method 2. Method 2 was 

chosen due to the ability to simplistically reproduce the various stages at the soil and pipe 

undergo when backfilled by jet trenching. The mobilisation distance is also longer for Method 

2 than for Method 1, hence Method 2 provides a more conservative approach for subsea 

pipeline design. Tests were performed over a wide range of moisture contents and for each 

variation in boundary conditions (trench wall simulations and embedment depths), as well 

as for soil types and pipe diameters (Table 3-11 and Table 3-12). 

The analysis undertaken to compare the measured value of the flotation and pull-out test 

was introduced in section 3.1.3. Flotation measurements reported in the following part of 

this chapter are the net resulting force derived from the measured weight of the pipe reduced 

by the force applied by the LVDT pointing upward, (Figure 3-10) as in equation (3.4). 

Equation (3.2) is then used to process the data of the pull-out tests. The results are 

presented as the resistance divided by the projected area of the pipe in the direction of the 

movement as in equation (3.2) and (3.4): 
F

𝐿∙𝐷
= 𝑅 [

kN

𝑚2]. The resulting stress is proportional to 

the undrained shear strength through a resistance or bearing capacity type factor (𝑁𝐶 ) 

(equation (3.5)). The mobilized resistance will also be compared with (𝑆𝑢  ·  𝑁𝐶) for deep and 

DNV shallow resisting mechanisms. 

The deep flow bearing capacity factor varies between NC-deep=9.14 to NC-deep=11.94 

(Randolph and Houlsby, 1984, Martin and Randolph, 2006). NC-deep has been set at 10.5 for 

an intermediate rough pipe as in White et al. (2010), although the test pipes were 

manufacture out of relatively smooth PVC material.  

The two factors NDEEP and NC-shallow-DNV were then multiplied by the undrained shear strength 

(𝑆𝑢), and used as a comparison of resistances (R) measured with pull-out and flotation tests. 
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The undrained shear strength was calculated using relationship presented in Equation (4.2), 

at the moisture of the test being analysed.  

 

4.4.1 Comparison of free flotation and pull out tests for the far-field case 

The results presented in this section, were recorded in the tests conducted without the 

artificial confining walls, hence considering a wide trench condition. Two different pipe 

diameters were employed for Kaolin clay, 63mm and 100mm, and a third set of test has 

been conducted in Hyplas 71 with the use of the smaller pipe, 63mm diameter only. Soil 

beds prepared with Kaolin clay are the ones named from sb01 to sb22, and the one prepared 

with Hyplas71 are the ones named from sb32 to sb48 in Table 3-11. 

In Figure 4-22, Figure 4-23 and Figure 4-24 the results from flotation and pull-out tests show 

how the two datasets are typically overlapping and how the pull-out tests follow the trend of 

the flotation tests, especially in the mobilization to peak stage. This conclusion is an 

important and relevant finding as it allows comparison of the results of a constant velocity 

tests, the pull-out, with a constant force test, the free flotation. 

The free flotation test comprise of different velocity stages until it tends to zero, i.e. stable 

position. The force that the soil applies to the pipe increase depending on how far the floating 

pipe moves upward. The pipe is allowed to move upward until the soil mobilises enough 

resistance. Several flotation tests were carried out with pipe with different SG in a soil bed 

at a constant moisture content. Collecting the different distances from initial to stable position 

and the relative soil resistance calculated with equation (3.4), it is interesting to note that the 

flotation points and the pull-out force-displacement curves overlap for tests conducted at the 

same moisture contents. This good agreement between the free flotation tests and the pull-

out tests allows analysis of the pull-out data that is continuous and has a potential to be 

used as a prediction approach for flotation. Several free flotation tests at the same 

embedment ratio are necessary to generate enough data points to be compared with one 

pull-out test, in fact each flotation test generate one data point for each SG. The ability to 

directly use the pull-out resistance to analyse flotation phenomena is enhanced by the fact 

that the force-displacement relationship generated by several flotation tests can be captured 

by a single pull-out test. This allows for an easy way to measure the force-displacement 

curve for every moisture content tested for each soil type. The data measured in this way 

can then be used to calibrate a relationship to infer on the resistance available at different 

allowable mobilisation distances. Having both the flotation tests and the pull-out tests 
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displayed the same final behaviour, also means that the comments that follows are 

applicable to both of the type of test. 

Analysing Figure 4-22 and Figure 4-23, can be seen that the soil resistance has the tendency 

to decrease with increasing moisture content. In contrast the tendency for convergence or 

resistance after-peak resistance increases with increasing moisture content. The value of 

the shallow upheaval buckling resistance computed with the DNV-RP-F110 (2007) factor is 

notably consistent with the post-peak convergence, and the evolution is well captured with 

the reduction of the resistance on approaching the surface in these unbounded examples, 

(in Figure 4-22, Figure 4-23). It is of interest to note that the 𝑁𝐶−𝑠ℎ𝑎𝑙𝑙𝑜𝑤−𝐷𝑁𝑉 is still working at 

these high moisture contents, in fact the reduction in 𝑆𝑢 is sufficient to reduce the resistance 

available, hence no correction of the 𝑁𝐶 factor is necessary due to the high moisture content. 

This can be used to calculate that the fully mobilised resistance to pipeline/cable uplift even 

at high moisture contents once the mobilisation distance is known (mobilisation distance 

investigated in section 4.5.2)  

As noted in section 4.3.1 for Method 2, the large mobilisation distance does not allow the 

shallower embedment ratios H/D=0.5 and H/D=1 to reach the convergence after peak before 

reaching the soil surface. This can be observed for both the clays examined (Figure 4-22 

and Figure 4-23). Although the shape of the pull-out curves is similar at different initial 

embedment ratios, the difference in stiffness of the response offered by the soil at different 

initial embedment is significant. If comparing the most shallow and the deepest initial 

embedment tested (i.e. H/D=0.5 and H/D=2.0) it can be seen clearly in Figure 4-22c or 

Figure 4-23c, that to achieve the same level of resistance the pipe need to move a longer 

distance. This can be easily identified comparing the flotation tests, in fact the resistance 

reported correspond directly to pipes SGs for the free floatation tests. This mean that for the 

same pipe SG a smaller displacement to reach equilibrium at deeper embedment is 

required, and in some cases the same SG might not find an equilibrium position at all at 

shallower embedment (Figure 4-22c or Figure 4-23c). This highlights the importance of the 

embedment ratio in a flotation design of a pipeline/cable and shows the necessity of 

including the embedment ratio in a model to represent the resistance to flotation. 
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a) b) 

  

c) d) 
Figure 4-22 Pull-out flotation comparison unbounded, D=63mm(small pipe) in Kaolin clay. a) sb7 w=162%; 
b) sb10 w=173%; c) sb20 w=189%; d) sb21 w=201% 
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a) b) 

  

d) c) 
Figure 4-23 Pull-out flotation comparison unbounded, D=63mm(small pipe) in Hyplas 71. a)sb36 w=101%; 
b) sb38 w=111.09%; c)sb46 w=139.73%; d)sb48 w=146.65% 
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4.4.2 100mm pipe tests performed in Kaolin clay 

The soil beds prepared with Kaolin clay and tested with the pipe with 100mm diameter were 

the ones named sb58 to sb70. The tests performed at the deepest embedment ratio were 

H/D=2 as per the previous tests. A slight variation of H/D values was used for the shallower 

tests, the value of H/D tested were: 0.315, 0.5 and 1.26. These values of 0.315 and 1.26 

were used to reproduce the same embedment depth of the small pipe (63mm diameter) at 

the embedment ratios of H/D 0.5 and 2. 

This set of tests was able to achieve flotation of the pipe at lower moisture contents due to 

larger cross sectional area that generates a notably increased flotation force. The higher 

floating force is a combination of higher volume of the pipe and higher unit weight of the soil 

at lower moisture content. The resistance of the soil being proportional to the projected area 

of the pipe (i.e. (𝐷 ∙ 𝐿)) and not to the volume (i.e. ∝ (𝐷2 ∙ 𝐿)) allow larger pipes to float at 

lower moisture contents. Despite the lower moisture content used for the tests the results of 

free flotation tests and pull-out tests agree as well in the case of larger pipe diameter as can 

be seen in Figure 4-24.  

Some of the most significant difference between the 63mm diameter pipe results, presented 

in the previous section (Figure 4-22), and the 100mm diameter pipe results (Figure 4-24) 

are in the behaviour post peak. The test result reported in Figure 4-24 seems to describe 

behaviour that generally resembles a deep flow mechanism, rather than a shallow one while 

approaching the soil surface. This can be inferred from the almost constant force recorded 

while pulling-out the pipes tested at the deeper embedment (H/D=2) in Figure 4-24 b and c. 

The constant resistance also approaches the deep flow mechanism line rather than the DNV 

shallow line. Although some sign of inflexions can be seen at embedment ratios in the range 

of 0.5 to 1 (Figure 4-24 a) for the tests that were starting at an embedment of H/D=2.  
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a) 

 

b) 

 

c) 

 

Figure 4-24 Pull-out flotation comparison unbound, D=100mm(big pipe) in Kaolin clay. sb59 w=147%;b) sb60 
w=150%; c) sb69 w=161% 

The post peak behaviour can be categorized to be a full flow mechanism, although the large 

mobilisation distance is still present. In fact, what is most important for the purpose of this 

study is the pre-peak behaviour. The prolonged mobilisation distance highlighted for Method 

1 in section 4.3.2 can be identified consistently in the test results presented in Figure 4-22, 

Figure 4-23 and Figure 4-24, for both the diameters and the soil tested. A summary of the 

mobilisation distances recorded is provided in section 4.4.4. 
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4.4.3 Comparison of flotation and pull out tests: Bounded Cases B/D=2 and 

B/D = 1.48 

The tests reported in this section are for the ones performed with closer boundary walls in 

order to resemble the behaviour of trench walls. B/D is the ratio between the distance of the 

walls (B) and the diameter (D). The following tests have been carried out with the 63mm 

pipes at B/D=2 on soil bed from sb28 to sb31 for the tests performed in Kaolin clay and from 

sb49 to sb57 for tests performed in Hyplas 71. In addition, tests were conducted at B/D=1.48 

in Kaolin from sb23 to sb27. 

For all the three cases (Kaolin B/D=2, B/D=1.48 and Hyplas B/D 2) Figure 4-25 and Figure 

4-26, there is a good consistency between the pull-out and flotation tests, especially in tests 

at higher moisture content, where the resistance of the soil enhanced by the trench wall is 

low enough to let the pipe to move upward significantly.  

Both soils tested at B/D=2 had a significant increase in mechanical resistance when 

comparing with the unbound case, as can be noted in the post peak behaviour. In fact in the 

unbound case (Figure 4-22 and Figure 4-23) the post-peak behaviour of the curves is rarely 

higher than the reference values given by the NC-shallow-DNV, on the contrary in the bounded 

cases (Figure 4-25) the force-displacement curves are consistently higher than reference 

values given by NC-shallow-DNV both for Kaolin and Hyplas. To predict the peak resistance then 

it would be required to increase the resistance factors as noted by Mitsoulis (2004), the 

values provided by the NC-shallow-DNV although seems to not provide the correct reduction 

while approaching the soil surface.  

In Figure 4-25 and Figure 4-26 it can be noted that the post peak resistance decreases while 

the pipes approaches the surface. In this case of boundary at B/D=2, the shallow approach 

of the DNV F110 is not capturing the shape and the magnitude of the reduction. The 

convergence after peak is enhanced by the presence of the walls as almost every test 

reaches a common curve, even in some cases the tests that start at H/D=0.5. 

At deeper embedment (H/D), a fully mobilised steady mechanism is reached, most probably 

a deep flow behaviour for bounded cases was detected. This can be inferred as the 

resistance approaches a constant value although the embedment is reducing, this is an 

indication that a steady mechanism is reached and it is uninfluenced by the embedment 

ratio or the moisture content, as a deep flow mechanism. This steady mechanism can be 

defined as deep flow behaviour. The deep flow behaviour in this case where the pipe is in a 
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trench, i.e. constrained by boundaries, it is not necessarily similar to the one hypothesized 

by Randolph and Houlsby (1984), but more likely to be similar to some of the mechanisms 

showed by Mitsoulis (2004). The deep mechanism or steady resistance response, is 

detectable for larger displacements than in the unbound tests. In fact comparing the 

resistance response between the bounded and the unbound tests, it is possible to see that 

a stiffer initial response is present in the bound tests. The stiffer response reduces to almost 

half of the one present in the unbounded cases and this reflect directly onto the mobilisation 

to peak distance. The mobilisation distance is analysed in more details in section 4.4.4.  

Analysing the results of the tests conducted with a closer boundaries, comparison can be 

drawn directly between Figure 4-25a, b, and c and Figure 4-26a, b and c, because these 

tests have been conducted as a comparison just in kaolin clay. Although the moisture 

content in the tests presented is not exactly the same, one can note the increased resistance 

(R) measured due to the closer simulated trench walls. In the figures of the narrower trench 

(B/D=1.48), the moisture content is generally higher or almost equal to the wider trench tests 

(B/D=2).   
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Kaolin Hyplas 71 

a) 

 

d) 

 

b) 

 

e) 

 

c) 

 

f) 

 

Figure 4-25 Pull-out flotation tests comparisons with boundaries, B/D=2 (wider trench), in Kaolin and 
Hyplas. Kaolin clay (left column): a)sb28 =- w=179%; b)sb30 - w=199%; c)sb31 - w=212%. And Hyplas 
(right column): d) sb54-w=142; e) sb56 - w=151; f) sb57 - w=156. 

 

  



Chapter 4 126 Results - investigation of flotation due to 
jet trenching 

 

 

Comparing Figure 4-25a and Figure 4-26a one can see in the latter the resistance is 

significantly higher (although the moisture content is increased by almost 8%), confirming 

the trend of increased resistance with narrower trenches. A B/D=1.48 provides an increased 

resistance to both flotation and pull-out tests. The pull-out tests provided a significant 

increase in resistance compared to both the reference curves of the shallow and deep 

mechanisms provided by DNV F110 (2007). At high moisture content the increase provided 

by the narrower trench is reduced proportionally to the reduction in moisture content. The 

mobilisation distance compared to the unbounded case is reduced. This, together with an 

increased resistance lead to a stiffer resistance response of the soil with closer boundaries. 

 

 

  
a) b) 

 

 

c) 
Figure 4-26 Pull-out flotation tests comparisons with boundaries, B/D=1.48 (tighter trench), in Kaolin. 
Kaolin clay: a)sb25 =- w=187%; b)sb36 - w=198%; c)sb27 - w=222%.  
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4.4.4 Mobilization distance  

The mobilisation distance plays a crucial role in modelling the response of an embedded 

pipe to the action of upward forces (i.e. flotation forces). If the mobilisation distance is 

neglected, as in the upheaval buckling cases in DNV-RP-F110 (2007), and no limitations 

are imposed on the movement of the embedded object by serviceability limit states, one 

could use the fully mobilised force as a criterion to design the pipe/cable specific gravity 

(SG), choice of material and/or its orthogonal section dimensions. The shallow upheaval 

buckling (UHB) case in DNV-RP-F110 (2007) approximates reasonably well the maximum 

resistance that can be mobilised even at high moisture contents for the far field case as 

mentioned in section 4.4.1, but the level of resistance predicted by the upheaval buckling 

case requires full mobilisation. This requirement represents a relevant constraint for pipeline 

designers, as designer must take into account out of straightness (OOS) points generated 

during the installation of the pipelines, in order to prevent weak locations that will enhance 

UHB events during the working life of the pipeline. As a consequence only a resistance lower 

than the fully mobilised one can be taken into account, hence the importance on 

characterising the mobilisation distance. The mobilisation distance was never quantified in 

previous studies (Ghazzaly and Lim, 1975; Ghazzaly, et al., 1975; Endley, et al., 2009) 

although it is a parameter that it is useful to calibrate a relationship between the allowed 

pipe displacement and the resistance mobilised.  

A comparison of the normalised mobilisation distances recorded over the liquidity index (LI) 

tested is shown in Figure 4-27. It must kept in mind that the mobilisation distance 

represented is the movement from the initial position to the fully developed resistance, that 

is identified either by the maximum resistance or by reaching a stable value of resistance 

(mainly in the bounded cases). 

The embedment ratio plays a role into the mobilisation distance, and this is mainly evident 

in the unbounded case where all the embedment ratios lower than H/D=1 produces a 

different, almost constant value in mobilisation distance. At the embedment ratio of H/D=0.5, 

the unbounded case, generates a constant normalized mobilisation distance of 0.5 

( 
𝛿𝑚𝑜𝑏

𝐷⁄ ). This is due to the fact that the maximum resistance (R) is achieved at the point 

where the pipe reaches the surface, and this happens for every unbounded test. Although 

even for the bounded cases the embedment ratio H/D=0.5 has the shorter mobilisation 

distance, in this two tests condition (B/D=2 and 1.48), the peak mobilisation distance is 

achieved before the pipe reached the soil surface, generating a mobilisation distance shorter 
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than 0.5 (
𝛿𝑚𝑜𝑏

𝐷⁄ < 0.5). For the unbounded case the same analysis can be carried out for 

the H/D=1 as for the H/D=0.5. For higher embedment ratios the mobilisation distance has a 

wide variability in the range of 1D to 1.5D.  

 

Figure 4-27 Normalised mobilisation distances (
𝛿𝑚𝑜𝑏

𝐷⁄ )vs liquidity index(𝐿𝐼) 

When comparing the tests carried out with the 63 mm pipe and the 100mm pipe, the 

mobilisation distances reported in Figure 4-27 do not show notable differences, and this is 

a further confirmation of the potential to scale the result of this test to prototype scale.  

For the bounded cases, the maximum mobilisation distance is well below 1D for every 

embedment ratio, and a difference can be observed between different embedment ratios as 

well, but not between trench width. As previously stated, a reduced mobilisation distance 

together with a higher resistance mobilised it increases the stiffness of the response to pipe 

movement and it reduces the risk of movements and or flotation, depending on how flotation 

is defined. 
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DNV-RP-F110 (2007) mobilization distance ratio for different soil conditions reported in 

Table 4-4 are not reported here as they vary with H/D, although here it was noted that the 

mobilisation distance for H/D higher than 1 is almost constant. Values from DNV-RP-F110 

(2007) are as well extremely low, except for soil conditions classified intact lumps, where 

the mobilisation distance rise up to 0.8D at an H/D=2. 

All the results are unaffected by the variation of the moisture content of the fine grained 

material, and or by the change in soil type. This in fact introduces the possibility to model 

the mobilised resistance as a function of the allowed movement for a pipeline with a unified 

approach at different scales and for a range of moisture contents. 
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4.5 Representation of flotation resistance 

One of the objectives of the project is to create a framework that can help to take an informed 

decision about the possibility to select a precise specific gravity (SG) for a pipeline or cable 

to be embedded into the seabed. The necessity to reduce the SG arises when optimising 

the whole production chain of a subsea pipeline. A lighter and more flexible pipeline or cable 

allows for a faster and less expensive product handling. As pointed out previously, issues 

may arise when burial of pipelines is required, either for mechanical protection, upheaval 

buckling constrain or thermal insulation. If the selected burial technique is jet trenching in 

fine grained soil and the product is light enough, exposed pipeline/cable issues may arise 

due to flotation in the fluidized soil. In the literature, limited references are present (Ghazzaly 

and Lim, 1975; Ghazzaly, et al., 1975; Endley, et al., 2009), which do not provide either a 

definition for flotation or a performance-based framework.  

 

4.5.1 Definition of Flotation   

As seen in the previous section of test results, in the same soil bed, different pipes move 

upward but do not surface, hence the question arises, what is a floating pipeline and how is 

flotation determined or defined. The code of practice for upheaval buckling DNV-RP-F114, 

(2017) does not provide a maximum displacement allowed for the working life of the pipeline, 

where it is up to the designer to specify the criterion. On the other hand, the geotechnical 

designer is not provided with a way to estimate the amount of displacement required to 

provide sufficient downward resistance to flotation, both in DNV-RP-F110 (2007) and in the 

most recent DNV-RP-F114 (2017). The current industry practice is to overdesign the 

pipeline SG and set it at an approximate value of 1.8 (Powell, et al., 2002) as pointed out in 

Bizzotto, et al. (2017).  

Although Ghazzaly and Lim (1975) and Endley, et al. (2009) used unspecified approaches 

to determine flotation, and three different pipe diameters, their results were found to be 

comparable once a non-dimensional resistance (𝑅) is used, and the liquidity index is used 

in place of the moisture content. Ghazzaly and Lim (1975) started every test with a full pipe, 

empting it until flotation was reached. Endley, et al. (2009) on the contrary, started every 

test with an empty pipe and filled it until flotation was no more detectable. The uncertainty 

then arise, as no criterion to determine that the pipe is floating was given in any of the 
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literature. The diameters and the embedment ratios tested in literature are reported in Table 

4-5.  

Table 4-5 Pipe diameters and embedment ratios comparison 

 Diameter (D) Embedment ratio (H/D) 

Ghazzaly, et al. (1975) & 
Ghazzaly and Lim (1975) 

203.2mm (8”) 
1.5 

304.8mm (12”) 

Endley, et al. (2009) 60.96mm (2.4”) 1.5-2 

Present study 
63mm 1.5 and 2 

100mm 1.5 and 2 

To evaluate the flotation criterion used by Ghazzaly and Lim (1975) and the one used by 

Endley, et al. (2009), their results have been plotted together with data from the pull-out 

tests of this study, at specified mobilization distances in figures Figure 4-28 to Figure 4-30. 

Figure 4-28 displays the results of this research studies pull-out tests, that match the 

resistance at flotation (R) from Ghazzaly and Lim (1975) and the 2.4” pipe from Endley, et 

al. (2009). The best fit is given by an upward displacement (𝛿𝑙𝑖𝑚) that is equal to 0.5% the 

diameter (D), which correspond to 0.063mm or 0.01mm in the case of the pipes used for 

this study. Figure 4-28 shows that whatever criteria was used to define flotation in the 

previous studies their assumptions were generally consistent and 0.5%D is the criterion that 

best fit their data.  

It is proposed, based on this discussion, the definition of flotation is based on the allowable 

displacement at the design stage i.e. there is no fixed definition of “flotation”. In other words, 

the allowable displacement (𝛿𝑙𝑖𝑚) for the particular pipeline/cable under design, should act 

as the limiting value above which the pipeline/cable is classified as floating. This type of 

definition allows mobilisation of more resistance depending on the maximum allowable 

upward displacement. 
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Figure 4-28 Flotation criterion comparison from Ghazzaly and Lim (1975) and Endley, et al. (2009) and 
the present study (data at 0.5%D displacement).  

 

Figure 4-29 shows the amount of resistance mobilised at 0.5%D in comparison to the fully 

mobilised peak resistance, the results are from a pull-out test with far field boundaries. The 

increase in resistance available is considerable once flotation is defined with an increased 

mobilisation distance available, from 0.5% to 1% or 5% as an example in Figure 4-30a and 

b. In fact it is not necessary to mobilise the peak resistance, but a fraction of it is sufficient 

to significantly reduce the potential to float of a pipeline/cable.  

 

Figure 4-29 Comparison of pull-out and flotation tests force-displacement relationship at moisture content 
w=217%, H/D=2, far-field. (Bizzotto, et al., 2017)  
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a) b) 

Figure 4-30 Flotation criterion interpolation comparison from Ghazzaly and Lim (1975) and Endley, et al. 
(2009) and the present study data at: a) 1.0%D displacement and b) 5.0%D. 

 

To quantify the increased resistance, the ratio between the resistance to the movement of 

the pipe at a displacement of 0.5% of D and 5% of D shown in Figure 4-31. Figure 4-31 

distinguishes between shallow and deeper embedment with shades of colours where deeper 

embedment are lighter than shallower ones. It can be noted that there is not a clear 

difference in the improvement of the resistance due to the deeper embedment of the pipe. 

Allowing an upward movement of 5% of the diameter, from the back calculated movement 

of 0.5%D (from data of Ghazzaly and Lim (1975) and Endley, et al. (2009)), gives an 

increased resistance on average of 5 times the reference, the improvement ratio even 

increases up to 15 for higher liquidity indexes (Figure 4-31). 
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Figure 4-31 Resistance improvement increasing the flotation criteria from 0.5%D to 5%D. Comparison as a 
function of liquidity index for various embedment ratios (H/D). 

The Flotation definition or allowable movement due to flotation may therefore be adapted 

depending on the designer necessity, as it has been shown that if upward movement is not 

too restrictive for the specific case, it is possible to mobilise more resistance and a lighter 

pipe might be employed. 

 

4.5.2 Characterization of the mobilization distance- force relationship, for 

unbounded cases. 

In order to be able to predict the resistance at different mobilised distances, it is necessary 

to introduce a framework that represents the relationship between mobilised resistance and 

the distance travelled by the pipe from the initial resting position. In this way, the designer 

can take into account the performance required in each particular case, i.e. the allowable 

out of straightness for the pipe/cable in order to minimise risk for future upheaval buckling 

problems. To do this, a hyperbolic arcsine function has been selected as the one that most 

resembles the shape of the non-dimensional force-displacement relationship. To fit the 

curve just to two parameters are required, as in Equation (4.6): 

𝑅

𝑆𝑢
= 𝐴 ∙ sinh (𝑏 ∙

𝛿

𝐷
) (4.6) 

Where: 

𝐴 = Amplitude parameter; 

𝑏 = Non-dimensional displacement parameter;  
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𝑅

𝑆𝑢
= Non-dimensional mobilized resistance at the displacement 𝛿; 

𝐷 = pipe diameter; 

𝛿

𝐷
= Non-dimensional displacement; 

The point at which the resistance reaches a peak is determined at the end of the mobilisation 

distance (𝛿𝑚𝑜𝑏). Then, sampling the resistance at different mobilization distance intervals, it 

has been possible to model the non-dimensional force –displacement relationship. To ease 

the process of interpolation the pull-out data has been divided in 11 intervals, with extremes 

at 
𝛿

𝛿𝑚𝑜𝑏
 equal to 0, 0.05, 0.10, 0.20, 0.30, 0.40, 0.50, 0.60, 0.70, 0.80, 0.90 and 1. 

Figures from Figure 4-32 to Figure 4-34, show the non-dimensional load-displacement 

curves, with the upper-bound and lower bound fitted curve for each starting embedment 

ratio. 

The Resistance results were non-dimensionalised with the undrained shear (𝑆𝑢) strength at 

the test moisture content calculated using equation (4.2) given in section 4.1.1. This 

procedure allowed removal of the influence of the moisture content, and it can be noted 

observing Figure 4-32, Figure 4-33 and Figure 4-34, where the moisture content of each test 

is colour coded (black the lowest and white the highest moisture content). The colours are 

all well sorted and the spread of the results cannot be linked to the moisture content, but 

must be the result of variability of the preparation method. 

  

Figure 4-32 Non-dimensional soil resistance variation of tests conducted on Kaolin clay, pipe D=63mm 
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Figure 4-33 Non-dimensional soil resistance variation of interpolated curves of test conducted on Hyplas 
71, pipe D=63mm 

 

Figure 4-34 Non-dimensional soil resistance variation of interpolated curves of tests conducted on Kaolin 
clay, pipe D=100mm 

 

4.5.2.1 Curve calibration on empirical data 

Values of the parameters 𝐴 and 𝐵 in equation (4.6), are the two variables that characterize 

the fitting to the empirical data. It has been noted that the value of 𝐵 for all three sets of data 

was close to 40, while varying both the soils and the diameter of the test pipe. 
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For ease of use and to reduce unnecessary complications, 𝐵 was set to 40, giving the final 

version of equation (4.6) as equation (4.7). 

𝑅

𝑆𝑢
= 𝐴 ∙ arcsinh (40 ∙

𝛿

𝐷
) (4.7) 

𝐴 = Amplitude parameter; 

𝑅

𝑆𝑢
= Non-dimensional mobilized resistance at the displacement 𝛿; 

𝐷 = pipe diameter; 

𝛿

𝐷
= Non-dimensional displacement; 

Equation (4.7) is the one used in Figure 4-32, Figure 4-33 and Figure 4-34 to plot the upper 

and lower bounds. The then interpolated values of A with the nonlinear least squares 

function of Matlab are reported in Figure 4-35. Figure 4-35 shows the variation introduced 

in the parameter A by the different starting embedment ratios (H/D). In fact tests conducted 

at deeper embedment are reported to have a higher amplitude parameter (A) than tests with 

a shallower embedment. Figure 4-35 also shows how the amplitude parameter (A) is not 

affected by the dimension of the pipe or the longer embedment depth for the larger diameter, 

but it shows that A is only affected by the H/D ratio. Liquidity index is not affecting the value 

of A, which for a set H/D is not significantly varying, as previously highlighted in Figure 4-32, 

Figure 4-33 and Figure 4-34.  

Based upon the data in Figure 4-35, Figure 4-36 shows the A values classified by H/D and 

test type. Figure 4-36 shows the upper, lower and average values of the fitting parameter A. 

