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Abstract

The purpose of this study is to explore the conditions in which trenches form beneath oscillating cylinders –

such as pipelines, cables or idealised chains – close to the seabed. Experiments are conducted by oscillating

a circular cylinder in a direction normal to an initially flat sandy bed. Across a relatively wide parameter

space, the transport patterns and trench geometries reveal three transport regimes that are linked to vortex

dynamics and depend primarily on the ratio of oscillation amplitude to cylinder diameter (KC number).

For KC . 4 sediment motion results in bedload transport that is symmetric about the cylinder centreline.

This leads to the formation of two parallel trenches with a prominent ridge forming directly beneath the

cylinder. For 4 . KC . 9 sediment motion occurs via localised transport events, which are associated with

the motion of vortices shed from the cylinder. These transport events are irregular but occur on both sides

of the cylinder and lead to the formation of a symmetric trench geometry. For 9 . KC . 12 the sediment

motion is characterised by localised transport events and asymmetric bedload transport driven by overall

vortex dynamics. In terms of trench size, the maximum (equilibrium) depth is found to increase with KC

and a mobility number (ψ) defined in terms of the maximum cylinder velocity. The initial rate of trench

development also increases with KC number and ψ, with an additional dependency on the cylinder Reynolds

number. The cylinder motions required to initiate trenching are predicted well using continuity arguments

and an oscillatory boundary layer assumption, provided the KC number and minimum gap between the

cylinder and the bed are relatively small. The findings in this study provide insight into the mechanisms

and prediction of trench formation. In particular, this study reveals that significant trenches can form in

sandy seabeds solely due to fluid flow induced by pipeline/cable/chain motion without direct seabed contact,

which has implications for structural fatigue.
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1. Introduction

Objects that oscillate above the seabed cause local fluid motions that have the potential to cause sediment1

transport even without the influence of externally-applied flows. This transport can result in the formation2

of a trench beneath the object, which can impact the design of engineered near-seabed infrastructure in the3

offshore industry. For example, full utilisation of the fatigue life of steel catenary risers (SCRs) in deep-water4

offshore developments is limited by the inability to predict the seabed geometry due to oscillation of the riser5

at the touchdown zone (Bridge and Howells, 2007). This has implications on how the stresses in the riser6

vary close to the touchdown point over the lifetime of the system. Similarly, the significant trenches believed7

to result from soil-fluid-structure interaction around mooring line chains can significantly reduce the capacity8

of anchoring systems (Bhattacharjee et al., 2014). For both SCRs and mooring lines, vertical oscillation9

in absence of background flows occurs if metocean loading on connected surface facilities is independent10

of the near-bottom metocean climate – for instance surface waves in deep water environments. Similarly,11

isolated near-bottom motion occurs during installation of pipelines and cables from surface pipe-lay vessels12

(Westgate et al., 2010a).13

Despite the practical importance of trench formation, limited previous work has studied the mechanics14

of scour owing solely to object motion. Chiew et al. (2016) performed an experimental study describing15

trench geometries that form in a sandy bed beneath a spring-mounted cylinder undergoing forced vibrations16

normal to the bed and allowed to contact the bed. The study focused on two oscillation frequencies and a17

targeted oscillation amplitude of 1.4 diameters. For these two cases the observed flow field was reported to18

be symmetric and the trench that formed was symmetric about the centreline of the cylinder. Interestingly,19

the maximum width of the trench was found to increase with increasing oscillation frequency, whilst the20

maximum depth decreased with increasing oscillation frequency. Chiew et al. (2016) provided important21

insight into trenching mechanics, motivating the wider parametric range of the current experiments.22

In contrast, there exists a substantial body of work regarding scour beneath pipelines due to externally23

applied hydrodynamic forcing, such as currents and/or waves, as opposed to object motion (e.g. Sumer24

and Fredsøe, 2002). The basic features of wave-induced pipeline scour are (a) that the equilibrium scour25

depth is a function of the Keulegan-Carpenter (KC) number, which is proportional to the orbital amplitude26

that a fluid particle moves during a cycle relative to the pipeline diameter; and (b) the time scale of scour27

formation is inversely proportional to the dimensionless skin friction shear stress applied to the seabed due28

to the wave forcing. Previous studies have also focused on scour beneath a vibrating pipeline or riser in the29

presence of currents or waves, which has relevance to vortex-induced vibrations (Sumer et al., 1988; Gao30

et al., 2006; Chiew et al., 2014). These and similar studies found that the scour depth generally increases31

with pipeline oscillation (relative to the stationary case) near the bed.32

Based on classical fluid mechanics, it is well-known that if the oscillation amplitude of an object is33
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not small compared with its diameter, vortex shedding may significantly influence the local flow field.34

Williamson (1985) and Tatsuno and Bearman (1990) documented the vortex shedding regimes around a35

cylinder oscillating far from any boundary. Williamson (1985) described the changes in flow regime that are36

observed as KC number increases (where the KC number is now proportional to the amplitude of cylinder37

motion divided by cylinder diameter), for β = Re/KC < 230, where Re is the Reynolds number defined in38

terms of the maximum cylinder velocity. At KC < 4 a pair of vortices with approximately equal strength39

form on the trailing side of the cylinder and do not shed, but detach at the end of each half cycle. As KC40

increases to ∼ 7, the strength and size of the vortex pair become increasingly asymmetric, but do not shed41

due to insufficient amplitude of motion. Above KC ∼ 7, one vortex sheds per half cycle leading to the42

formation of a vortex street transverse to the axis of oscillation. At higher KC numbers, additional vortices43

are able to shed per half cycle, leading to a family of additional flow regimes (Sumer and Fredsøe, 2006).44

With the introduction of a rigid wall, a third parameter (in addition to the KC and β numbers) influences45

the local flow field: the minimum gap distance between the cylinder and the wall. Sumer et al. (1991), for46

example, has shown that the transverse vortex street transitions to a parallel vortex street when a cylinder47

is oscillated parallel and sufficiently close to a wall. Sumer et al. (1991) also showed that vortex shedding48

is suppressed at small gap distances (less than 0.1D). For the case of a cylinder oscillating normal to a49

rigid wall, Tom (2018), using particle image velocimetry experiments, showed that at low KC (. 5 but50

also up to at least 12 for some portions of the cycle) and β = 500 the presence of a wall leads to relatively51

large near-boundary velocities (or pumping) that can be predicted well by potential theory and continuity52

arguments. For KC & 7 vortices shed in the transverse direction but the confinement introduced by the wall53

causes horizontal flows near the wall to be strongly asymmetric. The influence of vortices was also suggested54

to increase the near-wall velocity, relative to that for symmetric pumping, for KC & 5. Tom (2018) also55

showed that for a minimum gap height of 12.5% of the cylinder diameter, the wall does not appear to suppress56

transverse motion of shed vortices from a normally oscillating cylinder. The numerical results presented by57

