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Abstract 

Scour can be a key design concern for subsea structures used in the hydrocarbon industry if 

they are located on mobile seabed. An important characteristic of these structures is that they 

tend to have low aspect ratio i.e. their characteristic vertical dimension is less than or equal to 

their horizontal dimension. Presently there are limited approaches available in the literature to 

predict local scour around structures with low aspect ratio. Motivated by this shortcoming, this 

thesis explores local scour around subsea structures experimentally, starting with uniform 

submerged piles in steady current and then building in complexity to consider submerged 

compound piles. A case study is also presented to compare with the laboratory-based scour 

prediction using a replica 3D printed model with field observations for a subsea structure 

located on the North West Shelf, Australia.  

Prior to conducting detailed experiments involving subsea structures a novel Contact Image 

Sensor (CIS) was developed and tested to monitor scour around a vertical pile. This technology 

improves on visual observations to measure scour, providing high resolution (in time and space) 

measurements in clear water and turbid conditions. Chapter 2 introduces the CIS and 

documents its ability to measure scour precisely over a wide range of flow intensities. Because 

of these characteristics the CIS was used extensively in the subsequent submerged pile 

experiments (and some additional studies presented in Appendix A and B).  

Chapter 3 documents an experimental study of local scour around a uniform submerged 

cylinder having circular or square cross section in steady current. This structure represents 

arguably the simplest approximation to subsea structures. A wide range of cylinder height to 

diameter ratio (ℎ/𝐷=0.1-8) is considered for flow intensities spanning clear-water to sheet flow 

conditions. The experimental results indicate that the equilibrium scour depth reduces with 

aspect ratio if ℎ/𝐷 < ~4, with the amount of reduction varying with flow intensity. The time 

scale of the scour process is also explored, indicating similar dependency on both aspect ratio 

and flow intensity. Empirical equations are derived to capture the experimental results.  

Since most subsea structures have non-uniform geometry submerged compound cylinders are 

explored in Chapter 4. These compound structures are comprised of two concentric circular 

cylinders - a superstructure and a foundation - which have a combined geometry that can be 

defined in terms of three ratios: (i) the overall height of the compound structure to the diameter 

of the superstructure ℎ1/𝐷1, (ii) the height of the foundation relative to the overall height of 

the superstructure ℎ2/ℎ1, and (iii) the diameter of the foundation to that of the superstructure 
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𝐷2/𝐷1. Experimental measurements of local scour covering a range of these geometric ratios 

is presented and compared with existing methodologies to predict local scour at non-uniform 

(or complex) surface-piercing piles. Of the different methods investigated it is found that an 

effective pile height, computed using a simple geometric argument, gives the best agreement. 

This concept of effective height is also shown to collapse time-scale measurements of the scour 

process convincingly across the full range of experimental results and to explain the extent and 

shape of the local scour hole reasonably well. Collectively, these findings suggest that the 

calculation of an effective height provides a reasonable first approximation of the rate and 

extent of local scour around submerged compound structures.  

Chapter 5 extends on the work in Chapter 4 to investigate local scour for a particular subset of 

compound structure in which the foundation is flush with the sand surface (i.e. ℎ2 = 0) so that 

the foundation is somewhat representative of a skirted mudmat. For this scenario different 

modes of scour are observed; scour may initiate upstream or downstream of the pile depending 

on the aspect ratio of the superstructure and the diameter of the mudmat compared to the 

superstructure. Nevertheless, once scour initiates, the equilibrium scour depth and the time 

scale of the scour process are shown to be reasonably well predicted using an effective pile 

height regardless of the scour mode.  

To complement the experiments on idealised cylinders considered in Chapters 3, 4 and 5, 

Chapter 6 presents comprehensive field measurements around an actual subsea structure with 

a mudmat. Surveys are reported at two different times following installation, together with soil 

classification data for the seabed sediment and measurements of near seabed metocean currents. 

The field data is then compared with scour predictions based on model scale experiments of a 

3D printed replica structure subjected to a near bed velocity time series that mimics the field 

conditions. Comparisons indicate that predictions based on the experimental data agree well 

with respect to the extent and rate of scour, but only if site specific metocean conditions and 

soil properties are used together with the actual structural geometry. The experiments also 

indicate the role that a mudmat foundation can play in providing some inherent scour protection 

to the superstructure it supports. 

In conclusion, the collective set of experimental results presented in this thesis provide a 

database of scour measurements spanning different subsea structural shapes and flow 

conditions. These measurements have been used to develop a number of predictive methods, 

ranging from empirical equations (e.g. Chapter 3) to calculation methods (e.g. the effective 

height concept in Chapter 4) and finally to customised laboratory-based prediction methods 
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(e.g. Chapter 6). Whilst further work is recommended to expand both the experimental database 

and refine the predictive models, it is hoped that the methods developed in this thesis will 

provide a means to better predict scour at subsea structures.   
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Chapter 1 Introduction 

1.1 Background and Motivation 

The development of new oil and gas fields in deep water and remote fields is associated with 

substantial amounts of subsea infrastructures such as buckle initiator, flowline or pipeline end 

termination structures (FLETs/PLETs), manifolds, mid-line connect structure (MLCS), 

pipeline crossing support and umbilical termination assembly (UTA); see Table 1-1 and Figure 

1-1 for examples. Scour protection is presently required for many of these subsea structures if 

they are located on mobile seabeds, in accordance with industry guidelines (i.e. DNV-RP-

F101); the risk being that if scour protection is not adopted and excessive scour-induced 

settlement occurs then the reliability of subsea engineering systems can be compromised, 

leading to, for example, over-stressing of connecting pipelines and unreliable buckle initiation. 

Each of these outcomes effects subsea integrity and can cause significant losses in production 

and environmental damage.  

Unlike surface-piercing piles, which have been the focus of much scour research in relation to 

bridge piers, the geometry of subsea oil and gas subsea structure is characterised by low aspect 

ratio (Zhao et al., 2012). Presently there are limited existing empirical formulas or validated 

numerical methods to predict local scour at subsea structures as a function of the structure 

shape and geometry, sediment type, wave and/or current conditions and relative direction of 

the currents to the structure. Developing an experimental database on which to derive 

predictive empirical formulas and methodologies for subsea structures are the core focus areas 

of this thesis. 

1.2 Aims of this Thesis 

The primary aim of this chapter is to investigate local scour around deeply embedded squat 

subsea structures experimentally to further understand the mechanisms of scour, as well as the 

depth, extent and rate of scour. Given the range in subsea structures used in practice, an 

emphasis is placed on exploring a range of structural geometries, starting with simple uniform 

cylinders, then compound cylinders and finally a 3D replica of an actual Mid-Line Connector 

Structure (shown in Figure 1-1d). Because subsea structures are also placed in a range of 

locations, variations in flow conditions (steady current, time varying current) are also 

considered, together with variations in sediment properties (uniform silica sand and marine 

sediment recovered from the field).  
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(a)                                                                           (b)  

  

(c)                                                                        (d)  

  

                                  (e)                                                                         (f)  

Figure 1-1. Some of the subsea infrastructures used in the subsea development: (a) Buckle 

initiator; (b) PLETs; (c) Manifolds ; (d) MLCS; (e) Crossing support; (f) UTA. 

Based on the laboratory investigations, a secondary aim of this thesis is to develop predictive 

equations and models for local scour (both the extent and rate of scour). It is expected that these 

models may improve scour design by allowing for more accurate predictions which incorporate 

structure geometry, near bed velocity conditions and sediment characteristics. These models 

should enable estimates of whether scour occurs, the potential extent of scour (e.g. to improve 
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design of the required extent of scour protection) and the depth of scour (e.g. to understand the 

risk of undermining skirted foundations).  

Since there is a substantial variety of different subsea structures used in practice, this thesis 

does not cover all possible variants. Instead the focus is placed on simplified impermeable 

structures (with respect to chapters focusing on uniform and compound cylinders) and on a 

specific structure (in the case of the 3D replica). This approach has been adopted to ensure the 

results are relatively general (in the case of the simplified impermeable structures), but also to 

quantify the differences between generic structures and realistic structures, which exhibit non-

uniform and porous geometry.  

Likewise, there are a range of foundations used to support subsea structures, including suction 

caissons, pin piles, mudmats with skirts and sliding skids. In the present thesis much of this 

complexity has been avoided, with a focus placed only on deeply embedded uniform 

foundations (i.e. a foundation with very deep skirts). This focus omits the possibility of 

undermining and scour-induced settlement, but provides a good benchmark measurement of 

scour depth from which the possibility of undermining, for example, can still be determined. 

Finally, it is acknowledged that structures can be subjected to a large variety of metocean 

conditions and soil conditions. In this thesis focus has been placed on steady and time-varying 

currents, which have relevance to locations that are dominated by soliton and tidal currents (as 

is common in water depths of 100-150 m on the North West Shelf of Australia, where 

significant subsea infrastructure is located). Wave and combined wave and current conditions 

have not been considered for simplicity and because they are less relevant offshore the North 

West Shelf of Australia. To take into account different sediments Chapter 6 develops scour 

predictions accounting for site specific erosion properties. However, detailed model testing 

using different soil types has not been attempted in this thesis. This is again for simplicity and 

to ensure the results remain relatively general.  

1.2.1 Activities 

To work towards the aims of this thesis a series of activities have been carried out: 

i) Development of a novel scour measurement sensor which allows very accurate 

laboratory scour observations to be performed at high temporal resolution.  

ii) Physical modelling study to investigate the extent and rate of scour at submerged 

uniform structures, modelled as submerged cylindrical piles. These uniform structures 

are arguably the simplest representation of subsea structures.  Variations in the structure 
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aspect ratio (ℎ/𝐷 ), structure shape (i.e. circular or square cross section) and flow 

intensity (𝜃/𝜃𝑐𝑟) are explored. Empirical predictions based for the equilibrium scour 

depth are developed. 

iii) Experimental investigation of the extent of scour at submerged, compound structures 

comprised of two compound circular cylinders. These structures have more complex 

geometry than uniform cylinders and may be used to approximate a subsea structure on 

top of a mudmat foundation. Design approaches are developed to estimate the rate and 

extent of scour for these structures as a function of their geometry.  

iv) Comparison of a state-of-the-art model to estimate both the rate and extent of scour 

around the subsea structure (using model scale laboratory testing, near-bed velocity 

measurements, erosion test results and specific structural geometry) to high quality field 

observations of a subsea structure located on the North West Shelf of Australia. The 

state-of-art model considers scaling arguments to extrapolate from laboratory 

conditions to field conditions, and allows for an examination of the importance of using 

structure specific geometry, site specific near bed velocity and site specific seabed 

sediment in scour predictions.  

It is believed that the aspects considered in this project provide a comprehensive investigation 

into the local scour development mechanisms at subsea structures. The outcomes provide a 

detailed database on the potential extend and depth of scour, and the scour prediction models 

facilitate a more rational approach to estimate scour (and designing scour mitigation) in 

practice. 

1.3 Methodology    

1.3.1 Experimental Modelling 

To investigate local scour around subsea structures, experimental facilities within UWA’s 

hydraulic engineering laboratories were used in this thesis, including the O-Tube facilities (see 

An et al., 2013 and Leckie et al., 2016 for more details) and the current flume facility (see 

Draper et al., 2018 for more details).  Experiments were performed in four campaigns (as in 

Table 1-2): 

i) Campaign 1: Development of novel scour observation instrument was conducted which 

facilitated accurate and high-resolution observations in the subsequent experimental 

programs;  
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ii) Campaign 2: Investigate of local scour at uniform cylinders in uniform soil under the 

action of steady current;  

iii) Campaign 3: Evaluate of local scour at compound cylinders in uniform soil under the 

action of steady current;  

iv) Campaign 4: Evaluation of local scour at an actual subsea non-concentric compound 

structure using a 3D printed replica of the structure (enabling better comparisons to 

field data); 

1.3.2 Evidence-Based Validation using Field Data 

The key activity in this thesis involved the use of field survey data of scour at an actual subsea 

structure to enable comparisons with laboratory-based predictions. Field measurements around 

a subsea structure with a mudmat located on the North West Shelf of Australia supplied by 

Woodside were used, together with soil classification data (including ex-situ erosion testing) 

for the seabed sediment and measurements of near bed metocean currents. Comparisons of the 

extent and time-scale of scour observed in the field and laboratory are compared in detail. 

1.4 Thesis outline 

This thesis is comprised of five main Chapters, together with the Introduction and Conclusion 

Chapters (Chapter 1 and Chapter 7 respectively). The five main Chapters within this thesis are 

presented as a series of technical papers that are published (Chapters 2, 3) or completed in 

anticipation of future publication (Chapters 4, 5, and 6).  The details of the chapters are as 

follows (see also Table 1-1):  

Chapter 2 introduces a novel sensor-the Contact Image Sensor (CIS) and documents its ability 

to measure scour precisely over a wide range of flow intensities. Because of these 

characteristics the CIS was used extensively in the subsequent submerged pile experiments 

(and some additional studies presented in Appendix A and B).  