From Figure 4-36 it is apparent again that the mobilised resistance is a function of initial 

embedment depth and Equation (4.8) has been included to model the embedment depth 

dependence in a similar form to the shallow upheaval buckling factor in DNV-RP-F110 

(2007) (equation (4.8)), note that this form of equation is no longer included in DNV-RP-

F114, (2017). 

𝐴 = 𝑃 ∙ 𝜋 ∙  atan (2 ∙  
𝐻

𝐷
+ 0.5) (4.8) 

Where: 

𝑃 = embedment depth dependence parameter; 

𝐻

𝐷
= embedment depth ratio; 

𝐴 = amplitude parameter (in Figure 4-35 and Figure 4-36). 
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P is tabulated in Table 4-6 for different scenarios. 

 

Figure 4-35 A-parameter for hyperbolic arcsine function in equation (4.7) 

 

Table 4-6 P-parameter for different configuration tested: soil, pipe diameter and embedment ratios (P is the 
depth dependence parameter in Eq.(4.8)) 

 P 

Kaolin 

D=100mm 

P 

Kaolin 

D=63mm 

P 

Hyplas 

D=63mm 

Lower bound 0.533 0.516 0.3857 

Best fit 0.545 0.538 0.3998 

Upper bound 0.558 0.561 0.4138 
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Figure 4-36 A-parameter for hyperbolic arcsine function variation with depth 

 

4.5.3 Characterization of the mobilization distance- force relationship, for bounded 

cases. 

The load-displacement response of the pull-out tests performed with walls installed, to 

simulate the trench presence, have a characteristic stiffer response, as highlighted in 

previous section 4.4.3. The resistance response is characterized by a much shorter 

mobilization distance. To model this type of behaviour, a tri-linear model, in place of the 

hyperbolic arcsine model, which is similar to the one presented in appendix B of the DNV-

RP-F110 (2007). The model in DNV-RP-F110 (2007) was initially introduced for granular 

materials for upheaval buckling resistance, but it can be easily adapted for modelling the 

bounded response of pull-out tests in fine grained fluidized materials as shown Figure 4-37. 

The discontinuity points of the tri-linear representation are taken at 
𝛿

𝐷
= 0.2 ∙

𝛿𝑚𝑜𝑏

𝐷
 and          

𝛿

𝐷
= 1 ∙

𝛿𝑚𝑜𝑏

𝐷
 as per DNV-RP-F110 (2007). 
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Figure 4-37 Representation of a trilinear model applied to a resitance vs pipe displacement curve from a 
bounded pipe pull-out test. 

The model is formalized in equation (4.9), where the non-dimensional resistance is given as 

a function of non-dimensional displacements. Such a model suffers from a clear drawback 

when trying to model displacements smaller than the discontinuity point 
𝛿

𝐷
≤ 0.2 ∙

𝛿𝑚𝑜𝑏

𝐷
, as the 

stiffness of the early stage of the real soil response is much stiffer than what is represented 

by the model. The characteristic of the model is its simplicity and the lower amount of 

calibration points. The model hence should be considered conservative.  

𝑅

𝑆𝑢
=

{
 
 

 
  𝛽 ∙

𝛿

𝐷
,                                                                                               

𝛿

𝐷
≤ 0.2 ∙

𝛿𝑚𝑜𝑏
𝐷

 𝛽 ∙ 0.2 ∙
𝛿𝑚𝑜𝑏
𝐷

+ 𝜁 ∙
(𝛿 − 0.2 ∙ 𝛿𝑚𝑜𝑏)

𝐷
,                       0.2 ∙

𝛿𝑚𝑜𝑏
𝐷

< 
𝛿

𝐷
<
𝛿𝑚𝑜𝑏
𝐷

 𝛽 ∙ 0.2 ∙
𝛿𝑚𝑜𝑏
𝐷

+ 𝜁 ∙ 0.8 ∙
𝛿𝑚𝑜𝑏
𝐷

,                                                            
𝛿

𝐷
≥
𝛿𝑚𝑜𝑏
𝐷

   (4.9) 

 

Where: 

Reduced resistance due to shallow embedment 
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𝑅

𝑆𝑢
= is the non-dimensional resistance; 

𝛿

𝐷
= is the non-dimensional displacement; 

𝛿𝑚𝑜𝑏

𝐷
= is the non-dimensional mobilisation distance at the peak resistance reported in Table 

4-7; 

𝛽 = is the stiffness of the first segment of the model as represented in Figure 4-37; 

𝜁 = is the stiffness of the second segment of the model as represented in Figure 4-37, values 

are reported in Table 4-9; 

𝜁 ∙
𝛿𝑚𝑜𝑏

𝐷
= is a constant value. 

Table 4-7 reports the average normalised mobilisation distance at the peak resistance (
𝛿𝑚𝑜𝑏

𝐷
) 

from the pull-out tests with simulated trench walls from section 4.4.4. 

Table 4-7 Average 𝛿𝑚𝑜𝑏 to be used in equation (4.9) 

𝐻

𝐷
 

Average 
𝛿𝑚𝑜𝑏/D 

0.5 0.3 

1 0.5 

2 0.6 

The model has been fitted to all the tests differentiating between the two sizes of trench 

width (𝐵/𝐷=2 and 𝐵/𝐷=1.48) and both of the clays tested (Figure 4-38 and Figure 4-40). It 

can be seen that the stiffness of the response is mostly dependent on the width of the trench, 

and not on the clay as the tests performed in Kaolin and Hyplas, for the same trench width, 

are generally comparable. A smaller trench width produces a much higher 𝛽. The increment, 

due to the decrease of the width ratio (𝐵/𝐷) by half a diameter, from 2 to 1.48, produces a 

doubling in the stiffness as reported in Figure 4-38b, c and d. 

The 𝛽 parameter is higher at lower embedment ratios, as the mobilisation distance to a 

reduced fully mobilised resistance is shorter. The fully mobilised resistance reduces as a 

consequence of a shallow resisting mechanism, as highlighted in Figure 4-37. The influence 

of the embedment ratio (H/D) on 𝛽 seems to stabilize once H/D=1 (Figure 4-38a). To better 

highlight the evolution of 𝛽 due to the embedment ratio, the data have been plotted in three 

box plots (from Figure 4-38b to Figure 4-38d). In Figure 4-38d the case at H/D=1.5 and 

H/D=2.0 have been plotted together, as the values in Figure 4-38a for both the embedment 

ratios were mostly overlapping. Comparing the box plots (Figure 4-38b to Figure 4-38d) it 
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shows the gradual reduction of stiffness due to the deeper embedment ratio until the final 

constant value at H/D=1.5 and 2 (Figure 4-38d). 

Equation (4.10) is introduced to capture the trend of the 𝛽 parameter, which is higher at 

lower embedment ratios, as the mobilisation distance is shorter, and lower at higher 

embedment ratios. 

β= 𝑝1 ×
𝐻

𝐷
+ 𝑝2 (4.10) 

𝑝1 and 𝑝2 are the interpolation parameters for 𝛽 and are reported in Table 4-8. These two 

parameter describe the linear reduction of the 𝛽 parameter with depth (Figure 4-38). 

 

  

a) 𝛽 values for trench B/D=2, both Kaolin and Hyplas b) H/D=0.5 

  

c) H/D=1 d) H/D=1.5 and 2 toghether 

Figure 4-38 First segment stiffness 𝛽 comparison. a) trench width B=2D comparison for soil variation; 

b) Boxplot comparison of 𝛽  at embedment H/D=0.5, different soils and trench widths; c) Boxplot 
comparison of 𝛽 at embedment H/D=1.0, different soils and trench widths; d) Boxplot comparison of 𝛽 at 
embedment H/D=1.5 and 2 together, for different soils and trench widths; 
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Table 4-8 Average 𝛽 at different embedment ratios (H/D), different soils and trench widths (B/D); 

  Hyplas 

𝐵

𝐷
= 2 

 Kaolin 

𝐵

𝐷
= 2 

 Kaolin 

𝐵

𝐷
= 1.48 

 p1 p2 p1 p2 p1 p2 

Lower bound -13.2 87.4 -9.4 80.9 -24.2 183.3 

Best fit -19.5 111.4 -17.2 113.0 -35.3 230.5 

Upper bound -5.8 116.8 -41.8 178.8 -18.8 273.2 

The average second segment stiffness (𝜁) is reported in Table 4-9. The variation of the 

parameter 𝜁 is not as wide as for 𝛽. In fact, analysing Figure 4-40 the range of values 

reported is very narrow compared to Figure 4-38. In Figure 4-38b to Figure 4-38d it can be 

observed that the parameter 𝜁 still reduces, but 𝜁 is not as widely affected as for 𝛽 by the 

 

Figure 4-39 Embedment ratio dependency of 𝛽, interpolation lines reported in equation (4.10), parameters 
in Table 4-8. 
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embedment depth. It is noted that both Hyplas and Kaolin show similar values for ζ at the 

same trench width. B/D values of 1.48 were not available for Hyplas. 

 

Table 4-9 Average 𝜁 at different embedment ratios (H/D), different soils and trench widths (B/D); 

Embedment ratio 

𝐻

𝐷
 

Average ζ Hyplas 

𝐵

𝐷
= 2 

Average ζ Kaolin 

𝐵

𝐷
= 2 

Average ζ Kaolin 

𝐵

𝐷
= 1.48 

0.5 8.25 10.91 12.05 

1.0 7.64 7.98 12.69 

1.5 5.74 9.44 8.38 

2.0 5.26 6.88 7.72 

 

  

a) 𝜁 values for trench B/D=2, both Kaolin and 
Hyplas 

b) H/D=0.5 

  

c) H/D=1 d) H/D=1.5 and 2 toghether 

Figure 4-40 First segment stiffness 𝜁 comparison. a) trench width B=2D comparison for soil variation; b) 
Boxplot comparison of 𝜁 at embedment H/D=0.5, different soils and trench widths; c) Boxplot comparison 

of 𝜁 at embedment H/D=1.0, different soils and trench widths; d) Boxplot comparison of 𝜁 at embedment 
H/D=1.5 and 2 together, for different soils and trench widths; 
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4.6 Resistance model application 

The resistance models multiplied by the undrained strength relationship that were presented 

in the previous sections are now plotted against the literature data from Ghazzaly and Lim 

(1975), Ghazzaly, et al. (1975) and Endley, et al.(2009). 

𝑅 =
𝑅

𝑆𝑢
 ∙ 𝑆𝑢 

 (4.11) 

Where: 

𝑅 = is the resistance to flotation at a specific upward movement; 

𝑅

𝑆𝑢
= is any of the models presented in equation (4.9) or equation (4.11), respectively e.g. 

the hyperbolic arc sine model and the trilinear model, and they require a maximum allowed 

displacement 𝛿𝑙𝑖𝑚; 

𝑆𝑢 = is given by the relationship in equation (3.1). 

In the following cases, the non-dimensional upward movement allowed (
𝛿𝑙𝑖𝑚

𝐷⁄ ) was set at 

0.5%, 1% and 5 % for the hyperbolic arcsine and for the trilinear at 20% models. The trilinear 

model is set at 20% as, at lower non-dimensional upward movement values the model 

underestimates the resistance offered by the soil. 

Figure 4-41a, b and c show the data from the tests conducted and the values calculated with 

the arcsine model in equation (4.7), with the A parameter set at 2.2 for an embedment ratio 

of H/D=2. It can be seen in the figures that at 
𝛿𝑙𝑖𝑚

𝐷⁄ =0.5% the trend is well captured, but 

that at 1% (Figure 4-41b) the resistance measured with the large diameter pipe (100 mm) is 

under predicted. On the contrary, at 
𝛿𝑙𝑖𝑚

𝐷⁄ =5% the model can capture the behaviour of 

both pipe diameters and both soils tested. A significant increase in upward resistance is 

apparent in both Figure 4-41b and Figure 4-41c where the upward movement is allowed to 

increase. 
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a) b) 

 

c) 

Figure 4-41 Superposition of test data from this study and from literature at approximately H/D= 2 and the 

resistance calculated using the hyperbolic arc sine model with an A=2.2 and in a) a 
𝛿𝑙𝑖𝑚

𝐷⁄ =0.5%; in b) a 

𝛿𝑙𝑖𝑚
𝐷⁄ =1%; c) a 

𝛿𝑙𝑖𝑚
𝐷⁄ =5%. 

 

When the trench walls are present for example with the width of B/D=2 or lower, the trilinear 

resistance method reported in equation (4.11) can be applied. Figure 4-42 shows the results 

from the tests conducted on both trench widths tested B/D=2 and 1.48. The resistance from 

the tests and the model are plotted at the value 𝛿 𝐷⁄ = 0.2 ∙ (𝛿𝑚𝑜𝑏 ⁄ 𝐷)  which is the 

discontinuity point in the trilinear model (section 4.5.3), with 𝛿𝑚𝑜𝑏=0.6, constant for both the 

B/D ratios. This is to show how the model at the discontinuity point, where it was calibrated, 

is consistent with the physical results and for the different soil types. A second reason is to 

avoid to under prediction of the stiffness of the response at lower displacements, which is a 
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drawback of such simplified model, where the actual soil response is much stiffer at small 

displacements, as already mentioned in section 4.5.3.  

Although the trilinear model under-predicts the resistance provided by the soil at small 

displacements, the values of resistance predicted using the trilinear model give a better 

representation of the resistance than the hyperbolic arcsine for the bounded cases. 

Comparison of the improved resistance provided by the trilinear model over the hyperbolic 

arcsine model at low displacement is provided in the next section 4.6.1. In addition the 

hyperbolic arcsine model has proven itself impractical to be fitted to the results of the 

bounded cases. 

 

 

Figure 4-42 Superposition of test data from this study and from literature at approximately H/D= 2 and 
the resistance calculated using the trilinear model with a 𝛽=67 for the B/D=2 and 𝛽=147 for the B/D=1.48. 
𝛽 was calculated using equation (4.10) and p1 and p2 parameter of Kaolin lower bound relationships in 

Table 4-8 and 𝛿𝑙𝑖𝑚/𝐷 = 0.2 ∙ (𝛿𝑚𝑜𝑏 ⁄ 𝐷) = 0.2 ∙ 0.6 = 0.12. 
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4.6.1 Floating specific gravity plots  

Following the discussions of the previous sections a system of equations can be assembled 

to describe the flotation problem as follows: equation (4.12) is the specific gravity of the 

saturated soil; equation (4.13) is the expression of the resistance to flotation per unit length 

on the pipe, it has to be implemented with either a hyperbolic arcsine model or the trilinear 

model according to the project specific condition. In equation (4.13) it is necessary to use, 

as well, a description of the SU-LI relationship, either equation (4.2) or a specific relationship 

for the insitu soil type. Equation (4.14) is the result of combining equation (4.12) and equation 

(4.13), and it gives the final floating specific gravity for a pipe at a specified moisture content. 

𝑆𝐺𝑠 =
𝛾𝑠𝑎𝑡

𝛾𝑤
=

𝐺𝑠∙(1+𝑤)

1+𝐺𝑠∙𝑤
  (4.12) 

𝐹𝑓

𝐿
=

𝑅

𝑆𝑢
∙ 𝑆𝑢 ∙ 𝐷  (4.13) 

𝑆𝐺𝑓 = 𝑆𝐺𝑠 −
𝐹𝑓

𝐿
∙

4

𝜋 ∙ 𝐷2
 ∙

1

𝛾𝑤
   (4.14) 

Where:  

SGs = is the specific gravity of the backfilled slurry; 

Gs = is the grain specific gravity of the soil (often assumed to be 2.65 in the absence of test 

data); 

𝛾𝑤 = is the unit weight of water; 

𝑤 = is the soil moisture content; 

𝐹𝑓

𝐿
= is the resistance force per unit length at flotation. Calculated at the selected non-

dimensional upward movement allowed (
𝛿𝑙𝑖𝑚

𝐷⁄ ), multiplying  𝑆𝑈 ∙ 𝐷 , by 
𝑅

𝑆𝑈
 (given in 

equation (4.6) or equation (4.8)).  

𝐷 =diameter of the pipe (or cable); 

𝑆𝑢 = undrained shear strength dependent on moisture content from equation (4.2); 

𝑆𝐺𝑓 = is the transition SG from floating to non-floating pipes. 

 

Plotting Equations (4.12), (4.13) and (4.14) in a Cartesian space over an interval of moisture 

contents, a series of curves can be derived, depending on the properties of the soil 

investigated and on the flotation criterion that was selected. This type of approach can be 

applied to pipe/cable of different sizes because the resistance models (trilinear and 

hyperbolic arcsine) are non-dimensional. In fact both the resistance and the mobilisation 
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distance have been proven to be dependent on the dimension of the pipe, hence the models 

can be applied to different prototype dimensions. In addition, the trilinear and the hyperbolic 

arcsine models can be employed at a wide range of LI, although they have been tested for 

a limited range of liquidity index (LI) from 2.5 to 7.5. In fact the DNV-RP-F110 (2007) 

mobilization distance ratio for different soil conditions reported in Table 4-4 for ‘clay lumps’ 

is slightly lower than the mobilisation distances reported in Figure 4-27, hence the two 

models proposed working at lower LIs provide conservative values. 

Figure 4- shows how the specific gravity (SG) of the soil can be plotted together with pipes 

floating specific gravity (SGf) due to different resisting criteria. In Figure 4-a the criteria are 

given by the unbounded hyperbolic arcsine method at three different available movements 

(𝛿𝑙𝑖𝑚 equal to 0.5%D, 1%D and 5%D) and in Figure 4-b for a 𝛿𝑙𝑖𝑚of 0.5%D it can be seen 

the improvement in SGf given by the bounded conditions over the unbounded one. Figure 

4- shows that the greater the allowable displacement 𝛿𝑙𝑖𝑚 the lower the maximum floating 

SG is, this is due to the higher resistance mobilised as shown in Figure 4-41. In Figure 4-44, 

at a 𝛿𝑙𝑖𝑚of 0.5%D the bounded resistance offered by the trilinear model is not a great 

improvement over the unbounded condition. This is due to the inability of the model to 

reproduce the high stiffness that characterise the resistance response in the bounded cases. 

 

 

 

Figure 4-43 Soil SG and floating pipe SG vs moisture content (w) highlighting the effect of allowable 
pipeline movement, for a pipe of 12” diameter and different 𝛿/𝐷 allowed, at an initial embedment ratio of 
H/D=2, non-constrained case (unbounded case). 
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 Figure 4-44 Soil SG and floating pipe SG vs moisture content (w) highlighting the effects of trench width, 

for a pipe of 12” diameter, 
𝛿

𝐷
= 0.005 allowed, at an initial embedment ratio of H/D=2, bounded case at 

B/D=2 and B/D=1.48. 

 

Figure 4-45 shows that the differences in specific gravity of the soil grains does not create 

significant variability in the saturated soil specific gravity for a certain moisture content, in 

fact, the curves (grey markers) in Figure 4-45 almost overlap. As seen in Figure 4- and 

Figure 4-44, there is an area where the pipe/cable flotation is impossible, this condition is 

verified when the SG of the pipe is higher than the SG of the soil. As a consequence, ideally, 

to use the SG of the soil as the upper bound value for the SG of the pipe would be the faster 

and less uncertain method to design the SG of a pipe at very high moisture contents. This 

method though has a certain degree of impracticality, and several possible improvements 

using the methodologies proposed in this research work. Looking at Figure 4-45, it is clear 

that the curves of the SG of the soil do not have a maximum, hence the selection of the 

maximum floating SG can be complicated and difficult to justify. Analysing equation (4.12), 

the curve has a physical maximum value when there is zero moisture content (𝑤=0) hence 

the specific gravity is 𝑆𝐺𝑠 = 𝐺𝑠, which is not physically achievable and does not give any 

potential for a pipe to float. Also this has no physical meaning, as nothing would float in a 

completely dry soil. In fact the current industry guidelines for 𝑆𝐺𝑓 that is reported to safely 

allow to jet trench a pipe is a pipe SG of 1.8 (Powell, et al., 2002; Bizzotto, et al., 2017)), 

and, as the Gs of soils is generally in the range between 2.5 to 2.9, this design methodology 

would require a pipeline SG in the range of 1.5 times the current industry guideline. Using 

the SG of the soil as the upper bound of the maximum floating SG for pipeline and cable 
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would require overdesign pipeline’s and cable’s SG even more than the current industry 

standard. 

Evaluating Figure 4-45, it can be observed that in contrast with the soil Gs, the plasticity or 

consistency properties of the soil create a large difference when calculating the maximum 

floating pipe specific gravity. Generally, the lower the Plasticity Index (PI), the higher the 

floating pipe Specific gravity (SGfloat), but it is not always the case, notably Kaolin and ‘Endley 

Soil 1’ in Figure 4-45. This is due to high Liquid limit of both materials. In Figure 4-46 though, 

where the same floating pipelines specific gravities (SGf) of Figure 4-45 are replotted versus 

the liquidity index (LI), it is of interest to note that all the curves come together in the same 

range and that the maximum floating SG is always at the same LI, which is a consequence 

of using the same SU-LI relationship for all the soils. The maximum floating SG for each type 

of soil is different and it is higher or lower depending on the plastic range of the soil. Figure 

4-47 was plotted to highlight the control of the plasticity of the soil on the flotation. To do so, 

two parameters have been varied using the same soil properties as in Figure 4-45 and 

Figure 4-46. 

 

Figure 4-45 Soil SG and floating pipe SG vs moisture content (w), for a pipe of 6” diameter and 0.5%D 
of allowed displacement. 

LL=53 

PI=26.5 

LL=49 

PI=35 

LL=47 

PI=26.7 

LL=46 

PI=23 

LL=76 

PI=55 
LL=85 

PI=59 
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Figure 4-46 Soil SG and floating pipe SG vs Liquidity index (LI), for a pipe of 6” diameter and 0.5%D of 
allowed displacement, and an H/D=0.5. 

It can be noted from Figure 4-47 (a and b) how the plasticity maintains its influence over the 

maximum floating SG once the pipe diameter and the embedment ratio are varied. The 

plasticity index of the soil influences the outcome of the maximum floating SG, through the 

𝑆𝑢-𝐿𝐼 relationship, in fact different 𝑆𝑢-𝐿𝐼 relationships than equation (3.1) would produce 

different graphs in Figure 4-45 to Figure 4-47. This is due to the fact that the term 
𝑅

𝑆𝑢
 in 

equation (4.13) is assumed to be constant, and this assumption was proven reasonable in 

previous sections, where 
𝑅

𝑆𝑢
 was plotted against LI for different boundary conditions.  

The maximum floating SG is not solely dependent on the plasticity index itself but on the 

liquid limit as well (LL). In fact, the 𝑆𝑢-𝐿𝐼 relationship is dependent on that too, and this 

dependency is the reason why in Figure 4-45 a soil with lower PI has lower maximum floating 

SG than a soil with higher plasticity index, the two soils are the Kaolin clay (lower PI, lower 

max floating SG) used in this study and the ‘Endley soil 1’ (higher PI, higher max floating 

SG). This contradicts the inversely proportional general trend that can be seen in Figure 

4-47 between the maximum floating SG (maxSGf) and the Plasticity index (PI). This is due 

to the fact that having a higher LL allows the soil to maintain some consistency until high 

moisture contents, the pipe hence is restrained to float until the SGs (or alternatively the unit 

weight of the soil, 𝛾𝑠) reduced, reducing consequently the buoyant force on the pipe.  
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a) b) 
Figure 4-47 Comparison of the maximum floating SG at different H/Ds and diameters 

Solving the system of equations (4.12), (4.13) and (4.14), and using the 𝑆𝑢-𝐿𝐼 relationship 

of equation (4.2) allows the maximum floating SG to be plotted on a Casagrande Plasticity 

chart. Figure 4-48 shows a Casagrande Plasticity chart with the contours of the SGf-max 

surface for a 6” pipe diameter and 
𝛿𝑙𝑖𝑚

𝐷
= 0.5%, using the hyperbolic arcsine resistance 

model. Similarly the relationships in Figure 4-48 are dependent on the diameter of the pipe, 

the resistance model used and the allowable vertical displacement, hence particular care 

should be exercised when using them. It can be seen that using the pair of values for PI and 

LL, that sits on the U-line, provides conservative values of the maximum floating SGs. 

 

Figure 4-48 Maximum floating SGs contours on a LL-PI plane with a Casagrande A and U lines plotted 

for reference. Parameters used are D=6”, 
𝛿𝑙𝑖𝑚

𝐷
= 0.5%. 
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4.6.2 Comparisons of flotation resistance models  

Together with embedment ratio, the diameter of the pipe as can be seen Figure 4-47b is 

influencing the maximum floating SG of a pipe/cable in a proportional manner, the bigger 

the pipe diameter the higher the maximum floating pipe SG. This is a consequence of 

combining equations (4.13) and (4.14) and the trend can easily be identified in Figure 4-47a. 

This is only a consequence of equations (4.13) where 𝐷 is multiplying 
𝑅

𝑆𝑢
∙ 𝑆𝑢. The undrained 

shear strength (𝑆𝑢), introduce a dependency on the plasticity parameters of the soil. The 

non-dimensional mobilized resistance (𝑅 𝑆𝑢
⁄ ) on the other hand is only dependent on the 

embedment ratio for both the resistance models, hyperbolic arcsine and the trilinear model, 

that were given in equation (4.6) and equation (4.9) respectively. 

Figure 4-49 shows the plots of the 
𝑅

𝑆𝑢
 models and their variation with depth at different 

boundary conditions and different non-dimensional upward movement allowed (
𝛿𝑙𝑖𝑚

𝐷⁄ ). The 

models plotted are the hyperbolic arcsine in Figure 4-49a for the far field unbounded 

condition and the trilinear model for Figure 4-49b and c for B/D ratios equal to 2 and 1.48 

respectively. The three graphs in Figure 4-49 show that the resistance factor (𝑅 𝑆𝑢
⁄ ) increase 

in magnitude if a longer upward movement is allowed (𝛿𝑙𝑖𝑚). The Hyperbolic arcsine model 

in Figure 4-49a increased with the initial embedment ratio (H/D), as the embedment 

dependency of the amplitude parameter (A) was modelled with a downward increasing 

arctangent function in equation (4.8). 

The trilinear model in Figure 4-49b and Figure 4-49c decrease with depth, as the first 

segment stiffness (β) in equation (4.9) is calculated on the mobilisation distance that 

decreases for the shallower embedment. As a consequence, the embedment dependency 

of β is a linear decreasing function with the increasing embedment depth as reported in 

equation (4.10). The trilinear 𝑅 𝑆𝑢
⁄ decrease with the embedment depth as well as it is linearly 

dependent on β. 
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a) 

 

b) 

 

c) 

 

Figure 4-49 a) Hyperbolic arcsine resistance model at four different 𝛿𝑙𝑖𝑚 (0.5% 1% 5% and 12% D); b) 

Trilinear resistance model for B/D=2 at three different 𝛿𝑙𝑖𝑚 , =0.5% 1% 5% and 12% D; c) Trilinear 

resistance model for B/D=1.48 at three different 𝛿𝑙𝑖𝑚, =0.5% 1% 5% and 12% D. 

 

Figure 4-50 shows the improvement of the resistance accounted for by the trilinear model 

at different boundaries conditions (B/D=2 and B/D=1.48) over the unbounded conditions that 

the hyperbolic arcsine model represent. The improvement is accounted for as the ratio 

𝑅𝑡𝑟𝑖𝑙𝑖𝑛𝑒𝑎𝑟

𝑅ℎ𝑦𝑝.𝑎𝑟𝑐𝑠𝑖𝑛𝑒
. The ratio is plotted against the embedment ratio. In Figure 4-50a, at an 

embedment ratio H/D=2 and a 𝛿𝑙𝑖𝑚 = 0.5%𝐷 and 1%𝐷 , the trilinear and the hyperbolic 

arcsine models almost have the same value as 
𝑅𝑡𝑟𝑖𝑙𝑖𝑛𝑒𝑎𝑟

𝑅ℎ𝑦𝑝.𝑎𝑟𝑐𝑠𝑖𝑛𝑒
 of 1.09. For the same 𝛿𝑙𝑖𝑚, at an 

embedment ratio of H/D=0.5, the trilinear model accounts for two times the resistance of the 

hyperbolic arcsine model. Figure 4-50a represents the comparison between the hyperbolic 

arcsine and the trilinear model that account for a B/D=2. The higher the 𝛿𝑙𝑖𝑚, the higher the 

resistance provided, as previously mentioned. At B/D=1.48 at H/D=2 and 𝛿𝑙𝑖𝑚 = 0.5%𝐷, the 

𝑅𝑡𝑟𝑖𝑙𝑖𝑛𝑒𝑎𝑟

𝑅ℎ𝑦𝑝.𝑎𝑟𝑐𝑠𝑖𝑛𝑒
 increase to 2.4, where in the B/D=2 it was 1.09. The increased resistance 
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performance at shallower embedment is due to the short mobilisation distance of the 

bounded cases combined with the long mobilisation distance of the unbounded case. 