Tom (2018) over this KC range focused on a constant Re = 150. The results showed similar vortex-wall58

interaction features to the experimental results for larger Re and showed that comparison between continuity59

arguments and near-wall velocity is good provided the minimum gap ratio and KC number are sufficiently60

small.61

Building on this previous body of research, the principle aim of this paper is to experimentally investigate62

trench formation beneath an oscillating cylinder over a relatively wide parameter space that is relevant to63

submarine pipelines, cables and mooring chains during installation and operation. As an idealisation of a64

typical riser system, a circular cylinder is oscillated sinusoidally in time normal to the bed (see Figure 1).65

A focus is placed on relating general observations of the trenching processes back to measurements of the66

velocity field obtained by Tom (2018) to elucidate the driving mechanisms of sediment transport. Three67

aspects of the problem are investigated quantitatively: (i) the range of cylinder motions that cause sediment68
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Fig. 1. Problem definition.

transport, to provide a prediction on when trenching may occur; (ii) the rate of trench formation and (iii)69

the extent and depth of the trench as it progresses.70

To investigate the mechanics of trench formation due to fluid motions alone, the experiments reported in71

this paper are for cylinder motions that do not contact the bed. The geotechnical aspects of trench formation72

due to pipe-seabed contact are thus avoided. Similarly, the present experiments only use sandy, coarse-73

grained sediment. This restriction allows for interpretation of trench formation from the well-established74

standpoint of sand transport. It is anticipated that future work considering finer grain sediments may utilise75

the insights gained from the present experiments.76

The remainder of this paper is structured as follows. Section 2 describes the experimental setup utilised77

and Section 3 outlines the relevant parameter space that has been investigated. Section 4 then presents an78

overview of the sediment transport mechanisms and the trench geometries that were observed across the79

experimental parameter space. The effect of cylinder motions on the initiation, rate and depth of trench80

formation are then quantitatively investigated in Section 5. Discussions and conclusions are presented in81

Section 6 and 7, respectively.82

2. Experimental methodology

The experiments were conducted in a 660 mm long section of a 395 mm wide tank at the University of83

Western Australia, which has a total length of 15 m. The water depth was 250 mm above the bed surface84

and the sand bed was placed to a total depth of 200 mm. The cylinder was oscillated using an electrical85

actuator whereby the prescribed vertical displacement in time was:86

y(t) = hmin +
D

2
+A−A cos

(
2πt

T

)
(1)
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Table 1

Properties of sediment used in experiments.

Property Units Value

Median particle size, d50 (mm) 0.180

Coefficient of uniformity, Cu (-) 2.000

Particle specific gravity, s (-) 2.670

Critical Shields parameter, θcr (-) 0.051

Critical shear stress for erosion, τcr (Pa) 0.159

where A is the oscillation amplitude, T is the period and hmin (> 0) is the minimum gap distance. Since87

the motion is defined by a cosine function, the lowest point in the cycle occurs at t/T = 0, 1, 2, . . . and the88

cylinder is at its furthest position at t/T = 0.5, 1.5, . . .. To verify the cylinder motion, a linearly variable89

differential transformer was used to measure the cylinder displacement.90

Three PVC cylinders were used (with diameters of 21 mm, 51 mm and 89 mm), which extended 385 mm91

across the width of tank. Additional tests were also conducted with 650 mm long cylinders (extending along92

the tank section) to investigate end effects. Prior to each experiment, the sediment was levelled by dragging93

a thin, rectangular piece of PVC material over the test bed. The leveller extended across the width of the94

tank and was suspended below two railings placed atop the sediment container. The initial bed surface,95

denoted ξ(x, z, 0), was then scanned using a SICK Ranger 3-D laser scanner. During testing cylinder motion96

was stopped at intervals and the bed was rescanned to recover ξ(x, z, t). Scans were taken with the laser97

placed across the width of the tank and actuated along its length.98

The sediment used in the experiments was commercially available silica sand, which has been employed99

in a number of previous scour studies (e.g. Leckie et al., 2016). Table 1 presents the properties of the100

sediment drawing on erosion parameters determined by Mohr et al. (2016) (who refer to this sediment as101

SS2).102

3. Experimental parameter space

Dimensional considerations indicate that trench development beneath the cylinder is dependent on a103

number of variables related to the cylinder motion, fluid properties and sediment properties. The maximum104

trench depth S0 = ξ0 −min(ξ), for example, may be written functionally as:105

S0 = f (D,A, T, hmin, ν, d50, g(s− 1), ws) (2)

where ν is the fluid kinematic viscosity and d50 is the sediment median particle size. g(s−1) is an independent106

quantity defined from s = ρs/ρ and gravitational acceleration, g, where ρ and ρs are the fluid and sediment107
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(particle) densities, respectively. Finally, although particle fall velocity (ws) may be derived from the other108

parameters if the particle shape is known, it has also been included in Eq. 2 as an independent parameter109

for generality.110

Noting that there are three primary dimensions, Eq. 2 can be rewritten as:111

S0/D = f

(
KC =

2πA

D
, β =

D2

Tν
,
hmin
D

,ψ =
(2πA/T )2

g(s− 1)d50
,

2πA/T

ws

)
(3)

The first dimensionless group is KC number, the second is the ratio of Re to KC number (commonly112

referred to as β), the third is the minimum gap ratio, the fourth describes a sediment mobility number113

ψ written in terms of the maximum cylinder oscillation velocity (Vmax = 2πA/T ) and the final group is114

the ratio of maximum cylinder velocity to fall velocity (somewhat analogous to the Dean Number; Hughes,115

1993). Across the first four independent groups, the present experimental program covers a realistic range116

for a single sand sediment. Although the final group is not explored systematically in this work, it is included117

for future reference since mode of erosion is known to affect trench geometry and rate of development (e.g.118

Mohr et al., 2016).119

At full scale, the relevant motion of risers, pipelines or cables depends on aspects such as water depth,120

system configuration, system geometry and structural properties, operating metocean conditions, the re-121

sponse of an attached vessel and the geotechnical response of the seabed (e.g. for pipe installation or laying,122

see Westgate et al., 2010a). Limited published data in the literature exists regarding actual motions at the123

seabed, but inferences may be made to form a representative parameter range for testing. For example:124