Chapter 3 documents an experimental study of local scour around a uniform submerged 

cylinder having circular or square cross section in steady current. As noted above, this structure 

represents arguably the simplest approximation to subsea structures. A wide range of cylinder 

height to diameter ratio (ℎ/𝐷=0.1-8) is considered for flow intensities spanning clear-water to 

sheet flow conditions. The experimental results indicate that the equilibrium scour depth 

reduces with aspect ratio if ℎ/𝐷 < ~4, with the amount of reduction varying with flow 

intensity. The time-scale of the scour process is also explored, indicating similar dependency 
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on both aspect ratio and flow intensity. Empirical equations are derived to capture the 

experimental results.  

Since most subsea structures have non-uniform geometry submerged compound cylinders are 

explored in Chapter 4. These compound structures are comprised of two concentric circular 

cylinders - a superstructure and a foundation - which have a combined geometry that can be 

defined in terms of three ratios: (i) the overall height of the compound structure above the sand 

surface to the diameter of the superstructure ℎ1/𝐷1, (ii) the height of the foundation relative to 

the overall height of the superstructure ℎ2/ℎ1, and (iii) the diameter of the foundation to that 

of the superstructure 𝐷2/𝐷1. Experimental measurements of local scour covering a range of 

these geometric ratios is presented and compared with existing methodologies to predict local 

scour at non-uniform (or complex) surface-piercing piles. Of the different methods investigated 

it is found that an effective pile height, computed using a simple geometric argument, gives the 

best agreement. This concept of effective height is also shown to collapse time-scale 

measurements of the scour process convincingly across the full range of experimental results 

and to explain the extent and shape of the local scour hole reasonably well. Collectively, these 

findings suggest that the calculation of an effective height provides a reasonable first 

approximation of the rate and extent of local scour around submerged compound structures.  

Chapter 5 extends on the work in Chapter 4 to investigate local scour for a particular subset of 

compound structures in which the foundation is flush with the sand surface (i.e. ℎ2 = 0) so that 

the foundation is somewhat representative of a skirted mudmat. For this scenario different 

modes of scour are observed; scour may initiate upstream or downstream of the pile depending 

on the aspect ratio of the superstructure and the diameter of the mudmat compared to the 

superstructure. Nevertheless, once scour initiates, the equilibrium scour depth and the time-

scale of the scour process are shown to be reasonably well predicted using an effective pile 

height regardless of the scour mode.  

To complement the experiments on idealised cylinders considered in Chapters 3, 4 and 5, 

Chapter 6 presents comprehensive field measurements around an actual subsea structure with 

a mudmat. Surveys are reported at different times following installation, together with soil 

classification data for the seabed sediment and measurements of near seabed metocean currents. 

The field data is then compared with scour predictions based on model scale experiments of a 

3D printed replica structure subjected to a near bed velocity time series that mimics the field 

conditions. Comparisons indicate that predictions based on the experimental data agree well 

with respect to the extent and rate of scour, but only if site specific metocean conditions and 
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soil properties are used together with the actual structural geometry. The experiments also 

indicate the role that a mudmat foundation can play in providing some inherent scour protection 

to the superstructure it supports, as well as the effect of structure porosity and the addition of 

scour protection.  

Chapter 7 summarises the main conclusions of the thesis by highlighting the key findings. 

Recommendations are also provided for future research. 
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Table 1-1. Typical subsea structures used in subsea development. 

Structures 

Typical geometrical dimensions 

Use Horizontal 

Dimension [𝒎] 
Height [𝒎] 

Buckle initiator/ 

sleeper 
5-10  1-5 

Controls the lateral movement of the pipeline resulting from thermal 

strain 

 Flowline or 

pipeline end 

termination 

structures 

(FLETs/ PLETs) 

5-15 1-5 
Used in new construction where a pipeline terminates or needs to be 

jumpered to another location 

Manifold 10-20 5-10 
Manifold is a flow-routing subsea hardware (subsea flow router) that 

connects flowlines from wells to export lines  

Mid-line 

connector 

structures 

(MLCS) 

5-15 1-5 
A connection hub located along a pipeline that may be used to tie-in to a 

new field  

Pipeline crossing 

support 
5-10 1-5 Structure to support the pipeline when crossing another pipeline 

Umbilical 

termination 

assembly 

5-10 1-5 
Serves as a conduit for subsea electrical and hydraulic control functions 

from the umbilical to the subsea equipment 

 

 

 

http://www.oilfieldwiki.com/wiki/Subsea
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Table 1-2. Thesis organisation chart. 

Research Goal: Apply novel scour observation techniques to investigate the local scour at squat subsea structures to develop predictive models able 

to account for the structure geometry, and both site soil properties and flow conditions. 

 

Methodology 

Activities 

 

Modelling Test Matrix 

Thesis 

Chapters Physical 

model test 

Validation 

with field 

observations 

Structure geometry Sediment Flow condition 

Campaign 1 - 
Development of novel scour 

measurement sensor 
Uniform cylinders 

Uniform  

Steady current/ 

tidal current 
Chapter 2 

Campaign 1: 

supplementary 
- 

Detecting sediment concentration  n/a Steady current App. A 

Detecting scour rate along pipeline Model pipeline 
Time-varying 

current 
App. B 

 Campaign 2 - 
Local scour measurements, development 

of empirical predictive formulas 

Uniform submerged 

cylinders 
Uniform  Steady current Chapter 3 

Campaign 3 - 

Local scour measurements, development 

of predictive method 

Compound submerged 

cylinders 
Uniform 

Steady current Chapter 4 

Local scour measurements, development 

of predictive method 

Compound submerged 

cylinders 
Steady current Chapter 5 

Campaign 4 Yes 
Comparison of lab-based predictive 

model with field observations 

3D printed replica of 

full-scale structure 

Uniform + 

field  

Time-varying 

current 
Chapter 6 
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Chapter 2 Detecting local scour using Contact Image 

Sensors 

 

Abstract 

This chapter presents a novel Contact Image Sensor (CIS) to monitor the local scour process 

around a model pile in water flows. The CIS is an optical sensor that tracks the evolution of 

the interface between sand and water based on the difference in the reflectivity of light from 

different media. A number of sensitivity tests were reported. It was found that the sensor 

reading is insensitive to the temperature in the range of 2 ~ 30 ℃ and can provide reliable and 

continuous high accuracy measurements if suspended sediment concentration is lower than 40 

𝑘𝑔/𝑚3, without needing pre-calibrations. Then the sensor was successfully used to detect local 

scour development around a vertical pile under steady current and tidal current. The CIS 

sensors have the potential to be applied for field monitoring of local scour around subsea 

infrastructures. 

2.1 Introduction 

2.1.1 Existing sensor technology 

Due to the complex physics involved, research investigating local scour around subsea 

structures is mainly undertaken using laboratory model scale testing and/or field observations. 

To support this research, a variety of sensors and devices have been developed for laboratory 

testing and field measurement. The devices used in the field mainly employ three different 

types of signals, including acoustic signals, electromagnetic signals and electrical conductivity 

signals. For laboratory testing, besides the previously devices, laser signals may be used under 

clear water conditions. In this section, a brief literature review is reported to summarize the 

working principle and features of the scour detecting devices. 

Electrical conductivity devices can determine the location of the sediment surface by detecting 

the differences between the electrical conductivities of sediment and water using two needle 

probes. If the material between two probes changes, the electrical current detected between the 

probes will change. The probes were used to detect the three-dimensional scour process below 

model pipelines (Cheng et al., 2009; 2014). Such probes can record the sediment surface 

elevation continuously and are relatively easy to setup with low cost. However, the electrical 
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conductivity signal is sensitive to water temperature, salinity and turbidity. A careful 

calibration is normally required before each test to achieve reliable measurement.  

Acoustic signal detecting technology is also a popular method for identifying the water-sand 

interface. The scour process observation mechanism of the acoustic sensor is to dynamically 

differentiate the interface between sand and water by calculating and updating the echoing 

wave characteristics after the incident sound wave travelled amongst the water and sediment. 

The following acoustic type devices have been widely used in the field and laboratories for 

scour monitoring, i.e., Reflection Seismic profilers (RSP) (Morrissey et al., 1985) and Echo 

Sounders (Fisher et al., 2013; Sheppard and Miller, 2006; Qi and Gao, 2014; McGovern et al., 

2014). The main difference between the RSP and the Echo Sounder is that Echo Sounders often 

use signals of around 100 𝑘𝐻𝑧, while the frequency for RSP is relatively lower (around 10 

𝑘𝐻𝑧).The performance of acoustic signal systems would be affected by flow environment 

around the sensors, such as air bubbles entrained in the flow, suspended particles in the flow 

(or turbidity), temperature and salinity in the field. The issues related to air bubbles, water 

temperature and salinity can be well controlled in laboratory conditions, but the amount of 

suspended particles and the flow turbidity could cause significant inaccuracy. 

To overcome some of these disadvantages, an ultrasonic ranging system (Seatek multiple 

transducer array, or MTA) was developed by Friedrich et al. (2005). The sensor was applied 

by Guan et al. (2015) to examine the scour around a submerged weir, in which it was 

demonstrated that the sensor array can detect the change in level of a sand bed with good 

accuracy over a wide range of flow velocities. 

The Ground-Penetrating Radar (GPR) employs electromagnetic signal in the frequency range 

of O (106) 𝐻𝑧 (Olhoeft, 1984; Anderson et al., 2007). These devices are normally installed 

near the free surface of the water. Some of this pulsed electromagnetic energy is reflected from 

the sand surface and returns to the receiver antenna. The energy and the travel time of the 

reflected signal are used to calculate the water depth. Anderson et al. (2007) summarized the 

advantage and disadvantage of GPRs. It was mentioned that the measurement near structures 

(such as pile foundations) is less reliable due to reflection from the structure surface. Also, it 

does not work well in clayey environment. 

Yu and Yu (2009) developed the Time-domain reflectometry (TDR) device which uses the 

changes in the dielectric permittivity constants between materials to determine the depth of 

scour at a particular location. Similar to the electrical conductivity devices, a TDR also uses 



Chapter 2 Detecting local scour using Contact Image Sensors 

12 

 

two probes partially buried in the sediment. This method was originally developed by 

Yankielun and Zabilansky (1999) for detecting discontinuities along power and 

communication lines. A TDR device operates based on the principle that when the propagating 

electric-magnetic wave reaches an interface where the dielectric permittivity changes (e.g. the 

water-sediment interface), a portion of the energy is reflected to the receiver. They can 

therefore be used to observe the variation of scour depth with time. Fisher et al. (2013) also 

evaluated the performance of TDR sensors and found the TDR sensors are also sensitive to 

water temperature, salinity and turbidity. 

For clear water or in-air condition, scan lasers are also used widely in laboratory conditions. 

Zhao et al. (2010) measured scour around subsea caisson models using a point laser to scan the 

scour profile after draining the water out of the test water flume. While this gave high quality 

results, the process can be time consuming. A line laser can be used to improve the scanning 

efficiency. Stereo vision is also a laser signal-based method to measure the three-dimensional 

scour profile around model structures (Sumer et al., 2013). 

To overcome the difficulties of monitoring the local scour process, some experiments were 

conducted with the models against a transparent side wall of a flume to visualize the scour 

directly (Ballio et al., 2010; Gaudio and Marion 2003; Guan et al. 2016). In this way the scour 

depth can be observed directly through the glass. However, this method is limited to physical 

processes that are symmetric with respect to the flow direction. The main disadvantage of this 

testing method is that the flow boundary layer on the glass wall will lead to a certain 

discrepancy with respect to a full model test. Also, the flow structure behind a half model can 

be very different from that behind a full model. This effect also needs to be considered in the 

tests with a half model against a transparent wall.  

2.1.2 Motivation for this work 

In this work, an optical sensor called a Contact Image Sensor (CIS) is applied for detecting the 

soil-water interface based on of the intensity of the reflected light that is emitted by the sensor 

from the surrounding environment. When the sensor is buried in sediment, a strong reflection 

of the light will be detected, while a much lower reflection will be detected when the sensor is 

exposed to water. It is expected that the sensor will provide an additional way of monitoring 

local scour around pile structures installed on erodible sediment, having the combined benefits 

of continuous highly accurate measurement in water flow with high sediment concentration 

without the need for calibration and without sensitivity to temperature.  
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In the remainder of this chapter, the contents are organized as follows. In section 2.3, detailed 

description about the CIS is given. Section 2.4 reports the sensitivity tests against temperature 

and sediment concentration. In section 2.5, the model was used to measure the scour around a 

vertical pile under induced by steady current and by tidal current. The conclusion of this work 

is given in Section 2.6. 