Comparing Figure 4-49 b and c, and analysing Figure 4-50 it is possible to understand that 

a small decrease in trench width from a B/D=2 to a B/D=1.48 causes more than a doubling 

in the resistance coefficient (
𝑅

𝑆𝑈
). 

 

  

a) b) 
Figure 4-50 Improvement resistance ratio due to bounded conditions over hyperbolic arcsine: a) B/D=2; b) 
B/D=1.48. 
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5 Methodology - investigation of uplift due to 
backfill ploughing 

In this methodology chapter the experimental designs for the investigation of the issues 

related to the backfilling process for pipelines and cables is introduced. The research 

outlined in this thesis was divided to consider the diverse techniques that are used to achieve 

embedment of pipelines and cables. The first part already presented, was related to the 

flotation issues that arise after jet trenching in fine grained soils, where this second part 

deals with the phenomena that are triggered by the backfilling of pipelines or cables in 

coarse grained soils (e.g. sand). 

The intended outcome of this study is to introduce guidance for backfilling and pipeline 

design that prevents out-of-straightness (OOS), change in depth or in extremes breaching 

the surface of pipelines/cables while these are being backfilled. To achieve this a 

combination of physical tests has been undertaken. Two 2D plain strain physical models 

have been used to investigate the scaling factors and forces on the pipelines. The 

understanding of the process due to the tests carried out can be used to infer the outcome 

of a backfilling operation at a prototype scale via a simulation on the mechanical response 

of pipelines and cables to these applied actions.  

5.1 Model representation 

According to Cathie, et al. (1998) the backfilling process may be represented in 2D, where 

the plough converts it’s horizontal movement (parallel to the pipeline) into horizontal 

orthogonal soil flow. This representation is subjected to a fundamental assumption of full 

spoil recovery achieved without loss of material as in Figure 2, and the plough’s tow vessel 

being able to provide enough force to accelerate the static spoil heap mass. Starting from 

the consideration that the backfilling process is a complex 3D phenomenon (Figure 2-15 

and Figure 2-16), the intent of this research is to describe the fundamental parameters that 

control the process. For this reason, several simplifications have been introduced in the 

physical model representation.  

As the pipe/cable is a long slender object, its model representation would need to include a 

scaled bending stiffness. This implies that in order to have a representative model of the 

behaviour of a pipeline together with manageable model dimensions, it would have been 

required to have two different scaling ratios for the transverse and the longitudinal directions 
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of the pipe. This, together with the uncertainties related to the actual scaling laws applicable 

for the soil flow led to the choice of a simplified 2D model.  

The 2D representation (Figure 2-15b), allows for a model pipe/cable diameter as large as 

can be accommodated in the test container, disregarding the bending stiffness of the pipe. 

In a plain strain physical model, the pipeline/cable can be represented by a cylindrical object 

with a stiffness that for the dimension of the model can be considered infinite. Therefore, 

any movement of the monitored pipe is due to rigid body motion of the object and not due 

to its deformation. This is especially important when considering the number of different 

prototype pipe/cable products that are available (varying longitudinal bending stiffness), and 

that a 3D characterization of the process would be intrinsically dependent on the longitudinal 

bending stiffness of the model pipe/cable.  

Not modelling the longitudinal bending stiffness and designing a 2D backfilling model allows 

for the same blade velocity investigated at model scale to be converted to different prototype 

plough velocities (depending on the angle of attack of the blades, Figure 5-1). This is based 

upon the approach proposed by Kaku (1979) which is based upon the conservation of 

momentum.  

 

Figure 5-1 Momentum conservation approach - schematic plan view of one-blade. Blade angle of attack 
of 45 degrees (redrawn from Kaku (1979)) 

 

5.1.1 Scaling of the transient backfilling process 

As mentioned in the in the literature review, the scaling of this kind of transient processes in 

granular flow, it is not a straight forward well-established practice. The backfilling operations 

that are being considered are a highly transient processes and there is a need to understand 

and decide on which are the most significant aspect of the process that need to be 

adequately represented (in a physical model) and which ones play a minor role and can be 

ignored.  
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Figure 5-2 is a simplified interpretation of the backfilling operations based on the description 

of the phenomenon given by Cathie, et al. (1996) and Taylor (2011) (literature review section 

2.2.1). Analysing the process as represented in Figure 5-2, the most influential quantities 

that can be highlighted are: 

• Inertia of the moving mass of sand; 

• Dissipation of soil momentum due to frictional or viscous forces in the soil mass and 

water; 

• Vertical body forces due to gravity for both the soil and of the pipe; 

Frictional forces at the base of the spoil heap (Figure 5-2) that are overcome by the plough 

blade once the soil body mass is set in motion, can simply be assumed to be proportional 

to the soil body gravity forces at failure via the friction angle of the soil as per the Mohr-

coulomb failure criterion. The stresses in the soil body are proportional to the gravity forces 

at both model and at prototype scales. Dilatancy effects are ignored as the phenomena 

under study, i.e. the impact of soil flow on pipelines/cables, is considered to happen at large 

strains where dilatancy effects are not significant. After the consideration of Savage and 

Hutter (1989), Srivastava and Sundaresan (2003) and Chialvo and Sundaresan (2013) the 

soil movement in a backfilling process is considered as dense granular flow. Strain rate 

effects in the soil body are assumed to be negligible according to the Schaeffer (1987) and 

Johnson and Jackson (1987) hypothesis. Inertial forces increase proportionally to the 

increase in backfilling velocity. 

In summary the physics of the soil flow can be described by the velocity of the flow (𝑉), the 

dimensions of the trench (𝐻), the frictional stresses in the soil (𝜎) and the density of the 

material (𝜌). Representing these variables as derived quantities of length (L) mass (M) and 

time (T), which are fundamental quantities, lead to the definitions reported in Table 5-1. 

Table 5-1 Dimensions of relevant phsical entities in Mass System of unites 

Controlling variables 

 

Dimension of variables in 

fundamental quantities 

Velocity 𝑉 L1T-1 

Dimension of the trench 𝐻 L1 

Soil frictional stresses 𝜎 L-1T-2M1 

Soil density 𝜌 L-3M1 

Water viscosity 𝜇 L-1T-1M1 

Gravitational force 𝑔 L1T-2 
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Figure 5-2 Schematic representation of the transverse view of the backfilling process at idealised fast to 
slow plough velocities. The relative size of the inertial force is represented schematically by the size of 
the associated arrow. 

Applying the Bunkingham Pi theorem as per Hughes(1993) to the controlling variables (n=6) 

and the fundamental quantities (n=3) reported in Table 5-1, it can be found that the minimum 

number of dimensionless ratios that are required to represent all six of the variables are 3 

(6 − 3 = 3). Equation (5.1a) is the general form of a dimensionless ratio and (5.1b) is derived 

by rearranging equation (5.1a) according to the values reported in Table 5-1.  

Π = 𝑉𝑘1 𝐻𝑘2 𝜎𝑘3  𝜌𝑘4 𝜇𝑘5  𝑔𝑘6  (5.1 a) 

Π = 𝐿𝑘1+𝑘2−𝑘3−3𝑘4−𝑘5+𝑘6 ∙ 𝑇−𝑘1−2𝑘3−𝑘5+𝑘6 ∙ 𝑀𝑘3+𝑘4+𝑘5   (5.1 b) 

To have a dimensionless ratio it is necessary to equate the exponents in equation (5.1b) to 

0. By solving the system of the three exponents in equation (5.1b) equated to 0 it is possible 

to calculate the k-values that define different dimensionless ratios.  
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The system of the three exponents is indeterminate, but three solutions are reported to 

follow among the infinite solutions that summarise all six of the different variables that control 

the phenomenon under study: 

• k1=1, k2=1, k3=0, k4=1, k5=-1, k6=0, is the combination that generates the Reynolds 

number in equation (5.2); 

• k1=1, k2=-1/2, k3=0, k4=0, k5=0, k6=-1/2 is the combinations that generates the Froude 

number in equation (5.3); 

• k1=-2, k2=0, k3=1, k4=-1, k5=0, k6=0 is the combination that generates the ratio of 

frictional pressure and inertia forces in equation (5.4). 

 

𝑅𝑒 =
𝜌𝑣𝐿

𝜇
= 

𝑖𝑛𝑒𝑟𝑡𝑖𝑎 𝑓𝑜𝑟𝑐𝑒𝑠

𝑣𝑖𝑠𝑐𝑜𝑢𝑠 𝑓𝑜𝑟𝑐𝑒𝑠
  (5.2) 

𝐹𝑟 =
𝑣

√𝑔 𝐿
= 

𝑖𝑛𝑒𝑟𝑡𝑖𝑎 𝑓𝑜𝑟𝑐𝑒𝑠

𝑔𝑟𝑎𝑣𝑖𝑡𝑦𝑓𝑜𝑟𝑐𝑒𝑠
  (5.3) 

𝜎

𝜌𝑣2
= 

𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑓𝑜𝑟𝑐𝑒𝑠

𝑖𝑛𝑒𝑟𝑡𝑖𝑎 𝑓𝑜𝑟𝑐𝑒𝑠
  (5.4) 

Where: 

𝜌=is the density of the fluid [kg/m3]; 

𝜇= is the viscosity of the fluid [Pa∙s]; 

𝑣= is the reference velocity [m/s]; 

𝑔=gravitational acceleration [m/s2]; 

𝐿= is a characteristic length of the problem [m]; 

𝜎= is the frictional stress in the soil body [Pa]. 

The Reynolds number is the ratio between inertia forces and viscous forces, while the 

Froude number is the ratio between the inertia forces and the gravitational forces (Hughes, 

1993) and the third non-dimensional number is the ratio between the frictional forces in the 

soil body and the inertia forces. These non-dimensional numbers can be employed for 

scaled model representation and are intended to be used here for this purpose. Having the 

same value of any of these ratios at prototype and scaled model allows maintenance of a 

constant ratio between the forces represented. Reynolds similarity between the model and 

the prototype, is typically used in cases where viscous forces are dominant such as laminar 

boundary layer problems and forces on cylinders with low Reynolds numbers (Heller, 2011). 

Froude similarity, on the other hand, is suited for short and turbulent phenomena, such as 

hydraulic jumps and open-channel flows (Heller, 2011). Taking into account these 

considerations and the necessity of a dynamic similarity to obtain, in the model, the same 
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ratio of vertical and horizontal forces of the prototype (Hughes, 1993), the reduced scale 

model only needs to reproduce the most relevant actions and try to minimize the effects of 

the others.  

Figure 5-2 shows the idealised relative influence that each of the three parameters listed 

above have at different increasing velocities. The gravity forces remain constant for every 

scenario depicted, as the mass of the soil is constant. In contrast the water viscous forces 

acting on the mass are meant to increase in intensity and vary in direction, depending on 

the shape of the spoil heap mass.  

A non-dimensional representation of the process simplifies the use of the scaled results to 

infer the process at prototype scale as well. Considering the frictional dissipation in the soil 

to be independent of the strain rate level as assumed before, allows the frictional dissipation 

of momentum in the soil mass to be considered constant for both the model and the 

prototype scale and only proportional to the gravity forces and the dimension of the trench. 

Assuming simplistically, the frictional forces in the soil mass to be the product of the trench 

dimensions, the unit weight of the soil and of the tangent of the friction angle (𝛾 ∙ 𝐻 ∙ tan𝜑′), 

and then substituting it in the third non-dimensional ratio in equation (5.4), it will leave 

equation (5.4) to be equal to 
𝛾∙𝐻∙tan𝜑′

𝜌𝑣2
, where tan𝜑′ is non dimensional and 𝛾 is equal to 𝜌 ∙

𝑔. This implies that the ratio equation (5.4) becomes 
𝑔∙𝐻

𝑣2
 which is equal to the square inverse 

of the Froude number. This leaves the analysis of the problem with two non-dimensional 

ratios that are the Froude number and the Reynolds number which represent three 

categories of relevant parameters: viscous, inertial and gravity forces. 

To quantify the influence of the water viscous forces, depicted in Figure 5-2, at model and 

prototype some dimensions have been assumed to define the characteristic length and 

velocity of the problem (Figure 5-3). In this case it is considered that the pipe prototype 

diameter 19” (482.6mm) with a target trench depth (TTD) of 2.5 times the diameter (D). This 

will provide a H/D ratio of 1.5 (or DOL/D), which is typical of H/D ratios adopted in previous 

pipeline-soil interaction studies as Stuyts, et al. (2016) show.  

Reynolds numbers are calculated and reported in Table 5-2, for different velocities using, 

only in this case, the height of the spoil heap as the reference length of the problem, because 

the scope is to evaluate the water inertia force on the spoil heap material moving down the 

trench. The height of the spoil heap is chosen as the reference length of the problem as it is 

the spoil heap material that needs to move to fill the trench.  
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Figure 5-3 Plain strain representation of the backfilling process 

The value of the height of the spoil heap can be calculated by imposing equality between 

the area A and the area A’ in Figure 5-3 (assuming no change in volume during backfilling). 

Reference velocities ranging from 100 m/hr to 3000 m/hr were used as provided in personal 

communications by Toby Powell (2017). 

The Reynolds (𝑅𝑒) numbers were calculated at the reduced scales, scaled with the Froude 

similarity, to evaluate the impact of the water viscous term on the spoil heaps of the two 

models. At a scale of 1:30 the velocity range scaled with Froude similarity, spans from 18.3 

m/hr to 548m/hr and at a scale of 1:7.5, the range spans from 36.5 m/hr to 1095 m/hr.  

 

Table 5-2 Reynolds number at different scales calculated for a spoil heap moving at the maximum and 
minimum of the backfill plough velocity range 

Blade velocity 

m/hr (m/s) 

𝐷 

Inches (m) 

𝑅𝑒 

1:1 scale 

𝑅𝑒 

1:7.5 scale 

𝑅𝑒 

1:30 scale 

3000 (0.833) 19 (0.4826) 400564 34475 4309 

100 (0.0277) 19 (0.4826) 13352 1149 144 

 

The values reported in Table 5-2 allow it to be inferred that both at model and prototype’s 

scales, the inertia to viscous force ratios are in a range where the viscous forces can be 

neglected. Although the soil assumes various shapes in the backfilling process and is not 

always comparable to a cylinder, if one evaluates the drag coefficient reported for cylinders 

for this range of Reynolds numbers it is possible to see that the drag coefficient (𝐶𝑑) is 

significantly close to 1 for the whole range of velocities considered (Sumer and Fredsøe, 

TTD 
D 

DOL 

TTD 
 √2  ϕ

repose
 

A’ 

A 

Backfilling plough 
mouldboard 

Symmetry 

Spoil heap 

Trench 
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2006), which means that the viscous force becomes negligible. For this reason, the Froude 

similarity is chosen, with advantages for velocity selection as well. In fact, the model velocity 

is the one at prototype reduced by the square root of the geometrical scaling factor, leading 

to a simplification of velocity modelling in the laboratory. Whereas with the Reynolds number 

similarity the velocity at model scales would need to be increased as per the geometrical 

scaling factor, becoming impractical to reproduce in the laboratory. Table 5-3 shows the list 

of scaling ratios for different quantities, based on the fact that the geometric similitude factor 

is set to 𝑁𝐺. With the scaling ratio reported in Table 5-3 the Froude number and the third 

non-dimensional number reported in equation (5.4) are satisfied at the same time. 

In the offshore industry the unit weight of the pipe is often referred to as an equivalent non-

dimensional number, the specific gravity (SG), which is the ratio between pipe and water 

unit weight. As the saturation fluid is water and its density is the same both at the model and 

prototype scale (Table 5-3) the SG of the pipe remains the same at both scales. 

 

Table 5-3 Scaling ratios for backfill ploughing physical modelling 

Quantity Prototype definition Model definition 

Distance 𝐿𝑝 
𝐿𝑝

𝑁𝐺
 

Area 𝐴𝑝 
𝐴𝑝

𝑁𝐺
2 

Velocity 𝑣𝑝 
𝑣𝑝

√𝑁𝐺
 

Time 𝑡𝑝 
𝑡𝑝

√𝑁𝐺
 

Accelerations 𝑎𝑝 𝑎𝑝 

Mass 𝑚𝑝 
𝑚𝑝

𝑁𝐺
3 

Density 𝜌𝑝 𝜌𝑝 

Specific 

Gravity 
𝑆𝐺𝑝 𝑆𝐺𝑝 

Forces 𝐹𝑝 
𝐹𝑝

𝑁𝐺
3 

Stress 𝜎𝑝 
𝜎𝑝

𝑁𝐺
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5.1.2 Test rationale 

The idea behind the 2D plain strain test is simply to reproduce the backfilling process on an 

instrumented model pipe (pipeline or cable analogue) and quantify the upward force 

generated by the flow of soil impacting on the pipeline/cable and to identify different 

mechanisms at different backfilling velocities as Chehata, et al. (2003), Ng, et al. (2016), 

Calvetti, et al. (2017) and Ceccato, et al., (2017) for different applications. The method 

adopted in this thesis to quantify the upward force is to use an unconstrained pipe of known 

weight and monitor its vertical accelerations. Applying Newton’s second law, with known 

pipe mass and measured accelerations, the force acting on pipes of different weight at 

different backfilling velocities can be quantified.  

In addition, to quantify the duration of the backfilling process and the post backfilling effective 

stress state in the soil, a second series of tests was designed using the same 2D plain strain 

set-up. Instead of using a free-to-move model pipe (no pipe installed), three fixed height 

pore pressure transducers were placed at the bottom of the trench to quantify the duration 

of the increased uplift forces and the excess pore pressures generated during the process. 

As well as quantifying the forces acting on the backfilled pipe/cable, the test with the free-

to-move pipe was also used to investigate the effect of different product specific gravities 

(SGs) on the success of the backfilling operations at different velocities of backfilling. This 

provided a series of conservative scenarios for uplifting pipes due to the various backfilling 

velocities (i.e. does the pipe move significantly or not). As previously attempted at the 

University of Dundee by Taylor (2011). It must be noted that, as the pipe is free to move, 

the test does not take into account the effect of the stiffness of the remaining part of the 

pipe, as mentioned before. This is the reason why considering the results of these tests to 

quantify of pipe uplift displacements is conservative. Although this simplification allows 

interpretation of the results of the tests and application more generally to any pipe with 

different mechanical and geometrical properties. 

The rationale behind the test to quantify the forces acting on the pipe, is that one can use 

the peak acceleration of the pipe and its mass, to generate a correlation between the forces 

acting on the pipe/cable and the backfilling velocities. In addition, one can introduce a 

dissipation function to reproduce the idealised reduction of the forces, due to the dissipation 

of the excess pore pressure generated by the soil motion and impact at the bottom of the 

trench. 
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to quantify the forces acting on the ‘free-to-move pipe’ while the backfilling process is 

underway and to take into account the effect of soil velocity, a fluid dynamic approach was 

used as in Georgiadis (1991), and Zakeri, et al. (2008) (section 2.2.5 of the literature review). 

It should be noted that in the drag force expression in equation (2.24), the drag coefficient 

is the only quantity yet to be determined. Expressing the rate of change of momentum 

(Newton’ second law) as in equation (5.6) and assuming that the drag force is only vertical 

due to the symmetry of the process, a vertical acceleration times the pipe’s mass equate to 

the difference between the drag force and the buoyant weight of the pipe as in equation 

(5.7).Combining equations (2.24) and (5.7), both at model and prototype scale, and using 

the assumption made that the process can be scaled using the Froude similarity (Table 5-3), 

it can be shown that the drag coefficient is unique both at prototype and model scale, hence 

is a function of the Froude number (equation (5.10)). 

  𝐹𝑑𝑟 =
1

2
 𝜌 ∙ 𝐶𝑑 ∙  𝑣

2 ∙ D ∙ 𝐿 

 

(5.5) 

  𝑚 ∙ 𝑎  =∑𝐹 = 𝐹𝑑𝑟 −𝑚 ∙ 𝑔 +  𝐹𝑏𝑢𝑜𝑦 

Assuming symmetry and that only vertical forces acting: 

(5.6) 

 

𝐹𝑑𝑟 = 𝑚 ∙ (𝑎 + 𝑔) − 𝑔 ∙ 𝑉 ∙ 𝜌𝑤  (5.7) 

Both at the model and at the prototype scale the equilibrium of forces can be written as 

follow using the drag force expression from equation (2.24) 

{

𝑚𝑚

𝐿𝑚
 ∙ (𝑎𝑚 + 𝑔) − 𝑔 ∙ 𝑉𝑚 ∙ 𝜌𝑤 =

1

2
𝜌 ∙ 𝐶𝑑𝑚 ∙ 𝑣𝑚

2 ∙ 𝐷𝑚   

𝑚𝑝

𝐿𝑝
 ∙ (𝑎𝑝 + 𝑔) − 𝑔 ∙ 𝑉𝑝 ∙ 𝜌𝑤 =

1

2
𝜌 ∙  𝐶𝑑𝑝 ∙ 𝑣𝑝

2 ∙ 𝐷𝑝   
     (5.8) 

 

The drag coefficient being non dimensional is equal at model and prototype. The 

acceleration due to the Froude similarity is equal at model and prototype scale and it 

allows calculation of the drag coefficient as in equation (5.9). Based on the conclusions of 

section 5.1.1, the drag coefficient is function only of the Froude number (equation (5.10)) 

as the viscous forces in water, both at model and prototype scales, are not meant to have 

significant impact on the outcome of the backfilling operations. 

𝐶𝑑 = 
𝑎𝑚𝑎𝑥 ∙ 𝑚𝑝𝑚 + 𝑔 ∙ 𝑚𝑝𝑚 − 𝑔 ∙ 𝑉𝑝𝑚 ∙ 𝜌𝑤

1
2𝜌𝑤 ∙ 𝐷𝑚 ∙ 𝐿𝑚  ∙ 𝑣┴_𝑚

2 
 (5.9) 
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𝐶𝑑 = 𝑓(𝐹𝑟) (5.10) 

Where: 

𝐹𝑑𝑟 = drag force on the pipe, [N]; 

𝑎 = vertical acceleration of the pipe, [m/s2]; 

𝑚;  𝑚𝑝;  𝑚𝑚= mass of the pipe; mass of the pipe at prototype scale and model scale, [kg]; 

𝑔 = gravitational acceleration, [m/s2]; 

 𝐿𝑝;  𝐿𝑚 = length of the pipe at prototype; length of the pipe at model scale, [m]; 

𝑁𝐺 = geometrical scaling ratio; 

 𝐷𝑝;  𝐷𝑚 = diameter of the pipe at prototype; diameter of the pipe at model scale, [m]; 

 𝑣𝑝;  𝑣𝑚 = velocity of the plough at prototype; velocity of the plough at model scale, [m/s]; 

𝐶𝑑 = drag coefficient, [-]; 

𝜌
𝑤

= density of water [kg/m3] 

This description of the process shows that the phenomenon can be scaled. For this reason, 

two test scales were used, a ‘small scale’ (1:30) and a ‘large scale’ (1:7.5). Once the 

scalability of the process is proven the second objective is to provide the drag coefficient vs 

Froude number relationships (𝐶𝑑 − 𝐹𝑟) as it was attempted by Chehata, et al. (2003). 

Several limitations are present with this type of approach in 2D. Firstly it does not represent 

the full backfilling phenomenon. It does not fully model the event when the longitudinal flow 

envelopes the transverse flow, that is when the uplift potential is reduced as mentioned by 

Cathie, et al. (1998) (literature review section 2.2.1). A second limitation of the ‘free-to-move 

pipe’ test is the inability to monitor the dissipation of the upward forces, in fact once the pipe 

has stopped accelerating or decelerating no force is detected. For this reason, the series of 

tests with the three static pore pressure transducers, was introduced. This series of test 

provides the time history of the increased upward forces due to the backfilling operations, if 

the moving soil mass is considered to move in an undrained manner, similar to the work of 

Ceccato, et al. (2017) (literature review section 2.2.5)). 
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5.1.3 Dual scale backfilling model description 

To verify the assumption of scalability of the process and to achieve a wider range of 

velocities, two physical models have been set up to investigate the backfilling process at two 

approximate geometric scales of 1:30 (small scale) and 1:7.5 (large scale).  

The two models have been designed to fit in two tanks of the dimension of 1810mm x 

1050mm x 810mm (L x W x H) and 1005mm x 480mm x 425mm (L x W x H) (Figure 5-4 

and Figure 5-5) for the large and small scales respectively.  

Images from Figure 5-4 to Figure 5-7 show the conceptual design and the dimensions of the 

model at 1:7.5 scale and 1:30 scale. 

 

Figure 5-4 Model 1:7.5 bespoke manufactured 2D backfilling rig actuation system.  

 

Slider plates 

          Linear bearings 

Linear shafts 

Draw wire transducer (DWT) 

Hydraulic piston 

Motion direction 

Plain strain trench model 
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Figure 5-5 Model 1:30 bespoke manufactured 2D backfilling rig actuation system; and high speed 
camera. 

 

 
Figure 5-6 Schematic of large tank, scale 1:7.5 (All dimensions in mm, sliders and actuation not shown 
for clarity) 

 

Slider plates Linear shafts 
Electric motor 
with spool 

LVDT 

High speed camera 
Trigger signal connection 

LED flash lights 

Sensors power supply 

Motor control 
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Figure 5-7 Schematic of small tank, scale 1:30 (All dimensions in mm, sliders and actuation not shown 
for clarity) 

In both the models, motion is provided to two plate sliders at the top of the tank to which the 

flat backfilling blades are attached (Figure 5-5a and b). The backfilling blades were 150mm 

height, 6mm thick, 850mm long and made out of steel for the 1:7.5 scale and 40 mm high, 

2.5mm thick, 435mm long and made out of aluminium for the 1:30 scale model. As the 1:30 

scale model blades were considered too flexible for their length a ‘C’ shape aluminium profile 

was bolted on the back (Figure 5-8) 

Each blade (at 1:30 scale) was made of aluminium and attached to four linear bearings that 

move on two parallel hardened steel shafts, an adaptation of a model first used at University 

of Dundee by Taylor (2011). The 1:30 scale backfill model blades were actuated by a rotary 

motor which winds a steel wire on a spool mounted on the axis of the motor itself. 

 

Figure 5-8 Backfilling blade at 1:30 model scale 

The wire was directly attached to the first slider which carries the first blade, and the linear 

motion was reversed for the second blade through a pulley mounted on the other side of the 

box (Bizzotto, et al., 2018). The motor was a Parvalux 200DCV with a maximum output of 

3000RPM, and a permanent gearbox that reduces the maximum RPM to 81 which provided 

Aluminium for 
the 1:30 scale 
blade 

‘C’ shape 
reinforcement 
profile 
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a maximum torque of 8Nm at the shaft. The velocity of the motor could be regulated through 

a DC speed controller (RS components DC motor reverse speed controller, 750W). The wire 

spool was originally 25mm in diameter, but then it was enlarged to 50mm diameter to 

increase the velocity of the pulled plate. The actuation was provided by a stranded 2mm 

steel wire. 

The 1:7.5 scale model motion was provided by a hydraulic piston with a 80mm bore and a 

maximum capacity of 69kN (the same used by Lauder (2010) to actuate pipeline ploughs at 

1:25 scale). As per the smaller model, the actuator pushes one of the sliders (Figure 5-9) 

and the other is connected by a wire that passes through a pulley to reverse the motion. The 

motion reverse system used two pulleys were with a capacity of 2 tonnes. The pulleys were 

two modified snatch blocks (Figure 5-9) and the wire was a 6mm stranded wire, which was 

connect to the sliders through eyebolts. The hydraulic piston was driven by a hydraulic pump 

connected to a 4/3 two solenoids proportional control valve (ARON XDP.3.C.01.N.6.F). This 

type of valve gives the ability to convey variable hydraulic flows and hence variable piston 

velocities, but it requires an electronic control to command the flow through the valves. The 

control was provided by an ARON REM.D.RA regulator, which gave the possibility through 

a potentiometer to regulate the oil flow that passes through the 4/3 valve and hence the 

velocity of the piston. The REM.D.RA regulator was connected to two limit switches at the 

centre of the tank (Figure 5-9). The limit switches were installed on the central beam of the 

rig that support the hardened steel shafts. These limit switches were used to stop the motion 

of the piston once the sliders reached the centre of the tank to avoid collision with the central 

supports of the shafts. Originally the limit switches controlled the 30 V D.C. power supply of 

the REM.D.RA regulator. To avoid peak surges on the limit switches a solid state relay opto-

electrical isolator (OPTO 22 DC60S5) was used to physically cut-off the power to the 

REM.D.RA regulator and the limit switches worked on a low voltage power supply of 5V 

D.C.  

As can be seen in Figure 5-5, both models include a front window, which allowed for the 

process to be recorded by high speed camera as seen in the foreground Figure 5-5b. The 

camera is described in detail later in section 5.2.1. The camera trigger was manufactured 

with a limit switch that needed to be physically pushed by one of the sliders (Figure 5-9), 

such that once the plates were set in motion the video recording commenced as well. The 

camera trigger limit switch worked on the same 5VDC power supply of the two central limit 

switches. The trigger limit switch was mounted on one of the shafts, and set to open circuit 

when pressed.  
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Figure 5-9 Actuation piston and reversing mechanism, 1:7.5backfilling rig. 