1. Full scale riser tests conducted during the STRIDE JIP (Bridge, 2005) investigated vertical motions125

of a 0.168 m diameter riser corresponding (at 10 m above seabed) to a [KC, T ] of [1.9, 6 s] and [15,126

25 s] for operating and extreme motions of the attached floating system, respectively. These motions127

were adopted based on riser analyses conducted as part of the JIP.128

2. Westgate et al. (2010b) reported video footage of 0.32 m diameter pipeline motions during the lay129

process of up to KC = 5.0 in the near-bed region with an average wave period of 5 s. That pipeline130

had a recorded trench depth (where sediment was suggested to have been eroded) in some locations131

of 1 to 1.5 diameters.132

3. Bridge and Howells (2007) report riser trenches in the field ranging from 2 to 4.5 diameter deep; this133

suggests the KC number may reach up to 6 to 14 if it is assumed the riser returns to the original134

seabed level and contacts the bed in a cycle.135

4. Geotechnical centrifuge testing undertaken by Elliott et al. (2013) considered a maximum KC value136

of about 14 and a period T of 20 s (but also 1 s, in an attempt to scale the motions for centrifuge137

modelling) defined at prototype scale for a point on the riser 5 m above the seabed. The riser had a138
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prototype diameter of 0.508 m.139

5. Hejazi (2018) provided the authors with example motions from dynamic riser analyses for a 0.228 m140

diameter riser in 1,000 m water depth for typical operational sea states corresponding to 0.4 m vertical141

amplitude motions of a semi-submersible host. The motions for this specific example in the touchdown142

zone resulted in a KC number of about 6.9 and an oscillation period T of 13 s.143

From these references it appears that KC < 15 is broadly representative of pipeline and riser motions144

induced by a floating host near the touchdown zone. For pipelines being installed, the range is likely to be145

smaller (i.e. KC < 5) since pipelay occurs in relatively calm conditions. The range in quoted oscillation146

period suggests Re ∼ O(104 − 105) or β ∼ O(103 − 104).147

For the present study, two series of tests were conducted: the first (main) series focused on observations148

and measurements of trench formation, whilst the second (supplementary) series focused on the threshold149

of sediment motion. The experiments that were performed in the first series are listed in Table 2. These150

experiments were chosen to cover a representative range in KC number and β number. The mobility number151

was varied whilst fixing the minimum gap ratio at a reference value of approximately 0.1 to ensure a range152

of near bed velocities.153

For the second supplementary series, KC was varied up to 12 and ψ was varied so as to achieve sediment154

motion. Three different pipe diameters were adopted to vary β between ∼ O(102 − 103), and the minimum155

gap height was varied between 5 to 20% of the cylinder diameter.156

4. Results: General Observations

A range of different trench geometries are observed across the parameter space investigated in the main157

experiments. Figure 2 shows a selection of seabed cross-sections recorded during the experiments. Figure158

3 shows the corresponding centreline bed level progression over time. General observations can be made as159

follows:160

1. Sediment transport leading to trench formation is generally confined to the seabed local to the cylinder,161

with the width of the seabed affected by sediment transport generally increasing in size with increases162

in KC number and ψ, up to ±2D.163

2. Trench formation coincides with the formation of berms above the initial bed level, with similar cross-164

sectional area to the trench indicating that the sediment moves primarily in bed load or, if suspended,165

it is deposited locally.166

3. Trenching occurs quickly in the early stages of cycling and continues in most cases at a reducing rate167

towards an equilibrium geometry. These findings suggest that transport patterns are linked to the168
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scale of the fluid flow induced by cylinder oscillations and depend significantly on the motion of the169

cylinder.170

In addition to these general observations, there are noticeable differences in both the trench profiles and171

how the bed evolves with time. These changes are primarily dependent on KC number since this parameter172

primarily controls changes in the overall vortex shedding dynamics (see Section 1). Three primary regimes173

of trench formation have been identified based on the main experimental results. These are described in174

further detail in the following sections.175

4.1. Symmetric central ridge (KC < 4)

For KC < 4 a central ridge of sediment forms beneath the centreline of the cylinder, together with176

two trenches on either side (see Figure 2a, b). At the commencement of each experiment, sediment motion177

occurs primarily via bedload transport when the cylinder is close to the bed (i.e. 0.75 < t/T < 1.2). This178

sediment motion is directed away from the centreline when the cylinder approaches the bed and towards179

the centreline as the cylinder moves upward. The transport is symmetric about the cylinder centreline but180

is not time-symmetric over a cycle. This results in net transport towards the centre of the cylinder. Over181

multiple oscillations this net transport leads to formation of a ridge (see Figure 4a).182

To illustrate these observations, Figure 4b-e provides sketches of the sediment transport observed at183

different instances during a cycle. Also shown on this figure (in grey lines) are the flow features identified184

via flow visualisation experiments for a cylinder oscillating with similar KC number above a rigid wall185

(Tom, 2018). The main flow features include the vortex dynamics and pumping of water into and out of186

the gap beneath the cylinder. For this regime, these flow features are consistent with the observed sediment187

transport mechanisms. In particular, symmetric sediment motion either side of the cylinder is consistent with188

pumping flow beneath the cylinder, which is symmetric and peaks at a similar phase during the oscillation189

(Tom, 2018). In addition, the time period over which sediment motion occurs during the second half of the190

cycle (i.e. cylinder moving towards the bed) was slightly longer than the first half-cycle. This difference is191

attributed to the background circulation in the flow field directed outward near the bed (indicated by the192

circulation cells on Figure 4b-e), which prolongs transport as the cylinder moves towards the bed.193

4.2. Symmetric trench with intermittently asymmetric transport (4 < KC < 9)

For the experiments where 4 < KC < 9, the eventual trench geometries in Figure 2 is symmetric about194

the cylinder centreline, with generally no prominent ridge above the initial bed level. However, although195

the final geometries are qualitatively similar throughout this regime, the dominant mechanisms of sediment196

transport observed during individual cycles varies.197

For 4 < KC < 6, bedload transport similar to that described in the previous subsection still contributes198

significantly to sediment movement over the time interval t/T = 0.75 to 1.2. However, sediment movement199
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(a) Test 1, KC = 2.5; ψ = 16.1 (b) Test 2, KC = 2.5; ψ = 26.0