2.2 Contact Image Sensor 

A CIS is a type of optical device for image scanning normally used in photocopiers. It includes 

three main parts, the light source [light-emitting diode (LED) light], a lens and an image sensor 

array. The reflected light from the environment surrounding the sensor is gathered by the lens 

and directed at the image sensor array. The sensor then records the image according to the 

intensity of light that is detected by the image sensor. Figure 2-1 shows a CIS installed on a 

model pile. The total length of the sensor is 240 mm, the effective reading length is 216mm 

with 2592 pixels, corresponding to a resolution of 0.0833mm. Each pixel gives a reading about 

the reflected light intensity. For large scale structures, one sensor could be insufficient to cover 

the full depth of the scour hole. In this case, multiple sensors installed along a line can be used 

together to examine the scour around a large-scale structure. 

 

Figure 2-1. A picture of the CIS sensor fitted to a 50mm diameter model, buried in the model 

seabed.  

The reading of the CIS sensor is the non-dimensional intensity of the reflected light (defined 

as 𝐶𝑟). For the CIS sensor used in this chapter, 𝐶𝑟 is in the range of 240 ~ 800, where 𝐶𝑟 = 240 

and 800 correspond to minimum and maximum reflection, respectively. It was found that the 

𝐶𝑟 value is normally around 260 ~ 300 when the sensor is submerged in water and increases to 

500 ~ 600 when the sensor is buried in sand. At the interface of water and sand, the sensor 

 

 

CIS sensor 
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reading experiences a dramatic change. An example of the sensor reading is given in Figure 2-

2, where 𝑁 is the pixel number on the sensor (𝑁 = 1 ~ 2592). A sharp step change of 𝐶𝑟 from 

250 to 650 is found at around 𝑁 = 1550, the position of the interface between water and sand. 

The reading of the CIS is based on the light reflected from the surrounding environment. To 

achieve the best reading, it is important to eliminate ambient light. Therefore, the test section 

was fully covered by opaque polystyrene sheets to form a dark environment during the tests. 

 

Figure 2-2. An example of the reading of the CIS sensor, (a) 𝑈 = 0.27m/s, (b) 𝑈 = 1.1m/s. 

2.3 Sensitivity tests 

Most of the sensors for detecting local scour are sensitive to the surrounding environment, such 

as the temperature and sediment concentration. These two factors are the key factors that affect 

performance of most of the scour detecting sensors reviewed in this chapter. In this section, the 

effect of temperature [Temp (℃)] and sediment concentration [𝐶 (𝑘𝑔/𝑚3)] on the performance 

of CIS sensor was tested under 14 different temperature values (2~30℃) and 5 sediment 

concentration values (0 ~70 𝑘𝑔/𝑚3). The details of the on the performance of the CIS sensor 

is presented below. 

It is not expected that temperature has an obvious effect on the light reflection. However, it is 

still valuable to demonstrate the sensors (as electronic devices) work well under different 

temperature conditions under water, since the application of the CIS sensors in the present work 

is very different from how they are used on photocopiers. To examine the temperature effect, 

a sensor was installed in a container with a 300mm sand layer and 200mm water depth above 

the sand surface. First, the model was fully buried in the sand and a thermometer was installed 

next to the model. The temperature was adjusted from 2℃ to 30 ℃ by adding different amount 

of ice blocks. The water was stirred slowly to achieve a uniform temperature distribution but 

without causing sediment transport. After finishing the buried condition, the sensor was 

submerged in water and the temperature was adjusted again from 2℃ to 30 ℃. The temperature 
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and sensor reading were recorded and plotted in Figure 2-3. It could be seen that the 

temperature variation has a very minor effect on the sensor reading for both the buried and 

exposed condition.  

 

Figure 2-3. The 𝐶𝑟 distribution subject to the variation of temperature. 

The effect of sediment concentration on the accuracy of the sensor is examined through using 

a self-circulating water tank as shown in Figure 2-4 (a). Sand was added into the water in the 

tank and a pump was used to circulate the water and to keep the sediment suspended during 

the test. A CIS sensor was fitted to the container. The sediment concentration was adjusted by 

adding different amounts of the sand to the water. The sediment used here was a fine siliceous 

sand with 𝑑50 = 0.11mm. 13 different concentration values were tested (0 ~ 70 𝑘𝑔/𝑚3). The 

effect of the concentration to the 𝐶𝑟 is given in Figure 2-4. The CIS reading increases linearly 

with the increase of sediment concentration for the tested range. If the sediment concentration 

is lower than 40 𝑘𝑔/𝑚3, the 𝐶𝑟 reading is lower than 400, which is still much lower than the 

reading when the sensor it buried (approximately 500- 600). This demonstrates that the sensors 

work well if sediment concentration is lower than 40 𝑘𝑔/𝑚3 . For higher sediment 

concentration condition, for example, at 𝐶  = 70 𝑘𝑔/𝑚3 , the 𝐶𝑟  value increased to 

approximately 500. In this case, the difference of 𝐶𝑟 of the buried part and that of the exposed 

part is no longer very obvious, which affects the reliability of the sensor. 𝐶 = 40 𝑘𝑔/𝑚3 is quite 

a high concentration and it is rarely reached in marine environments. For example, Lyne et al. 

(1990) predicted a near seabed sediment concentration of 0.16 𝑘𝑔/𝑚3 at 66m water depth 

under a storm condition, which is much smaller than the limit of 40 𝑘𝑔/𝑚3 for the sensor to 
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detect the sand surface. This demonstrated that the sensor can potentially be used to field 

monitor the local scour process around subsea structures. 

Figure 2-4 provides a threshold for suspended sediment concentration below which the sensor 

can be used to detect local scour. At the same time, it also shows a strong correlation between 

the 𝐶𝑟 and 𝐶 in a certain range. This indicates that the CIS sensor provides a different way of 

meauring the concentration of suspended load. Currently, optical backscatter sensors (OBS) 

are often used for measuring turbidity and concentration of suspended sediment. The OBS 

sensor measures infrared radiation scattered by particles in a volume of water near the sensor. 

To examine the capability of the CIS sensor for detecting sediment concentration, a detailed 

calibration against OBS is required. This is beyond the scope of the present paper, but the 

application for measuring sediment concentration will be examined in further work. 

  

                                (a)                                                      (b) 

Figure 2-4. The effect of sediment concentration on 𝐶𝑟: (a) Test setup; (b) 𝐶𝑟 value subject to 

sediment concentration (𝐶 represents sediment concentration,  𝑘𝑔/𝑚3). 

2.4 Local scour tests 

After the sensitivity tests, the CIS sensors were used to measure local scour around a vertical 

pile. A total of 16 tests were conducted, which include15 tests (B1-B15) under steady current 

conditions and one test under tidal current condition. The scour development processes were 

measured and analysed. 

2.4.1 Testing flume 

The local scour tests were conducted using the Large O-tube (LOT) facility located at the 

University of Western Australia (Figure 2-5). LOT is a recirculating water tunnel driven by a 

pump impeller, which can generate various flow conditions including steady current, 

regular/irregular oscillatory flow and combined flow conditions. The highest current velocity 
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that can be generated in the test section is 3𝑚/𝑠. A 15.4 m long and 0.4 m thick sand bed was 

laid in the test section to model a sandy seabed. The renourishment of sediment is automatically 

achieved in the LOT because sediment carried away from downstream is transported back to 

the upstream through the return pipe. A more detailed description of the LOT can be found in 

An et al. (2013).  

 

Figure 2-5. A picture of the Large O-Tube facility at UWA. 

The particle size distribution of the sand used in the test is shown in Figure 2-6. The sand is 

narrowly graded sediment, with the majority of sediments falling in between 0.1 and 0.4mm 

and the median grain size (𝑑50) is 0.24 mm. The standard variation of the sand is 𝜎𝑔 = 1.4 

(√𝑑84/𝑑16). The specific gravity of the sand is 𝑠𝑔 = 2.65. 

 

Figure 2-6. The particle-size distribution of super-fine sand. 

2.4.2 Testing procedure 

To assess scour around a vertical pile, the following measurements were made. The scour depth 

around the model was read from the CIS sensor embedded in the pile surface. Flow velocity 

was measured at 0.3m above the sand bed and 1m upstream from the model using an ADV at 

a frequency of 10 Hz. The finial scour profiles were recorded using an infrared signal 3D 

scanner.  

The following procedure was followed in each experiment: 
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• Model pile installation.  

• Levelling of sediment surface.  

• Water filling into the LOT without disturbance to the sediment surface around the 

model pile. 

• Switch-on of data logging system. 

• Turn-on the flow pump and start testing.  

• Stop the test when the scour depth is close to an equilibrium state and drain off the 

water from LOT. 

• Scan the finial scour profile using a 3D infrared scanner and take photographs of the 

final scour profile. 

2.4.3 Boundary layer measurement  

To compare with previously published test data, the local scour process around a vertical pile 

was tested in a large range of flow velocity (from 0.27 𝑚/𝑠 to 1.84 𝑚/𝑠). The boundary layer 

profile measured at a pump speed of 80 RPM is given in Figure 2-7. This flow condition 

corresponds to a live bed sediment transport regime and ripples were formed on the sand 

surface. The measured data was fitted with a logarithmic equation proposed by Soulsby (1997): 

𝑈(𝑍) =
𝑈𝑓𝑠

𝜅
ln (

𝑍

𝑧0
)               (2-1) 

where 𝑈𝑓𝑠 is the friction velocity and 𝑧0 is the bed roughness length.  

The critical Shields number was determined according to (Soulsby, 1997): 

𝜃𝑐𝑟 =
0.30

1+1.2𝐷∗
+ 0.055[1 − exp (−0.020𝐷∗)]           (2-2) 

where, 𝐷∗ is the non-dimensional particle size, defined as 𝐷∗ = [𝑔(𝑠𝑔 − 1)/𝜈
2]1/3𝑑50. Based 

on Eq. (2-2) the critical Shields parameter of the sediment used in the tests is 𝜃𝑐𝑟= 0.042, which 

corresponds to a critical velocity (𝑈𝑐𝑟) of 0.305 m/s at 𝑍 = 0.3𝑚. The critical velocity was also 

measured in the LOT. The sand surface was flattened and then the flow was stepped up with 

an increment of 0.02 𝑚/𝑠 from 0.15 𝑚/𝑠. Each step was run for 10 minutes and no obvious 

particle movement was observed until the flow was increased to 0.3m/s. This agreed well with 

the prediction using Eq. (2-2).  
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Figure 2-7. The measured velocity profile at a pump speed of 80 round/minute. Here, Z is the 

height above the sand-bed. 

2.4.4 Pile scour under steady currents 

Due to the strong relevance to the design of bridge piers, current induced scour around a vertical 

cylinder has been investigated extensively by Melville (1997), Melville and Coleman (2000), 

and Sumer and Fredsøe (2002). Consequently, a large amount of experimental data is available 

for comparison. A series of tests about scour around a model pile were therefore conducted to 

examine the performance of the CIS sensor for measuring local scour. The sensor was tested 

under three different sediment transport regimes, including clear water scour, rippled bed, and 

sheet flow conditions. The test conditions are summarized in Table 2-1. These include one 

clear water test, seven rippled bed tests, and seven sheet flow tests. The tested velocity was 

from 0.27 𝑚/𝑠 to 1.84 𝑚/𝑠. The referred velocity was measured at 0.3 m above the original 

flat model seabed. Details of the test results for Test B1, B3, and B15 are presented in the 

following paragraphs to examine the performance of the CIS sensor under different sediment 

transport regimes. 

2.4.4.1 Example of clear water scour: Test B1 

In the clear water test, the sensor was installed in a 50mm diameter model facing the incoming 

flow. The model was installed in the test section of the LOT with 50% of the length of the 

sensor panel buried in the sand. The total exposed height of the model was 4D (D is the 

diameter of the pile) before starting the test. The flow velocity was 0.27m/s, which was slightly 

lower than the critical velocity of 𝑈𝑐𝑟= 0.3𝑚/𝑠.The scour depth during this test was relatively 

easy to detect because the water remained clear during the test as a result of limited sediment 

suspension around the pile model. The test duration was 3000s. The variation of the sensor 

reading during the test is given in Figure 2-8. The original flat sand surface was set at Z = 0 

mm. The flow was started at t = 385s. The contours of 𝐶𝑟 are plotted on the 𝑡 − 𝑧 plane in 
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Figure 2-8 (a). After the flow started, the sensor reading showed a dramatic change at z = 0 

mm, which represents the sand-water interface. In water, the sensor reading is approximately 

300; this is relatively low due to the low reflection rate from the water. For the buried part of 

the sensor, the reading is normally in the range of 500 to 700, due to the high reflection from 

the sand surrounding the sensor. Therefore, the sand surface elevation can be clearly identified 

by the sharp reduction of the 𝐶𝑟.  

 

                                   (a)                                                                  (b) 

Figure 2-8. The sensor reading and scour time history during the scour process in the Test B1: 

(a) the sensor reading versus time; (b) scour time history. 