 

The trigger was pressed by the slider during preparation of every test and released 

automatically once the slider started to move toward the centre of the box. To provide the 

trigger signal to the camera, the trigger connection line of the camera was connected in a 

circuit with a pullup resistor and the limit switch. The limit switch closing the circuit, once the 

sliders were set in motion, setting the trigger signal to 0V D.C.. This provided a falling edge 

signal as a differential TTL standard to the camera and let the camera commence recording. 

The trench dimensions for the model at both scales are reported in Table 5-4 

 

Table 5-4 Trench model dimensions at different scales 

 
 

Large scale 

test 

Small scale 

test 

Scale  - 1:7.5 1:30 

Diameter (D) mm 63 16 

Pipe length mm 834 440 

Target trench depth (TTD) mm 158 40 

Depth of Lowering (DoL)  mm 95 24 

Spoil heap height mm 112 28 

Soil repose angle for geometry calculations  degree 30 30 

Water level from the bottom of the tank mm 725 182 

 

2xLimit switches DWT 

Pulley - 
snatch block 

Hydraulic piston 

Steel wire to reverse 
the sliders movement 

Slider 
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5.1.4 Water depth 

To avoid disturbance of the soil flow due to parasitic currents, caused by the proximity to the 

water surface, a minimum depth of water must be guaranteed. The minimum depth of water 

required on top of the trench model that does not affect the flow of the soil is calculated 

based on the results presented by Gonzalez-Juez, et al. (2009) for gravity currents. 

Assuming that the flow of soil does not exceed the initial height of the spoil heap a minimum 

height of water over the spoil heaps of at least 2 times the spoil heap height is required. In 

the test performed for this study the minimum height of water that was present on top of the 

trench model was 3 times the spoil heap height. The values of the water level are reported 

in Table 5-4. 

5.1.5 Velocities investigated 

The range of the blade velocity perpendicular to the direction of the trench was varied 

between the small and the large model. The velocities that could be achieved with the 

original spool of the small model motor (25mm diameter) were increased with the installation 

of a bigger spool (50mm diameter), hence a bigger conversion ratio from rotational to linear 

velocity. The conversion ratio from rpm to mm/s increased from 1:1.31 to 1:3.62.  

 

Figure 5-10 Velocities tested with the large and the small model, both at model and prototype scale. 
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The velocities used for the tests are reported in Figure 5-10 categorised by model type, at 

both model and prototype scale. Low velocities were not investigated with the small model 

setup as motor control at lower velocities could not be adequately achieved. The velocities 

reported on the y axis in Figure 5-10 are reported in m/hr as is the common practice for the 

offshore industry. 

The velocities investigated in this study can easily be converted to any plough geometry, 

depending on the angle of attack of the blades of the prototype plough. The conversion 

regards a simple trigonometric function: 

𝑣┴ = 𝑣|| ∙ 𝑐𝑜𝑠 𝛳 (5.11) 

Where: 

𝑣┴ = is the velocity perpendicular to the direction of the trench, [m/s]; 

𝑣|| = is the velocity of the backfilling mouldboard parallel to the direction of the trench, i.e. 

the velocity of the plough, [m/s]; 

𝛳 = is the plan angle of attack, defined in Figure 5-1. 

 

5.1.6 Backfilling test soil characterisation 

The soil used in the test is the Congleton HST95 sand. HST95 is a standard test sand used 

at the University of Dundee for geotechnical research purposes (Lauder, et al., 2012; 

Lauder, et al., 2013; Bertalot, et al., 2013; Al-Baghdadi, et al., 2015; Robinson, et al., 2017). 

It is a sand produced in Congleton, Chestshire at the Bent Farm Quarry, this guarantees a 

reliable standardized material as it is a specific fraction of the sand extracted there (Liang, 

2013). 

The relevant properties of HST95 are reported in Table 5-5 as characterised by Lauder 

(2010). 
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Table 5-5 HST95 sand properties from Lauder (2010) 

Property  

D10 (mm) 0.1 

D30 (mm) 0.12 

D60 (mm) 0.14 

Gs 2.63 

γd min (kN/m3) 14.59 

γd max (kN/m3) 17.58 

emax 0.769 

emin 0.467 

φcrit (º) 32 

Loose, k (m/s) 1.23×10-4 

Shape rounded 

 

5.1.7 Model preparation 

The model preparation was found to give a consistent model size and shape when the test 

trench was excavated underwater. To prepare the initial flat model bed the sand was stirred 

while the water level was already the one specified for the test (i.e. 3 times the spoil heap 

height). The stirring process was found to give a repeatable bed height observable from the 

front Perspex window. The same process was used by Lauder (2010) when performing the 

ploughing tests in saturated loose conditions. This preparation method gives significant 

advantages compared to wet or dry pluviation (Lauder 2010). Principally the ease and speed 

to prepare the test, compared to a dry pluviation that would have involved the process of 

digging out and drying all the sand between each of the tests. The amount of sand required 

to fill the large scale model tank was found to be of 450kg of HST95 with an approximate 

relative density of 26%.  

The trench formation method followed for this study was a four-step process: 

1. Sand stirring to form a uniform roughly flat bed; 

2. Trench formation at an approximate geometry. The trench needed to be some 

millimetres bigger than the nominal trench dimensions reported in Table 5-4. In this 

phase slightly more than the material required was dug out and deposited to form the 

spoil heaps. The trench was roughly formed, i.e. the slope surfaces that were not 
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necessarily smooth and that the dimensions were not the ones specified in Table 5-4. 

This was rectified in step 3. 

3. Extremely slow movement of the backfilling blades toward the centre of the trench, 

to push some of the soil back into the trench. This step produces two uniform and 

smooth trenches slopes and ensure that the centre of the trench is at the centre 

between the blades.  

4. Blade retraction to original position. 

The trench needed to be dug with a shovel for the large scale test, a couple of metal plates 

was used for the small-scale test. For both the models the tool used was pressed into the 

soil and pulled toward the spoil heaps. For the large scale model the shovel was pulled at 

alternate directions to partially form the right hand side spoil heap and then the left hand 

side spoil heap. The process was repeated until the enlarged trench was formed, before 

being rectified with the slow movement of the backfilling blades. For the small scale model, 

the two metal plates were inserted into the soil together and pulled toward the two spoil heap 

simultaneously with a diverging upward directed movement. The action was repeated until 

the enlarged trench was formed, then the slow movement of the backfilling blades created 

the smooth surface of the spoil heap and the trench. All the stirring and digging operations 

were performed while the water level was already at the specified test level. 

While the backfilling blades are retracted, specific attention must be paid to making sure that 

the camera trigger was depressed. This allows the trigger to be released while the blades 

are set in motion, hence the video recording starting at the same time as the start of the 

blade movement. After the geometry of the model was created, and the backfilling blades 

set in position, the pipe was carefully placed at the bottom of the trench. At this point the 

data acquisition was started. Subsequently the movement of the backfilling blades was 

started as well setting the velocity via the REM.D.RA regulator for the hydraulic piston (large 

scale) and via the DC motor controller for the small scale test. Once the blades reached the 

centre of the model the backfilling motion was stopped by the limit switches that cut of the 

power to the actuator. The same model preparation procedure was repeated for the tests 

with the pore pressure transducers, the only difference consists in place the pore pressure 

transducers array at the bottom of the trench rather than the instrumented pipe. The 

instrumentation of the tank is described in detail in section 5.2. 
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5.1.8 Model pipes 

The main aim of the study is to optimise pipe specific gravity (SG) to avoid uplift due to the 

backfilling action. For this reason, different pipe SGs were investigated, whilst constraining 

the investigation to a single pipe diameter for each scaled model. 

The length of the pipes were consistent with the width of the tanks (0.48 m and 1.05 m for 

the small and large one respectively) allowing the pipe to move upward freely. The length of 

the bigger pipe was 20mm shorter on both sides than the width of the tank, because the 

walls of the tank were slightly tapered, and additional width was taken away by the Perspex 

window, which is placed internally. 

Table 5-6 Pipe diameter and cover depth of soil over the pipe 

 Scale 
Pipe 

diameter (D) 

Target trench 

depth (TTD) 

Prototype 

diameter 

Model pipe 

length 

  mm Diameters (mm) mm mm 

Small scale test 1:30 16 2.5D (40) 480 440 

Large scale test 1.75 63 2.5D (158) 473 834 

The two uplift testing pipes were manufactured from an aluminium pipe with a wall thickness 

of 5mm (1:7.5 scale) and 1.5mm (1:30 scale). To provide a watertight closure, two end caps 

were made of epoxy resin for the small pipe (16mm) and out of PVC for the big pipe (63mm). 

The end caps were held in place with silicone sealant.  

Two accelerometers at each end of the pipes where encapsulated in the epoxy endcap 

(Figure 5-11a) for the small pipe. The accelerometers on the larger pipe were attached to 

the PVC endcaps and covered in silicone sealant as shown in (Figure 5-11b). 

The pipes where ballasted to achieve different pipe SG similarly to what was done in the 

previous part of the study, but in this case the ballast was maintained constant throughout 

the test. The ballast consisted of metal bars for the large scale models and copper electrical 

wires for the small scale model, these were added to the pipes in quantity enough to achieve 

the target weight for the SG under investigation. Only the final weight of the pipe was 

recorded and they are reported in Table 5-7. To avoid the ballast changing drastically the 

position of the centre of gravity of the pipe, the metal rods and copper wires were kept at 

the centre of the pipe by foam supports. 
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a) b) 

Figure 5-11 a) small pipe (D=16mm) close-up with accelerometer cap; b) Large scale pipe (D=63mm) 
and accelerometer on pipe cap. 

 

Table 5-7 List of pipe weight tested at 1:7.5 and 1:30 scale models 

Model 
name 

Scale 
D 

(m) 
Weight 

(kg) 
SG 

Large 1:7.5 0.063 4.666 1.79 

Large 1:7.5 0.063 4.323 1.66 

Large 1:7.5 0.063 3.395 1.31 

Large 1:7.5 0.063 3.160 1.22 

Large 1:7.5 0.063 2.719 1.05 

Small 1:30 0.016 0.161 1.82 

Small 1:30 0.016 0.150 1.70 

Small 1:30 0.016 0.133 1.51 

Small 1:30 0.016 0.133 1.51 

Small 1:30 0.016 0.133 1.50 

Small 1:30 0.016 0.119 1.34 

Small 1:30 0.016 0.118 1.33 

  

Accelerometer embedded 
in the pipe cap 

Pipe 

Accelerometer attached to the pipe cap 
and embedded in silicone 

Pipe 
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5.2 Model instrumentation 

The two model tanks were instrumented to measure the displacement of the blades with a 

150mm linear variable displacement transducer (LVDT) manufactured by ‘RDP LDC Series’ 

and a 5m draw-wire transducer WS17KT-5000 from ‘ASM Sensors’, for the small and large 

models respectively. 

The data acquisition was performed with a national instrument DAQ USB 6211 with an 

acquisition rate of 20kHz at 16bit per channel. To the DAQ was connected the DWT or the 

LVDT depending on the scale of the model, the limit switch used as a trigger to be able to 

synchronise the video acquisition and the data acquisition, and the two accelerometer’s for 

each pipe.  

The free movements of the pipes were monitored via two two-axes MEMs accelerometers 

(Micro Electro-Mechanical Systems) placed at both ends of each pipe. The axes of the 

accelerometers were oriented to capture the acceleration on the 2D plane investigated in 

these sets of tests. Figure 5-12 shows the orientations of the axis of the two accelerometers 

on a representative cylinder. The two accelerometers are two Analog Digital devices 

ADXL203CE as presented in Bizzotto, et al. (2018) . This kind of sensors uses the 

mechanical response of a two degree of freedom lumped-mass system. The movement of 

the mass changes the distance between the plates of variable capacitors (fingers in Figure 

5-13). The change in distance between the plates determines a change in capacity which 

can be correlated with an acceleration. The ADXL203CE has a ±1.7g range of accelerations 

on both axes. The two accelerometers’ axes are not perfectly aligned each time that the end 

caps are placed on the pipe. The difference in axes alignment can be expressed with the 

out of phase angle β (Figure 5-12). The pipe β angle and the accelerometers must be 

calibrated every time that the end caps are removed from the pipe and then re-attached. To 

perform the calibration, the pipe was rolled around its longitudinal axis (Figure 5-11b) in a 

smooth and slow pure rotational motion, in this way only the gravitational acceleration is 

measured, and its decomposition on the accelerometer axes gives the angle to the 

horizontal α1st and α2nd (Figure 5-12). From the difference of α1st and α2nd one can calculate 

β. In Figure 5-14a and b the accelerations during calibration are shown against time and 

against the back-calculated angle.  
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Figure 5-12 Accelerometers axis representation. 1st represent the axis of the accelerometer near the 
front Perspex window and the 2nd is the accelerometer near the back wall. β is the out of phase angle 

between the two x axes of the front and back accelerometers. As in Bizzotto, et al. (2018). 

 

 

Figure 5-13 Internal configuration of a MEMS accelerometer ADXL203CE, electronic and mechanical 
configuration, from Analog Devices (2006), as in Bizzotto, et al. (2018). 

2nd 
2nd 

2nd 

1st 

1st 

1st 
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a) b) 

Figure 5-14 a) Accelerations measured during calibration by the front (1st) and the back (2nd) 
accelerometers. B) Accelerations from the 1st accelerometer plotted against the back-calculated angle 
on the 1st accelerometer. As in Bizzotto, et al. (2018). 

 

Once the out of phase angle is calibrated for each particular configuration of the relative 

position between the pipe and the caps, then the test data are analysed to infer the vertical 

accelerations of the pipe. To achieve this, the measured accelerations need to be analysed 

a step further, which is introduced later in the ‘data analysis’ section.  

5.2.1 High speed camera 

Both models had a front window that was required for visual analysis of the model while the 

underwater construction phase was ongoing (image capture). The front Perspex window 

was used during the tests to record the flow of the soil utilising a high-speed Phantom MIRO 

R310 camera.  

The camera can record video at a frame rate up to 3200fps and at a resolution up to 

1280x800 pixels (1Mpx). Depending on the frame rate and the resolution selected, the 

duration of the video that can be recorded varies. The high-speed video is recorded in the 

volatile buffer memory of the camera that has a limited size. For this reason, for the tests 

performed in this study, the acquisition rate was set between 350fps and 700fps depending 

on the blade velocity. The choice of the frame rate acquisition was made in order to 

maximise the available space for the video being recorded.  

Once the video recording ended, the image sequence could be saved in the embedded 

permanent memory of the camera or through an Ethernet TCP/IP connection to a personal 

computer provided with the Phantom dedicated software. Various file formats are available 
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for the image recordings, here a 12-bit TIFF file that allows for a lossless image storage was 

adopted.  

The camera trigger, as already mentioned, is provided via a limit switch, connected to a pull 

up resistor that is released once the blades are set in motion, this provides a falling edge 

signal as a differential TTL standard to the camera. The camera trigger is recorded along 

with the other signals, in this way the image sequence can be synchronized with the data 

acquisition during the analysis of the data.  

Two set of lenses are used depending on the scale of the model, a Zeiss 25mm ZF.2 

DISTAGON T* for the 1:7.5 tests and a Zeiss 200mm ZF.2 MAKRO Planar for the 1:30 tests. 

For the large test model it is only possible to take a video of one slope of the trench, for the 

small scale test the whole trench was recorded.  

 

5.2.2 Pore pressure transducers - Honeywell 24PCAFA6G 

The last series of sensors needed for the tests introduced in this chapters are the pore 

pressure transducers, which were required to be fixed at the bottom of the trench. The 

sensors were manufactured around the same initial sensor used for the flotation in fine 

grained soils, the Honeywell’s 24PCAFA6G. The enclosure manufacturing methodology 

was the same as outlined in the previous chapter. This consisted in a layer of epoxy around 

the electrical contacts and an addition waterproofing layer of Plastidip material (Figure 

5-15a) to seal against moisture ingress. Protection of the sensors from soil particles was 

provided by a 43m steel mesh placed at the end of the sensor nozzle.  

The saturation methodology of the sensors, was also the same: a syringe was used to gently 

inject de-aired deionised water into the nozzle of the sensor. The main differences for this 

test set-up are the number of sensors employed and their support structure. Each sensor 

was supported by a threaded bar which allowed for easy height adjustment if needed. The 

threaded bars were screwed in place onto a horizontal aluminium bar that worked as a 

support and maintained the 100mm distance between the sensors while the test was 

ongoing. The aluminium bar was kept in place during the test with two anchoring devices at 

each end of the bar. The anchors were embedded in the undisturbed slope (Figure 5-15b). 

The pressure sensors were placed at 3 different levels in the trench, at 30mm, 45mm and 

65mm from the bottom of the trench. In this way at the end of the backfilling procedure they 

will be in a shallow mid and deep position in the backfilled trench. 
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The setup of the test is shown in Figure 5-15, where it can be seen that the three transducers 

are attached to the support beam. The beam is fixed at the bottom of the trench with two 

anchoring devices, one at each end of the beam.  

 

 

 

a) b) 

Figure 5-15 a) single pore pressure transducer casing placed on a treaded bar connected to the 
horizontal aluminium support bar; b) three pore pressure transducer placed in the trench and anchored 
at the bottom (anchors not visible). 

 

 

5.2.3 Data analysis 

Both the accelerations and the video recordings need to be analysed. The accelerations 

require special treatment since the pipe is free to move vertically and horizontally, and it can 

rotate as well. If the rotation of the pipe is not considered and assuming the angle 1st 

remain steady the acceleration analysed may be biased, i.e. accounting for an increase in 

vertical acceleration when the pipe has just rotated. In this case the x axis of the 1st 

accelerometer (front) (Figure 5-12) would start to measure a proportion of the real horizontal 

acceleration as well as a decreased horizontal acceleration, but this is not a linear process 

and it would not auto-compensate. For this reason, it was chosen to have 2 accelerometers, 

one on each side of the pipe. Accounting for the rotation of the two reference systems of the 

accelerometers (equation (5.12)) and resolving the system, after the data have been filtered 

with a moving average filter provided in Matlab (MathWorksInk, 2015), allow calculation of 
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the angle 𝛼1𝑠𝑡and 𝛼2𝑛𝑑 during the test, when the pipe may be subjected to translational and 

rotational rigid body motion. 

{

𝑎𝑥𝑝  = (+ 𝑎𝑥1𝑠𝑡  ∙ cos 𝛼1𝑠𝑡 − 𝑎𝑦1𝑠𝑡  ∙  sen 𝛼1𝑠𝑡)         

𝑎𝑥𝑝   = (−𝑎𝑥2𝑛𝑑 ∙ cos 𝛼2𝑛𝑑 + 𝑎𝑦2𝑛𝑑  ∙ sen 𝛼2𝑛𝑑)        

𝛼2𝑛𝑑 = 𝛼1𝑠𝑡 + 𝛽                                                                   

 
(5.12) 

No offset was applied to the measurement at the beginning of the data acquisition to 

compensate for gravity, as the pipe may rotate. In fact, the gravitational acceleration was 

later deducted from the computed acceleration (equation (5.12)). 

Velocities and displacements are then calculated with two successive filtering and 

integration steps. The data obtained in this way can be used to infer the maximum 

displacement of a free-to-move plain strain pipe at the end of the test. 

The images recorded during the tests must be analysed as well, this can be done with the 

aid of a particle image velocimetry software, the one chosen is PivLab (Thielicke and 

Stamhuis, 2014) provided as an add-on to MATLAB software. The soil particles act naturally 

as flow tracers and the images can be analysed directly as shown in Figure 11. The results 

of the PIV analysis can be used to infer the velocity of the soil impacting on the model pipe 

and the results of the tests can be compared between the two geometric scaling ratios and 

at the different backfilling velocities.  

 

5.2.3.1 Particle image velocimetry (PIV) analysis accuracy 

In this section the accuracy of the particle image velocimetry software, PivLab (Thielicke 

and Stamhuis, 2014) is briefly discussed. In Figure 5-16 two frames of test 89 are shown, 

conducted in the small tank, at an average mouldboard velocity of 0.595 m/s. In Figure 5-16a 

and b the velocity vectors computed with PivLab overlapped. Of all the velocities the one 

highlighted by the two blue lines in Figure 5-16a and b, are reported in Figure 5-17. The 

velocities highlighted by the blue line are taken as representative of the velocity of the right-

side mouldboard at two different time steps of the test. The mouldboard, as previously 

described, is rigidly connected to the sliding plate which moves on the linear shafts. The 

LVDT is connected to the sliding plate and the displacement measured and the derived 

velocity are reported in Figure 5-18. The vertical lines in Figure 5-18 show the time at which 

the two frames were captured. 
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a) b) 

Figure 5-16 PIV analysis, for comparison with LVDT measurements, vector are velocities- test 89 a) 
frame 556; b) frame 708 

 

 

Figure 5-17 Velocity profile test 89 frame 556 and frame 708 
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Figure 5-18 Velocity profile test89 LVDT measurement of the blades and velocity derived from the 
measurement.  

 

The positioning of the camera frames 556 and 708 into Figure 5-18 has been made possible 

by the high-speed camera triggering switch that was fired once the sliders were set in 

motion. 

Table 5-8 shows the average velocity of the mouldboard from PIV and the velocity derived 

from the slider’s LVDT. The velocity extracted from the PIV analysis seems to be in good 

agreement with the more reliable direct LVDT measurement. 

Table 5-8 values of blade velocity from Figure 5-18 at the time of frame 556 and 708 

frame 

 

(no) 

time  

 

(s) 

vblade 

from PIV 

(m/s) 

vslider  

from LVDT 

(m/s) 

556 1.85 0. 05573 0.06105 

708 2.36 0. 06138 0.06039 
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5.3 Physical modelling testing programme 

The test investigation programme is reported in Table 5-9 and Table 5-10 for the backfilling 

free-to-move pipe and the pore pressure transducers (ppts) tests respectively. Table 5-9 

and Table 5-10 show the backfilling orthogonal velocity at which the model blades move and 

the respective Froude number and the model scale. 

The tests schedule was made with an attempt to investigate as many velocities as possible 

with a pipe of a given specific gravity (SG). The specific gravity was then changed, and the 

velocity range was repeated again. A comprehensive range of specific gravities has been 

investigated. 

 

Table 5-9 investigation test programme pipe backfilling tests at scale 1:30 and scale 1:7.5 

Test 
number 

Scale 
Product 

Diameter 

Backfilling 
orthogonal 

velocity. 

Backfilling 
orthogonal 

velocity. 

Backfilling 
Froude 
number 

Product 
Specific 
gravity 

   Model Prototype   

(-) (-) (D) (𝑣┴) (𝑣┴) (Fr) (SG) 

[#]  [m] [m/s] [m/h] [-] [-] 

1 1:7.5 0.063 0.0241 237 0.031 1.05 

2 1:7.5 0.063 0.0531 524 0.068 1.05 

3 1:7.5 0.063 0.0946 933 0.120 1.05 

4 1:7.5 0.063 0.0951 938 0.121 1.05 

5 1:7.5 0.063 0.0954 941 0.121 1.05 

6 1:7.5 0.063 0.0124 122 0.016 1.05 

7 1:7.5 0.063 0.0961 947 0.122 1.05 

8 1:7.5 0.063 0.0961 948 0.122 1.05 

9 1:7.5 0.063 0.0126 124 0.016 1.22 

10 1:7.5 0.063 0.0244 241 0.031 1.22 

11 1:7.5 0.063 0.0374 369 0.048 1.22 

12 1:7.5 0.063 0.0522 515 0.066 1.22 

13 1:7.5 0.063 0.0960 947 0.122 1.22 

14 1:7.5 0.063 0.0942 929 0.120 1.22 

15 1:7.5 0.063 0.0960 947 0.122 1.22 

16 1:7.5 0.063 0.0957 943 0.122 1.22 

17 1:7.5 0.063 0.0958 945 0.122 1.22 

18 1:7.5 0.063 0.0962 949 0.122 1.22 

19 1:7.5 0.063 0.0122 120 0.016 1.66 

20 1:7.5 0.063 0.0175 173 0.022 1.66 

21 1:7.5 0.063 0.0266 262 0.034 1.66 

22 1:7.5 0.063 0.0357 352 0.045 1.66 

23 1:7.5 0.063 0.0402 397 0.051 1.66 

24 1:7.5 0.063 0.0451 445 0.057 1.66 
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Test 
number 

Scale 
Product 

Diameter 

Backfilling 
orthogonal 

velocity. 

Backfilling 
orthogonal 

velocity. 

Backfilling 
Froude 
number 

Product 
Specific 
gravity 

   Model Prototype   

(-) (-) (D) (𝑣┴) (𝑣┴) (Fr) (SG) 

[#]  [m] [m/s] [m/h] [-] [-] 

25 1:7.5 0.063 0.0608 600 0.077 1.66 

26 1:7.5 0.063 0.0665 655 0.085 1.66 

27 1:7.5 0.063 0.0792 780 0.101 1.66 

28 1:7.5 0.063 0.0828 816 0.105 1.79 

29 1:7.5 0.063 0.0124 122 0.016 1.79 

30 1:7.5 0.063 0.0166 163 0.021 1.79 

31 1:7.5 0.063 0.0247 244 0.031 1.79 

32 1:7.5 0.063 0.0388 382 0.049 1.79 

33 1:7.5 0.063 0.0519 512 0.066 1.79 

34 1:7.5 0.063 0.0640 631 0.081 1.79 

35 1:7.5 0.063 0.0776 765 0.099 1.79 

36 1:7.5 0.063 0.0753 742 0.096 1.79 

37 1:7.5 0.063 0.0039 39 0.005 1.79 

38 1:7.5 0.063 0.0958 945 0.122 1.79 

39 1:7.5 0.063 0.0081 80 0.010 1.31 

40 1:7.5 0.063 0.0174 172 0.022 1.31 

41 1:7.5 0.063 0.0244 241 0.031 1.31 

42 1:7.5 0.063 0.0410 404 0.052 1.31 

43 1:7.5 0.063 0.0958 945 0.122 1.31 

44 1:7.5 0.063 0.0680 671 0.087 1.31 

45 1:7.5 0.063 0.0527 519 0.067 1.31 

46 1:30 0.016 0.1929 3803 0.487 1.51 

47 1:30 0.016 0.1611 3176 0.407 1.51 

48 1:30 0.016 0.1354 2670 0.342 1.51 

49 1:30 0.016 0.0532 1049 0.134 1.51 

50 1:30 0.016 0.0156 307 0.039 1.51 

51 1:30 0.016 0.0015 29 0.004 1.51 

52 1:30 0.016 0.1902 3751 0.480 1.82 

53 1:30 0.016 0.1543 3043 0.390 1.82 

54 1:30 0.016 0.1108 2184 0.280 1.82 

55 1:30 0.016 0.0940 1854 0.237 1.82 

56 1:30 0.016 0.0487 960 0.123 1.82 

57 1:30 0.016 0.0068 134 0.017 1.82 

58 1:30 0.016 0.0292 577 0.074 1.82 

59 1:30 0.016 0.1510 2977 0.381 1.33 

60 1:30 0.016 0.0653 1287 0.165 1.33 

61 1:30 0.016 0.1224 2413 0.309 1.33 

62 1:30 0.016 0.1360 2682 0.343 1.70 

63 1:30 0.016 0.0695 1370 0.175 1.70 

64 1:30 0.016 0.1119 2206 0.282 1.70 

65 1:30 0.016 0.1063 2097 0.268 1.70 
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Test 
number 

Scale 
Product 

Diameter 

Backfilling 
orthogonal 

velocity. 

Backfilling 
orthogonal 

velocity. 

Backfilling 
Froude 
number 

Product 
Specific 
gravity 

   Model Prototype   

(-) (-) (D) (𝑣┴) (𝑣┴) (Fr) (SG) 

[#]  [m] [m/s] [m/h] [-] [-] 

66 1:30 0.016 0.0317 625 0.080 1.70 

67 1:30 0.016 0.0101 198 0.025 1.70 

68 1:30 0.016 0.0360 710 0.091 1.70 

70 1:30 0.016 0.0969 1911 0.245 1.51 

71 1:30 0.016 0.0998 1968 0.252 1.51 

72 1:30 0.016 0.0874 1724 0.221 1.51 

73 1:30 0.016 0.0584 1153 0.148 1.51 

74 1:30 0.016 0.0584 1151 0.147 1.51 

75 1:30 0.016 0.0209 412 0.053 1.51 

76 1:30 0.016 0.0226 446 0.057 1.51 

77 1:30 0.016 0.1217 2399 0.307 1.33 

78 1:30 0.016 0.1151 2270 0.291 1.33 

79 1:30 0.016 0.0883 1741 0.223 1.33 

80 1:30 0.016 0.0886 1747 0.224 1.33 

81 1:30 0.016 0.0595 1173 0.150 1.33 

82 1:30 0.016 0.0576 1135 0.145 1.33 

83 1:30 0.016 0.0224 442 0.057 1.33 

84 1:30 0.016 0.0219 431 0.055 1.33 

85 1:30 0.016 0.1267 2498 0.320 1.33 

86 1:30 0.016 0.1140 2248 0.288 1.33 

  

 

Table 5-10 investigation test programme backfilling tests with ppts at scale 1:7.5 

Test 
number 

Scale 
Backfilling 
orthogonal 

velocity. 