(c) Test 5, KC = 4.8; ψ = 20.6 (d) Test 6, KC = 4.6; ψ = 31.7

(e) Test 9, KC = 6.0; ψ = 10.3 (f) Test 12, KC = 6.2; ψ = 33.5

(g) Test 15, KC = 8.0; ψ = 9.5 (h) Test 17, KC = 11.7; ψ = 20.5

Fig. 2. Measured trench profiles after progressively increasing numbers of cycles. Cylinder represents lowest posi-

tion in cycle.
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Fig. 3. Measured trench depth progression at the centre of the cylinder (i.e. SCL = ξ0 − ξ(0, 0, t)). Lines grouped

by colour for similar KC numbers.

also occurs due to spontaneous localised transport events in which sediment is temporarily suspended within200

a localised area (e.g. Figure 5a). These localised events occur on either side of the cylinder, although not201

generally on both sides at the same position along the cylinder during a cycle. The events occur at a slightly202

different time interval in the cycle compared to the bedload transport (0.1 < t/T < 0.5, as the cylinder203

moves away from the bed). For some cycles, the regions of sediment associated with the localised events204

are sufficiently large to encompass sediment at the centreline of the cylinder, which appears to inhibit ridge205

formation. With increasing KC number and ψ, the contribution to total sediment transport due to the206

localised events appears to increase relative to that due to bedload transport.207

To summarise these observations for 4 < KC < 6, Figure 5b-e presents sketches similar to Figure 4,208

which also include flow features simplified from Tom (2018) for a similar KC number range. These flow209

features indicate the formation of asymmetric trailing vortices during each half cycle, which detach when210

the cylinder reverses direction. When the larger of these detached vortices sheds at the lowest point of the211

cylinder motion (i.e. Vortex A on Figure 5c and 5d), it advects back towards the bed and induces a jet-like212

flow between itself and the newly forming vortex on the same side of the cylinder (Vortex C on Figure 5d).213

At around t/T ∼ 0.1, the jet-like flow impinges on the bed and is believed to cause the localised sediment214

suspension events.215

In terms of net sediment transport, the asymmetry in the vortex shedding shown on Figure 5 was216

observed to switch frequently in Tom (2018), such that jet flow often occurs on either side of the cylinder on217

different cycles. This switching is consistent with the observation of localised transport events occurring on218

both sides of the cylinder but not at the same position. This frequent switching is believed to be the reason219
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(a) Example video still from KC = 3.6, ψ = 17.6 after

2000 cycles.

(b) Idealised flow and transport schematic

Fig. 4. Regime 1 – Example video still and idealised representation of flow dynamics and seabed formation. Solid

grey lines represent vortices with cores denoted by dots. Dashed grey lines represent pumping or overall circulation

features.
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why the final trench geometry is approximately symmetric.220

For larger KC numbers in this regime (i.e. 6 < KC < 9), localised transport events are also observed;221

but a key additional observation is the occurrence at t/T ∼ 0, 1 of uni-directional (i.e. asymmetric) bedload222

transport across the cylinder axis on some (but not every) cycle. This asymmetric transport removes223

sediment from the centre of the cylinder. The direction of bedload transport is usually away from regions224

with localised transport, and appears to switch direction intermittently over 10s of cycles. This intermittency225

is consistent with results reported by Tom (2018) suggesting that for 5 ≤ KC < 8, β = 500 the side on226

which the dominant trailing vortex forms and the direction of near-wall horizontal flow at the cylinder227

centreline varies between individual cycles. Analogously, Tatsuno and Bearman (1990) described a flow228

regime (Regime E) wherein the direction of asymmetric vortex behaviour periodically switches sides. This229

was linked to three-dimensional flow structures moving irregularly along the cylinder in time. The general230

observations in this study for 6 < KC < 9 are conceptually similar to those illustrated on Figure 4b-e,231

except that the bedload transport becomes more asymmetric beneath the cylinder.232

4.3. Asymmetric trench (9 < KC < 12)

For KC > 9, the trench geometry is asymmetric throughout much of its development. To quantify this233

shift from symmetric to asymmetric geometry, Figure 6 shows the horizontal location of the deepest point234

in the trench on the left and right hand sides of the cylinder (averaged along the cylinder length). Results235

are shown for all tests for which > 1000 cycles were completed (some of which are not detailed in Table236

2). For a symmetric trench, |xmax,RS + xmax,LS | = 0, so the vertical axis in this figure would be zero.237

Since xmax,RS ≥ 0 and xmax,LS ≤ 0, large values of |xmax,RS +xmax,LS | indicates that the deepest position238

on one side of the cylinder is further from the centreline than the deepest position on the other side. For239

tests conducted at KC . 9, the trench profiles measured are approximately symmetric after many cycles.240

In contrast, for KC & 9, |xmax,RS + xmax,LS | is often larger than a cylinder diameter, indicating large241

asymmetry in the trench profile.242

The general mechanisms of sediment transport observed in this asymmetric regime are similar to that243

observed for 6 < KC < 9 and comprise asymmetric bedload transport and localised transport events.244

However, for KC > 9 the sediment motion during the initial cycles (both the direction of bedload transport245

and the location of localised events) are much more uniform along the cylinder (see Figure 7a) and maintain246

the same sense of asymmetry for tens to hundreds of cycles without switching. This observation is consistent247

with Tom (2018), who showed that over this KC range consistent vortex shedding in a single primary248

direction was also maintained over O(10) to O(100) of cycles coincident with the development of a transverse249

vortex street.250

To explain the observed trends in the sediment motion, Figure 7b-e again documents the flow field and251

sediment motion during a cycle. This flow field is similar to that shown on Figure 5, except that the dominant252
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(a) Example video still from KC = 6.1, ψ =

33.5 after 1 cycle.

(b) Idealised flow and transport schematic

Fig. 5. Regime 2 – Example video still and idealised representation of flow dynamics and seabed formation. Solid

grey lines represent vortices with cores denoted by dots. Dashed grey lines represent pumping or overall circulation

features.
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Fig. 6. Normalised distance between locations of maximum trench depth on right and left sides of cylinder. Data

for all tests with N > 1, 000.