Figure 2-8 (a) shows that the sharp reduction of the sensor reading started to move downwards 

at 𝑡 = 388s, indicating the start of the scour process. It is also observed that at the end of the 

test (at 𝑡 = 3000s), the scour depth reached 37mm. The line corresponding to the step change 

of the sensor reading is extracted and plotted in Figure 2-8 (b), where 𝑆(𝑡) is the instantaneous 

scour depth relative to the original flat sand surface. The curve in Figure 2-8 (b) still shows an 

increasing trend at the end of the test. This means that scour has not yet reached to the 

equilibrium depth. It is well known the scour time history under a constant flow condition can 

be fitted by an exponential equation (Sumer and Fredsøe, 2002) 

𝑆(𝑡) = 𝑆0(1 − exp(−𝑡/𝑇0))   (2-3) 

or by a hyperbolic equation (Briaud et al., 1999) 

𝑆(𝑡) = 𝑆0
𝑡

𝑡 + 𝑇0
 

(2-4) 

where, 𝑆0 is the equilibrium scour depth and 𝑇0 is the scour time-scale. Zhao et al. (2012) found 

that the hyperbolic equation normally gives a slightly better fitting to the scour time history. 

Therefore, the hyperbolic equation is used to calculate the equilibrium scour depth and the time 

scale. The 𝑆0/𝐷 based on curve fitting to Eq. (2-4) is 0.8 for this case.  
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The final scour profile around the model pile was scanned using a three-dimensional infrared 

scanner and plotted in Figure 2-9. To achieve the best scanning results, the water in the test 

section was drained out before starting the scan. The flow direction was from left to right as 

shown in the figure. The main feature of the seabed profile around the model pile is 

characterized by a cone shaped scour pit surrounding the pile with the maximum scour depth 

at the front face of the pile. There is a sand deposition area about 2𝐷 downstream of the model. 

The maximum height of the accumulation area is about 0.4𝐷. Because the velocity in Test B1 

is lower than 𝑈𝑐𝑟, no sand ripples were formed.  

 

Figure 2-9. The contours of the scour profile at the end of the test for Test B1 (𝐷 = 50mm and 

𝑈=0.27m/s).  

2.4.4.2 Example of scour on a rippled bed: Test B3  

The second example presented here was conducted with a flow velocity of 0.48 𝑚/𝑠 (Test B3), 

which is above the critical velocity 𝑈𝑐𝑟. Sand ripples were formed in this test. To minimize the 

effect of the sand ripples, the diameter of the model pile was increased to 115 mm with ℎ/𝐷 = 

4. Zhao et al. (2010) found that the sand ripples have little effect on the scour for a 60 mm 

diameter vertical cylinder. The sensor was installed on the model as in the previous test. The 

test duration was about 3.5 hours. The contours of the CIS sensor reading are shown in Figure 

2-10 (a), where the sharp reduction of the sensor reading at the water-sand interface can be 

clearly seen. The time history of scour depth was extracted and plotted in Figure 2-10 (b). The 

scour depth reached 131mm at the end of the test. The case demonstrated that the sensor still 

worked as expected under live-bed scour condition. 
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                                   (a)                                                                  (b) 

Figure 2-10. The variation of the sensor reading: (a) and scour time history; (b) during the scour 

process for test B3 (𝐷 = 115mm and 𝑈 = 0.48m/s).  

The scour profile was scanned using the 3D infrared scanner and plotted in Figure 2-11. This 

case was a live-bed scour case as shown by the ripples formed in the free field. The height of 

the ripples was approximately 15mm on average and the ripples were distributed in an irregular 

pattern. The scour depth at the most upstream point of the pile was measured to be 128mm, 

which is very close to that measured by the CIS sensor of 131mm as shown in Figure 2-10 (b). 

The minor difference is partially due to the disturbance during the water draining process. The 

scour depth at the downstream side of the pile is slightly smaller than that from the upstream 

side. A deposition area was formed 6𝐷 downstream with a height of 43𝑚𝑚 (0.37𝐷). 

 

Figure 2-11. The contours of the scour profile at the end of the test for Test B3 (𝐷 = 115mm 

and 𝑈=0.47m/s).  

2.4.4.3 Example of scour under sheet flow conditions: Test B15 

Test B15 was under a sheet flow condition where the small ripples were all washed out. The 

scour around bridge piers and offshore structures could be induced by very high flow velocity 

due to flood and storm induced flows. The high velocity flow carries large amount of suspended 

sediment particles which makes the water clarity very low. The high turbidity flow can cause 

problems for scour detecting sensors. It is important to examine the performance of the CIS 
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under high flow velocity conditions. The result for test B15 (𝑈 = 1.74 𝑚/𝑠) is discussed here. 

It was expected the scour depth to be around 2𝐷 under this flow condition, as reported by 

Sheppard and Miller (2006); this means that one CIS is not sufficient to cover the full depth of 

the scour depth. Therefore, two sensors with an inline arrangement were used to measure the 

scour process. There is a gap of 30mm between the two sensors and no readings were obtained 

in the gap. The readings of the CIS sensors are given in Figure 2-12 (a) and the extracted scour 

development process is given in Figure 2-12 (b). The scour reached a substantial depth of 

200mm very quickly in the first 25 seconds (s) due to the high flow velocity. The equilibrium 

scour depth is 246mm (2.14𝐷), according to a curve fitting to Eq. (2-4). Figure 12 (a) shows a 

series of sharp spikes, which represent a momentary high sediment concentration in the 

upstream flow. The strong variation in the concentration of the suspended load leads to 

fluctuations in the scour depth as plotted in Figure 12 (b).  At the end of the test, there was an 

obvious backfilling process after the flow was stopped. A zoom-in view of the backfilling 

process is given in Figure 2-12 (c). The 𝑆  value experienced a dramatic drop from 

approximately 200mm to 170mm within 10s and then gradually reduced to 162mm in the 

following 90s. The velocity information was also plotted on Figure 2-12 (c) and it shows the 

backfilling mainly happened during the velocity ramping down phase. No obvious backfilling 

process was observed in the previous two examples. Zanke et al. (2011) reported this 

backfilling phenomenon and it was found that backfill happens under the condition of  

𝑈/𝑈𝑐𝑟 > 2.5. The backfilling process was attributed to two reasons. First, a horseshoe vortex 

is formed in the upstream scour hole and it induces bed shear stress on the slope of the scour 

hole which points to the uphill direction (Zanke et al., 2011). The shear stress could sustain a 

slope steeper than the angle of repose of the sand. The horseshoe vortex disappears after the 

flow stops and the sand on the slope slide into the scour hole. Second, in the test a large amount 

of suspended sediment carried by the strong current settles when the flow stops and causes a 

decrease of the scour depth. This case demonstrates that it is important to monitor the scour 

development during a test. The scour depth measured after flow being terminated could be 

significantly less than that during the test due to the sediment backfill process. 
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                                        (a)                                                                             (b) 

 

(c) 

Figure 2-12. The variation of the sensor reading(a) and scour time history (b) and the 

backfilling (c) during the scour process of Test B15 (𝐷 = 115mm and 𝑈 = 1.74m/s).  

 

Figure 2-13. The contours of the scour profile at the end of the test for Test B15 (𝐷 = 115mm 

and 𝑈=1.74m/s).  

The scour hole obtained after draining is given in Figure 2-13. This flow velocity (1.74 𝑚/𝑠) 

corresponds to a sheet flow sediment transport regime and the ripples were also washed out by 

the strong flow. A smooth sand surface was observed in the upstream far field. The downstream 

stream scour hole extended more than 10𝐷 in the flow direction and about 8𝐷 in the cross-flow 

direction. The downstream scoured area is much larger than that of the previous two cases. The 
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profile was obtained after draining the water and it is slightly different from the true scour 

profile during the test due to the backfilling phenomenon.  

2.4.4.4 Full set of results 

The three examples that were previously discussed covered the typical features observed in all 

the cases listed in Table 2-1. As a summary, the equilibrium scour depths of all the cases listed 

in Table 2-1 are plotted in Figure 2-14 together with previously published data. The scour depth 

measured using the infrared scanner at the end of each test is also presented in the figure.  The 

scour depth measured by the CIS sensors in the present work is in good agreement with the 

data presented by Sheppard and Miller (2006). Zanke et al. (2011) presented an empirical 

equation to predict the effect of 𝑈/𝑈𝑐𝑟 on 𝑆0/𝐷, which is given as 𝑆0/𝐷 = 2.5(1 − 0.5𝑈𝑐𝑟/𝑈). 

The equation is also plotted in Figure 2-14 and it is almost an upper bound of the present data 

and data given by Sheppard and Miller (2006). The comparison with previous published data 

shows the CIS sensors can give satisfactory data for measuring steady current induced local 

scour around a model pile under a wide range of flow velocities. The scour depth measured 

using the infrared scanner agrees well with the CIS sensor for 𝑈/𝑈𝑐𝑟 <3, but it is obviously 

smaller than that measured using CIS sensor for 𝑈/𝑈𝑐𝑟>3 due to backfilling. 

 

Figure 2-14. The effect of flow intensity (𝑈/𝑈𝑐𝑟) on equilibrium scour depth (𝑆0/𝐷). 

2.4.5 Pile scour induced by tidal current 

Tidal current induced scour is an important factor to be considered for the design of offshore 

structures. To examine the performance of the CIS sensor for detecting local scour around a 

pile subject to tidal current, the sensor was tested under a 𝐾𝐶 number of 10000. 𝐾𝐶 is the 

Keulegan-Carpenter number, defined as 𝐾𝐶 =  𝑈𝑚𝑇𝑤/𝐷, where 𝑈𝑚 is the peak velocity of the 

oscillatory flow and 𝑇𝑤  is the period of the oscillatory flow. In this test, the tidal flow is 

modelled with a square oscillatory flow with 𝑈𝑚 = 0.48 𝑚/𝑠, 𝑇𝑤 = 2292s and 𝐷 = 0.11mm. 
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Square waves have often been used to model the tidal flow effect (Poter et al., 2014). In the 

square waves, the flow amplitude was kept at 0.48𝑚/𝑠 and the flow reversed every half of a 

flow period (𝑇𝑤/2).  

In the test two sensors were installed on the opposite faces of the pile that face the oscillatory 

flow. About 35 flow periods were run in the test and the total test duration was approximately 

22.3 hours. The scour process is plotted in Figure 2-15, together with a sketch of the sensor 

positions. Because the flow was started with Sensor A facing the flow, the scour developed 

earlier on the A side as shown in Figure 2-15. The scour developed in a saw tooth format. In 

each flow period, except for the first one, the scour depth oscillates with time with a period 

corresponding to the flow period. The backfilling occurs periodically because after the flow 

reverses, the accumulated sediment on the downstream side (relative to the instant flow 

direction) will be washed back into the scour hole and leads to a decrease of scour depth. This 

phenomenon will become less obvious if the flow period reduces. This case demonstrates that 

the sensor also works well under tidal flow conditions.  

 

Figure 2-15. The scour developing process under oscillatory flow condition (Test B16, 

𝐾𝐶=10000). 

2.5 Conclusion 

This work reports a series of physical model tests to measure the local scour around piles under 

steady current and tidal current conditions. The scour was measured using contact image 

sensors, which detect the scour depth based on the intensity of the reflected light from the 

surrounding environment. At the interface of water and the model seabed s sudden change of  

the sensor reading exists, and this feature is used to detect scour around the piles.  

Two groups of tests were conducted. The first group of tests was conducted for evaluating the 

sensitivity of CIS to temperature and to sediment concentration. The second group of tests was 



Chapter 2 Detecting local scour using Contact Image Sensors 

27 

 

undertaken to examine the application of the CIS sensor on monitoring local scour. The main 

conclusions are as follows: 

i) The spatial resolution of the CIS can be as fine as 0.083 mm. It does not require calibration 

for each test and the signal is not affected by water temperature. The suspended sedimentation 

concentration has an effect on the sensor reading, but for concentrations lower than 40 𝑘𝑔/𝑚3 

the sediment concentration does not affect the accuracy of the CIS.  

ii) The sensor was used to detect local scour around a vertical pile under current conditions. 

The CIS sensor was tested over a large range of flow conditions, which cover three regimes 

(clear water scour, rippled bed scour and scour in sheet flow conditions). The scour depth was 

successfully extracted from the sensor reading. The measured scour depth under various flow 

conditions agreed well with previously published experimental data. This demonstrated that 

the CIS sensors can be used to detect local scour around vertical piles continuously and 

accurately. 

iii) The sensor was also tested under long period oscillatory flow conditions to simulate the 

local scour process induced by a tidal current. This demonstrated that the sensor also works 

well under oscillatory flow condition.  

iv) The CIS is sensitive to suspended sediment concentration (Figure 2-4). This suggests that 

the CIS may be potentially used to measure the vertical gradient of the suspended sediment 

concentration in the boundary layer; relevant application work was reported in Appendix A. 

Besides, the CIS is able to measure the variation of light reflectivity status in different media 

(i.e., soil, water) over a line rather than just a distinct point in space, this feature of the sensor 

is also applied in estimating the rate of scour propagation along a submarine pipeline in time-

varying currents and in fine-grained sediment as reported in Appendix B. 
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Table 2-1.  A summary of the Group B tests conducted to examine the performance of the 

CIS sensors. 