Backfilling 
orthogonal 

velocity. 

Backfilling 
Froude 
number 

(-)  Model Prototype (Fr) 

  (𝑣┴) (𝑣┴)  

[#] [-] [m/s] [m/h] [-] 

1 1:7.5 0.0118 116 0.015 

2 1:7.5 0.0967 953 0.123 

3 1:7.5 0.0475 468 0.060 

4 1:7.5 0.0238 235 0.030 

5 1:7.5 0.0408 402 0.051 

6 1:7.5 0.0542 534 0.068 

7 1:7.5 0.0958 944 0.121 

8 1:7.5 0.0861 849 0.109 
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5.4 Euler beam on springs 

To apply the results of the physical and numerical plain strain forces in the longitudinal 

direction of the pipeline/cable being backfilled, a 2D Euler-Bernoulli beam on springs 

(Ferreira, 2009) is set up as an example for the application of the results of this study.The 

general equation of the Euler-Bernoulli beam is given in (5.13) 

𝑑2𝑦

𝑑𝑥2
= −

𝑀(𝑥)

𝐸𝐼
 (5.13) 

Where:  

𝑀(𝑥)= is the bending moment in the beam section, [Nm]; 

𝐸𝐼= is the bending stiffness of the beam [Nm2], product of the young modulus 𝐸 [Pa] and the 

inertia moment 𝐼 [m4]; 

𝑦= is the movement on perpendicular to the axis movement of the beam, [m]; 

𝑥= is the distance along the axis of the beam, [m]; 

𝑑2𝑦

𝑑𝑥2
= is the equal to the curvature or the inverse of the bending radius = 

1

𝜌
, [m-1]. 

Using the Euler-Bernoulli beam allows the introduction of the pipe or cable mechanical 

properties to evaluate their influence on the product's tendency to move upward while being 

backfilled over a long length. This is designed to more realistically model the backfilling 

process and allow inclusion of the product longitudinal stiffness properties (literature review 

section 2.2.6).  

The forces and actions quantified with the physical model and computed with the numerical 

model, are used in a transient 1D analysis of the pipe subjected to a moving load that 

simulate the backfilling actions. The simulations are designed to be carried out with a finite 

element code (FEM) implemented as MATLAB subroutines. The code was written using as 

a base the implementation proposed by Ferreira (2009).  

The structure that is the object of the simulations is the pipe/cable that is represented as an 

Eulerian beam on a bed of nonlinear springs (Figure 5-19). The springs work in compression 

at a stiffness that is equal to a module of subgrade reaction (k) and in tension at a reduced 

stiffness set at an arbitrary low value of 10-25 (N/m), to simulate a free to movement of the 

pipe in the upward direction. The plough can move in the direction of the pipe at a constant 

velocity. The action of the backfilling plough is simulated using at each time step a static 

vertical upward distributed force at the location of the plough. The force moves forward 
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horizontally for one plough length, at each time step, as depicted in Figure 5-19. Here the 

length over which the upward force is applied due to the backfilling soil is idealised to be the 

same as the length of the plough. 

To simulate the plough a finite number of mesh element is used, i.e. the upward load is 

applied by a finite number of elements. To simulate the soil infilling under the pipe, a 

permanent deformation is introduced in the shape of the beam mesh for the next time step. 

The criterion to determine the deformed shape is to identify each location where the beam 

element has moved upwards (higher) than the initial pipe’s position, then for these locations 

the coordinates are updated to the new values. This deformed shape is used as the initial 

geometry for the next step simulation. 

The boundary conditions for the models are essentially of two types, a fixed end at the 

bottom of each spring and a symmetry condition at the right and left end of the pipe. This 

second type of boundary conditions is implemented assuming that the load is symmetrical, 

hence it sets the bending moment and the horizontal reactions to zero. The vertical action 

at the boundary node is set to be incremented of an additional 
𝑞𝑙

2
, where 𝑞 is the weight per 

unit length of the pipe and 𝑙 the length of one of discretisation element. 

Due to the presence of the symmetrical boundary conditions the initial position of the plough 

cannot be set at the first element, otherwise the symmetry condition would double the length 

of the plough. Hence the initial position has been set at a 5 times the length of the plough 

along the pipeline to avoid the boundary interference. 

The influence of the stiffness of the pipe and of the velocity of the plough will be shown in 

the next chapter as results of the simulation carried out with this implementation of the 

problem and of the results of the investigation conducted. 

 

Figure 5-19 Schematic representation of the FEM 1D Euler beam model on springs. 
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6 Results - investigation of uplift due to backfill 
ploughing 

This chapter will present and discuss the results of the investigations conducted on the 

backfilling plough operations in granular soils and the effects that these operations have on 

the backfilled pipeline/cable in terms of forces and final vertical position, i.e. the embedment 

achieved for the pipe/cable. Firstly, the physical modelling results will be introduced. These 

comprise the characterisation of the different backfilling mechanism due to soil flow 

phenomenon at different increasing backfilling velocity, and the quantification of the forces 

acting on the pipe. The forces acting on the test pipe have been quantified by means of the 

acceleration measured during the tests. Subsequently the analysis of the forces will lead to 

a methodology for the evaluation of the backfilling force at different backfilling velocities. In 

addition, the measurements conducted in the series of tests performed with the fixed-

position pore pressure transducers in place of the “free-to-move” pipe will be used to help 

understand the difference in backfilling mechanism. This will lead to a tool to correctly 

evaluate the duration of the effects behind the backfilling plough.  

To summarise the results of the investigation and to provide an example of the application 

as a design tool, both the model results and the pore pressure results are fed into a simple 

numerical model of the pipe/cable. Transient analyses are then performed using the 

backfilling actions previously described (section 5.1.2) to highlight the parameters that 

influence the outcome of the backfilling operations.  
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6.1 Backfilling mechanism description 

As anticipated in the methodology chapter (section 5.1.1), the faster the backfilling velocity 

the higher the magnitude of the horizontal inertia forces, especially in comparison with the 

vertical gravitational accelerations. In fact, one of the assumptions of this study was the 

dependence of the backfilling mechanism on the orthogonal velocity (𝑣┴). The dependency 

was previously described by Cathie, et al. (1996) and Cathie, et al. (1998), were they found 

that at higher velocities the characteristics of the flow were changing and the longitudinal 

flow was overtopping the lateral flow that was coming down the trench. This phenomenon 

was found to reduce the occurrence of pipeline uplift. A hypothetical representation of the 

change in backfilling mechanism has been depicted schematically in section 5.1.1. In these 

previous studies, although the dependency of the mechanism on the velocity was identified, 

it was not quantified. The scope of the following sections is to provide the characterisation 

of the backfilling mechanism, and quantify its velocity dependency, the forces acting on the 

pipe and to prove the scalability of the backfilling process. 

 

6.1.1 Backfilling mechanism morphology at varying orthogonal velocities 

Firstly a visual identification of the backfilling mechanism dependence on the backfilling 

velocity at different scales will be provided. The identification is done based upon analysis 

of the video images recorded during the tests. 

Figure 6-3 to Figure 6-7 present a series of 5 tests carried out either with the small or the 

large model tank setups. Figure 6-3 to Figure 6-7 report only the right half of the trench for 

comparison, as in the video recorded during the test with the large testing rig, only half of 

the model was in the viewing area of the camera. Superimposed on the images are the 

velocity vectors for reference, obtained with the particle image velocimetry analysis of the 

series of images. The velocity vectors are at different scales for each set of images and they 

are present for the purpose of identifying the different areas of the flow. 

To analyse the data and compare the two model scales, the Froude number provides a non-

dimensional approach, with the characteristic length set to the diameter of the pipe tested 

(D) and the velocity set to the orthogonal velocity (𝑣┴). The diameter (D) was chosen as a 

characteristic length for the Froude number as both the height of the trench and the spoil 

heap are generally proportional to the diameter. Additionally, the Froude number calculated 

as in equation (6.1) can be used to quantify the influence of the force exerted by the 
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backfilling flow on the pipe via a drag coefficient -Froude number relationship (literature 

review section 2.2.5). In this way, equation (5.3) becomes (as per Chehata, et al.(2003)): 

𝐹𝑟 =
𝑣┴

√𝑔 𝐷
= 

𝑖𝑛𝑒𝑟𝑡𝑖𝑎 𝑓𝑜𝑟𝑐𝑒𝑠

𝑔𝑟𝑎𝑣𝑖𝑡𝑦𝑓𝑜𝑟𝑐𝑒𝑠
  (6.1) 

Analysing the figures reported below one can identify three types of changing soil zones 

(Figure 6-1) that in some form are reproduced throughout the velocity range tested: 

• Static area: an area of soil, initially identified by the original soil bed and the trench 

formed at 30°. This zone occupies the entire trench by the end of the backfilling 

process. It can be seen to be increasing in area at the bottom of the images from 

Figure 6-3 to Figure 6-7 (red lines); 

• Sliding zone: a layer of soil moving at higher velocity. This zone is either displaced 

by gravity, at low backfilling velocities, or by the blade movement, at higher velocities. 

It can be identified at the top of the images and it was highlighted from Figure 6-3 to 

Figure 6-7 (blue lines); 

• Transition layer: it is a layer of soil moving at slower velocity, between the two zones 

previously identified.  

 
Figure 6-1 Soil zones identified (test11 – model velocity= 0.0374m/s– Fr=0.0476 – scale 1:7.5 – fps 300) 

The mechanism description provided by Cathie, et al. (1998) and Taylor (2011) and reported 

in the literature review do not analyse the soil movement in such detail and mainly focus 

only on the Sliding zone which is easier to identify. The movement of the sliding zone was 

characterised by Taylor as either ‘soil flow’ or ‘hydraulic fill’ depending on the velocity. This 

was related to the description of the 3D experiments of Cathie (1998). Once the backfilling 

velocity increases over a threshold, the soil mass moves altogether toward the centre of the 

trench in 2D (Taylor 2011) creating the ‘hydraulic fill’ and it will start to envelope the lateral 
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area 

Sliding zone   
  
  

Transition layer 
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trench 
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flow forming the longitudinal or gravity flow at higher velocities as described by Cathie 

(1998).  

The different soil zones in these tests can be more easily identified by the distribution of the 

velocity vectors. The first test reported is test number 9 in the image sequence reported in 

Figure 6-3. The test was conducted at the slowest velocity achievable with the hydraulic 

actuator moving the large tank’s blades. Once the backfilling blade movement starts the soil 

of the spoil heap accumulates at the top of the trench until the gravitational forces start to 

accelerate the soil vertically down the slope.  

The first static area of soil expands while the test proceeds, and eventually will be the only 

one remaining. This area expands maintaining roughly the same slope of the initial trench 

as can be seen from the series of overlapping shapes in Figure 6-2. Figure 6-2 shows the 

increased static zone at each frame shown in the subsequent Figure 6-. As soon as the soil 

of the transition zone exceeds the residual friction angle of 31° the soil starts to slide at 

higher velocity, due to the gravitational acceleration. 

 

Figure 6-2 Static area evolution from images in subsequent Figure 6- (test11 - 0.0374m/s fps 300 – 
Fr=0.0476). 

 

The sliding zone maintains a uniform velocity throughout its thickness, and this is how the 

sliding zone is identified. The front of the sliding zone (blue line) at first has a steep slope 

(63°), which is greater than the angle of repose of the soil (30°). It was shown by Checcato, 

et al. (2017) that the higher the angle of attack the higher the peak force. This is discussed 

in section 6.2 together with the pore pressure results. In Figure 6-3b, this steep front appears 

after an elapsed time of 16 seconds from Figure 6-3a. The slide progresses further with the 

same configuration in Figure 6-3c, d and e. Between the static zone (red) and the sliding 

zone (blue) the transition can be identified, where the velocity of the particles is not zero, 

but it is lower than the uniform velocity of the slide. The top portion of the slide moves at a 

faster rate down the trench, in fact it can be seen in Figure 6-3e that some soil has already 
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accumulated at the bottom of the trench although the main body of the sliding zone is still 

far behind. At low backfilling velocities it is this overtopping mechanism that eventually 

impacts on the pipe and fills the trench. The estimated angle of impact was detected by 

analysing the video footages and by measuring the slope of the soil that initiated the 

movement to the pipe. If the pipe and/or any movement were impossible to detect, the slope 

of the soil reaching first the centre of the trench was recorded as the estimated angle of 

impact. The estimated angle of impact in Figure 6-3 is marked. 

In these conditions of low backfilling velocity, the pipeline/cable is subjected to a sustained 

load which was observed to allow the pipe to move upwards if the pipe is light enough. The 

slide is seen to maintain its shape for a relatively long period of time, the shape then 

eventually will change due to the excess of soil overtopping and impacting on the pipe and 

feeding the soil deposited in the trench. It is not possible to clearly see the pipe in Figure 6-3 

as the camera was centred on the spoil heap and the pipe moved from its central position 

during the test. The pipes cannot generally be identified in the video in their final position as 

the pipe was short enough to not come in contact with the Perspex windows, hence some 

soil filled the gap between the pipe and the window. 

From low to high backfilling velocity (from Figure 6- to Figure 6-6) the soil flow pattern 

changes substantially from the one just identified for the slowest velocity investigated (Figure 

6-3). 
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a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

  

Figure 6-3 Test 9, Scale 1:7.5 conducted at Fr=0.016, prototype 𝑣┴ = 124𝑚/𝑠, with a pipe of SG=1.22. 
The original trench shape is shown for comparison. Angle at the front of the slide are marked on the 
figure. Estimated impact angles are marked in white. 

In figures from Figure 6- to Figure 6-6 still three zones of soil can be identified, although the 

transition zone cannot always be located. In Figure 6-, that represents a test conducted at 

low velocity, the transition zone is only identifiable in two frames, i.e. Figure 6-a and b. The 

steep front of the flowing zone appears for a longer period compared to the length of the 

process, as the inertia forces are growing and the gravitational force remains constant. In 

Figure 6-c to f it can be seen that the pipeline has moved upwards and is supported in 

horizontal level of soil. The level of the soil from the pipe invert can be measured this case 

from the final frame of the test, Figure 6-g, where the soil movement has ended. The soil 

surface from invert level of the pipe then can be placed at 11mm±0.1mm (17.5% of the 

diameter).  
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g) 

 

Figure 6-4 Test11, Scale 1:7.5 conducted at Fr=0.0476, prototype 𝑣┴ = 369𝑚/𝑠, with a pipe of SG=1.05. 
The original trench shape is shown for comparison. Angle at the front of the slide are marked on the 
pictures. In figure ‘a’ the estimated initial impact angle is highlighted in white. 

 

The two subsequent frames Figure 6-e and f, the soil underneath the pipe can be considered 

fluidised as it uplifting the pipe by buoyancy. This fluid situation is inferred based upon the 

presence of slow velocity upward vectors underneath the pipe, and the soil level increasing 

but maintaining an almost horizontal soil surface. During this stage of the process, the 

remaining part of the soil being pushed by the mouldboard is directly feeding the fluidised 
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soil without significantly impacting on the pipe level. The floating pipe has an SG of 1.05 and 

therefore is quite likely to float. 

The transient fluidisation of the soil directly underneath the pipe, as seen in Figure 6-c and 

f, was identified via the videos recorded during tests at backfilling velocities with Froude 

number in the range from Fr=0.031 to Fr=0.1 (at both scales).  

As soon the velocity of the backfilling process exceeds Fr=0.1 the, constantly increasing 

horizontal level of the soil in the trench is not observed anymore, as the remaining part of 

the soil is discharged quickly on top of the pipe for the soil mass to rearrange into a final 

horizontal manner as is shown in Figure 6-5 e and f. Figure 6-5 shows a test at Fr=0.12 

hence at medium velocity. The flow in Figure 6-5 is pointing down the slope of the trench in 

early frames (Figure 6-5a, b, c and d) then it is again horizontal when it almost reaches the 

bottom (Figure 6-5 e and f). At Fr=0.1 the transition from ‘flowing and fluidising’ to ‘impacting 

flow’ occurs for the backfilling mechanism. With velocities that lead to Fr>0.1 there is also 

an increase in the angle of attack of the sliding zone. For Fr>0.1 the angle of attack exceeds 

60 degrees as comparing Figure 6- and Figure 6-5. 

The test reported in Figure 6-5 (Fr=0.12, 1:7.5 model velocity v=0.096m/s) identifies the 

important change in behaviour or backfilling mechanism where the sliding zone stops 

feeding into the fluidised area at the centre of the trench (‘fluidising’ behaviour), and it starts 

to collapse onto the centre of the trench and engulfs the pipeline from above (‘impacting’ 

behaviour). Inspecting the backfilling mechanism at various velocities, the threshold was 

identified to be at Fr=0.1. The front of the sliding zone presents a vertical front in Figure 

6-5e, and this, the appearance of the vertical front, shows that the gravitational forces do 

not counterbalance the inertial forces. Higher inertial forces lead to higher impact forces. In 

this condition the soil displaced during the backfilling operations starts to impact on the pipe 

and displace it dynamically upward rather than lifting it up by buoyancy, which is essentially 

a pseudo-static phenomenon. 
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Figure 6-5 Test 13, Scale 1:7.5 conducted at Fr=0.12, prototype 𝑣┴ = 947𝑚/s, with a pipe of SG=1.22. 
The original trench shape is shown for comparison. Angle at the front of the slide are marked on the 
pictures. In figure ‘c’ the estimated impact angle is highlighted in white. 

 

The same behaviour was identified in tests conducted at small scale at similar Froude 

number as in Figure 6-6 (Fr=0.15). These similar features between the two scales (1:7.5 

and 1:30) suggest that it is correct to use a Froude similarity to reproduce at smaller scales. 

This provides the proof of similar behaviour of two tests performed at different scales, where 

the models are compliant with the scaling laws reported in Table 5-3. Tests reported in 
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Figure 6-5 and Figure 6-6 can be compared as they were conducted at Fr=0.12 and Fr=0.15 

respectively and the flow behaviours are remarkably similar, although the models are at two 

different scales and the backfilling velocities are almost double in the case of the large model 

(0.0960m/s, 1:7.5 scale, Figure 6-5) compared to the small scale model (0.0595 m/s, 1:30 

scale, Figure 6-6). In Figure 6-6 again it can be noted that in early frames (Figure 6-6a, b, c 

and d) the flow is pointing downward and then in Figure 6-6e the flow reaches the bottom of 

the trench and it is directed horizontally as in Figure 6-5 e and f.  

a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

 

 

Figure 6-6 Test 81, Scale 1:7.5 conducted at Fr=0.150, prototype 𝑣┴ = 1747𝑚/𝑠, with a pipe of SG=1.66. 
The original trench shape is shown for comparison. Angle at the front of the slide are marked on the 
pictures. In figure c the estimated impact angle is highlighted in white. 
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A final sequence of images is presented in Figure 6-7. The test depicted was carried out 

with the small model setup at a velocity double (1:30 scale, model velocity v=0.1217m/s, 

Fr=0.3) that of the test in Figure 6-6, hence at high backfilling velocity. In this case, the inertia 

forces let all the soil flow at once down the slope of the trench and at the base of the trench 

the flow is not turning horizontally as was observed in Figure 6-c-d, Figure 6-5e-f and Figure 

6-6f. The steep front of the slide is present, and it is almost vertical (see Table 6-1). The soil 

mass maintains a vertical front until it reaches the centre of the trench. The pipe response 

is dictated by several factors which will be discussed in detail in section 6.1.2. 

 

a) 

 

b) 

 

e) 

 

d) 

 

f) 

 

g) 

 

 

Figure 6-7 Test 77, Scale 1:30 conducted at Fr=0.30, prototype 𝑣┴ = 2399𝑚/𝑠, with a pipe of SG=1.34. 
The original trench shape is shown for comparison. Angle at the front of the slide are marked on the 
pictures. In figure f the estimated impact angle is highlighted in white. 
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In test conducted at Froude numbers lower than Fr=0.1, conducted at low velocities, it was 

possible to observe the self-levelling of the fluidised soil in the trench (Figure 6-). But for 

tests conducted at medium to high backfilling velocities once the threshold of Fr=0.1 is 

overcome the soil flow mechanism transitioned from the fluidising flow to the impacting flow. 

This lead, as a consequence, to not being able to identify the self-levelling fluidised soil. In 

place of the fluidised soil a steeper front throughout the test was present.  

In the final stages of the tests at Fr>0.1 a number of soil particles ‘splashing’ back from the 

centre of the trench either toward the outer part of the trench or upward were detectable, as 

can be seen respectively in Figure 6-a (the same test reported in Figure 6-5) and in Figure 

6-b. The soil in this final stage of the tests was acting still as a fluid, showing at times a sort 

of wave behaviour over the surface of the soil once the backfilling blades had come to a 

stop. This led to the consideration that actions on the buried pipe might not necessarily end 

once the backfilling process ends i.e. high pore pressure and low strength. 

The morphology of the backfilling flow can be described based upon the observations of this 

section. The analysis of the morphology of the flow in this section will feed into the analysis 

of the forces acting on the pipe in the next section. Herein three parts of the moving soil 

were identified: the static area at the bottom, the sliding zone, and the transition zone in 

between the two. Looking in detail at the behaviour of the sliding zone, two main backfilling 

mechanisms were showed with transition behaviour depending on to the backfilling velocity. 

The two mechanism were identified as ‘fluidising flow’ and ‘impact flow’, and the transition 

between the two occurs at Fr=0.1. Taylor (2001) while describing backfilling results, 

categorised the mechanism as either soil flow or hydraulic fill. It is not clear what the 

threshold between the two was, but there are some similarities between the fluidising flow 

of this thesis and the Taylor soil flow. On the other hand the hydraulic fill could be described 

as impacting flow at very high velocities. In this work it was still necessary to describe the 

soil mechanism at velocities that give a Froude number slightly higher than 0.1, and both 

mechanisms being identifiable as soil flows, it was decided to change the nomenclature to 

the current fluidising flow and impacting flow. 
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a) b) 

Figure 6-8 Liquefied soil liquefied, splashing and moving backward into the backfilled area. a) Test 13– 
Fr=0.122, SG=1.22 scale 1:7.5 as in Figure 6-5; b) Test 81 Fr=0.150, SG=1.34 scale 1:30 as in Figure 
6-6. 

 

Backfilling operations at Froude numbers below Fr=0.1 lead to a fluidising flow, where the 

sliding zone moves down the slope of the trench as a fluid like material and once it has 

reached the bottom of the trench, it accumulates maintaining its fluidised state, and forming 

a horizontal flat surface. The continuous flow seamlessly feeds the accumulation of material 

at the bottom of the trench in a fluidised state, where a pipe can potentially float upward 

hence the name ‘fluidising flow’. This for a light enough and flexible enough pipe might lead 

to an uplift movement. On the other hand for backfilling operations at Fr>0.1, the sliding 

zone does not feed the fluidised area at the bottom of the trench, but impacts directly on the 

pipe. At lower Froude numbers (Fr=0.12-0.15) the impact was mainly due to a small wedge 

at the bottom of the trench, but that increases in size until it involves the whole sliding zone 

(as in Figure 6-5 and in Figure 6-6). At this point, at high Froude numbers (Fr=0.3), the 

sliding zone presents a steep and almost vertical front which impacts on to the pipe. This 

impact force may lead as well to uplift movement for a light enough and flexible enough pipe.  

The highlighted inertial impacting flow is the one that most probably is responsible for the 

phenomenon described by Cathie (1998), where at higher velocities for a full 3D backfilling 

representation, the soil moving toward the centre of the trench engulfs the soil flowing down 

the trench. This phenomenon is reported to reduce the uplift potential of the flow. The 

engulfing phenomenon described by Cathie, could be explained by inertia forces 

overcoming the gravitational forces, and due to the steep angle of impact that is present at 

higher backfilling velocities. Similar features characterise the impacting flow, hence the 

comparison. Cathie’s engulfing mechanism was reported to be present at high backfilling 

velocities and to reduce the uplift potential of pipeline in a 3D representation of the backfilling 

operations.  
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It must be noted that a 2D plain strain free-to-move pipe test, as in the one conducted for 

this study, might lead to overestimation of the vertical displacement of the pipe. In fact, to 

achieve the same displacement as in this test in a real case, a long enough section of the 

pipe, should be subjected to the same forces as in this test. In reality the forces due to either 

the fluidising flow or the impacting flow will be restricted to the length of the plough and a 

section of the pipe at the back of the plough for a distance that might depend on the property 

of the soil. The analysis of the tests results to quantify the forces due to the soil flow and 

their duration are presented in following sections from 0 onward. 

From the video recording of the tests, the estimated impacting angle of the flow were 

measured, together with the sliding zone front angle, and the angle of the static zone. This 

data were plotted on the images from Figure 6-3 to Figure 6-7. For the videos of the tests 

not reported in this section, the impacting angle together with the depth of the trench 

achieved during the preparation of various tests are reported in Table 6-1 at the end of 

section 6.1.3. Frames of the videos at impact are reported in Appendix B. It can be seen by 

plotting the estimated angle of impact in Figure 6-9, that generally after the threshold change 

the impact angle increase to values higher than 55 degrees. 

 

Figure 6-9 Estimated impact angle vs Froude number 
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6.1.2 Pipe accelerations at varying orthogonal velocity and pipe SG 

In the previous section the video captured images were analysed to identify the flow 

morphology and the backfilling material response at different orthogonal backfilling 

velocities. The morphology/mechanisms analysis did not take into account the pipes unit 

weight, although the pipe was present in the tests area. The next part of the chapter is 

focused on the pipes’ response during testing. The response of the pipe is due to the impact 

of the soil flows at a certain orthogonal velocity and the pipe’s specific gravity. The pipes 

used in these tests have a standard diameter for the two scaled models, as previously 

mentioned, 16 mm and 63 mm, for the 1:30 and 1:7.5 scale model respectively. Different 

SG values were achieved by ballasting the pipe as mentioned in the backfilling methodology 

chapter (section 5.1.8) and a range of Froude numbers were tested that vary from 0.005 to 

0.487. 

During the backfilling tests, the acceleration of the pipes were recorded at the two ends of 

the pipe. The two ends were marked as front and back according to the orientation of the 

pipe. The front end is the one closer to the recording window of the box. The back of the 

pipe is the one which is further from the window of the box. Vertical velocity is positive 

upward and vertical displacement is positive upward as well. Figure 6-11 to Figure 6-16 

show representative acceleration results during testing. For each test reported, the 

acceleration at both ends of the pipe are presented. Together with the accelerations, two 

successive stages of numerical integrations are reported as well, which allowed calculation 

of the velocities and the displacements at the two ends. Velocities and displacements are 

reported at model scales in the figures from Figure 6-11 to Figure 6-16. Final position of the 

pipes is reported in section 6.1.3 together with comparison of measured final position. 

Firstly the results for two tests conducted with a pipe with the same SG of 1.69 are shown 

in Figure 6-10 and Figure 6-11, close to the industry standard of 1.80. The difference 

consists in the Froude numbers at which the tests were conducted, 0.098 and 0.340 

respectively, hence at the transition point from fluidising flow to impacting flow (Fr=0.1) and 

at the highest Froude number tested, hence at high velocity impacting flow. At both 

backfilling velocities the pipe was practically stable, except for a small downward movement 

of 2mm (60mm at prototype scale, equal to 0.03D) during the test at Fr=0.34 in Figure 6-11. 

The downward movement is thought to be related to the force exerted by the impacting flow 

and an uneven surface at the bottom of the trench, where the pipe was laid prior to the 

initiation of the test.  
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Contrary to the displacement outcome of these tests, which is similar for both, the vertical 

accelerations are substantially different and a clear correlation can be drawn between the 

vertical accelerations and the backfilling velocity. High backfilling velocity produces more 

accentuated vertical accelerations on an unconstrained pipe, due to higher inertial energy 

in the flow. As can be seen in Figure 6-10, the force exerted by the soil flow on the pipe due 

to the impacting mechanism did not produce any considerable vertical acceleration.  

 
Figure 6-10 v=0.036 m/s – Fr=0.098 – SG=1.69 1:30 scale model (test68) - movement measured at the 
end of the test= 5mm 

 
Figure 6-11 v=0.136 m/s – Fr=0.34 – SG=1.69 1:30 scale model (test62) - movement measured at the 
end of the test= 0mm 
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Considering an additional variable to the comparison, one can change the SG of the pipe 

being backfilled at a similar velocity. Comparing Figure 6-11 and Figure 6-12, the effect of a 

reduced specific gravity can be seen. In Figure 6-12 the pipe is seen to experience similar 

vertical acceleration patterns to the ones reported in Figure 6-11 although with a different, 

wider, amplitude. This is due to the lower SG (1.33) of the pipe in Figure 6-12. Therefore, 

the speed of backfilling or induced mechanism would initially appear irrelevant if the product 

SG is high enough. 