trailing vortex (labelled Vortex A on Figure 7c) now detaches prior to the cylinder reversing direction. This253

results in the formation of a transverse vortex street. However, the jet-like flow that forms between this254

detached vortex and the newly forming trailing vortex (Vortex B on Figure 7d, e) is still evident and causes255

localised transport. The asymmetric flow near the bed at t/T ∼ 0 (Figure 7c) coincides with the overall256

circulation dynamics observed by Tom (2018) for KC > 8. This asymmetry is similar to but more consistent257

over multiple cycles than that described for Regime 2.258

4.4. Uniformity of trench geometry

The preceding results focused on only 2D features of sediment transport and the flow field. For low259

to moderate KC numbers (i.e. KC < 9) these features dominate, with uniform trenches forming along260

the cylinder length throughout the trenching process (see Figure 8). In contrast, for KC > 9 the trenches261

are more non-uniform along their length and appear to be affected by the end conditions, even for tests262

with L/D = 30. Figure 8d, for example, shows the trench width and depth varying along the cylinder263

axis. Increased transport also occurs near the ends of the cylinder, suggesting end-effects; and for large KC264

the sediment motion is clearly three-dimensional. Quantitative results presented in this paper for KC > 9265

should therefore be treated cautiously. However, the qualitative discussion of the trenching mechanics seen266
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(a) Example video still from KC = 12.3, ψ = 33.4 after 1 cycle. (not listed

in Table 2)

(b) Idealised flow and transport schematic

Fig. 7. Regime 3 – Example video still and idealised representation of flow dynamics and seabed formation. Solid

grey lines represent vortices with cores denoted by dots. Dashed grey lines represent pumping or overall circulation

features.
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(a) KC = 2.5, ψ = 16.1, Range ±0.05D (b) KC = 6.1, ψ = 33.5, Range ±0.05D

(c) KC = 9.5, ψ = 9.5, Range ±0.05D (d) KC = 12.3, ψ = 20.5, Range ±0.05D

Fig. 8. Final surface scan elevation over middle 100 mm of cylinder length. Depth values normalised by cylinder

diameter. Colour range noted in subcaptions.

at the mid-plane of the flume is representative of this KC number regime regardless.267

5. Quantitative results: trench formation

5.1. Threshold of sediment motion

To predict trenching, the conditions under which sediment motion occurs must first be assessed. Exper-268

iments were undertaken to assess the cylinder motions for which sediment was observed to be mobilised.269

These experiments were conducted systematically for specific values of hmin/D and KC by oscillating the270
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cylinder above an initially flat bed for approximately 100 cycles at a constant value of ψ. This process was271

then repeated for increasing ψ. During these oscillations, sediment motion was defined as occurring when272

one of two observations were made:273

1. Method 1: grains were transported in bedload a distance exceeding one grain diameter during the274

cycle over more than 50% of the cylinder length; or275

2. Method 2: sediment was mobilised (in bedload or suspension) due to localised transport events at276

least once per cycle over more than 10 cycles.277

Mobility via the first observation was most prevalent at low KC numbers. The second observation was278

more common at higher KC numbers where localised transport events are more prevalent. For a given value279

of KC number, the smallest value of ψ that corresponds to occurrence of sediment motion (i.e. the critical280

mobility number) is denoted as ψcr throughout the remainder of this paper.281

Figure 9 summarises the threshold of motion observations in terms of KC number and ψ for different282

diameters and values of hmin/D. In all cases for KC < 4 and approximately constant hmin/D, the required283

ψ for sediment motion increases with KC. This implies that for this range in KC number, as amplitude284

of motion increases, the cylinder must move faster to achieve a near-bed fluid velocity sufficient to mobilise285

the sediment. The results also indicate that in the range of ψ near the sediment mobility threshold the286

transport regime primarily involves symmetric bedload transport for KC < 4.287

In contrast, for KC & 4 the required ψ for sediment motion reduces slightly for 4 < KC < 6 (at least for288

D = 51 mm) and then changes only slightly for KC > 6. This reduction suggests that as KC increases there289

is an apparent amplification in the near-bed velocities, which enables sediment to be mobilised at relatively290

lower ψ. Initiation of sediment motion in this regime also coincides with the occurrence of localised transport291

events described previously.292

Aside from the trends with KC number, Figures 9c, d and e also indicate that for KC < 4 the cylinder293

motions required for mobility are dependent on the minimum distance between the cylinder and the seabed.294

When the minimum gap is larger, the rate of volume change in the gap beneath the cylinder decreases.295

Thus, faster cylinder motions are required to cause the same near bed fluid velocities at the same cycle296

phase. At higher KC numbers (see Figure 9b), this dependency is less clear because the sediment motion297

is caused by localised events.298

5.1.1. Prediction of threshold of motion at low KC number

Provided the KC number is small (i.e. KC . 4) and hmin/D is small, Tom (2018) showed that continuity299

arguments can be used to estimate the flow velocity beneath the cylinder. This is possible because small300

KC ensures the flow is symmetric and free from significant vortex shedding influence. Additionally, small301

hmin/D ensures the flow is relatively uniform with height in the gap between the cylinder and wall, such302
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(a) D = 21mm (b) D = 51mm

(c) D = 89mm, hmin/D < 0.07 (d) D = 89mm, 0.07 ≤ hmin/D <

0.14

(e) D = 89mm, hmin/D ≥ 0.14

Fig. 9. Threshold of motion. Squares - Method 1. Circles - Method 2. Solid symbols - observed sediment mo-

bility. × - no motion. Black symbols - hmin/D < 0.07. Blue symbols - 0.07 < hmin/D < 0.14. Red symbols -

hmin/D > 0.14. Shaded areas - approximate ranges for regimes in Section 4. Blue shaded areas - predictions based

on Eq. 7 to 13 for measured range in hmin/D.
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Fig. 10. Control volume between an oscillating cylinder and a rigid wall.

that the depth-averaged velocity deduced from a control volume analysis is representative of that at any303

height within the gap. In this subsection, such estimates of flow velocity are used to predict the threshold304

of motion beneath the cylinder.305

To obtain an expression for the velocity beneath the cylinder using continuity arguments, a control306

volume can be introduced (dashed region on Figure 10). The change in size of the control volume during an307

oscillation can be equated to the flow passing through its boundary. Due to symmetry only the right-hand308

boundary in Figure 10 allows flow to pass, and hence continuity is satisfied if309

∂Ω(x, t)

∂t
= u(x, t)h(x, t) (4)

where Ω(x, t) represents the volume (per unit length) of the control volume, h(x, t) is the height at the310

right-hand boundary of the control volume and u(x, t) is the depth-averaged horizontal velocity moving311

across the boundary of the control volume.312

Given that the cylinder is moving sinusoidally in time, it follows that313

∂Ω(x, t)

∂t
= x

2πA

T
sin

(
2πt

T

)
(5)

and314

h(x, t) = hmin +A−A cos

(
2πt

T

)
− D

2

(
1−

(
2x

D

)2
)0.5

for x ≤ D

2
(6)

Substituting Eq. 5 and 6 into 4 gives, after some rearrangement,315

u(x, t)