Test No. 
𝑼 or 𝑼𝒎 

[m/s] 

𝑼/𝑼𝒄𝒓 
[-] 

𝑫 

[mm] 

𝑺𝟎 

[mm] 

𝑺𝟎/𝑫  

[-] 

Scour 

Regime 

B1 0.27 0.90 50 40 0.80 C 

B2 0.40 1.33 50 50 1.00 R 

B3 0.48 1.57 115 124 1.13 R 

B4 0.70 2.33 115 146 1.33 R 

B5 0.75 2.50 115 175 1.59 R 

B6 0.92 3.07 115 186 1.69 R 

B7 1.10 3.67 115 186 1.69 S 

B8 1.18 3.93 115 185 1.68 S 

B9 0.60 2.00 115 197 1.71 R 

B10 0.74 2.47 115 187 1.63 R 

B11 0.95 3.17 115 238 2.07 S 

B12 1.18 3.93 115 221 1.92 S 

B13 1.46 4.87 115 235 2.04 S 

B14 1.84 6.13 115 241 2.10 S 

B15 1.74 5.80 115 246 2.14 S 

B16 0.48 1.57 115 102.4 0.89 R 

‘C’ indicates the clear-water flow regime, ‘R’ implies the ripple bed regime and ‘S’ denotes 

the sheet flow regime. 
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Chapter 3 Experimental investigation of local scour around 

submerged piles in steady current 

 

Abstract 

Submerged vertical piles are an analogue for a range of subsea structures. In this chapter scour 

around submerged piles with both circular and square cross-section are explored experimentally 

in steady currents. A wide range of cylinder height to diameter ratio (ℎ/𝐷 =0.1-8) is considered 

for flow intensities spanning clear-water to sheet flow conditions. Results are presented in terms 

of the equilibrium scour depth and the time-scale of the scour process. For the cross-sectional 

shapes considered the experimental results indicate that the equilibrium scour depth reduces with 

aspect ratio when ℎ/𝐷 < ~4, whilst for larger aspect ratio the scour depth is similar to that for 

an infinitely tall cylinder. The amount of reduction in scour depth with aspect ratio for short piles 

is found to be dependent on the flow intensity, such that the effects of aspect ratio and flow 

intensity on scour depth are not separable. With respect to the time-scale, the experiments 

indicate that for a flow intensity corresponding to live-bed conditions, a maximum time-scale 

occurs for an intermediate aspect ratio; for aspect ratios below this value the time-scale reduces 

because the equilibrium scour depth reduces, whilst for larger aspect ratios the time-scale reduces 

because the local transport rate is increased. Alternatively, in clear-water conditions the time-

scale reduces continuously with increasing aspect ratio. Empirical equations are derived based 

on the experimental results so as to better account for aspect ratio in scour design.  

3.1 Introduction 

Although a significant amount of research has been undertaken on scour around surface-piercing 

piles (see, e.g. the work compiled by Breusers and Raudikivi, 1991; Whitehouse, 1998; Sumer and 

Fredsøe, 2002), comparatively little research has been focused on submerged piles for which the 

height of the pile above the undisturbed seabed can be of similar order to the pile diameter (Simons 

et al., 2007). This is despite the fact that submerged piles represent a simplified analogue for a 

range of subsea structures, including pipeline manifolds and caisson foundations. For these squat 

structures, scour estimates based on empirical equations for surface-piercing piles take no account 
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of the reduced blockage that a submerged pile offers to the flow, and, therefore, lead to overly-

conservative scour estimates and potentially expensive scour mitigation. Consequently, there 

appears to be significant value in further understanding scour around submerged piles for offshore 

engineering applications at least.  

For surface-piercing piles it is well-known that scour develops rapidly to begin with, before 

slowing in time until an equilibrium scour profile is reached. This time development has been 

well approximated using a number of mathematical functions. For example, Sumer and Fredsøe 

(2002) have suggested the function: 

𝑆(𝑡) = 𝑆0 (1 − exp (−
𝑡

𝑇0
)),                                                                                          (3-1)      

where 𝑆0 is the depth of the equilibrium scour hole, 𝑡 is time and 𝑇0 is a constant that defines the 

time-scale of the scour process. Alternatively, Whitehouse (1998) have included an exponent on 

the ratio 𝑡/𝑇0 within the exponential term in equation (3-1), whilst Briaud et al. (1999) have 

proposed a hyperbolic function: 

𝑆(𝑡) = 𝑆0
𝑡

𝑡 + 𝑇0
, 

(3-2) 

Alternative expressions have also been defined, such as the four-parameter function due to 

Sheppard et al. (2004). From a design perspective, both equation (3-1) and (3-2) (and some of 

their variants) indicate that to estimate the scour depth at any time in a given current condition 

requires that an equilibrium scour depth and a time-scale can be estimated, whilst the maximum 

scour depth requires an estimate of the equilibrium scour depth alone. With this perspective in 

mind, numerous authors have explored how various design parameters influence the 

equilibrium scour depth and time-scale for surface-piercing piles (see, for example, the reviews 

by Whitehouse, 1998; Melville and Sutherland, 1988; Sumer and Fredsøe, 2002). Typically, 

each of these parameters have been assumed to have a separable or independent effect on the 

scour depth, such that design equations for predicting the equilibrium scour depth generally 

have the form: 
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𝑆0
𝐷
= 𝐾𝐼𝐾𝑦𝐾𝑑𝐾𝜎𝐾𝑠𝐾𝛼 , 

(3-3) 

where the 𝐾𝑖 factors represent empirical formulas or factors defining the relationship between 

the scour depth and different parameters; specifically, 𝐾𝐼  is the factor for flow intensity, 

𝐾𝑦 reflects the effect of flow depth, 𝐾𝑑  is a function of sediment size, 𝐾𝜎  involves sediment 

gradation, 𝐾𝑠 is a function of pier shape and 𝐾𝛼 represents pile alignment effect. More detailed 

definitions of the above parameters can be found in Melville and Sutherland (1988), whilst 

similar equations to that given in equation (3-3) have also been presented by Breusers et al. 

(1977), Richardson and Davies (1995), with consideration of different factors.  

In line with the framework above, most of the existing literature on submerged piles has aimed 

to determine a correction to the equilibrium scour depth as a function of the cylinder aspect ratio 

(defined as the ratio of pile height to diameter; i.e. ℎ/𝐷). Based on experimental measurements, 

Sumer and Fredsøe (2002) and Zhao et al. (2010), for example, suggested that a factor to correct 

for aspect ratio may take the form 

𝐾ℎ =
𝑆0

𝑆0,∞
= 1 − exp (−𝛽

ℎ

𝐷
),                                                                                               (3-4) 

where 𝑆0,∞  is the equilibrium scour depth for an infinitely tall pile and 𝛽  is an empirical 

coefficient. In clear-water conditions close to incipient motion Sumer and Fredsøe (2002) 

proposed that this coefficient can be taken to be 𝛽~ 0.55; however, this value was based on only 

two experiments for which no surface-piercing or ‘infinitely tall’ pile was modelled for 

comparison (DHI/Snamprogetti, 1992). For live-bed conditions Zhao et al. (2010) considered 

ℎ/𝐷 ∈(0.2-8.3) and found that 𝛽 was larger than 0.55 and appeared to increase with the Shields 

parameter, indicating that the effect of pile aspect ratio is not independent of flow intensity. 

However, because their study only considered two values of flow intensity no detailed trends 

could be explored.  

In addition to the works above, Simons et al. (2007) and Zhao et al. (2012) have also reported 

experimental results concerning circular and rectangular submerged piles, respectively. In the 

former study Simons et al. (2007) presented data for two submerged circular cylinders and an 
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‘infinitely tall’ cylinder in steady current conditions coinciding with incipient motion. Their 

results suggested that the scour depth for very low aspect ratio may be much higher than that 

predicted by the formula proposed by Sumer and Fredsøe (2002), but no alternative formula was 

proposed. The study by Zhao et al. (2012) focused on live-bed conditions and indicated that the 

general form of (3-4) is still appropriate for non-circular profiles. The values of 𝛽 they derived 

for rectangular piles are, however, difficult to compare with those derived in Zhao et al. (2010) 

for circular piles because they were undertaken at a different flow intensity and only considered 

aspect ratios ℎ/𝐷<1.0.  

In comparison with the work on equilibrium scour depth, only very limited results have been 

reported on time-scale of the scour process for submerged piles. Zhao et al. (2012) has presented 

time-scale results as a function of aspect ratio for rectangular submerged piles, but no obvious 

correlation was observed. Additionally, the data analysed by Zhao et al. (2012) was restricted to 

aspect ratios less than unity (i.e. ℎ/𝐷 <1.0). 

Summarising the studies above, it is apparent that further investigation is warranted to 

systematically explore how the aspect ratio affects the equilibrium scour depth and time-scale 

for both circular and rectangular submerged piles at various flow intensities (or Shields 

parameter values). For instance, it is not clear how the aspect ratio and flow intensity may 

collectively influence scour depth and time-scale. It is also not clear how large the aspect ratio 

needs to be until the scour depth and time-scale is no longer dependent on pile height, i.e. the 

critical aspect ratio at which a submerged pile transitions to an infinitely tall pile. For example, 

whilst Sumer and Fredsøe (2002) suggest (ℎ/𝐷)𝑐𝑟 ~5 for circular piles, this is based only on 

limited data. In comparison, no experimental data is available for rectangular submerged piles 

for ℎ/𝐷>1.0.   

Motivated by (i) the apparent need for further information on scour around submerged piles and 

(ii) the lack of existing data spanning both aspect ratio and flow intensity, this chapter reports a 

systematic experimental study of scour around submerged piles having circular and square cross 

section. Focus is placed on the equilibrium scour depth and time-scale of the scour process, and 

how these metrics vary with aspect ratio and flow intensity. The remainder of the chapter is 

organised as follows. Section 3.2 describes the test facility, experimental setup and the scour 
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measurements. Section 3.3 and Section 3.4 then presents the main results and some discussion 

for the circular piles and square piles, respectively. The general features of the scour hole 

geometry are then discussed in Section 3.5 before conclusions are given in Section 3.6.   

3.2 Experimental Program 

3.2.1 Test facility  

All of the live-bed experiments reported in this chapter were conducted in the O-tube facility at 

the University of Western Australia. The O-tube facility is a fully enclosed circulating water 

channel driven by an impeller. The working section of the facility is ~17 m long with a 1 m by 

1 m cross-section above a 400 mm deep sand bed (for more information see Cheng et al., 2014). 

The O-tube can generate various flow conditions including steady current, regular/irregular 

oscillatory flow and combined flow conditions; however, in the present experiments only steady 

currents were modelled. 

Experiments in the clear-water regime were conducted in the wave and current flume facility at 

the University of Western Australia. The flume is 13.2 m long, and 0.4 m wide with a height of 

0.6 m. This facility is a conventional flume and was run in current only mode for the present 

experiments. The water depth was kept constant at 0.26 m for all tests (except for test 4, in which 

the water depth was slightly higher at 0.28 m). 

Live-bed conditions prevail when 𝜃/𝜃𝑐𝑟 ≥ 1, where 𝜃 is the Sheilds parameter defining the non-

dimensional bed shear stress and 𝜃𝑐𝑟 is the Shields parameter coinciding with sediment motion. 

Clear-water conditions are associated with 𝜃/𝜃𝑐𝑟 <1, at which point sediment can only become 

mobile due to amplification of velocity close to the pile. 

3.2.2 Submerged piles 

Submerged piles with two different cross-sectional shapes (circular and square) were used in the 

experiments. The circular piles had a diameter of D = 55 mm (adopted in the wave and current 

flume) and 115 mm (used in the O-tube), and the square pile had an edge width of D = 110 mm 

(tested in the O-tube). These dimensions resulted in a horizontal blockage ratio of less than 1/6 

in the O-tube and 1/7 in the wave flume, such that only very minor blockage effects are likely. 

A variety of aspect ratios were considered, ranging from ℎ/𝐷 = 0.1 to 8. The models used in the 
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O-tube were made of wood with water-proof paint and had a 0.4 m×0.4 m base plate that was 

installed deep within the sand bed to ensure stability of the piles during a test. Similar models 

were also used in the wave flume, but no base plate was required; the models were embedded to 

sufficient depth to ensure they remained stable. The square piles were orientated at both 90°and 

45° relative to the incoming flow direction (see Section 3.2.4 for more details). 

To detect local scour around the models in the O-tube, contact image sensors (CIS) were adopted 

in the arrangement outlined by An et al. (2016). The CISs can detect the intensity of light 

reflected from the surrounding environment. At the interface of water and sand, it generally 

records a significant change in light intensity, enabling detection of the seabed surface. In present 

testing program the sensors were fitted vertically along the cylinders. The sensor resolution was 

set as 0.43 mm, which is slightly larger than the median sand grain size and the data logging 

frequency was 1 Hz. Figure 3-1 indicates the different submerged piles used in the present tests 

and outlines the CIS location (the test groups identified in this figure are described further in 

Section 3.2.4). For the square piles the sensors were placed at the corners of the model, since 

scour was expected to be most significant at this point of the structure. For circular piles, the 

deepest scour is often observed at the front of the model (e.g. Zhao et al., 2010) due to the strong 

horseshoe vortex. Therefore, the sensor was installed at the middle of the upstream side. For 

some cases (see Figure 3-1 a) two CISs were used so as to enable measurements across a greater 

range of depths.  