The outcome of the test reported in Figure 6-12 is that with a backfilling Froude number of 

Fr=0.38 the pipe, at one end, moved upward enough to reach the seabed surface. In this 

case the designed cover depth was meant to be H=1.5D that is equal to H=24mm at small 

scale (1:30). Non-dimensionalised movements and comparison to measured final position 

are summarised in section 6.1.3 in order to remove the scale effects. 

 

 

Figure 6-12 v=0.151 m/s – Fr=0.3812 – SG=1.33 1:30 scale model (test59) - movement measured at the 
end of the test= 30mm 

Analysing the results of the tests conducted at 1:7.5 scale shows the effects of extremely 

slow backfilling velocities (Figure 6-13 and Figure 6-14) and hence the effect of the duration 

of the process on pipe subjected to fluidising flow. Figure 6-13 and Figure 6-14 report tests 

conducted at Froude numbers of 0.01 and 0.047 that are well below the threshold of Fr=0.1 
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identified in the previous section (6.1.1), as the Froude number at which the backfilling 

mechanism stops being a fluidising flow. Figure 6-13 and Figure 6-14 show the results of 

two slow tests, where in Figure 6-13 the SG (SG=1.3) of the pipe is enough to secure the 

stability of the pipe, even though some small displacement were recorded for an 

unconstrained 2D pipe representation. The movements were up to 14mm on one side, i.e. 

0.22D.  

Figure 6-14 shows a case where the pipe almost surfaced and this happened despite the 

low backfilling velocity, at a Froude number of Fr=0.047. The pipe moved 85mm on the front 

and 83mm on the back, that on average is a movement of 1.33 times the diameter, where 

the original soil surface was 1.5D away. The issue arises due to the prolonged action of the 

uplifting forces on the pipe, and, due to its low specific gravity, the pipe is hence subjected 

to low sustained accelerations. The low amplitude acceleration is negative (reduction of 

velocity) for very short periods of time.  

 

 

Figure 6-13 v=0.008 m/s – Fr=0.01 – SG=1.31 1:7.5 scale model (test39) - movement measured at the 
end of the test= 23mm 
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Figure 6-14 v=0.037 m/s – Fr=0.047– SG=1.22 1:7.5 scale model (test11) - movement measured at the 
end of the test= 110mm 

 

The combination of the prolonged action of uplift forces, the low specific gravity of the pipe 

and the change in mechanism of soil movement, results in an upward movement. Increasing 

the backfilling velocity (Figure 6-15) but testing the same pipe SG as in Figure 6-14, one can 

directly compare the outcomes of the tests. The pipe at a backfilling Froude of Fr=0.122 

(Figure 6-15) moves upward at considerably higher vertical velocity, but the final position is 

at a deeper embedment depth as the test was considerably shorter duration than the 

previous one, and the test was conducted at a Froude number higher than the threshold 0.1 

reported as the one at which the mechanism change from fluidising flow to impacting flow. 

As a consequence, there is a change in vertical velocity pattern and hence the final 

displacement of the pipe. 
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Figure 6-15 v=0.096 m/s – Fr=0.122– SG=1.22, 1:7.5 scale model (test15) - movement measured at the 
end of the test= 55mm 

 

The previous comparison shows that the velocity of the backfilling process must be 

considered, as the mechanism of the soil moving down the trench changes dramatically with 

the increase of the backfilling orthogonal velocity. Figure 6-16 again shows a test conducted 

at Fr=0.122 (as per Figure 6-15) but at a lower SG and highlights that at higher speed that 

the specific gravity of the pipe is still a controlling factor, as the maximum final displacement 

in Figure 6-16 was 1.3D (83mm), that is more than double compared to the 0.54D (34mm) 

of the test with an SG of 1.22 in Figure 6-15. 

Analysing the accelerations recorded at both ends of the pipe it was possible to integrate 

and plot both the velocities and the displacement of the pipe. From these, the influence of 

the backfilling velocity on the final outcome of the tests can be evaluated. It was seen that 

both the backfilling velocity and the pipe SG have an influence on the final position of the 

pipe. In fact, in this 2D plain strain representation of the phenomenon a combination of both 

the parameters (velocity and SG) influence the outcome of the tests. For example, the same 

pipe at higher backfilling velocities displaced considerably less than the same pipe at lower 

velocity (respectively Figure 6-15 and Figure 6-14). 
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Figure 6-16 v=0.096 m/s – Fr=0.122– SG=1.05, 1:7.5 scale model (test07) - movement not measured at 
the end of the test. 

 

Although anecdotally it is thought that higher backfilling speeds are more detrimental for 

pipeline/cable stability, in these tests lower backfilling velocities seem more disruptive. This 

can be explained with the prolonged application of the uplifting forces in a slower test, where 

the pipe is subjected to the fluidising flow, additionally to the fact that the pipe is free to move 

vertically as the pipeline stiffness was disregarded. A second possible or concurrent 

explanation is existence of the engulfing mechanism described by Cathie (1998), which 

would manifest at higher velocities with the occurrence of the impacting flow. In fact the soil 

“dumps” on top of the pipe dissipating some of the impacting energy and eventually 

mitigating the pipe uplift potential. These observations ignore the pipeline stiffness and may 

only be useful for identification of mechanistic changes and potential additional controls on 

behaviour. 

The soil-pipe behaviour and its dependency on the backfilling velocity is more complicated 

than: ‘slow backfill hence stable pipe and fast backfill operations unstable pipes’. It appears 

that this anecdotal description of behaviour is not true and that the opposite behaviour 

occurs, i.e. the engulfing mechanism stabilises the pipe at the bottom of the trench at higher 

velocities. The behaviour though is more complicated and it depends both on the SG of the 

pipe and on the backfilling velocity. 
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In the analysis of the tests results and in in summarising them with the goal of a developing 

a design approach, focus should be placed in quantifying the forces acting on the pipe (pipe 

buoyancy in fluidised flow and soil impact on the pipe during impacting flow) which 

influenced the outcome of the tests. 

 

6.1.3 Free-to-move pipe test, displacement summary 

In this section of the results chapter a summary of the displacements calculated from 

accelerations for the free-to-move pipe tests are reported. The selection presented in the 

previous sections were designed to highlight the importance of the two main controlling 

factors e.g. the pipe’s specific gravity (SG) and the orthogonal backfilling velocity. The 

summary of the displacements should be used as a scalability check as the displacements 

of tests conducted at two different scales must have the same magnitude and trends once 

they are non-dimensionalised (by the diameter of the pipe tested (
𝛿

𝐷
).). The second check 

on the scalability of the process must come from a comparison of the accelerations. In fact, 

accelerations, as per scaling law (section 5.1.1) Table 5-3, do not need any scaling factor 

and should correspond directly between the two scales of test. 

Figure 6-17 shows a comparison of the non-dimensional movements calculated via double 

integration of the acceleration recorded and the final position measured at the end of the 

tests. The summary of the data are reported in Table 6-1 at the end of this section. The 

measurements were taken underwater through the window, hence subjected to a certain 

degree of uncertainty with a 1mm accuracy device. The measurement was taken on sample 

tests at both model scales, as a means to check the acceleration integration method, hence 

the dataset is not complete. From Figure 6-17 it can be concluded that both the different 

methodologies to assess the vertical movement of the pipe produce a comparable result. In 

this section of the thesis the dataset coming from the double integration of the acceleration 

will be used as it is more complete and considered more reliable. 
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Figure 6-17 Comparison of measured pipe displacement at the end of the tests and final pipe 
displacement calculated via acceleration double integration with time. 

To produce the summary results in Figure 6-18 the displacement from the two scaled models 

are compared by the displacement values normalised by the diameter of the pipe tested (
𝛿

𝐷
). 

Where the normalised displacement removes the scaling ratios between the two test sizes. 

The final position of the pipe is represented relative to Froude number calculated with the 

orthogonal velocity and it is taken as the maximum values calculated at the two ends of the 

pipe, i.e. front and back. Figure 6-18 is annotated to show the normalised pipe 

displacements of 0.05, 0.1, 0.7, 1 and 1.5D for reference purposes. 

Figure 6-18 shows the effects on the final pipe position, due the change in backfilling 

mechanism at different velocities. Previous acceleration data and video analysis suggested 

a change in mechanism at Fr=0.1. The final position of the pipe shows a change between 

0.1 and 0.15. In fact, at these Froude numbers for each SG tested there is a significantly 

lower displacement recorded. Based upon this evidence, the mechanism change at Fr=0.1 

can be confirmed. 
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Figure 6-18 Summary of the normalised final position of the pipes with respect to the backfilling 
orthogonal velocity. Double x axis, the top shows the prototype orthogonal velocity for a 19” pipe. In the 
legend, the term Large refers to 1:7.5 scale test and the term Small, refers to a 1:30 scale test. 

 

To further confirm the scalability of the process via the Froude similarity, it can be observed 

in Figure 6-18 that test pipes of similar SG at different scale have comparable normalised 

displacements at the same Froude number. In fact comparing the behaviour of the test pipes 

with SG=1.69 small (scale 1:30) and SG=1.66 Large (scale 1:7.5) in Figure 6-18, it can be 

seen that the normalised displacements are similar for both pipes in the Froude range from 

0.05 to 0.1. The normalised displacements increase in the range between Fr=0 and 0.05 to 

values 𝛿 𝐷⁄ =0.04 up to 0.5. Similar behaviour can be observed when comparing heavier 

and lighter pipes. The pipes at SG=1.81 small (scale 1:30) and SG=1.79 large (scale 1:7.5), 

have larger displacements at Fr=0.02 with a normalised movement of 0.15-0.17 and then 

they both decrease to close to zero from Fr=0.025. Thus, even at very low speeds heavy 

pipes can displace but this is likely to be limited in extent. 

To evaluate the results in Figure 6-18 it must be taken into consideration that they are 

obtained with free-to-move test pipes, hence vertically unconstrained by the self-weight of 
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the remaining part of a real pipe installation with its associated bending stiffness. For this 

reason, the results in Figure 6-18 are more conservative than for a real prototype scale 

pipeline/cable with a finite length and bending stiffness. 

For SG higher than 1.5 the normalised displacement reduces at increasing backfilling 

Froude number up to Fr = 0.20. This is due to the reduction of the duration of the backfilling 

process and due to the change in mechanism from fluidising flow to impacting flow, where 

the impacting flow might engulf the pipe and reduce its movement. Figure 6-18 again clearly 

shows that there is a transition in behaviour as observed in the flow morphology analysis of 

section 6.1.1. At Fr = 0.1 the influence of the change in pipe soil interaction due to the change 

of the soil flow behaviour, from buoyant force due to fluidising flow to impact force can be 

observed. From Fr = 0.1 to Fr = 0.2 the final outcome of extremely low SG pipes (SG=1.05 

SG=1.21 SG=1.31) presents extreme variability with non-dimensional movement (𝛿 𝐷⁄ ) 

spanning in a range of from 0.05 to 1.5. At Fr higher than 0.2 the normalised displacement 

starts to increase again, even for high SG pipes, due to the higher backfilling orthogonal 

velocity, this is more visible for test pipes with SG in the range 1.3 to 1.7. This is due to 

higher momentum carried by the soil flow for the impacting flow mechanism. Test pipes with 

an SG around 1.8 are mainly stable at all the backfilling Froude numbers tested.  

From Figure 6-18, backfilling at high velocities seems less likely to result in pipeline 

movement than lower speeds, but the nature of the test conducted must be kept in mind. 

Analysing the results of a free-to-move pipe test must consider the absence of any restraint 

to the pipe movement, i.e. stiffness and weight of the remaining part of the pipe. This 

absence allows for slower and longer backfilling operations to displace pipes upward for 

longer distances, and this is true for all the pipes tested.  
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Table 6-1 Normalised final positions measured vs calculated comparison, estimated angle of impact and initial 
target trench depth inferred from video recordings, to ensure consistency in the preparation method (test 
numbering method is reported in section 5.3). 

Test 
number 

Normalised 
final position 

calculated with 
accelerometers 

Normalised 
final position 
measured 

Depth of 
trench 

prepared 

Normalised 
depth of 
trench 

prepared  

Fr 
Estimated soil angle 

of impact on pipe 

  (
𝛿𝑐𝑎𝑙𝑐

𝐷
). (

𝛿𝑚
𝐷
) TTD TTD/D     

#  - - mm -  - degrees 

1 1.73 N/A 168 2.7 0.031 5 
2 0.17 N/A 172 2.7 0.068 27 
3 1.68 N/A 163 2.6 0.120 67 
4 0.66 N/A 158 2.5 0.121 62 
5 0.21 N/A 155 2.5 0.121 59 
6 1.35 N/A 164 2.6 0.016 N/A 
7 1.33 N/A N/A N/A 0.122 N/A 
8 0.49 N/A N/A N/A 0.122 N/A 
9 1.36 1.07 155 2.5 0.016 24 

10 2.27 1.76 158 2.5 0.031 37 
11 1.35 1.75 137 2.2 0.048 34 
12 0.05 0.21 N/A N/A 0.066 N/A 
13 0.03 0.06 153 2.4 0.122 55 
14 2.30 1.75 158 2.5 0.120 56 
15 0.55 0.85 150 2.4 0.122 64 
16 0.03 0.13 153 2.4 0.122 60 
17 0.12 0.34 166 2.6 0.122 59 
18 0.04 N/A 155 2.5 0.122 56 
19 0.42 0.32 N/A N/A 0.016 N/A 
20 0.12 0.29 N/A N/A 0.022 N/A 
21 0.11 0.16 N/A N/A 0.034 N/A 
22 0.08 0.16 N/A N/A 0.045 N/A 
23 0.11 0.16 N/A N/A 0.051 N/A 
24 0.10 0.08 N/A N/A 0.057 N/A 
25 0.09 0.08 N/A N/A 0.077 N/A 
26 0.13 0.16 N/A N/A 0.085 N/A 
27 0.01 0.04 N/A N/A 0.101 N/A 
28 0.01 0.12 N/A N/A 0.105 N/A 
29 0.40 0.08 N/A N/A 0.016 N/A 
30 0.17 0.16 N/A N/A 0.021 N/A 
31 0.16 0.08 N/A N/A 0.031 N/A 
32 0.02 0.08 N/A N/A 0.049 N/A 
33 0.03 0.04 N/A N/A 0.066 N/A 
34 0.00 N/A N/A N/A 0.081 N/A 
35 0.18 0.12 N/A N/A 0.099 N/A 
36 0.00 N/A N/A N/A 0.096 N/A 
37 0.44 0.43 N/A N/A 0.005 N/A 
38 0.00 0.04 N/A N/A 0.122 N/A 
39 0.24 0.36 N/A N/A 0.010 N/A 
40 1.41 1.43 N/A N/A 0.022 N/A 
41 1.58 1.43 N/A N/A 0.031 N/A 
42 1.59 1.46 N/A N/A 0.052 N/A 
43 1.30 1.40 N/A N/A 0.122 N/A 
44 1.85 1.59 N/A N/A 0.087 N/A 
45 1.43 1.59 N/A N/A 0.067 N/A 
46 0.78 0.40 N/A N/A 0.487 N/A 
47 0.12 0.03 N/A N/A 0.407 N/A 
48 0.10 0.05 N/A N/A 0.342 N/A 
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Test 
number 

Normalised 
final position 

calculated with 
accelerometers 

Normalised 
final position 
measured 

Depth of 
trench 

prepared 

Normalised 
depth of 
trench 

prepared  

Fr 
Estimated soil angle 

of impact on pipe 

  (
𝛿𝑐𝑎𝑙𝑐

𝐷
). (

𝛿𝑚
𝐷
) TTD TTD/D     

#  - - mm -  - degrees 

49 0.39 0.13 N/A N/A 0.134 N/A 
50 0.03 0.00 N/A N/A 0.039 N/A 
51 0.07 0.00 N/A N/A 0.004 N/A 
52 0.01 0.00 N/A N/A 0.480 N/A 
53 0.00 0.02 N/A N/A 0.390 N/A 
54 0.03 0.07 N/A N/A 0.280 N/A 
55 0.01 0.00 N/A N/A 0.237 N/A 
56 0.00 0.03 N/A N/A 0.123 N/A 
57 0.16 0.10 N/A N/A 0.017 N/A 
58 0.00 0.00 N/A N/A 0.074 N/A 
59 1.73 0.48 N/A N/A 0.381 N/A 
60 1.59 0.48 N/A N/A 0.165 N/A 
61 0.54 0.40 N/A N/A 0.309 N/A 
62 0.27 N/A 39 2.5 0.343 80 
63 0.04 N/A 40 2.5 0.175 79 
64 0.01 N/A 37 2.3 0.282 84 
65 0.03 N/A 36 2.3 0.268 88 
66 0.05 N/A 36 2.3 0.080 37 
67 0.30 N/A 37 2.3 0.025 27 
68 0.05 N/A 37 2.3 0.091 43 
69 0.67 N/A N/A N/A 0.000 N/A 
70 0.10 N/A 39 2.4 0.245 83 
71 0.09 N/A 36 2.3 0.252 86 
72 0.01 N/A 38 2.4 0.221 80 
73 0.01 N/A N/A N/A 0.148 N/A 
74 0.12 N/A 34 2.1 0.147 39 
75 0.18 N/A N/A N/A 0.053 N/A 
76 0.00 N/A 34 2.1 0.057 27 
77 0.22 N/A 41 2.6 0.307 84 
78 0.25 N/A 34 2.2 0.291 73 
79 0.01 N/A 38 2.4 0.223 61 
80 0.02 N/A N/A N/A 0.224 N/A 
81 0.05 N/A 35 2.2 0.150 75 
82 0.22 N/A 36 2.3 0.145 72 
83 1.31 N/A 37 2.4 0.057 36 
84 0.65 N/A N/A N/A 0.055 N/A 
85 0.05 N/A N/A N/A 0.320 N/A 
86 0.02 N/A N/A N/A 0.288 N/A 
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6.1.4 Backfilling force characterisation  

The vertical pipe acceleration results measured during the backfilling tests can be analysed 

in a way that allow an interpretation that is not necessarily conservative, but that allows 

characterisation of the forces acting on the 2D pipe in a way that then can be applied to a 

3D representation of the process, were the third dimension is given by the length of the 

prototype pipe as will be discussed in section 6.3.  

As has been highlighted previously in the characterisation of the backfilling process, the soil 

has a highly transitional behaviour that changes at different velocities and accordingly the 

pipe’s recorded accelerations are not constant. The force acting on the pipe is not constant 

as well and this leads to the necessity of selecting a method to represent the maximum 

action and its reduction over time. To select the maximum force acting on the pipe the 

maximum acceleration is selected, and to evaluate the force reduction over time, the pore 

pressure transducer results have been used.  

The maximum acceleration for each test is selected as the maximum from the series of the 

accelerations recorded at the two ends of the pipe. The maximum acceleration is then 

compared with the Froude number at which the test was conducted (Figure 6-19). According 

to Froude number similarity (Table 5-3) the accelerations at the same Froude number do 

not need scaling, and as it has been shown previously both in the maximum movement 

comparison and in the backfilling images that the Froude similarity can be used to normalise 

the scale effect of the two models. 

Figure 6-19 shows the maximum vertical net accelerations against the Froude number 

calculated with the orthogonal backfilling velocity. The specific gravity of the pipes are 

indicated with different markers that are reported in the legend. The red squares indicate 

the heaviest pipes tested both with the small and the large model.  
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Figure 6-19 Maximum vertical pipe acceleration vs Froude number (positive sign indicates upward 
direction)). In the legend, the term Large refers to 1:7.5 scale test and the term small, refers to a 1:30 
scale test. 

 

The maximum vertical acceleration increases with the increased orthogonal backfilling 

velocity. Although the pipes’ SG effect is well represented, in fact heavier pipes are 

subjected to lower vertical accelerations, and lighter pipes are subjected to higher 

accelerations, not all the pipes had an acceleration that could fit in the SG zones marked on 

Figure 6-19. The SG zones have been selected to include the majority of the similar SG 

pipes in the same zone.  

The amplitude of the maximum acceleration varies by roughly one order of magnitude, from 

the heaviest to the lightest pipe tested, this range is quite significant where a lighter pipe’s 

SG is not even doubled to get the heaviest pipe’s SG (the range varies from 1.05 to 1.81). 

A similar increasing trend of Figure 6-19 applies if the acceleration is multiplied by the weight 

of the pipe per unit length, but this requires scaling of the forces acting on the pipe. For ease 

of use, both of the result sets are scaled to prototype scale. To be able to compare the 1:7.5 

SG 1.33 – 1.69 

SG 1.79 – 1.81 

SG 1.05 – 1.31 
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and 1:30 scale results the relationship reported in equation (6.2) derived from the scaling 

law for the force (section 5.1.1), which per unit length is: 

𝐹𝑝

𝐿𝑝
=
𝐹𝑚 ∙ 𝑁𝐺

3

𝐿𝑚 ∙ 𝑁𝐺
= 
𝐹𝑚
𝐿𝑚

∙ 𝑁𝐺
2 = 𝑎max_𝑚 ∙

𝑚𝑝_𝑚

𝐿𝑚
 ∙ 𝑁𝐺

2 (6.2) 

Where: 

𝐹𝑝

𝐿𝑝
= is the force per unit length at prototype; 

𝐹𝑚

𝐿𝑚
= is the force per unit length at model scale; 

𝑁𝐺 =is the geometric scaling factor. 

𝑎max_𝑚 = is the maximum acceleration at model scale; 

𝑚𝑝_𝑚

𝐿𝑚
= is the mass per unit length of the model pipe; 

In Figure 6-20 it is possible to observe the general trend of force acting on the pipe 

increasing with the backfilling velocity, but the data shows some scatter. This representation 

removes some of the differences due to the weight of the pipe present in Figure 6-19, and 

allows quantification of the force acting on the pipe on the basis of the velocity of the 

backfilling soil impacting on the pipe.  

Comparing Figure 6-19 and Figure 6-20 it can be noted that the uniformity of the data is 

increased, but there still significant scatter from a unique general trend. This deviation from 

the trend is due to different behaviour of the pipes mainly relating to the different weights. 

The mass of the pipe affects the dynamics of the upheaving body, hence the position of the 

pipe at different stages of the backfilling process. A possible explanation for the scatter of 

the data is that lighter pipes, that move upward more than others, experience vertical 

accelerations at different stages of the backfilling process. On the contrary heavier pipes, 

that didn’t move excessively, are already buried and they are subjected to lower amplitude 

forces. Assuming that the scatter of the data is due to this reason, it can be correlated with 

the change in soil mechanism. In fact, at low velocities the low amplitude accelerations are 

experienced by the pipe due to buoyancy with a slowly increasing soil level, due to the 

fluidising flow mechanism.  
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Figure 6-20 Maximum force per unit length vs Froude number. In the legend, the term Large refers to 
1:7.5 scale test and the term Small, refers to a 1:30 scale test. 

As soon as the Froude number increase light pipes become buoyant at faster velocities and 

hence the acceleration increase. At the point where the soil mechanism changes (Fr = 0.1) 

from fluidising to impacting flow, the soil starts to impact on the pipes and the heavy/more 

stable pipes (SG=1.79 - 1.81) start to be protected as they did not move considerably from 

the original position. As a consequence, the maximum upward accelerations do not show a 

marked change at the mechanism change threshold. Lighter pipes (SG=1.34-1.69) at 

Fr> 0.1 experience higher upheaval forces due to the impact of the soil flow and hence the 

recorded accelerations differ more from the one of the heavier pipes. This phenomenon 

might depend on the soil deposited on top of the heaviest pipes, during the initial phase of 

the backfilling, which offset the uplift forces acting on the pipe during the later stage of the 

process. In fact analysing the results of the final total movement/ embedment from Figure 

6-18 and comparing the same pipes with the forces per unit length reported in Figure 6-20 

it can be shown that the heavier pipes are less prone to upward movement, and they are 

generally subjected to reduced force as well. The lightest pipes were not tested at high 

backfilling velocities, but SG=1.31 and 1.51 were. These two pipe’s SG showed that the 

there is an increase of force acting on the pipe with the backfilling velocity while the flow is 

classified as fluidising flow. At the transition Froude number of Fr=0.1 the force decreases, 



Chapter 6 224 Results - investigation of uplift due to 
backfill ploughing 

 

 

but while the backfilling is fast enough to produce an impacting flow mechanism, the force 

acting on the pipe increases again as the backfilling velocity increase as well. No significant 

difference can be seen between the behaviour of the small scale tests and the large scale 

tests, once the measured forces per unit length are scaled to prototype and this is further 

confirmation on the proposed scalability of the process.  

In conclusion based upon the results analysed up to this point in the thesis, the solution to 

uplift due to backfilling in granular material is to select the SG of the pipe to be at least 1.5 

and backfill at velocities that would produce a backfilling Froude number around the value 

of Fr=0.10. 
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6.1.5 Backfilling Force characterisation via the drag coefficient Cd  

In previous sections the backfilling process was described in terms of quantitative 

description of the intensity of the forces, together with the description of the scalability of the 

process. In this section the correlation between the various parameters affecting the forces 

acting on the pipe, namely scaled orthogonal backfilling velocity, pipe dimensions and the 

soil mechanism will be described. This will lead to the calibration of a drag force correlation 

via the drag coefficient (𝐶𝑑) to describe the magnitude of forces acting on the pipe, as per 

Wieghardt (1975) and subsequently Chehata, et al.(2003) for granular materials, or 

Tiberghien, et al. (2007), Proske, et al. (2011), Ng, et al. (2016) and Calvetti, et al. (2017) 

for debris flows, as outlined in section (2.2.5). The drag force acting on the pipe is caused 

by the soil flow mechanism it is dependent on the velocity of the backfilling plough as 

highlighted in section 6.1.2. As a consequence, the drag coefficient (𝐶𝑑) incorporates the 

changes in mechanism that depends on the backfilling velocity. The variations of 𝐶𝑑 with the 

Froude number reflects the variation of the soil flow which is related to the velocity of the 

operations. 

Two types of soil flow-pipe interactions were identified through video recordings, a fluidising 

flow at 𝐹𝑟<0.1, where the soil fluidised at the bottom of the trench allowing pipes to move 

upward, which transition at 𝐹𝑟>0.1 to an impacting flow mechanism that involves the soil 

impacting on the pipe, which results in the pipes being displaced upward by the impact 

forces. Using the 𝐶𝑑  as a function of the Froude number, as demonstrated in the 

methodology chapter in section 5.1.2, the result is a force characterisation that can be used 

to represent the forces generated on the length of the pipe subjected to the backfilling 

actions.  

The drag coefficient (𝐶𝑑) as defined in equation (2.24) can be used to quantify the load acting 

on pipelines/cables of different diameters using the velocity of the flow as the orthogonal 

velocity of the plough (as given in equation (6.3)). In equation (6.3) the force (F) is 

proportional to the unit weight of the fluid, the diameter of the pipe and the square of the 

orthogonal blade velocity (𝑣┴). The force in equation (6.3) can then be used to ultimately 

design the unit weight and the bending stiffness of the pipeline to avoid extreme out of 

straightness events while backfilling.  

𝐹

𝐿
=
1

2
𝜌𝑤 ∙ 𝐶𝑑  ∙ 𝐷 ∙ 𝑣┴

2  (6.3) 
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Where: 

𝐹

𝐿
= force per unit length (kN/m); 

𝜌𝑤 = density of water (kg/m3); 

𝐷 = pipe diameter (m); 

𝐶𝑑 = drag coefficient, (-); 

𝑣┴ = orthogonal blade velocity (m/s). 

The orthogonal backfilling velocity is represented by the forward plough velocity if the angle 

of attack of the plough blades is set at 45 degrees; otherwise the orthogonal velocity can be 

computed from the simple trigonometric decomposition reported in equation (5.11). Figure 

6-21 shows the results of the calculation of the drag coefficient 𝐶𝑑 calculated using equation 

(6.4). As 𝐶𝑑 is non-dimensional, the values in Figure 6-21 have been calculated directly 

using model quantities, for both scaled models, without scaling them. This is due to mutual 

cancellation of the scaling factors as 𝐶𝑑 is a non-dimensional number. 

𝐶𝑑 = 
𝑎𝑚𝑎𝑥 ∙ 𝑚𝑝 + 𝑔 ∙ 𝑚𝑝 − 𝑔 ∙ 𝑉𝑝 ∙ 𝜌𝑤

1
2 ∙ 𝜌𝑤 ∙ 𝐷 ∙ 𝐿 ∙ 𝑣┴

2 
= 𝐶𝑑𝑚 

(6.4) 

Where: 

𝑎max = acceleration of pipe at model scale, (m/s2); 

𝑚𝑝 = is the buoyant mass in water of the model pipe, (kg); 

𝐿 =length of the model pipe, (m); 

𝑔 = gravitational acceleration, (m/s2); 

𝜌𝑤 = water density, (kg/m3); 

𝐷 = pipe diameter, (m); 

𝑣┴ = orthogonal blade velocity (m/s); 

𝑉𝑝 = volume of the pipe (m3); 

𝜌𝑤 = water density (kg/m3). 