Vmax
=

x
A sin

(
2πt
T

)
hmin

A +
(
1− cos

(
2πt
T

))
+ π

KC

[
1−

(
1−

(
2x
D

)2)0.5] (7)
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where Vmax is the maximum cylinder velocity. Although the form of Eq. 7 is complicated, it illustrates316

several key points. Firstly, when the minimum gap between the cylinder and the bed is small relative to317

the amplitude of motion (i.e. hmin/A << 1), the pumping velocity increases. Secondly, for a constant gap318

height, the pumping velocity decreases relative to the maximum cylinder velocity as KC increases. Thirdly,319

it can be readily shown that Eq. 7 has a local maximum during each half cycle, implying a maximum near320

bed velocity in space and time (umax) during each up and down stroke of the cylinder.321

Eq. 7 is used to predict the threshold of motion by assuming that (i) the peak seabed shear stress due322

to the pumping of fluid beneath the cylinder is related to umax and (ii) that, although Eq. 7 implies that323

the near-bed velocity is not perfectly sinusoidal, the framework introduced by Soulsby (1997) may be used324

as a first estimate of the maximum shear stress. Adopting this approach, the maximum shear stress is then325

given by326

τmax =
1

2
ρfwu

2
max (8)

where fw is the (wave) friction factor and umax is the maximum near-bed velocity amplitude. Following327

Soulsby (1997), the friction factor is calculated according to328

fw = max (fw,rough, fw,smooth) (9)

where329

fw,rough = 0.237r−0.52 (10)

for rough turbulent flows, and:330

fw,smooth = 2R−0.5
w forRw ≤ 5× 105

fw,smooth = 0.0521R−0.187
w forRw > 5× 105

(11)

for laminar and smooth turbulent flows, respectively. In these equations Rw represents the wave Reynolds331

number and is given by:332

Rw =
umaxAp

ν
(12)

where Ap is the half-cycle maximum particle excursion calculated by Ap = umaxT/2π, and r is a relative333

roughness given by:334

r =
Ap
ks

(13)

where ks is the Nikuradse equivalent roughness of the bed, which is assumed to be equal to 2.5d50.335

Finally, to infer mobility, the shear stress computed from Eq. 8 can be compared with the critical shear336

stress for sediment transport. This is given in Table 1 for the present experimental sediment.337

Figure 9 compares the measurements with estimates based on Eq. 7 to 13, shown by the blue shaded338

area bounding the predictions for the measured range in hmin/D. The comparison indicates that the339

theoretical prediction works well in the region where the cylinder motions are consistent with the basic340
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model assumptions (i.e. small KC and hmin/D). When these assumptions are violated, sediment mobility341

is observed at different values of ψ for a given KC than predicted by the model. For instance, when342

KC > 4 sediment mobility is observed at values of ψ smaller than predicted theoretically. This implies343

an apparent amplification of the bed shear stress due to complex vortex-bed interactions. In other words,344

vortices increase the effectiveness of cylinder motion at initiating sediment transport. Similarly, at small KC345

with larger hmin/D, the agreement is poorer. This difference occurs because as hmin/D increases, relatively346

larger horizontal velocities occur near the cylinder than near the wall, which a depth-averaged velocity does347

not account for. Over-prediction of the near-wall velocity by continuity arguments, increasing with hmin/D,348

is consistent with the findings of Tom (2018) comparing to numerical simulations.349

5.2. Extent of trench formation

Table 2 lists the tests conducted where trench profiles were measured over at least 10,000 cylinder350

oscillations. For tests in Regime 1 (KC < 4) and Regime 3 (KC > 9) there was either no trench at351

the centreline of the cylinder, or the trench was non-uniform along the cylinder. However, for Regime 2352

(4 < KC < 9) a uniform trench was generally observed along the cylinder. For this regime, the time353

development of trench depth can be reasonably approximated by an exponential function of the form (see354

Figure 11 and 12):355

S(t) = S0

[
1− exp

(
−
(
N

Nt

)ne
)]

(14)

where S0 is the equilibrium trench depth, N is the number of cycles, and both Nt and ne are empirical356

coefficients controlling the rate of trench depth development and the non-linearity of the trench develop-357

ment during the initial stages. The results were fitted using a non-linear least-squares method and model358

coefficients are reported in Table 2. Although Eq. 14 describes trench depth progression well within the359

measured range of cycles, there is uncertainty in extrapolating to an equilibrium trench depth for some360

of the tests, particularly those with relatively low numbers of cycles and high KC. For these tests, the361

equilibrium trench depths may be less reliable but the fitted coefficients are still useful for comparing the362

trends over the initial O(104) cycles.363

The results in Table 2 show that ne has little variation across the experiments, which implies a self-similar364

trench development in time. In contrast, there is larger variation in S0 and Nt. To explore S0, Figures 13365

and 14 show the measured trench depths at N = 500, 1,000, 10,000 and equilibrium conditions as a function366

of KC and ψ. In agreement with the qualitative observations in Section 4, for each diameter of cylinder367

there is an evident increase in the trench depth with KC and, to a lesser degree, ψ for each number of368

cycles. However, there is variation for a constant KC or ψ, and the trends (particularly for ψ) appear to369

vary with β number. Closer inspection of the data on Figures 13 and 14 also indicates that over the range370

of experimental conditions tested the KC number influences the trench depth at larger cycle numbers and371

at equilibrium conditions (compare Figure 13c and Figure 13d with Figure 13a), whereas ψ influences the372
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Fig. 11. Trench depth development. D = 21mm (β = 441 to 630)

behaviour at relatively small cycle numbers (compare Figure 14a with Figure 14d). This result suggests that373

ψ is most closely linked to the transport rate per cycle at the start of the trenching process, which would be374

expected to control the initial trench depth. In contrast, the KC number appears to be a better predictor375

of the equilibrium trench depth. This implies that the equilibrium depth depends primarily on the scale of376

near-bed fluid motions.377

To capture the combined influence of KC and ψ on trench depth, Figure 15 presents the trench depth378

as a function of both KC and ψ/ψcr for each cylinder diameter. The exponents a and b are selected to379

best collapse the data and ψcr chosen based on the threshold of motion experiments for each KC number.380

Provided both KC and ψ/ψcr are used in combination the trench depth data collapses well regardless of381

cycle number. Thus, for a given β number order of magnitude and gap ratio, both ψ and KC affect the382

trenching process. Furthermore, as the cycle number increases KC becomes more prominent in controlling383

the trench depth compared with ψ. Figure 15d similarly shows the fitted equilibrium trench depths as a384

function of KC and ψ/ψcr but with a and b chosen to correspond to the best fit results for N =10,000385