For the models used in the wave and current flume no CISs were used. Instead, video camera 

was used to monitor scour, and gradations were drawn on the perimeter of the pile to provide a 

reference. In addition to taking point measurements with the CIS and video, a three-dimensional 

scour profile was captured at the end of each experiment. The three-dimensional scour profile 

was obtained using an infrared scanner, which can cover a range of 1 m×2 m with resolution of 

2 mm.  

For all the experiments, the scour depth measurements were made whilst the flow was running.  
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(a) Experiments 5-37;  

 

(b) Experiments 38-63. 

Figure 3-1. The sketches of the model piles equipped with CIS sensors. The light orange plane 

indicates initial bed level. The connected CIS in the circular pile was 415mm buried in the 

sand; and in the square model pile, the connected CIS was 335mm buried in the sand. 

3.2.3 Flow velocity measurements and sediment used 

For the experiments conducted in the O-tube the velocity was measured at 300mm above the 

sand bed using an Electromagnetic Flow Meter (EFM); and in the wave flume the velocity was 

measured at 50 mm above the sand bed using a Nortek Vectrino II Acoustic Doppler Velocimeter 

(ADV). To improve the signal quality some fine particles were added to the flume. For flow 

velocity measured above ripple formed sand bed, the measurement was taken after the ripples 

had become fully developed.  

In all experiments the O-tube was filled completely, so that free surface effects (and the 

associated effects of finite water depth on the scour profile) were not relevant.  

A non-cohesive uniform silica sand was used in all the experiments. This sand had a median 

grain size (𝑑50) of 0.24 mm and the majority of the particles had diameters within the range of 

0.15 mm to 0.4 mm (the geometric standard deviation 𝜎𝑔 = √𝑑84/𝑑16 = 1.4).  For the circular 
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and square piles modelled, this choice of sediment size ensures that (pile-size to sediment-size 

ratio) is in the range 229 to 479 and 564-800, respectively. For these values Sheppard et al. (2004) 

suggests that scour depth is likely to be relatively large; hence the present experimental results 

are likely to give conservative estimates of scour depths with respect to sediment coarseness for 

most applications. The specific gravity of the sand particles is 2.65 and the porosity is 0.4. 

Testing revealed that the critical velocity to cause mobility was 𝑈𝑐𝑟 =0.26 m/s (measured 50 mm 

above the sand surface, corresponding to 𝜃𝑐𝑟 = 0.041). This is close to that predicted using the 

modified Shields curve due to Soulsby and Whitehouse (1997).  

Accounting for the velocity measurement details and soil properties, all velocity measurements 

have been converted to a bed shear stress for reporting in this chapter. This avoids the need to 

quote an elevation above the bed associated with the velocity measurements. The shear stress 

has been computed assuming a logarithmic velocity profile and a roughness length equal to that 

given by Christoffersen and Jonsson (1985); see also Soulsby (1997; Eq 23a). The shear stress 

has then been made non-dimensional to determine a Shields parameter by dividing by 

𝜌𝑔(𝑠𝑔 − 1)𝑑50 , where 𝜌 is water density (taken to be 1000 kg/m3), 𝑔 is acceleration due to 

gravity, 𝑠𝑔 is the relative density of the sediment (taken to be 2.65) and 𝑑50 is the grain size 

(taken to be 0.24 mm). 

3.2.4 Experimental program  

The primary aim of the present experiments was to explore the scour process across a range of 

flow intensities and pile aspect ratios. For the circular piles a total of 37 experiments were 

therefore undertaken, spanning flow intensities coinciding with 𝜃/𝜃𝑐𝑟 = 0.98, 2.41, 4.38, 8.19, 

11.16, 23.22 and 33.12 (i.e. spanning clear-water to live-bed to sheet flow conditions); see Table 

3-1. A further 26 experiments were performed with the square pile under two orientations and 

one flow intensity; see Table 3-2. Both Table 3-1 and Table 3-2 also provide summary 

information from the experiments that is described later in Section 3. It should also be noted that 

the diameter used to define the aspect ratio in Table 3-2 for the square pile orientated at 45° to 

the incident flow is the diagonal width of the structure (i.e. 156 mm).   
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The general procedure for each of the scour experiments was as follows: (a) Install the model 

piles in the test section; (b) Level the model seabed; (c) Fill water into the O-tube/flume. Caution 

was taken to avoid disturbance to the soil surface during the filling process; (d) Start data logging 

for the CIS, EFM and video; (e) Run the O-tube/flume to reach or to be close to the equilibrium 

stage for local scour; (f) Ramp down the flow and drain the water out of the O-tube/flume; (g) 

Scan the final scour profile with 3D infrared scanner. 

Supplementary to these experiments a series of experiments were performed to identify the 

dimensionless shear stress 𝜃𝑐𝑟1 at which local scour initiated for several submerged circular piles. 

In these experiments the current was ramped up slowly and the velocity was recorded at which 

a large number of uncountable grains were seen to move local to the pile. The piles for which 

this testing was undertaken are summarised in Table 3-3 together with the recorded flow intensity. 

It should be noted that in Table 3-1 and Table 3-2 and in several figures that follow, (𝜃/𝜃𝑐𝑟)
0.5 

is given. This parameter has been used because it is equal to the ratio of the friction velocity to 

the critical friction velocity, and is therefore more closely related than 𝜃/𝜃𝑐𝑟 to the flow intensity 

parameter often reported in pile scour experiments. 

3.3 Test results: circular piles 

3.3.1 Scour development 

To provide an example of the scour development observed in the experiments involving circular 

piles, Figure 3-2 presents the scour depth measured at the front of the cylinder for a flow intensity 

corresponding to (𝜃/𝜃𝑐𝑟)
0.5 = 1.55 and a range of aspect ratios. It can be seen that, as expected, 

the scour depth increases rapidly at first for each pile, before limiting towards a maximum 

equilibrium depth. Comparing across the experiments, it is apparent that this equilibrium depth 

increases as the aspect ratio increases, ranging from approximately 0.2𝐷 at ℎ/𝐷 =0.1 up to 1.3𝐷 

when ℎ/𝐷 >~4. For aspect ratios above 4 there is very little difference in the scour depth 

development with time, implying that the cylinder behaves as an infinitely tall pile once the 

aspect ratio exceeds 4. 
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Figure 3-2. The time history of local scour measured in front of submerged circular piles at 

(𝜃/𝜃𝑐𝑟)
0.5 = 1.55: Test results are for experiments 5-17.  

Each of the experiments shown in Figure 3-2 were run until an equilibrium depth was observed, 

or the scour depth was close to the equilibrium stage for local scour. It can be seen that the test 

duration varied across the experiments, although in each experiment the shape of the scour 

development time history is similar. To further investigate this shape effect Figure 3-3 presents 

an example fit to the experimental data using Equation (3-1) and Equation (3-2) for a circular 

cylinder with aspect ratio of ℎ/𝐷=1. It can be seen that for this case (and the square pile results 

also shown in Figure 3-3and discussed in Section 4) the hyperbolic function matches the 

measurements well and better than the exponential function in Equation (3-1). This finding is in 

agreement with that reported by Zhao et al. (2010). In the remainder of the chapter the 

equilibrium scour depth and time-scale values presented for each experiment (and listed in Table 

3-1 and Table 3-2) have been obtained by fitting Equation (3-2) to the measurements.  

It should be noted that good agreement with the data was also obtained by fitting the modified 

form of Equation (3-1) due to Whitehouse (1998) to the experimental data. However, this is not 

presented in this chapter for brevity. It should also be noted that in experiments that stopped 

before equilibrium, the fitted equilibrium scour depth is an approximation as opposed to a direct 

observation. This approximation will be reliable provided that the experiments were run close to 

equilibrium and the scour time history is self-similar and well approximated by the fitted 

mathematical expression; each of these requirements appear to be true for the experiments 

presented in Figure 3-2.   
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Figure 3-3. A comparison of the curve fits to measured scour data at (𝜃/𝜃𝑐𝑟)
0.5 = 1.55. The 

exponential (dash lines) and hyperbolic fits (solid lines) are based on Equation (3-1) and (3-2), 

respectively. 

3.3.2 Equilibrium scour depth 

Figure 3-4 presents the equilibrium scour depth for all of the submerged circular pile experiments 

listed in Table 3-1. These results span a range of flow conditions including clear-water 

((𝜃/𝜃𝑐𝑟)
0.5  <1), ripple bed (1≤ (𝜃/𝜃𝑐𝑟)

0.5  <~2.86) and sheet flow conditions ((𝜃/𝜃𝑐𝑟)
0.5 

>2.86); see Figure 3-5. Several observations can be drawn from the data shown in Figure 3-4. 

Firstly, for a given aspect ratio it can be seen that the equilibrium scour depth does not vary 

monotonically with flow intensity, but instead has a local maximum close to (𝜃/𝜃𝑐𝑟)
0.5 =1, 

before ‘dipping’ and then increasing again for larger flow intensity. This trend is consistent with 

that observed for surface-piercing piles (see e.g. Melville and Sutherland, 1988) and is expected 

to occur because at velocities just above critical, free field sediment transport and bed ripples 

enter from upstream into the scour hole and limit its growth. Notably, the results in Figure 3-4 

shows that the ‘dip’ in equilibrium scour depth is most pronounced for small aspect ratios. This 

result implies that upstream sediment transport and bed ripples have more effect on scour hole 

development for small aspect ratio. An explanation for this trend is presented later in this 

subsection.  
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Figure 3-4. Equilibrium scour depth plotted as a function of flow intensity for different aspect 

ratios. Trend lines have been drawn approximately for present data. Crosses represent data 

compiled from Chiew (1984) for surface-piercing piles.  

Secondly it can be seen that, comparing across different aspect ratios, there is a general increase 

in scour depth with aspect ratio at all flow intensities. However, the relative increase in scour 

depth with aspect ratio is not independent of flow intensity (i.e. the vertical distances between 

the trend lines are not in proportion for different flow intensities). This observation is explored 

further in Figure 3-6, which presents the equilibrium scour depth as a function of aspect ratio for 

three different flow intensities. For each flow intensity the equilibrium scour depth has been 

normalized by the result for the largest aspect ratio (so as to provide an estimate of 𝐾ℎ). Figure 

3-6 clearly indicates that the trend in equilibrium scour depth with aspect ratio varies with flow 

intensity. Of particular note is that for clear-water conditions the equilibrium scour depth does 

not reduce smoothly to zero as the aspect ratio reduces to zero. Instead, because there is no 

upstream sediment supply even the smallest aspect ratio is able to eventually initiate scour (i.e., 

trigged by lee wake scour) and the scour hole then proceeds to develop to a finite value.  
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(a) (𝜃/𝜃𝑐𝑟)
0.5 = 0.99 , ℎ/𝐷 = 0.8    (b) (𝜃/𝜃𝑐𝑟)

0.5 = 0.99 , ℎ/𝐷 = 2 

  

(c) (𝜃/𝜃𝑐𝑟)
0.5 = 1.55 , ℎ/𝐷 = 0.8   (d) (𝜃/𝜃𝑐𝑟)

0.5 = 1.55 , ℎ/𝐷 = 2 

  

(e) (𝜃/𝜃𝑐𝑟)
0.5 = 4.82 , ℎ/𝐷 = 0.8    (f) (𝜃/𝜃𝑐𝑟)

0.5 = 4.82 , ℎ/𝐷 = 2 

Figure 3-5. Photos of scour holes under different scour regimes: (a) and (b) are under clear-water 

scour regime; (c) and (d) are under live-bed scour regime; (e) and (f) are under sheet flow scour 

regime, respectively. 

Thirdly, it can be seen that a lower flow intensity is required to initiate scour as the aspect ratio 

increases, i.e. the horizontal intercept for each of the curves is largest for smallest aspect ratio. 

The flow intensity required to initiate scour has been determined based on the supplementary 

experiments (see Table 3-3). These results are consistent with the expectation that the local 

amplification of velocity close to the pile increases as the cylinder aspect ratio increases and 

suggests that the reason for the increased ‘dip’ at flow intensity just above unit for the smallest 

aspect ratio cylinders may occur because they have smaller local amplification of velocity. More 
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specifically, the lower amplification implies that upstream sediment supply will be a higher 

proportion of local sediment transport at flow intensities just above unit, and thus the upstream 

supply can affect the local scour depth more significantly. 

 

Figure 3-6. The effect of aspect ratio on equilibrium scour depth. The vertical axis represents 

𝐾ℎ = 𝑆0/𝑆0,∞, where 𝑆0,∞ is taken to be the equilibrium scour depth at the tallest pile. The curve 

fits are based on Equation (3-4) and have 𝐾ℎ(𝛽) =1.06 (dash line) and 2.86 (dash dot) at 

(𝜃/𝜃𝑐𝑟)
0.5 = 1.55 and 4.82, respectively. 