Equation (6.4) represents the force of the soil impacting on the pipe. This means that the 

drag coefficient (𝐶𝑑) calculated using equation (6.4) should be used to compute a vertical 

force that needs to be counteracted by the buoyant weight of the pipe. Additional resisting 

forces can be provided by the bending stiffness of the pipe. 

Comparing 𝐶𝑑  against the Froude number (Figure 6-21) shows that 𝐶𝑑  is a coefficient 

depending only on the Froude number and not on the scale of the model/prototype. It is 
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reasonable to assume that the chart reported in Figure 6-21 can be used for different sizes 

of pipeline/cable as the two model pipes give a unified trend independent of the scale of the 

model. In Figure 6-21 three lines are shown: 

• the interpolation of 𝐶𝑑 coefficients calculated for pipes with an SG of 1.2; 

• the interpolation of 𝐶𝑑 coefficients calculated for pipes with an SG from 1.3 to 1.34; 

• the interpolation of the 𝐶𝑑 coefficients calculated for SG higher than 1.66.  

These three lines, shown in Figure 6-21, are reported in equation (6.5). 

𝐶𝑑 = 0.5 ∙ 𝐹𝑟−1.7 valid for SG=1.2 

𝐶𝑑 = 1.0 ∙ 𝐹𝑟−1.7 valid from SG=1.3 to 1.34 

𝐶𝑑 = 1.5 ∙ 𝐹𝑟−1.9 valid for SG>1.66 

(6.5) 

The drag coefficient-Froude number correlations (𝐶𝑑 − 𝐹𝑟 ) in equation (6.5) are linear 

relationships in the log-log space and are dependent on two parameters that are fitted to the 

empirical data. To calculate 𝐶𝑑  it has been assumed that the density of the flow is 

approximately that of water. This although conservative, is based on the hypothesis that the 

soils during the previous trenching process had been heavily remoulded and that the spoil 

heaps would be made by granular soils in a similar loose state independently of the 

characteristics of the particular soil. The fact that the soil is flowing down the trench while 

interacting with the pipe, might reduce the density of the soil even more, and reduce 

differences between different granular soils, hence the use of the density of water (1000 

kg/m3) to account for the action of a general granular soil on a pipe at the bottom of the 

trench. The change in backfilling mechanism at Fr = 0.1 cannot be identified from Figure 

6-21 or equations (6.5).  

To design the bending stiffness and unit weight of the pipeline/cable, equation (6.3) can be 

used together with the most appropriate correlation in equation (6.5), to quantify the forces 

acting on the pipe during to the backfilling process, and hence to evaluate the upward 

movement of the pipe/cable. Designers, in this way, can limit the out of straightness on the 

pipe during the installation process. The scope of equation (6.3) is limited in that it only 

provides the force and not the duration of the actions. In fact as was shown in the 

characterisation of the process, a prolonged action at a low velocity might be more 

detrimental than a faster one over a shorter duration (when the SG is low enough). The pore 

pressure measurements have been designed for the purpose of quantifying the duration of 
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the forces acting on the pipe and the results of the tests are provided in the next section 

(6.2). 

 

 

Figure 6-21 Log-log graph Drag coefficient (Cd) vs Froude number with upperbound and interpolation of 
different SG ranges. 
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6.2 Pore pressure results 

In the previous section a method was proposed to allow evaluation of the magnitude of the 

forces acting on the pipe while the trench is being backfilled. To complete the 

characterization of the load application, and estimate the duration of the backfilling actions, 

a test with three pore pressure transducers was set up to record the increased pore 

pressure, during the backfilling operations, at three different heights in the trench (section 

5.2.2). This was not designed to include pore pressure effects in the pipeline uplift analysis 

but to determine the duration of the loads applied to the pipeline or cable. 

The tests were performed with the larger model tank (1:7.5 scale) at various velocities. 

These test results provided insights that helped the characterisation of the relationships 

between time and the force acting on the pipe due to the soil flow, as well as allowing 

qualitative characterisation of the duration of the uplift action due to increased pore pressure.  

Being able to quantify the duration of the forces acting on the pipe/cable, allows pipeline 

designers to estimate transient, upward directed forces and their reduction with time. 

Although in this thesis only one soil was studied, hence no generalisation could be made in 

relation to the type of soil, the analysis carried out provides an innovative methodology to 

quantify the time necessary for upward forces to dissipate behind the backfilling plough. A 

sensitivity analysis on the type of soil should be carried out with similar tests varying the 

consolidation properties and correlate them to the pore pressure duration or dissipation 

velocity. At that point a generalised framework could be generated. In the meantime, results 

of these tests can be used by designers while analysing similar soils as the sand used for 

these tests (HST95, see section 5.1.6). 

The setup of the pore pressure transducer tests is shown in Figure 5-15b in section 6.2. The 

beam is fixed at the bottom of the trench with two anchoring devices, one at each end of the 

support beam. The sensors are supported by steel rods of three different lengths, giving the 

possibility to record the pressure at a shallow, middle and deep positions. The position of 

the PPTs are reported in Table 6-2. 

The pore pressure is analysed as increased differential pressure from the hydrostatic 

pressure in the tank. If it can be proven that the soil moving down the trench is fluidised, it 

can be assumed that the soil acts as an apparent single-phase material, and hence the 

increase in pressure monitored by the sensors is an increase in total stress that can be 

directly correlated to the force acting on the pipe. At the point when the differential pressure 
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reduces to levels where it is not possible to classify the soil as liquefied, the soil is acting 

again as a two-phase material, hence the uplift forces originating from the backfilling actions 

can be considered to have stopped. Generally, a soil can be considered liquefied when the 

excess pore pressure exceeds the effective stress at the same location, in this case the 

amount of soil in the trench is constantly changing, but it is possible to set a threshold of 

differential pore pressure considering the effective stresses at the bottom of the trench when 

the trench is full of soil at the minimum density reported in Table 5-5 (γd min=14.59 kN/m3). 

Considering the trench to be 2.5D deep (2.5 x 63 mm pipe diameter) and the distance from 

the bottom of the trench to the sensors, the thresholds for each pore pressure transducer 

can then be set as per Table 6-3. For the purpose of quantifying the duration of the forces 

on the pipe, the force can be considered to be acting on the pipe as long as the pressure 

recorded by the transducer is higher than the threshold reported in Table 6-3.  

The results of the tests carried out at different orthogonal velocities for the deep, middle and 

shallow sensor are reported in Figure 6-23a, b and c respectively. The pressure reported is 

the differential pressure recorded from the initial hydrostatic pressure. For all the velocities 

tested, while the depth of the sensor increased, the differential pressure increased 

accordingly, due to the higher impact force and greater mass of soil impacting on the bottom 

sensor.  

As the velocity increased, for all the three sensors reported in Figure 6-23a, b and c, the 

differential pressure increases accordingly as well. Hence the pressure due to impact 

depends both on the depth in the trench and the orthogonal backfilling velocity. The 

dependence of the differential pressure increases on the velocity can be linked as well to 

the sliding zone front angle. 

Table 6-2 Position of the PPTs from the bottom of the trench and the seabed 

 Distance from the bottom of 
the trench 

[mm] 

Distance from  
the seabed  

[mm] 

Shallow 65 124 
Middle 45 144 
Deep 30 159 

Table 6-3 Liquefaction threshold for HST95 

Sensor Distance from the bottom of 
the trench 

Liquefaction threshold 
∆𝑝𝑡 

 [mm] [kPa] 

Deep 30 0.61 
Middle 45 0.54 

Shallow 65 0.44 
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In fact it was shown in section 6.1.1 that while the backfilling velocity increases, the front 

angle of the sliding zone increase as well, and at extreme cases can be even vertical (Figure 

6-7). Both phenomena, the sliding zone front angle and the differential pressure increase, 

are related in the same way to the increase in backfilling velocity (Figure 6-22). Figure 6-22 

shows a comparison between the maximum increase in differential pressure measured in 

different tests on the mid depth transducer, and the estimated angle of impact of the soil on 

the pipe (similar to Figure 6-9).  

In the literature review it was shown that a similar increase of forces acting on barriers was 

related to the angle of impact of a debris flow on barriers (Ng, et al. (2016), Calvetti, et al. 

(2017), Ceccato, et al., (2017)) (section 2.2.5). In Figure 6-23a, b and c, at Froude numbers 

higher than 0.015 the overpressure is characterised by the presence of a peak and a 

subsequent reduction to zero just as per high front angles in Ceccato, et al. (2017) (Figure 

2-25). At extremely low backfilling velocities, with Fr=0.015, the peak disappears, and the 

response is given by a constant maintained pressure of reduced magnitude. A test with a 

similar Froude number (Fr=0.016) was reported in Figure 6-3. The test was performed at 

the lowest velocity achievable with the testing rig, and the sliding zone angle was not 

detectable as the sliding zone was feeding directly into the liquefied material at the centre 

of the trench. 

 

Figure 6-22 comparison between the maximum increase in differential pressure measured in different 
tests on the mid depth transducer, and the estimated angle of impact of the soil on the pipe 
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The constant pressure at Fr=0.015 is always below the liquefaction threshold, but 

liquefaction still might be possible. In fact, for simplicity, the threshold was calculated 

accounting for the soil level to be at the seabed level, but while the test is ongoing the soil 

level is continuously changing, and the effective stresses are lower than the one used for 

the threshold. Considering the fact that the free-to-move pipes tested at the lower velocities 

are the ones that move the most, it can be speculated that the soil around the pipe is 

liquefied, which is the reason for the large displacements, and that the low inertia of the soil 

is not enough to increase the pressure to values that overcome the arbitrary threshold set 

in Table 6-3. This conclusion is backed up by the presence of the liquefied zone at the 

bottom of the trench observed in Figure 6-3 that was conducted at Fr=0.016. 

 

 
a) shallow (65mm above bottom of trench) 
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b) medium (45mm above bottom of trench) 

 

c) deep (30mm above bottom of trench) 

Figure 6-23 Differential pressure from hydrostatic conditions vs time recorded at: a) shallow, b) 
medium and c) deep sensors. 
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In the case of the shallower sensor (Figure 6-23c) the transition from the rapid response at 

high velocities, to the smooth and maintained pressure response at low velocity is quite 

noticeable. In fact, inspecting the intermediate velocities it is possible to observe a response 

that is a mixture of both the slow and fast test. In Figure 6-23c, the tests conducted at Fr= 

0.030, Fr=0.052 and Fr=0.069 present a reduced rate of initial pressure increase 

(highlighted in the figure) and a peak. This transitional behaviour that is not visible in the 

tests with higher Fr appears to confirm the change in behaviour that happens for Fr > 0.1. 

The test at Fr = 0.11 does not show this behaviour again. The measured increase in 

pressure is then a combination of the impact of the mass of soil and of the heavier density 

of the fluidised soil. Figure 6-24 shows the readings for the three pressure sensors at the 

lower and higher velocity tested for this series of tests.  

In the tests at the lower velocity the differential pressure increases smoothly (Figure 6-24a) 

as long as the soil is being pushed into the trench from the spoil heap, a similar behaviour 

was identified from time lapse of the tests Froude number Fr<0.1 (fluidising flow). Once the 

backfilling process finishes and the soil stops moving, the excess pore pressure dissipates 

quickly. For tests at higher velocities having a greater increase in excess differential 

pressure, requires a longer period of time after the end of the backfilling process to dissipate 

the pressure generated (Figure 6-24b). Snapshots of a test at similar Froude number 

(Fr=1.22) can be seen in Figure 6-5 where the identified mechanism was an impacting flow. 

In Figure 6-24b the pressure takes a longer time to dissipate after the blades reach the 

centre of the tank. 
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a) 

 

b) 

 
Figure 6-24 Differential pressure from hydrostatic conditions comparison of shallow, medium and deep 
sensors at a) Fr=0.015; b) Fr=0.122. 

Figure 6-25 presents the same data as Figure 6-23c, but with the x axis as non-dimensional 

time. The normalisation of time has been achieved by multiplying the elapsed time during 

the test by the time required for the blades to move one diameter as reported in equation 

(6.6).  

𝑡𝑛 = 𝑡 ∙
𝑣┴

𝐷
  (6.6) 

In Figure 6-25 it is possible to observe how all the curves that display a peak dissipate the 

excess differential pore pressure once that the blades stop moving. The rate of decrease of 

the differential pressure is similar for each of the tests that present a peak. On the contrary 

the test conducted at Fr=0.015 (the slowest) has an abrupt decrease of the excess pressure 

once the blade stops moving, as was visible in Figure 6-24. For tests which present a peak 

in pressure, both in Figure 6-23 and Figure 6-25, and for each pressure transducer, the 

dissipation rate could be represented as constant, hence the representation of the pressure 

decrease would be linear. 
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Figure 6-25 Differential pressure versus non dimensional time recorded at the deep sensor. 

Comparing Figure 6-23c and Figure 6-25, it is possible to infer that the backfilling velocity 

not only affects the magnitude of the forces acting on the pipe, but it affects the duration of 

the increased action on the pipe as well. The pressure is acting on the pipe as long as the 

soil is moving into the trench, but it is still acting even after the plough has passed (in the 

test when the blades stopped). As soon as the backfilling action ceases, the pressure starts 

to dissipate (Figure 6-25). The magnitude of the pressure acting on the pipe shouldn’t be 

correlated with the final position of the pipe, but with the magnitude of the forces. In fact, as 

already mentioned, the displacement of the pipe is dependent on both the force acting and 

on the duration of the phenomenon, whereas the magnitude of the force and the magnitude 

of the pressure are connected to the type of mechanism in the soil flow that is itself 

dependent on the velocity of the backfilling operations. 

This double effect of the backfilling orthogonal velocity on the pressure in the soil and on the 

force acting on the pipe can be summarised by measuring the time from the onset of the 

pressure increase, to the total dissipation. This type of characterisation is particular useful 

when making the assumption that the upward forces during backfilling persist as long as the 

excess pore pressure is present. In this way the characterisation of the duration of the action 

on the pipe as highlighted in the previous chapter can be fulfilled.  

Figure 6-26 shows the non-dimensional time necessary to dissipate the pore pressure 

exceeding the liquefying thresholds versus the Froude number calculated using the 

orthogonal backfilling velocity as previously mentioned. Although it was highlighted, while 

analysing Figure 6-23, that even at low velocities, the soil around the pipe was liquefied, in 

this analysis the threshold calculated considering the soil level to be constant at the seabed 
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level was still used. This is due to the fact that at low velocities the overpressure practically 

dissipates at soon as the blades stop (Figure 6-24a). As a consequence, for cases where 

the overpressure generated endure even after the backfilling process stops, the thresholds 

reported in Table 6-3 were chosen as limits. In these cases, the trench is fully backfilled and 

the forces that were induced by the backfilling process are assumed to cease their actions 

once the soil is no more in a liquefied state, as previously pointed out. The non-dimensional 

time necessary to dissipate the excess pore pressure generated, increases with the Froude 

number once Fr exceeds 0.33 (Figure 6-25), but it must be noted that it does not imply that 

the physical time is increased as well. 

The interpolation line reported in Figure 6-26 together with the experimental data is given 

by equation (6.7). 

𝑡𝑛𝐷 = 120 ∙ 𝐹𝑟 − 4 valid for Fr>0.033 (6.7) 

Where: 

𝑡𝑛𝐷   =is the non-dimensional time needed for dissipation of the excess pore pressure, as in 

equation (6.6); 

𝐹𝑟   = is the backfilling Froude number; 

120 = is the value of the transition rate parameter. 

Trying to calculate the dissipation time, one obtains from equations (6.6) and (6.7): 

𝑡𝐷 = 120 ∙ √
𝐷

𝑔
− 4 ∙

𝐷

𝑣┴
       valid for Fr>0.033 (6.8) 

Where D is the diameter of the pipe and 𝑣┴ is the backfilling orthogonal velocity. 

 
Figure 6-26 Non-dimensional time required to dissipate excess pore pressure due to the backfilling action 
at different velocities 
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Equation (6.8) satisfies the scaling ratio for the time reported in Table 5-3, hence it can be 

used to estimate the time to dissipate the excess pore pressure at prototype scale. Equation 

(6.8) implies that the dissipation time is both function of the geometry of the problem and of 

the backfilling velocity. The backfilling velocity specifies the limit at which the overpressure 

is still present after the backfilling process ends. Depending on the scale of the process, 

excess pore pressure will still be present at the end of the process for each backfilling 

operation that exceeds the velocity which provide a Froude number of Fr = 0.033. Higher 

velocities generate higher overpressures that dissipate over a longer period of time, slower 

velocities generate lower overpressures that dissipates faster. This consideration allows 

speculation on the fact that the dissipation, especially for lower velocities, already starts 

while the backfilling process is still undergoing, and this might be the reason why the 

overpressure remains constant and does not keep increasing as one would expect. The 

reduction of the overpressure and of the assumed upward forces still present can be 

simplified to a linear relationship, as was mentioned whilst discussing Figure 6-2. Soil 

characteristics play a significant role in the dissipation time, but only one type of soil was 

investigated in this backfilling study. A sensitivity analysis is required to assess the influence 

of the permeability of the soil or the consolidation parameters.  
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6.3 Modelling of pipeline structural response under backfilling actions: 

proposed methodology 

The previous sections described a novel methodology to assess the local loading on an 

element of pipeline or cable that is impacted by the flow of soil mobilised by a backfilling 

plough. The loads were characterised via a 𝐶𝑑 − 𝐹𝑟 relationship that includes the change in 

soil backfilling mechanism from fluidising flow to impact flow. In order to assess the severity 

of uplift hazard on a pipe being backfilled, the main task of a designer is to assess the 

structural response of the pipeline/cable, and the resulting vertical deformations of the 

pipeline/cable itself. The methodology proposed in this work is to assess the performance 

of a pipeline numerically via the mechanical response of the pipe. The soil flow together with 

the water buoyancy can be modelled as an active vertical loading over a finite length of the 

pipeline, balanced by the passive force of the weight of the pipe and its bending stiffness. 

The methodology presented in this section, allows geometrical and physical properties of 

the backfilled pipe to be accounted for. For this reason the movements calculated cannot be 

compared to the one presented previously for tests conducted with the free-to-move pipe. It 

was noted in the previous sections of this chapter that the 2D plain strain free-to-move pipe 

test is prone to overestimate the vertical displacement of the pipe, but it is adequate to 

represent the maximum force acting on the pipe. The pipes tested in the 2D fee-to-move 

pipe tests did not have any constraints due to their length and the backfilling action is applied 

on the whole length of the pipe in one operation. The methodology proposed here then 

allows removal of these conservative assumptions that are implicit in the 2D representation 

of the tests, i.e. the part of the pipeline/cable not actively being backfilled, both in front and 

behind of the plough, is considered to contribute to the resisting forces. This section of the 

thesis shows the methodology necessary to apply the correlations previously presented, 

whilst highlighting the most influential parameters that might affect the outcome of the 

backfilling operations. 

 

6.3.1 Actions on the backfilled pipelines/cable 

Forces acting on the pipe/cable can be characterised using the drag coefficient-Froude 

number correlation (𝐶𝑑 − 𝐹𝑟 ) that describe the peak force applied to the pipe whilst 

backfilling. The backfilling force can be represented by a vertical uplifting force moving with 

the same direction and velocity of the pipe. 
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Following the tests where the differential pressure increase was monitored during the 

backfilling tests, an assumption is made, that the backfilling force persists at reduced 

magnitudes for a certain period of time, compatible with the complete dissipation of the 

excess pore pressure generated by the backfilling operation. The non-dimensional 

dissipation time and its dependency on the backfilling Froude number was presented in 

Figure 6-26 and the dependency is analytically expressed in equation (6.7). The time 

necessary to the complete reduction of the force acting on the pipe is assumed to be 

represented by the same non-dimensional time function necessary to dissipate the excess 

pore pressures generated during the process (equation (6.7)). The assumption is based on 

the fact that the pressures monitored to develop equation (6.7) were considered enough to 

maintain the soil in a liquefied state. Due to this assumption, a reducing uplift force is applied 

to the pipe, from the point of maximum backfilling force towards the length that has already 

been backfilled. The uplift force is applied for a length of pipe proportional to the dissipation 

time and the velocity of the plough. This length of pipe, positioned behind the plough where 

the pipe has been already backfilled, will be called the ‘force-reduction shadow’ (Figure 

6-27).  

To evaluate the upward peak force acting on the pipe, and its reduction, it is necessary to 

use the Froude number drag coefficient correlation (𝐶𝑑 − 𝐹𝑟) given in equation (6.5). This 

equation represents an upper bound limit for all the forces acting on the pipe at the bottom 

of the trench, including the buoyancy force. Both the peak forces and the length of the force-

reduction shadow are dependent on the Froude number/ velocity of the plough and the 

dimension of the pipe. Hence the parameters required to characterise the loads on the pipe 

due to the backfilling operations are: 

• Diameter of the pipe (D); 

• Orthogonal backfilling velocity (𝑣┴); 

• Non-dimensional parameter (equation (6.7)) that characterise the soil dissipation time 

necessary to dissipate the excess pore pressure generated (𝑡𝑛𝐷);  

• Drag coefficient (𝐶𝑑) Froude correlation. 

With the first two parameters the Froude number can be calculated assuming that the 

gravitational acceleration is known. To counteract the actions that the backfilling process 

apply to the pipe/cable it is necessary to take account of the bending stiffness of the 

pipe/cable as well as the unit weight of the pipe or cable.  
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6.3.2 Proposed methodology 

As mentioned previously it is necessary to model the pipe as flexible. The pipe can then be 

represented as flexible structural element to consider the effect of its bending stiffness. The 

model and its implementation is introduced in the methodology chapter in section 5.4, and 

a revised Figure 5-19 is represented in Figure 6-27 (similar to the approach used by 

Georgiadis (1991) White, et al. (2016)) where the idealised representation of the forces have 

been implemented after the results and interpretation have been included from previous 

sections. Solution of the problem should provide the pipe/cable vertical movement similar to 

Cathie, et al. (1996) simulation output introduced in the literature review (section 2.2.6). To 

numerically represent the forces that are represented in Figure 6-27, two simple equations 

were previously provided, the 𝐶𝑑 − 𝐹𝑟 relationship in equation (6.5) and the transition time 

correlation in in equation (6.8). Both equations, (6.5) and (6.8), relate to the velocity of the 

backfilling operation and to the scale of the problem via the Froude number. The transition 

time correlation (equation (6.8)) assumes that while the pressure in the backfilling material 

is higher than the effective stresses at the bottom of the trench, part of the upward backfilling 

force is still active on the pipe. 

To evaluate the magnitude of the backfilling force, the drag coefficient calculated with 

equation (6.5) needs to be used in a normal drag force equation as in equation (6.3). When 

the force-reduction shadow is considered, a linear reduction of the maximum drag force can 

be applied for a time calculated using equation (6.8).  

 

 

Figure 6-27 Schematic representation of the 2D Euler beam model on springs, with force-reduction 
shadow. 
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All of these considerations can be represented as a load that moves at the velocity of the 

backfilling plough and that reduces behind the plough for a length given by the time from 

equation (6.8) multiplied by the parallel velocity of the plough as follows: 

𝐿𝐷𝑆 = 𝑡𝐷 ∙ 𝑣|| (6.9) 

Where: 

𝐿𝐷𝑆= length of the force-reduction shadow; 

𝑡𝐷=dissipation time as per equation (6.8); 

𝑣||= parallel velocity of the plough. 

Examples of the force application and of the reduction shadow application are plotted in 

Figure 6-28a and b respectively. In the example in Figure 6-28a and b, backfilling is already 

ongoing, and the plough is at a position 250m along the pipeline. In Figure 6-28a no force-

reduction shadow is applied, hence only one concentrated load at the position of the plough 

is present. Figure 6-28b shows the peak load at the position of the plough and a linearly 

reducing force for the length of the force-reduction shadow, the length of the linearly 

reducing force is given in equation (6.9). Figure 6-28 represents the whole load on the pipe, 

and this comprises the weight per unit length of the pipe. For this reason, where the 

backfilling load is not applied the load is negative (downward) in Figure 6-28. 

 

The orthogonal velocity of the plough influences both the magnitude of the action and the 

length of the dissipation behind the plough, as 𝑡𝑛𝐷  can be multiplied by the orthogonal 

velocity providing the length of the force-reduction shadow (in Figure 6-29). 

  
a) b) 

Figure 6-28 representation of the load case scenario: a) Backfilling plough action and pipe self-weight; b) 
plough action + Force-reduction shadow and pipe self-weight. Positive loads are upwards, negative loads 
are downwards.  
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action 
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The method proposed herein and detailed in the methodology chapter is a straight forward 

application of the forces on a beam, the only exceptions are the possibility to accumulate 

displacement due to the infill of the soil underneath the pipe at different time steps and the 

advancing movement of the plough. The soil springs were calibrated using DNV-RP-F110 

(2007) Table B6, for medium density sand where the stiffness of the spring is given in 

relations to the diameter of the pipe as 577 ∙ 𝐷 (𝑘𝑁/𝑚/𝑚). 

The movement of the plough is simulated by a sequence of static loads at incremental 

positions. The accumulated vertical displacement is simulated by using the final position at 

the one simulation step as the initial pipe position for the subsequent step. The incremental 

displacement allows the pipe to move upward to a higher level compared to the initial 

displacement only due to the static application of the forces as can be seen in the sequence 

of deformed shapes reported in the next section 6.3.3. The vertical displacement of the pipe 

does not continue indefinitely, but it is limited by the weight and the stiffness of the remaining 

part of the pipe that is still to be backfilled. 

 

 

Figure 6-29 representation of the load case scenario with dissipation included at different perpendicular 
velocities. 
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6.3.3 Influences of different parameters on the uplift analysis outcome  

The assessment of the upward movement of a pipeline/cable due to backfilling forces is 

highly dependent on the physical properties of the product under considerations, i.e. bending 

stiffness, the outer diameter of the pipe and its SG, as well as the load characterisation 

introduced in the previous sections.  

In this section some example cases of pipelines/cables subjected to backfilling loads were 

solved using a purpose developed code based on the codes provided by Ferreira (2009). 

The calculation procedure was described in the methodology chapter and is similar to the 

approach of Cathie, et al. (1996) that used a commercial FEM software (SAGE profile). 

These examples are meant to show the influence of different parameters on the outcome of 

the pipeline/cable displacement assessment and perhaps provide a series of benchmark 

cases. They are not meant to provide specific solution for any particular case, which should 

be examined on a case by case basis. Four main different parameters are considered in the 

simulation: 

• Presence of force-reduction shadow; 

• Length of the force-reduction shadow; 

• Diameter of the pipeline;  

• Stiffness of the pipeline. 

For these example simulations the pipe’s accumulated displacements during the backfilling 

operations was taken into account. The higher the pipe moves from its initial position, the 

longer the length of pipe that allows infill of soil underneath the pipe, hence the necessity to 

take into account this phenomenon.  

The code developed for these simulations was compared with the Cathie, et al. (1996) 

numerical results (Figure 6-30), where a moving 0.26 kN/m uplift load was simulated. Cathie, 

at al. (1996) were trying to back calculate the length of soil liquefied zone left behind the 

plough that could cause an upward movement of the pipeline of approximately 1.5m. The 

required length with an upward load of 0.26kN/m to simulate buoyancy due to soil 

liquefaction was found to of 30m. The properties of the pipe investigated are reported in 

Table 6-4.  

Figure 6-30 shows the comparison of the displacement calculated with an equivalent 

bending stiffness (EI) of 4.97 ∙ 103 k𝑁 ∙ 𝑚2, for a pipe with an outer diameter (OD)=0.297m 

and an SG=1.2. The pipe is extremely light and highly susceptible to uplift which was reason 
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for the case study investigation reported by Cathie, at al. (1996). An upward moving load of 

260N/m over 30m, due to soil fluidisation was applied and a soil downward spring stiffness 

of 577 ∙ 𝐷 (𝑘𝑁/𝑚/𝑚) was used (DNV-RP-F110 (2007) Table B6, for medium density sand).  

Table 6-4 Cathie, at al. (1996) pipeline properties 

Property Value  

Pipe steel outer diameter (OD) 223.4 mm 

Wall thickness 11.7 mm 

Thermal coating thickness 32.2 mm 

Overal OD 297 mm 

Submerged weight 0.12 kN/m 

Specific gravity (SG) 1.2 - 

Back calculated bending stifness 4.97·103 kN·m2 

It can be seen that the descending part of the pipe movement profile in Figure 6-30, which 

is not subjected to the uplifting load, has a similar shape in both cases (i.e. this thesis 

analysis and Cathie et al. (1996)). This allows verification that the equivalent bending 

stiffness used in this simulation is the same EI used by Cathie et al.(1996) which was not 

directly specified in their work. The main difference can be seen in the initial part of the 

pipeline, while it is rising. This can be due to the different methods used to simulate the 

incremental displacement due to subsequent static simulations (Cathie et al. method was 

not stated). Although there are apparent differences in the methodologies to simulate the 

incremental displacement, the maximum movement of the pipeline appears similar in both 

analyses, although a slightly higher displacement is given for the approach defined herein. 