(Figure 15c). These trends generally agree well, although there is some scatter due to uncertainty in fitting386

the equilibrium depth from a limited number of cycles. There does appear to be a β dependency of the387

equilibrium results using this empirical fitting. However, the differences in equilibrium depth between across388

the range of β considered are relatively small; and notably, there appears to be no significant difference389

between diameters for depth as a function of KC number alone (Figure 13).390

The equilibrium results from Figure 13d have been reproduced on Figure 16 with the best fit relationship391
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Fig. 12. Trench depth development. D = 51mm (β = 1,478 to 3,716)

from Figure 13d corresponding to:392

S0

D
= 0.1KC − 0.4 for 4 < KC < 9, and ψ/ψcr > 3.0 (15)

This fit implies no trench directly beneath the cylinder for KC ≤ 4. The relationship is also limited393

to KC < 9, due to the paucity of results at larger KC and uncertainty related to changes in vortex394

shedding regimes as KC increases beyond this range. The requirement for ψ/ψcr > 3.0 reflects the range395

of parameters considered in the current expierments; for smaller ψ/ψcr (particularly for ψ ≈ ψcr), Eq.396

15 would overestimate the trench depth. The results and fitted relationship are also compared with the397

empirical curve derived by Sumer and Fredsøe (1990) for scour below fixed pipelines in waves on Figure 16.398

The empirical result is based on experiments in live bed conditions (i.e. the motions are sufficiently strong399

to induce transport of sediment located far from the pipeline) and is in terms of a KC number defined400

based on the orbital excursion of a water particle near the bed rather than the amplitude of the cylinder401

motion. At low KC number, the equilibrium scour depth under a fixed cylinder is generally larger than402

that observed for the present experiments, regardless of mobility number. By contrast, the observed trench403

depths exceed the fixed pipe results at higher KC numbers (KC > 6). This trend illustrates the difference404

in eroding mechanisms between fixed and oscillating cylinders. For a fixed cylinder, fluid motion is primarily405

parallel to the bed and is amplified beneath the cylinder, leading to mobilisation directly below the cylinder406

via flow amplification. This is in contrast to the oscillating cylinder, where the frequency and intensity of407

vortex-bed interactions drive erosion and appear to control trench depth. The results therefore indicate408

that the frequency and intensity of vortex-bed interactions scale differently with KC number compared to409
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(a) N = 500 (b) N = 1000

(c) N = 10, 000 (d) N =∞

Fig. 13. Variation in maximum trench depth for different numbers of cycles with KC. Fitted passing through

S/D = 0 at KC = 4.

oscillatory flow under a fixed pipeline and imply that at least for 6 . KC < 8 the net transporting effect of410

vortices due to cylinder oscillation is larger than that due to amplification beneath a fixed cylinder.411

5.3. Initial rate of trench formation

The initial rate of trench formation across all of the experiments can be compared to the derivative of412

Eq. 14, which is413

dS(t)

dN
= S0

[
ne
Nne−1

Nt
Ne

exp

(
−
(
N

Nt

)ne
)]

(16)
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(a) N = 500 (b) N = 1000

(c) N = 10, 000 (d) N =∞

Fig. 14. Variation in maximum trench depth for different numbers of cycles with ψ.

At N = 1, since N/Nt � 1, this simplifies to414

dS(t)

dN
= S0

ne
Nne
t

(17)

which describes the initial rate of trench development with cycles. For the current problem, such an eval-415

uation provides more insight into the trench formation rate than the values of Nt and ne alone, which are416

more sensitive to the fitting method and varied more across the experiments. Since the influence of vortex417

impingements on bed shear stresses cannot be predicted accurately at present, methods to correct the initial418

rate, or Nt and ne, using an effective mobilised time approach (e.g. Larsen et al., 2017) have not been419
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(a) N = 500 (b) N = 1000

(c) N = 10, 000 (d) N =∞

Fig. 15. Trench depth at various cycle number as a function of KC and ψ/ψcr.

attempted but would be an area of interest in further work.420

Figure 17 shows the variation in initial rate of trenching as a function of KC number and ψ/ψcr. There421

is scatter with respect to both parameters but a general trend of increasing rate with both KC number and422

ψ/ψcr. These trends indicate that the near bed velocities and shear stresses due to vortex impingement423

events, which drive transport rates, increase with both KC and ψ/ψcr. In general initial trench development424

rate increases at a faster rate with ψ/ψcr for the smaller diameter cylinder, for which β < 700, suggesting425

a dependency of the trench development rate on β.426

27



Fig. 16. Fitted equilibrium trench depths (solid circles - current study). Linear relationship corresponding to

Eq. 15 shown as solid black line. Crosses - data reproduced from Sumer and Fredsøe (1990) and Lucassen (1984).

Empirical relationship by Sumer and Fredsøe (1990) for pipeline scour beneath fixed pipelines in waves shown as

dashed black line. ψ/ψcr > 3.0. 400 < β < 3800.

6. Discussion

In this paper, sediment transport and trench development beneath an oscillating cylinder has been427

explored experimentally and shown to be driven by two main mechanisms, which depend primarily on the428

KC number: (i) pumping of fluid in the gap leading to bedload transport and (ii) impingement of jet-like429

flows between vortices that occur as the cylinder moves away from the bed causing localised transport430

events. Observations indicate that a one-dimensional control volume model with an oscillatory boundary431

layer assumption predicts ψ required for sediment motion at low KC and for small hmin/D when pumping432

dominates. At larger KC numbers, vortex-bed interactions cause sediment motion to occur at relatively433

smaller ψ values than predicted by the one-dimensional model.434

The trench depth and initial growth rate trends appear proportional to both KC and ψ, with a stronger435

dependency of equilibrium trench depth on KC. For KC < 9, Figure 16 indicates that the relationship436

between KC and S0/D given by Eq. 15 provides an estimate of the trench depth, encompassing the437

variation across 400 < β < 3800, which covers the lower range of typical field conditions described in438

Section 3. Consequently, Eq. 15 may be used to predict the equilibrium trench depth in the field, provided439

ψ/ψcr � 1 (i.e. sediment is mobilised). For motions where ψ/ψcr ≈ 1, Eq. 15 is likely to represent an upper440

bound estimate.441
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(a) Function of KC number (b) Function of ψ/ψcr

Fig. 17. Inferred initial rates of trench development. Marker size indicates diameter of cylinder used in the exper-

iments.