Finally, it is apparent in Figure 3-4 that for all flow intensities the results for ℎ/𝐷 =5 are similar 

to that obtained by Chiew (1984) for tall piles at comparable model scale and in similar sediments. 

For reference, the results plotted in Figure 3-4 from Chiew (1984) are for sediment with 

𝑑50 =0.24 mm and pile diameter ranging between 31.75 mm and 40 mm. Since the water depth 

in Chiew’s experiments also exceeded four diameters, the scour depth is expected to be 

unaffected by water depth and similar to that for an infinitely tall pile (Melville and Sutherland, 

1988). Combined with the results for different aspect ratio and flow intensities in Figure 3-4, the 

experimental results collectively imply that for ℎ/𝐷 >~4 the scour around a submerged pile 

becomes equivalent to an infinitely-tall pile of the same diameter.  

With respect to the comparison to Chiew (1984) in Figure 3-4, it can also be seen that the non-

dimensional equilibrium scour depth reported by Chiew (1984) is independent of flow intensity 

when (𝜃/𝜃𝑐𝑟)
0.5>~4. This trend is different to that observed in the present experimental results, 

which show an increasing scour depth with flow intensity across the range of flow intensities 

investigated. This difference in trends may be due in part to different test setup, scour observation 
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method and/or data post-processing method. It is also worthwhile to consider in more detail the 

reason why the present experimental results show an increase in scour depth with flow intensity. 

With respect to this point, it is useful to note that Dey (1999) and Zanke (2013) reported a 

reduction in scour depth when the flow was stopped for experiments involving scour around 

piles. Zanke (2013) also observed that the increased scour depth was coincident with a steeper 

scour hole side slope, and that this slope became steeper as the flow intensity increased – 

presumably because the dynamic pressure associated with the flow provides a stabilizing force 

to the side slope. In the present experiments the CIS enabled measurements of the change in 

scour depth before and after the flow was stopped. Figure 3-7 quantifies this change in depth for 

each of the experiments as a function of flow intensity. It can be seen that the change in depth is 

similar to that reported by Zanke (2013), and this change in depth explains the increase in scour 

depth with flow intensity observed in Figure 3-4.  

 

Figure 3-7. The magnitude of measured scour depth difference before and after flow stopped for 

different flow intensities. The measured scour depth difference before and after stopping the flow 

is denoted as ∆𝑆, normalized by the equilibrium scour depth 𝑆0 corresponding to the given flow 

intensity and aspect ratio. 

From a design perspective it is ideal to collapse the experimental results for equilibrium scour 

depth into a correction factor accounting for aspect ratio and flow intensity. To achieve this, 

Equation (3-4) has been fitted to each live-bed flow intensity (as indicated for the example results 

given in Figure 3-6) to provide a value for the empirical coefficient 𝛽. This has only been 
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undertaken for the live-bed experiments because Equation (3-4) does not appear to be appropriate 

for the clear-water experiments. The resulting values of 𝛽 are shown in Figure 3-8. Also shown 

on this figure are values of 𝛽 obtained by Zhao et al. (2010). (Note, the data reported by Sumer 

and Fredsøe (2002) and Simons et al. (2007) has not been used to infer a 𝛽 value because their 

data was obtained at or close to clear-water conditions.) In Figure 3-8 it can be seen that there is 

reasonably good agreement between the present data and that given in Zhao et al. (2010), 

although the present data extends over a much wider range of flow intensity.  

To enable predictions, the following equation for 𝛽 has been fitted to the present experiments: 

𝛽 =

{
 
 

 
 2.226 − 0.587 (

𝜃

𝜃𝑐𝑟
)
0.5

,                          1.0 < (
𝜃

𝜃𝑐𝑟
)
0.5

≤ 2.093

1 + 1.931 (1 − exp (2.094 − (
𝜃

𝜃𝑐𝑟
)
0.5

)) ,       2.093 < (
𝜃

𝜃𝑐𝑟
)
0.5

< 6.0   

     (3-5) 

Application of Equation (3-4) and Equation (3-5) provide a means to correct the scour depth to 

account for aspect ratio at a given flow intensity (defined by the ratio (
𝜃

𝜃𝑐𝑟
)0.5).  

 

Figure 3-8. Fitted values of 𝛽 for a submerged circular pile at different flow intensities. The 

dashed line corresponds to Equation (3-5).  

3.3.3 Time-scale of scour 
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Figure 3-9 presents the non-dimensional time-scale for each of the submerged circular cylinder 

experiments conducted at a flow intensity corresponding to (𝜃/𝜃𝑐𝑟)
0.5 = 1.55 , in which the 

non-dimensional time-scale is calculated according to: 

𝑇0
∗ = 𝑇0

(𝑔(𝑠 − 1)𝑑50
3 )

1
2

𝐷2
 (3-6) 

It can be seen in this figure that the time-scale is a maximum at an intermediate aspect ratio of 

ℎ/𝐷~1. To interpret this result, it is useful to note that the time-scale is a measure of the time 

required for scour to occur and is proportional to the ratio of the size of the scour hole to the 

local sediment transport rate, i.e. 

𝑇0 ∝
𝑆0
3

𝑞𝐿𝑆0
 (3-7) 

where 𝑆0
3 is proportional to the volume of the scour hole and 𝑞𝐿𝑆0 is proportional to the total 

transport rate of sediment in the flow direction across the width of the scour hole (i.e. 𝑞𝐿 is the 

local transport rate per unit width, and the width of the scour hole is assumed to scale with 𝑆0). 

Introducing the dimensionless local transport rate 𝛷𝐿 and dividing both sides of Equation (3-7) 

by the diameter of the pile squared, now leads to 

𝑇0
(𝑔(𝑠 − 1)𝑑50

3 )
1
2

𝐷2
= 𝑇0

∗ ∝
𝑆0
2

𝐷2
1

∅𝐿
. (3-8) 

Equation (3-8) indicates that the time-scale is proportional to the equilibrium scour depth (i.e. 

larger holes require longer to scour) and inversely proportional to the local transport rate (i.e. as 

the local transport rate increases scour happens more quickly).  

With reference to the submerged piles, two inferences can now be made to understand the time-

scale results shown in Figure 3-9. Firstly, the supplementary experiments (see Table 3-3) indicate 

that the local amplification of velocity and shear stress reduce as the aspect ratio reduces (since 

the local velocity required to mobilise the sediment increases with a reduction in aspect ratio). 

Based on these results it is apparent that the local transport rate reduces with aspect ratio for the 

submerged pile. Secondly, from Section 3.2 it is evident that the equilibrium scour depth 
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increases with aspect ratio. Collectively, these two inferences indicate a trade-off between the 

effects of equilibrium depth and local transport rate on the time-scale such that to the left of the 

peak in time-scale shown in Figure 3-9, the equilibrium scour depth reduces sufficiently to 

decrease the overall time-scale (and outcompete the effect on time-scale of reductions in 

transport rate), whereas to the right of the peak in time-scale the transport rate increases 

sufficiently to decrease the time-scale (and outcompete any changes in time-scale associated with 

increasing equilibrium scour depth).  

 

Figure 3-9. The non-dimensional time-scale of the circular pile at (𝜃/𝜃𝑐𝑟)
0.5 = 1.55. Trend lines 

have been drawn approximately for present data. The infinity symbol at the right verge of the 

plot indicates the surface-piercing condition. The time-scale prediction based on Equation (3-9) 

proposed by Sumer et al. (1992) was made for a circular surface-piercing pile (𝛿/𝐷 = 4.3), 

denoted with the red arrow.  

The reduction in time-scale to the right of the peak in Figure 3-9, however, is not indefinite as 

the aspect ratio increases. Instead it levels off at ℎ/𝐷~4, at which point the pile behaves as if it 

is infinitely tall - i.e. the local transport rate is similar to that for an infinitely tall pile. For these 

larger aspect ratios, the time-scale may be compared with an empirical formula proposed by 

Sumer et al. (1992): 

𝑇0
∗ =

1

2000

𝛿

𝐷
𝜃−2.2                                                                                                              (3-9) 
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where, 𝛿/𝐷 is the relative boundary layer thickness. An estimate based on this empirical formula 

is illustrated in Figure 3-9 and has been computed taking the Shields parameter to be 0.1 

(corresponding to (𝜃/𝜃𝑐𝑟)
0.5=1.55) and the relative boundary layer thickness to be 𝛿/𝐷 =4.3 

(based on measurements of the velocity profile). The agreement between the present results and 

the formula due to Sumer et al. (1992) is reasonable, noting that the accuracy of the prediction 

is comparable to the scatter in the data compiled by Sumer et al. (1992) to form the empirical 

formula and illustrated in Figure 3-9. 

A similar trend to that observed in Figure 3-9 was seen for the other live-bed experiments that 

were undertaken (i.e. for other flow intensities with (𝜃/𝜃𝑐𝑟)
0.5 >1). However, for the clear-water 

experiments a different trend was observed: under clear-water conditions the time-scale was 

found to continuously reduce with aspect ratio as shown in Figure 3-10. This alternative trend is 

consistent with the earlier observation that the equilibrium scour depth does not reduce smoothly 

towards zero as the aspect ratio reduces to zero. Consequently, the time-scale becomes larger as 

the aspect ratio and local transport rate reduces. The trends shown in Figure 3-9 and Figure 3-10 

are expected to be general trends for live-bed and clear-water scour conditions, respectively.  

 

Figure 3-10. The non-dimensional time-scale of the circular pile at (𝜃/𝜃𝑐𝑟)
0.5 = 0.99. Trend 

lines have been drawn approximately for present data. 
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To quantitatively compare the time-scale across the full range of flow intensities modelled, 

Figure 3-11 presents a modified non-dimensional time-scale as a function of aspect ratio. This 

modified time-scale is defined as 

𝑇2
∗ =

𝑇0
∗

(𝑆0/𝐷)2  
∝

1

Φ𝐿
.                                                                                                              (3-10) 

Therefore, the time-scale in Equation (3-10) is aimed at improving the influence of the 

equilibrium scour depth on the time-scale. With respect to Figure 3-11 it can be seen that the 

time-scale now reduces monotonically with aspect ratio, as expected due to increasing local 

transport rate. It can also be seen that the time-scale reduces significantly with flow intensity, 

and that this change in flow intensity has a much greater impact in time-scale (over the present 

experimental database) than changes in aspect ratio. A similar conclusion can be drawn from 

Figure 3-12, which presents time-scale as a function of flow intensity.  

 

Figure 3-11. The non-dimensional time-scale 𝑇2
∗  for a submerged circular pile plotted for 

different ℎ/𝐷. Trend lines have been drawn approximately for present data. 𝑇2
∗ is defined as the 

non-dimensional time-scale (𝑇0
∗) normalized by the non-dimensional equilibrium scour depth 

squared (𝑆0/𝐷), i.e. 𝑇2
∗ = 𝑇0

∗/(𝑆0/𝐷)
2 . 
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Figure 3-12. The effect of flow intensity on the non-dimensional time-scale 𝑇2
∗. Trend lines have 

been drawn approximately for present data. 

3.4 Test results: square piles  

To illustrate the scour development for the cylinders with square cross-section Figure 3-13 

presents measurements for both the 90 degree and 45 degree orientated piles across a range of 

aspect ratios. In each figure the flow intensity is held fixed such that (𝜃/𝜃𝑐𝑟)
0.5 =1.55. It can be 

seen that the scour time series again increases monotonically in time but with reducing rate. 

There is more variability in the shape of the curve (especially for the 45 degree orientated piles), 

however for a typical time series the hyperbolic function seems to match the data reasonably 

well (see Figure 3-3). It can also be seen that the equilibrium scour depth tends to increase with 

aspect ratio, as was observed for the circular cylinders; however, the scour depth reaches larger 

values for the square cylinder compared with the circular cylinder. This observation is consistent 

with that observed by Sumer et al. (1993) for infinitely tall piles. 
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(a) 

 

(b)  

Figure 3-13. The scour time history at square pile with 90 degree and 45 degree orientations at 

 (𝜃/𝜃𝑐𝑟)
0.5 = 1.55. For square pile with 90 degree and 45 degree orientation, scour measurement 

were taken at the upstream side verge of the pile, where the shear stress amplification was 

expected to be the largest. 

To explore the increase in scour depth further, Figure 3-14 plots the equilibrium scour depth for 

each of the square cylinder orientations together with the results for the circular cylinders. It can 

be seen that for all aspect ratios the increase in scour depth for the square cylinders is 

approximately 1.8 and 1.38 for the 90 and 45 degree orientations, respectively. This result 

implies that to first approximation: 
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𝐾𝑠𝐾𝛼 = {
1.0;         𝐶𝑖𝑟𝑐𝑙𝑒                          
1.8;         𝑆𝑞𝑢𝑎𝑟𝑒, 90 𝑑𝑒𝑔𝑟𝑒𝑒𝑠
1.38;      𝑆𝑞𝑢𝑎𝑟𝑒, 45 𝑑𝑒𝑔𝑟𝑒𝑒𝑠

 

(3-11) 

 

Figure 3-14. The effect of ℎ/𝐷 on the non-dimensional equilibrium scour depth at piles with 

different pile shape at (𝜃/𝜃𝑐𝑟)
0.5 = 1.55. The curve fits were fitted to Equation (3-4). 