 

Figure 6-30 Redrawn from Cathie, et al. (1996) the displacement due to a moving load (red). Simulation 
performed within this thesis code. Properties of the pipeline as per Cathie, et al. (1996) EI=4.97 ∙
103 𝑘𝑁𝑚2, OD=0.297m, SG=1.2, Upward moving load 260N/m over 30m, due to soil fluidisation. 
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The purpose of this investigation is to highlight the four parameters (force-reduction shadow 

presence and length, pipeline diameter and stiffness) influence on the pipeline/cable 

movement other than the backfilling velocity. The velocity dependency of the soil flow force 

on the pipeline was captured by the 𝐶𝑑 − 𝐹𝑟 relationship that was calibrated in section 6.1.5. 

All the simulations are carried out with a constant backfilling velocity of 1000m/h, that is at 

the upper end of the possible backfilling velocities and it is only typical of short lived plough 

movement (section 2.2.2, personal communications Powell, 2017). 

Regarding the first of the parameters assessed, the presence of the force-reduction shadow, 

it can be seen in Figure 6-31 that it significantly influences the amount of vertical 

displacement from the original pipe/cable position. Figure 6-31a shows the sequence of pipe 

deformed shapes while the backfilling process progresses with the load characterised by 

two scenarios. Figure 6-31a shows curves generated using only the peak force at the 

position of the backfilling plough, and curves generated accounting for the effects of the 

peak force plus the force-reduction shadow behind the pipe as reported in Figure 6-29. 

Analysing Figure 6-31b, it is clear that taking into account the peak force and the force-

reduction shadow produces (for a pipe of D=20”, SG=1.3 and EI= 20000 Nm2 ) a final 

maximum deformation 6 to 7 times larger than the scenario that only considers the peak 

vertical force. This means an increase in movement from 5% to 30% of the pipe diameter 

As shown above the force-reduction shadow, as it is modelled, greatly influences the final 

position of the pipe. The length of the force-reduction shadow depends on the dissipation 

rate parameter in equation (6.7), and it is possible that soil with a lower permeability, than 

the sand used for this study, might results in a higher transition rate parameter in equation 

(6.7) and (6.8), hence a longer backfilling shadow.  
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a) 

 

b) 

 

Figure 6-31 Pipeline accumulated displacements analysis with two different load cases: only backfilling 
plough action; and backfilling load plus force-reduction shadow. Orthogonal backfilling velocity =1000m/h 
angle of attack at 45 degrees, pipeline diameter =20” SG=1.3 and EI=20000 Nm2. 

 a) summary of the transient configuration during backfilling process; b) Final pipeline/cable configuration.  

 

As an example, an additional simulation was carried out with the same model as in Figure 

6-31, except for the transition time parameter, which was doubled from the empirical one 

provided here (Figure 6-32). The results are compared with the displacement of the pipe 

assessed with the force-reduction shadow of Figure 6-31 that uses the HST95 dissipation 

time parameter calibrated in section 6.2. The permeability of the backfilled material was not 

assessed, hence only a physical model sensitivity analysis on the length of the force-

reduction shadow with different type of soils would produce definitive results on this aspect. 

For this case only the dissipation time parameter was set to 240 to simulate a hypothetical 

lower permeability soil, hence longer force-reduction shadow, compared to the HST95 sand 

which has a dissipation time parameter equal to 120 as calibrated in the previous chapter.  
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Figure 6-32 Pipeline accumulated displacements analysis with two different load cases to simulate different 
force-reduction shadow: dissipation parameter=120 (calibrated for HST95) and dissipation parameter=240 
(double the one calibrated for HST95). Orthogonal backfilling velocity =1000m/h, pipeline diameter =20”, 
EI=20000 Nm2, SG=1.3.  

The increased permanent deformation is due to an upward load that persist for a longer 

period of time, or for a longer length of pipe. In this case the load is sufficient to overcome 

the weight of the pipe and move the pipe vertically by approximately double previous results, 

from 30%D to 60%D.  

The increase in force-reduction shadow is also dependent on the ploughing velocity, but, at 

any backfilling speed, doubling the dissipation time parameter will double the time and hence 

the length of the force-reduction shadow. This means that at any backfilling velocity a longer 

force-reduction shadow will mean a larger upward movement of the pipeline/cable. The 

dissipation time needs to be correlated with the permeability of the soil or the coefficient of 

consolidation (𝑐𝑣)  in a more systematic manner, i.e. studying different soil types with 

different permeability values in a sensitivity study with physical models. 

Other than the backfilling velocity and the dissipation time parameter, the characteristic of 

the product to be backfilled can play a significant role in the determination of the final position 

at the end of the backfilling process. Pipe/cable diameter, bending stiffness (EI) and specific 

gravity (SG) are essential to quantify the final position of the pipeline.  

The pipe diameter influences the extent of the overall force exerted by the soil flow through 

the 𝐶𝑑 − 𝐹𝑟  relationship. The effect of varying the pipe diameter but keeping all of the 

remaining characteristics of the soil constant can be seen in Figure 6-33. The figure was 

generated for a backfilling parallel velocity of 1000m/h, considering a 45 degree angle of 

attack for the blades. It can clearly be seen that increasing the diameter increases the forces 
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acting on the pipe, but it doesn’t significantly increase the resistance offered by the SG, 

which is required to counteract the uplift effects. This is due to the reduced Froude numbers 

that derive from larger diameters and hence increased drag coefficients. In Figure 6-33, 

uplift forces due to the backfilling process were applied at the position of the plough, 

independently from the raised vertical position of the pipeline/cable, this condition wouldn’t 

be true in case of the object rising higher than the depth of the trench, i.e. being impossible 

to reach by the flow of the soil. Hence maximum vertical displacement should be limited to 

the trench height. In Figure 6-33 this would limit the maximum displacement of the pipes if 

the trench was to be shallower than their movement. In Figure 6-33 the ‘waves’ that can be 

seen are deemed to be numerical artefacts related to the code implemented in Matlab. 

Similar conclusions to the pipe variation effects can be drawn for pipes with same the 

diameter and SG, but with different bending stiffness (Figure 6-34). It is interesting to note 

that for rigid pipes of bending stiffness, EI=106Nm2 no movement can be detected. 

EI=106Nm2 is in the same range of bending stiffness of the pipeline investigated by Cathie 

et al. (1996), but flexible pipelines can have bending stiffness in the order of EI=104Nm2 

(personal communications Powell, 2017). An inversely proportional trend is seen in Figure 

6-34, between bending stiffness, and displacements. This is because for a pipe with higher 

bending stiffness, it is the length of pipe not yet backfilled that contributes with its weight to 

the uplift resistance. 

 

 

Figure 6-33 Influence on the outcome of pipeline accumulated displacements analysis due to three different 
pipeline outer diameters (OD). Orthogonal backfilling velocity v=1000m/h, angle of attack at 45 degrees, 
Pipeline SG=1.3 and EI=20000 Nm2. 
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Figure 6-34 Influence on the outcome of pipeline accumulated displacements analysis due to different bending 
stiffness (EI). Pipeline OD=20” (0.508m) SG=1.5, orthogonal backfilling velocity v=1000m/h, angle of attack 
45 degrees. 

 

The results of analysis conducted with the structural beam analysis and the empirical 

correlations given by 𝐶𝑑 − 𝐹𝑟  relationship and the force-reduction shadow, are highly 

dependent on the geometry and the mechanical property of the pipe. The diameter of the 

pipe/cable and both the bending stiffness and axial stiffness of the pipe play an important 

role in this type of simulation. An increase in pipe diameter increases the impact surface for 

the backfilling actions and reduces the Fr number giving a higher drag coefficient. On the 

contrary, stiffer pipes augment the resisting effect of a high unit weight or SG, this in fact 

increases the resisting force both on the length of pipe actively affected by the backfilling 

actions and on the remaining parts as well. Most importantly the backfilling velocity of the 

pipe that dictates the force acting on the pipe, affects both the magnitude of the backfilling 

force and the length of the force-reduction shadow. An important feature of the analysis is 

the incremental displacement modelling, as it was pointed out and shown in Figure 6-19. 

The incremental upward displacements allow for the simulation of the infill of soil beneath 

the pipe, and as a consequence it increases the maximum displacement that a pipe can 

experience.  

Considering the fact that a wide variety of commercial products for pipes and cables are 

available, a specific simulation on a case by case basis should be performed, or as an 

alternative a parametric study should be carried out to evaluate frequent combinations of 
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diameter and pipeline/cable construction materials. Although as a simple and more 

conservative approach, a force equilibrium can be used.  

The forces considered should be the weight per unit length of the pipe and the force per unit 

length given by equation (6.3) using the drag coefficient relationship in equation (6.5). This 

method can be used to assess the potential for upward movement. For the same reason the 

summary of the vertical displacement and final embedment reported in Figure 6-18 should 

not be used, as it is affected by the issue of the 2D plain strain free-to-move pipe test, which 

is prone to overestimate the vertical displacement of the pipe and might lead to non-

conservative conclusions. 

 



Chapter 7 252 Summary and Conclusions 

 

 

7 Summary and Conclusions 

The objective of the research project described in this thesis was to optimise the specific 

gravity (SG) of pipelines and cables (product) during installation processes to successfully 

carry out installation operations. The desired outcome of the research was to produce a 

framework to identify the forces acting on the pipe/cables and to quantify how to optimise 

the choice of pipe/cable’s SG, in order to design more efficiently and to achieve a final 

pipeline/cable embedment that satisfies the design criterion. Two different installation 

techniques were investigated, jet trenching for fine grained materials and backfill ploughing 

in granular soils. 

7.1 Jet trenching and flotation 

Jet trenching had already been investigated by several authors in literature, but it still had a 

few aspects that required further investigation at the time of commencing this research 

project. It was shown by previous researchers that the main potential issue for jet trenching 

installation was flotation in fine grained soils. The study on the effect of jet trenched material 

on the flotation of pipes and cables commenced with this in mind, together with the need to 

create a viable design framework for subsea geotechnical engineers to mitigate flotation 

effects whilst minimising product weight. The framework needed to be reliable, scalable, 

easy to use and comprehensive. For this reasons, two scaled models were utilised and two 

different soils were used to verify the findings and scalability of the results. The framework 

was calibrated with test results from two clays, altough it is thought to be applicable to 

various types of clays as well, based on the comparison with literature data. 

To investigate the flotation issue and to produce the design methodology two types of test 

were designed with different sizes of model pipes: the free flotation test and the pull-out test. 

The two tests were performed in two different soils, Kaolin clay and Hyplas 71 clay. The pull-

out test had the advantage of recording more detailed continuous information than the free 

flotation test, while measuring the resisting force provided by the soil to oppose the pipe’s 

upward movement. The investigation proved the potential to directly compare the pipe pull-

out tests and unconstrained flotation tests. The two test types were found to be comparable 

when the buoyancy force on the pipe was adequately considered. With this in mind, it was 

possible to isolate the net soil resistance exerted on the pipe.  
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At the same time two methodologies for soil bed preparation were investigated to simulate 

in a rudimentary manner the “long term” and “short term” conditions of a pipe embedded in 

high moisture content fine grained soils. The principal outcomes of the comparison are: 

• The soil uplift resistance decreases in relation to an increase in moisture content 

(associated with a reduction in the shear strength); 

• The resistance measured tended towards a single value of uplift resistance at larger 

deformation and on approaching the soil surface, that was the same for both 

methods; 

• Where no soil remoulding was used for the bed preparation, i.e. the most 

conservative ‘short term’ conditions, a longer mobilisation distance is required to 

mobilise the peak uplift resistance. 

While trying to model the flotation phenomena, the method of installing the model pipe was 

shown to be relevant and able to affect the amount of pipeline movement required to 

mobilise the same amount of resistance. The mobilisation distance or the evolving 

resistance to flotation with increasing soil strain, was the basis for the final design framework, 

which included the other parameters investigated in the flotation part of the research project.  

The main parameters investigated were the moisture content of the soil, together with the 

design parameters of embedment operations, i.e. the embedment ratio, the lateral boundary 

conditions imposed by the trench walls and the SG of the pipe. The boundary conditions 

imposed by the embedment ratio and the trench width were chosen to evaluate the influence 

that vertical and lateral boundary conditions may have on the resistance and on the 

mobilisation length at various moisture contents. Principal outcomes of the parameter 

investigation were: 

• Reducing the width of the trench produced an increased resistance to pipe flotation; 

• Reducing the width of the trench produced a reduction in mobilisation distance; 

• Deeper embedment ratios produced an increase in peak force, but no significant 

change in the mobilisation distance. 

It is important to note that reducing the trench width provides a stiffer resistance response. 

It may then be very useful to reduce the trench width to the minimum achievable as a cost-

effective way to minimise risks of pipeline/cable flotation.  

To summarise the behaviour comprehensively in a design framework (at different moisture 

content/liquidity index) it was necessary to rely on the measured undrained shear strength 
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with the variation of the moisture content. For this reason a 𝑆𝑢 − 𝐿𝐼  relationship was 

calibrated using the results of T-bar type tests and parallel plate rheometer tests, as other 

published relationships were not suitable for the case, (Muir-Wood, 1990; Vardanega and 

Haigh, 2014) or under estimate the undrained shear strength (Locat and Demers, 1988).  

The 𝑆𝑢 − 𝐿𝐼 relationship proposed in this thesis (section 4.1.1) can be used for the design of 

SG of pipelines/cables to avoid flotation. The relationship provides a generalised approach 

as it is normalised via the liquidity index. As an alternative, it was noted that the parallel plate 

test could be an effective and fast alternative to the generalised 𝑆𝑢 − 𝐿𝐼 relationship. In fact, 

it could be incorporated in a site ground investigation campaign to perform a sensitivity study 

on the 𝑆𝑢 dependency on the increase in moisture content of the insitu soil. 

On completion of the physical testing the experimental data were analysed and summarised 

by means of resistance-displacement relationship equivalent models. The result of this 

research are meant to be used as the base for pipeline/cable SG design and flotation 

verification. For this reason a non-dimensional approach was adopted. The results and the 

data interpretation were non-dimensionalised by using the projected area of the pipe and 

the undrained shear strength of the soil. The influence of the moisture content was removed 

via the undrained shear strength normalisation.  

A hyperbolic arcsine model and a trilinear model were found to be appropriate to fit 

respectively to the unbounded and the bounded non-dimensional resistance against the 

displacement, up to the mobilisation distance. The hyperbolic arcsine model allows for a non 

linear increase in force exerted by the high moisture content soil due to the movement of 

the pipe. The choice of the trilinear model for the bounded cases (trench width to diameter 

ratio<2) is due to the stiffer soil response identified in these conditions. To represent the 

increase in resistance due to embedment depth an arctangent function was used to 

approximate the increase in the fitting parameter for the hyperbolic arcsine model and a 

linear relationship was used for the trilinear model for the bounded cases. A schematised 

version of the modelling logic is represented in Appendix A.  

It was shown that in the literature a clear definition of flotation criterion was absent. To allow 

comparison with previous studies a flotation criterion was back calculated matching the 

literature results and the hyperbolic arcsine model outputs. This lead to a definition of the 

literature flotation criterion based on pipe displacement of 0.5% of the diameter. This meant 

that a pipe moving more than 0.5% in diameter was considered as floating pipe by Ghazzaly, 

et al. (1975), Ghazzaly and Lim (1975) and Endley, et al. (2009). This comparison showed 
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that allowing for movement of only 0.5% of pipe diameter greatly underestimated the soil 

resistance that could be provided by the high moisture content soil. In fact increasing the 

definition of flotation from a movement of 0.5% to 5% of the pipe diameter increased the 

resistance available by at least 5 times.  

Using a fixed criterion to define flotation in high moisture content fine grained soils, which is 

not a sudden phenomenon, is a restrictive practice. The soil can mobilise higher resistance 

to pipeline/cable flotation if higher pipeline/cable vertical mobility is allowed. The 

pipeline/cable movement should be defined on a case by case basis and the resulting soil 

resistance can be accounted in design of the minimum SG.  

The research conducted on the pipeline/cable flotation due to jet trenching in fine grained 

soils showed the influence of parameters that had not previously been considered for 

flotation, i.e. the embedment depth and the trench width. A new method was proposed to 

predict pipe force mobilisation versus displacement, which was proven to be non-

dimensional with respect to the projected area of the pipe and the 𝑆𝑢 − 𝐿𝐼 relationship. Most 

importantly the flotation criterion was based upon the allowable movement of the pipeline or 

cable rather than adopting some form of ultimate capacity approach or predefined flotation 

criterion. The flotation criterion can be set as limiting distance in the force mobilisation model 

and then used to calculate the maximum force available to produce a floating SG chart at 

different moisture content for any particular soil. Simple testing methodologies can be used 

to determine the 𝑆𝑢 − 𝐿𝐼 relationship (Tbar type test or parallel plate) if a sample of insitu 

soil is available. On the contrary if not enough soil samples are present, a standard 𝑆𝑢 − 𝐿𝐼 

relationship is given.  
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7.2 Backfill ploughing 

As the research project was divided to consider the diverse techniques that are used to 

embed pipelines and cables, the investigation on the backfilling operations in sand was 

carried after that on the flotation phenomenon study. Two scaled physical models were 

employed to evaluate the phenomenon. The backfilling process considered in the 

investigation was a simplified and scaled version of the process described by Cathie, et al. 

(1998). The scope of the investigation was to provide the characterisation of the backfilling 

mechanism, quantify its velocity dependency, the velocity dependency of the forces acting 

on the pipe and to prove the scalability of the backfilling process. The results of this study 

are applicable only in deeper water where the effects of waves on the surface cannot be 

perceived at the sea bed.  

To simplify the backfilling process a 2D plain strain representation was adopted to model 

the complex 3D behaviour. The 2D plain strain representation of the backfilling process was 

then used to backfill a rigid ‘free-to-move’ pipe, instrumented with an accelerometer at each 

end. The ‘free-to-move’ pipe was chosen to more realistically simulate the pipeline/cable 

uplift phenomenon due to the action of backfilling and to indirectly measure the maximum 

force acting on the pipe. The pipe was ballasted to simulate different commercial products 

with different specific gravities (SG) to test the influence of the weight of the pipe on the 

magnitude of the force. Although the ‘free-to-move’ pipe detected the backfilling forces while 

uplifting was taking place, it did not reproduce the vertical displacement in a realistic manner. 

This was due to the fact that the remaining part of the pipe was not modelled. As a 

consequence, the pipe was not restricted in upward movement during the presence of 

upward force, and for low backfilling speed this lead to excessive upward displacements of 

the model pipe. 

In order to scale the backfilling process, the Froude number was used as it represents the 

ratio of the inertia forces (velocity of the backfilling plough) and the gravity forces (force 

driving the soil flow down the trench). The diameter of the pipe was chosen as the 

geometrical normalisations dimension for the gravity forces. This was due to the fact that 

the forces on the pipe can then be represented with a Force-Froude relationship in a more 

convenient manner. The physical modelling was then carried out at two different scales (1:30 

and 1:7.5). To evaluate the effectiveness of scaling the process with the Froude similarity, 

two parameters were used. The scaled maximum vertical displacements of the pipes in the 

two models and the maximum acceleration of the pipes that should be the same at both 

scales. Although the final displacement of the pipe is not correctly represented for the 
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backfilling process, it was scaled consistently between the two models, together with the 

maximum acceleration of the pipes. This combined with similarities in the morphology of the 

underwater soil flow, at comparable backfilling Froude numbers, proved the potential to 

scale the backfilling process by means of the Froude number similarity.  

The morphology of the soil flow was captured using a high-speed camera. Analysing the 

video recordings, two different types of soil backfilling mechanism were identified, at low 

backfilling velocity a Fluidising Flow, and at higher velocities an Impacting Flow. The 

threshold between the two behaviours was given in terms of Froude number at Fr=0.1.  

The first of the two flow types (Fluidising Flow) was identified to move the soil slow enough 

to form a reservoir of fluidised soil at the bottom of the trench. This accumulated fluidised 

soil allowed for light enough pipes to become buoyant and move upward toward the seabed. 

On the contrary while performing the backfilling operations at higher velocities, at Fr>0.1, 

the horizontal inertia forces in the soil, start to be relevant enough to allow the soil to reach 

the centre of the trench and impact on the pipe. The transition was identified as well by 

measuring the angle of the front of the soil flow that reached the pipe. For impacting flow at 

Fr>0.1 the angle of impact was consistently higher than 55 degrees. The impacting flow 

behaviour resulted in higher vertical forces acting on the model pipe but for a shorter duration 

due to the faster backfilling movement.  

The outcome in term of pipe’s displacement was that the lighter pipes (SG=1-1.3), at low 

backfilling velocities, moved more that the heavier ones. At Fr>0.1 the displacement showed 

extreme variability. From Fr=0 up to Fr=0.2, for pipes at an intermediate SG, i.e. SG=1.5, 

the normalised displacement reduced at increasing backfilling velocity. This is deemed to 

be consequence of the reduction in duration of the backfilling process and due to the change 

in mechanism from fluidising flow to impacting flow, where the impacting flow might engulf 

the pipe and reduce its movement. At Fr higher than 0.2 the normalised displacement starts 

to increase again, even for high SG pipes, due to the higher backfilling orthogonal velocity, 

this was more visible for test pipes with SG in the range 1.3 to 1.7. This is due to higher 

momentum carried by the soil flow for the impacting flow mechanism. Test pipes with an SG 

around 1.8 are mainly stable at all the backfilling Froude numbers tested. 

Displacements were calculated from accelerations measures and both of the quantities 

showed that the models scale reasonably well using the Froude number as a means to 

include the effect of the backfilling velocity. In fact models at different scales backfilled at 

the same Froude number, experience the same magnitude of acceleration, with the force 
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per unit length, that is acting on the pipe, being scalable via the square of the geometric 

scaling factor (𝑁𝐺
2). The acceleration was used to quantify the forces acting on the ‘free-to-

move’ pipes at different velocities. This was achieved using the momentum of the ‘free-to-

move’ rigid pipe, multiplying acceleration by the pipe’s mass.  

To non-dimensionalise the force measurements a drag coefficient was used. A power law 

was used to describe the drag coefficient dependency on the backfilling Froude number. 

The drag coefficient representation is meant to be used as a design tool for commercial 

products.  

Although the final displacements of each tests pipe were reported in simple graph of 

displacement versus backfilling Froude number, this was not intended to give a classification 

of possible prototype displacement for pipes of different SGs. This classification would 

equate to the assumption that the whole pipe moving upward as a rigid body due to 

backfilling actions that are applied on the whole length of the pipe. Considering the same 

conditions for a complete submarine pipe is an over conservative assumption and as a 

consequence, to apply the results of the tests performed for this project, it is necessary to 

discard the assumption that the pipe is acting as a rigid body. Instead a structural analysis 

should be performed where the backfilling actions are represented as a moving load that 

may endure for a certain period of time after the process is completed.  

For this purpose a second series of tests were performed with the model at 1:7.5 scale. The 

tests included an array of pore pressure transducers backfilled at three different heights in 

the trench. The purpose of the tests was to monitor the development of the pressure and its 

dissipation with time. From the tests it was possible to observe the differences between the 

Fluidising Flow and the Impacting flow. For the impacting flow the impact produced a more 

pronounced peak in pore pressure and a pore pressure that persisted for some time after 

the end of the backfilling blade movement. On the contrary for the Fluidising Flow the 

pressure presented flattened peaks, or no peak at all, and the pore pressure reduced to 

hydrostatic levels almost immediately after the end of the backfilling operations. To quantify 

the duration of the actions on the pipe it was assumed that the forces were acting on the 

pipe for as long as the pore pressure was enough to maintain a fluidised state in the soil. 

The time necessary for the pore pressure to drop under the pore pressures fluidisation 

threshold was then measured and correlated to the backfilling Froude number. The time was 

non-dimensionalised via the backfilling velocity and the diameter of the pipe. With this 

methodology the time necessary for the pressure to reduce below the liquefaction pore 
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pressure threshold of all three transducers was well approximated by a unique linear 

correlation with the backfilling velocity. This linear correlation can be used to calculate the 

length of the force-reduction shadow behind the moving plough, assuming that the pipe is 

subjected to a constant force for as long as the soil is in a fluidised state. As the pore 

pressure reduced in almost a linear manner, the force reduction behind the plough was 

assumed to be linear as well. This definition was implemented with the maximum force 

exerted by the soil flow defined by the drag coefficient, allowing the force behind the plough 

to reduce linearly from the maximum force. These characteristics led to name the force 

reduction representation as ‘force-reduction shadow’.  

An example of a simplified structural analysis was provided at the end of the backfilling 

results chapter where the backfilling loads were applied to a simple Euler beam which was 

representing the pipeline/cable. The analysis consisted of a series of static analysis where 

the forces on the pipe are moving forward in the longitudinal direction of the pipe. The scope 

of the analysis was to highlight the most influential parameters affecting the results of a 

backfilling operation. The simulation allowed for the backfilling loads to move horizontally to 

follow the movement of the plough, and for a progressive upward movement of the pipe, i.e. 

ratcheting upward. It was shown that the stiffness and the weight of the pipe play a critical 

role together with the dimension of the product (diameter). It was shown as well that the 

influence of the force-reduction shadow, when present, increased the uplift movement of the 

pipe drastically, due to the longer length of the pipe subjected to uplifting actions. 

In conclusion the investigation of the installation method with backfill ploughs, showed 

scalability via the Froude number proven via similarities of the soil flow and using both the 

accelerations and final displacement of the model pipes. Although there is some simplicity 

in the ‘free-to-move’ pipe approach, especially with the evaluation of vertical displacements, 

the maximum forces acting on the pipe were captured. Based on these results a drag 

coefficient-Froude number relationship was created to be employed to evaluate the 

structural response on pipes/cables due to the soil flow at different backfilling velocities. A 

simple additional force reduction correlation was created based on the assumption that 

forces on the pipes/cables could follow the same trends of the pore pressure, once over the 

fluidisation threshold. The results of these tests should be used taking into account the 

mechanical properties of the pipeline/cable. 
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7.3 Recommendations for future work 

The focus of this research was on the pipeline and cable installation process and the product 

Specific Gravity optimisation to avoid pipe/cable flotation or uplift. The installation process 

hence was simplified and scaled for the purpose of modelling. In this regard future research 

should attempt to reproduce the jet trenching process more closely. In fact jet trenching may 

leave the soil in a condition that may vary with the machine and operation specification. To 

evaluate the state of the soil at the end of the process and its effect on the long-term 

evolution of pipe’s stability, then it might be helpful to model the jet trenching process more 

closely and use the resulting soil for long term flotation testing where consolidation and 

sedimentation is allowed to occur. 

The representation of the flotation test where the trench boundary by the tri-linear model 

was included has potential for further refinement. This could be improved to give a better 

representation of the initial stiffness as the method proposed average the initial response of 

the pipe up to the first point of the trilinear model. 

Utilising the detailed results of this investigation on the fine grained soil flotation 

phenomenon, a back analysis using numerical modelling could be performed. The large 

amount of pull-out test results can form the basis of a numerical investigation into the 

problem. The correlation between the mobilisation distance and the resisting mechanism 

could be investigated numerically to qualify the evolution of the resisting mechanism and 

the influence on the resistance of the lateral boundary conditions and of the soil surface. 

This would allow a wider parametric investigation that could lead to possibly link the 

hyperbolic arcsine and the trilinear model in one framework. 

Potential further analysis of the results of the backfilling part of the project, could focus on 

evaluating the assumptions about the force-reduction shadow which is linked to the 

dissipation of the pore pressure. A new type of test should be performed to verify the 

reduction of the force, and for this purpose a fixed position test pipe should be designed. 

The pipe could be instrumented with vertical and horizontal load cells and subjected to the 

backfilling loads. This would allow monitoring of the force increase, peaks and reduction. An 

estimation of the time required requires a sensitivity study on the type of soil and on the 

permeability of the soil at low relative densities. In fact, the characterisation of the force-

reduction shadow should be linked to the permeability of the soil and/or the density of the 

post backfilling soil conditions.  
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To add a level of complexity to the 2D models, a 3D representation of the problem could be 

the next step for the backfilling related investigations. In fact, it was seen from the literature 

that complex features are present in the 3D phenomenon. A long flume could be used to 

investigate, at reduced scale, both the change in backfilling mechanism and the influence of 

the mechanical properties of the backfilled product. This will increase the amount of 

variables, but it should allow for quantifying and characterising the soil flow, i.e. verify at 

which Froude number the soil is transitioning to different type of flows, as was done in this 

thesis for the fluidising flow and the impacting flow. Additional complication will arise as well 

in scaling the mechanical properties of the pipe/cable, i.e. its bending stiffness. This would 

allow to verify though that the pipeline uplift phenomenon is highly dependent on the 

longitudinal mechanical property of the pipe itself as shown at the end of the results chapter. 
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