An important aspect of the experiments presented in this paper is that only the effect of cylinder motion442

on transport and trench development has been considered. This was done to deliberately isolate the effect of443

fluid-structure interaction (i.e. the induced flow field) from the effects of structure-seabed interaction. The444

results show that trenches up to 0.4D can form without structure-seabed interaction, provided that ψ is445

sufficiently large for sediment mobility to occur; but the resulting trench geometry depends on KC number.446

For KC < 4, net transport over multiple cycles forms a prominent central ridge beneath the cylinder due447

to symmetry. In practice, such ridge formation may be hindered due to structure-seabed interactions if448

vertical motion amplitudes vary leading to the cylinder plastically deforming the ridge material. At larger449

KC numbers, sediment mobility is enhanced by vortex-seabed interaction; but for KC < 9 transport due450

to vortices occurs on both sides of the cylinder causing an eventually symmetric trench extending below the451

initial bed level beneath the cylinder. The vortices enhance the peak seabed flow velocities, and therefore452

the growth rate and final depth of trenches, and continuity arguments alone are not able to explain the453

increases. Empirical results offer an initial estimate of the likelihood of trench formation and both the depth454

and rate of trench formation at higher KC.455

To fully model the behaviour of an oscillating near-seabed structure, there is a need to incorporate456

structure-seabed interaction either experimentally or numerically. However, with respect to numerical mod-457

elling, the complexities of the transport mechanisms observed in this work suggest that if computational458
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fluid dynamics simulations are used to explore this then they must be able to correctly simulate the vortex459

dynamics induced by cylinder motion (for KC > 4). The fluctuating vortex dynamics on a cycle by cycle460

basis are important to resolve to capture the eventual symmetry of the trench profile (for Regime 2) and461

detailed time development of trenching. For higher KC (i.e. > 9), the trench observations showed signifi-462

cant three-dimensional effects, which suggests the need to capture three-dimensional flows in any numerical463

modelling and to ensure that an experimental facility is adequate to avoid (or quantify) end effects.464

In the context of previous literature, the results suggest that although the current phenomena are os-465

tensibly similar to wave-induced scour of fixed pipelines, there are key differences in the mechanisms of466

sediment transport for each scenario. For a fixed pipeline, the funnelling of externally applied flows through467

a narrow gap beneath the cylinder amplifies the near-bed velocity and applied bed shear above those felt468

elsewhere along the bed away from the cylinder. This has the capacity to transport sediment relatively far469

from the pipeline. In contrast, for a normally oscillating cylinder, the near-bed pumping velocity beneath470

the cylinder for hmin/D = 0.125 is on the order of the maximum cylinder velocity for KC < 4 (see Eq.471

7 and Tom, 2018). For this reason, the trench depths for an oscillating cylinder are less than for a fixed472

cylinder with an equivalent KC . 6. However, when vortices enhance the near-bed fluid motions relative473

to pumping flow at larger KC, trench development intensifies as a stronger function of KC.474

The relatively symmetric equilibrium trench geometries identified for Regime 2 are consistent with the475

findings of Chiew et al. (2016), who showed similarly shaped and sized trenches beneath an elastically476

mounted cylinder that was allowed to contact the bed and had an approximate KC number of 8 to 9. Chiew477

et al. (2016) note that vortex interactions drive the transport, which is in agreement with the findings in the478

present work. They also suggest that the flow field, when ensemble-averaged, is symmetric about the cylinder479

and that this symmetry leads to the symmetric trench shape. With respect to the latter, the observations480

in the current body of work indicate that the evolution of the trench during individual cycles is driven481

by instantaneously asymmetric transport even though the trench shape eventuates to become symmetric.482

Hence, although when averaged over many cycles, the flow field appears symmetric (Tom, 2018), this is only483

because the flow asymmetry varies frequently between cycles and along the cylinder for 4 < KC < 9. The484

current findings expand on the work by Chiew et al. (2016) by specifically focusing on the bed dynamics485

that result without contacting the bed and the physics that drive trenching over a larger parameter space486

than previously explored. The understandings gained from these observations provide a phenomenological487

basis to assess trench development for a number of applications. The KC number range considered covers488

practical applications ranging from pipelines undergoing lay installation to operational motions of SCRs.489

7. Conclusions

The main conclusions from this study are:490
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1. The sediment transport behaviour beneath oscillating cylinders in otherwise still water is governed by491

the near-bed flow field, which varies as a function of KC, ψ, and hmin/D. For the range of cylinder492

motions and the sediment considered, trench development occurs local to the cylinder and progresses493

quickly during the initial stages of cycling before becoming increasingly slow as the trench develops494

towards an equilibrium.495

2. The influence of vortex shedding is found to enhance the trench extent and growth rate, relative to496

continuity-driven pumping flow.497

3. For KC < 12 three regimes were identified in the transport behaviour and trench formation:498

(a) KC . 4 where the flow and transport is generally symmetric and driven by pumping of fluid499

in the gap between the cylinder and bed. A prominent central ridge with two parallel trenches500

forms in this regime.501

i. Control volume arguments and an oscillatory boundary layer assumption to infer the bed502

shear stress provide reasonable agreement with the measured ψ required to mobilise sediment503

at a given KC number. This agreement reduces as hmin/D increases.504

(b) 4 . KC . 9 where the flow and transport is periodically asymmetric over tens of cycles and lo-505

calised transport events attributed to jet-like flow between detached vortices becomes increasingly506

important in driving transport. The trench profiles in this regime are transiently asymmetric but507

generally tend towards a symmetric equilibrium.508

i. Simple control volume arguments are not able to predict sediment motion due to the influence509

of detached vortices, which increase in intensity with both KC and ψ. Control volume510

arguments generally underpredict the potential for sediment motion for these KC numbers.511

ii. For N < 10, 000 the trench depths and initial growth rates increase as functions of both KC512

and ψ/ψcr. At small cycle numbers, ψ/ψcr primarily controls; and KC number increases in513

importance with cycling.514

iii. Equilibrium trench depth is found to be a function (primarily) of KC number and found to515

be reasonably represented by Eq. 15 for KC < 9 and ψ/ψcr > 3.0.516

iv. The magnitude of trench depths (relative to the cylinder diameter) is similar for both cylinder517

diameters; however, there appears to be a dependency of equilibrium trench depth and rate518

of trench formation on β when both KC and ψ/ψcr are considered. This dependency requires519

further investigation to validate these results for use at different β in practice.520

(c) KC & 9 where the flow and transport are predominantly asymmetric. The direction of the521

asymmetry switches sides over the course of relatively long time periods (tens to hundreds of522
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cycles), and the trench profiles are significantly asymmetric. The direction of trench asymmetry523

can still vary over many cycles.524
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