The present experimental results for the square piles are compared quantitatively with that 

reported previously by Zhao et al. (2012) and Sumer et al. (1993) in Figure 3-15. These results 

are for flow intensities corresponding to (𝜃/𝜃𝑐𝑟)
0.5 of ~1.15 and 1.41, respectively. It can be 

seen that the present results agree well with Sumer et al. (1993) for infinitely tall piles. 

Alternatively, the scour depths are larger than the equilibrium scour depths reported by Zhao et 

al. (2012) for submerged square piles. This may be due to the difference in the flow intensity 

compared to Zhao et al. (2012) experiments. It may also be due to the fact that the water depth 

in Zhao et al. (2012) experiments was 2.5 and 1.77 times the effective diameter for the square 

and diameter caisson, respectively. For circular surface-piercing piles this depth is less than 2.6 

times the diameter and would therefore be sufficiently shallow to reduce the scour depth 

(Melville and Sutherland, 1988); however the effect of the water depth on submerged piles has 

not been systematically explored in the literature. In the present experimental program the water 

depth was more than 4 times the effective diameter in all cases.  
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Figure 3-15. The effect of ℎ/𝐷 on the non-dimensional equilibrium scour depth at the square 

piles at (𝜃/𝜃𝑐𝑟)
0.5 = 1.55. The curve fits were fitted to Equation (3-4). The data set of Sumer et 

al. (1993) was denoted at ℎ/𝐷~∞ indicating the surface-piercing scenario. 

To further explore the variations in time-scale of scour across the experiments, Figure 3-16 

presents the calculated time-scale for the square cylinder at both orientations. The trend with 

aspect ratio is similar to that observed for the circular cylinder, with all three cylinders showing 

a peak in time-scale at ℎ/𝐷~1. It can also be seen that the time-scale levels off for ℎ/𝐷 >4. 

Figure 3-17 compares the time-scale for each of the cylinders; from this figure it can be seen that 

the time-scale is fastest for the square 90 degree orientated cylinder. This finding is similar to 

that observed by Sumer et al. (1993) for wave conditions; in which it was concluded that scour 

happens faster for the square cylinder orientated at 90 degrees because the vortices shed from 

the edges of the cylinder are stronger and transport sediment more readily than the vortices shed 

from the 45 degree orientated cylinder and the circular cylinder.  
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(a) 

 

(b) 

Figure 3-16. The time-scale at the square piles under (𝜃/𝜃𝑐𝑟)
0.5 = 1.55 : (a) 90 degree 

orientation; (b) 45 degree orientation. Trend lines have been drawn approximately for present 

data. The test results of Sumer et al. (1992) for circular surface-piercing pile were denoted with 

hollow triangles and the prediction of Sumer et al. (1992) is based on Equation (3-9) for a circular 

surface-piercing pile. 
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Figure 3-17. The non-dimensional time-scale for cylinders with different cross-sections at 

(𝜃/𝜃𝑐𝑟)
0.5 = 1.55. The test results of Sumer et al. (1992) for circular surface-piercing pile were 

denoted with hollow triangles and the prediction of Sumer et al. (1992) is based on Equation (3-

9) for a circular surface-piercing pile. 

3.5 Three-dimensional scour profile 

To describe the scour profile observed in the experiments, Figure 3-18 presents the final 

equilibrium scour profiles for circular and square piles at three different aspect ratios and a flow 

intensity corresponding to (𝜃/𝜃𝑐𝑟)
0.5  =1.55 (ℎ/𝐷  = 0.5, 1.0, 5 for circular and 90 degree 

orientated square, and ℎ/𝐷  = 0.35, 0.71, 3.54 for 45 degree orientated square). Two main 

observations can be made with respect to this figure. Firstly, it is evident that for small aspect 

ratio (i.e. ℎ/𝐷 = 0.35 and 0.5) scour is largest in front of the model, with little or no scour on the 

lee side. In contrast, for larger aspect ratios the scour is more prominent on the lee side, whilst 

the scour on the upstream side is larger both in depth and extent. Although no flow visualization 

was undertaken in the present work, flow structures around piles with different aspect ratio have 

been reported in the literature. This literature generally indicates that on the upstream side of the 

pile a horseshoe vortex is dominant, whilst on the lee side the flow structure is very sensitive to 

aspect ratio. Tsutsui (2012) and Okamoto and Sunabashiri (1992), for example, visualized flow 

around structures with ℎ/𝐷< ~1 and found an arch-shaped tip vortex which extended from the 

top and sides of the cylinder, but no vortex street in the wake of the pile. In contrast, a von 

Kármán vortex street is developed when ℎ/𝐷  is larger than a critical value (Okamoto and 
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Sunabashiri, 1992; Sumner et al., 2004). This vortex street has the potential to induce a higher 

shear stress on the downstream side of the pile. These flow field observations may explain why 

there is limited scour (and in fact some net accumulation) on the lee side of the piles with low 

aspect ratio in Figure 3-18, but larger scour on the leeward side for larger aspect ratio.  

 

Figure 3-18. Scour hole profiles around at piles with different pile shape and aspect ratios at 

(𝜃/𝜃𝑐𝑟)
0.5 = 1.55:  (a) Test 41, square pile with 90 degree orientation, ℎ/𝐷 =0.5; (b) Test 44, 

square pile with 90 degree orientation, ℎ/𝐷  =1; (c) Test 48, square pile with 90 degree 

orientation, ℎ/𝐷 =5; (d) Test 54, square pile with 45 degree orientation ℎ/𝐷 =0.35; (e) Test 57, 

square pile with 45 degree orientation, ℎ/𝐷  =0.71; (f) Test 61, square pile with 45 degree 

orientation, ℎ/𝐷 =3.54; (g) Test 9, circular pile, ℎ/𝐷 =0.5; (h) Test 12, circular pile, ℎ/𝐷 =1; (i) 

Test 16, circular pile, ℎ/𝐷 =5. 

Secondly, comparing across the different cylinder shapes the deepest scour happens close to the 

front of the cylinder for the circular and 90 degree square cylinders, whereas it is deepest at the 
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two side corners for the 45 degree square cylinder. This indicates that the scour for the 45 degree 

square cylinder is relatively more influenced by streaming around the pile, whilst for the other 

two pile shapes scour is mostly driven at the leading edge due to the presence of the horseshoe 

vortex.  

The horizontal dimensions of the equilibrium scour hole may be used as a first estimate of the 

region around a structure which needs to be protected against scour; since beyond this extent no 

scour is observed. To document the horizontal dimensions profiles of the equilibrium scour holes 

are plotted against ℎ/𝐷 in Figure 3-19 and Figure 3-20. To quantify the geometry of these scour 

holes, the angles of the side slopes are plotted in Figure 3-21 and Figure 3-22. These angles are 

measured along the sections through the geometrical centre of the model pile. For the A-A 

section, the slope angle on the port (Y- direction) and starboard (Y+ direction) of the model are 

defined as 𝛼𝐿 and 𝛼𝑅, respectively. Correspondingly, the upstream and downstream slope angles 

are defined as 𝛼𝑈 and 𝛼𝐷. It can be seen that there is reasonable symmetry in the left and right 

slopes, whereas the downstream slope may be smaller than the upstream slope. Nevertheless, in 

all cases the slope angle is 25°~30° , which is close to the internal friction angle for the 

sediment used in the experiments. Consequently, the present experiments suggest that the 

internal friction angle, together with an estimate of the equilibrium scour depth, may be used to 

estimate the local extent of the equilibrium scour hole (in agreement with that suggested by 

Sumer and Fredsøe, 2002).  
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Figure 3-19. Scour profiles aligned with Section A-A for (𝜃/𝜃𝑐𝑟)
0.5 = 1.55. (a) Square pile 90 

degree orientation; (b) Square pile 45 degree orientation; (c) circular pile. The Y axis is alongside 

the cross-flow direction to the flow; Z indicates the depth of the scour hole.. 
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Figure 3-20. Scour profiles aligned with Section B-B for (𝜃/𝜃𝑐𝑟)
0.5 = 1.55. (a) Square pile 90 

degree orientation; (b) Square pile 45 degree orientation; (c) Circular pile. The X axis is alongside 

the flow-wise direction; Z indicates the depth of the scour hole.  
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Figure 3-21. The slope angle of the scour hole profile aligned with Section A-A at (𝜃/𝜃𝑐𝑟)
0.5 =

1.55: (a) Square pile 90 degree orientation; (b) Square pile 45 degree orientation; (c) Circular 

pile. Grey crosses denotes the slope angle at the port side (𝛼𝐿); black star denotes the slope angle 

at the starboard side (𝛼𝑅).  
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Figure 3-22. The slope angle of the scour hole profile aligned with Section B-B at (𝜃/𝜃𝑐𝑟)
0.5 =

1.55: (a) Square pile 90 degree orientation; (b) Square pile 45 degree orientation; (c) Circular 

pile. Grey plus denotes the slope angle at the upstream side (𝛼𝑈); black dash denotes the slope 

angle at downstream side (𝛼𝐷). 
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3.6 Conclusions 

This chapter has explored experimentally the effect of aspect ratio on scour around submerged 

piles in steady current. The work has extended previous published studies by considering three 

pile cross-sectional shapes (namely circular, square orientated at 90 degrees and square 

orientated at 45 degrees) and a range of flow intensities, spanning the clear-water, ripple bed and 

sheet flow regimes. The scour measurement was conducted whilst the flow was running. The 

scour development time history, equilibrium scour depth and time-scale were studied, together 

with the three-dimensional scour-hole profiles. 

The main conclusions from this work include: 

i) The aspect ratio was shown to have a significant effect on the equilibrium scour depth for each 

cross-sectional shape modelled when ℎ/𝐷 <~4. For larger aspect ratios (i.e. ℎ/𝐷 > ~4) the 

equilibrium scour depth reached a constant value for a given flow intensity. This value was in 

good agreement with earlier results reported in the literature for “infinitely tall” piles.  

ii) For live-bed conditions the effect of aspect ratio on equilibrium scour depth can be quantified 

empirically using Equation (3-4) for circular piles. However, a different empirical coefficient 𝛽 

is required for different flow intensities (as indicated in Equation 3-5). This result implies that 

the effects of aspect ratio and flow intensity on equilibrium scour depth are not separable. In 

clear-water conditions the equilibrium scour depth can be relatively large even at very small 

aspect ratios. Consequently Equation (3-4) does not appear to be relevant in clear-water 

conditions. 

iii) The equilibrium scour depth for square piles is generally larger than that for circular piles. 

As a first estimate, for the flow intensities considered in this work, it appears that single values 

of shape coefficient (𝐾𝑠) and alignment coefficient (𝐾𝛼) may be used to predict the scour depth 

for the square piles based on predictions for a circular pile of the same aspect ratio.  

iv) With respect to time-scale, it was shown that in live-bed conditions the largest time-scale for 

all pile cross-sectional shapes occurs at an intermediate aspect ratio of ℎ/𝐷~1-2. Below this 

value the time-scale decreases due to a reduction in the equilibrium scour depth. Above this value 

the time-scale decreases until ℎ/𝐷~4 due to an increase in local transport rate. For ℎ/𝐷 > ~4 

the time-scale was found to be similar (for a given cross-sectional shape) to that reported 
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previously in the literature for an infinitely tall pile. In clear-water conditions the time-scale of 

the scour process was found to reduce with aspect ratio. This trend is consistent with the finding 

that the equilibrium scour depth did not reduce with aspect ratio to the same extent as that 

observed for live-bed conditions.  

v) Comparing across different cross-sectional shapes and flow intensities, the time-scale was 

found to be smallest for the square cross-section orientated at 90 degrees to the flow and the 

time-scale was smallest for largest flow intensity.  

vi) Observations of the scour profile around the submerged piles indicated that for piles with low 

aspect ratio, local scour is restricted to the upstream side. It is hypothesized that this is because 

piles with ℎ/𝐷 <1 experience little or no vortex street in the wake of the pile. For larger aspect 

ratio scour is observed on the lee side of the pile.  

viii) For all aspect ratios and pile cross-sections considered the slope of the equilibrium scour 

hole was ~ 25°-30°, which is likely to be similar to the internal friction angle. Hence it appears 

that under clear-water scour and ripple-bed scour regime ((𝜃/𝜃𝑐𝑟)
0.5  <~2.86), a first estimate 

of the extent of scour around a submerged pile may be calculated based on a prediction of the 

equilibrium scour-hole depth and the internal friction angle. 
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Table 3-1. Experiments performed on circular submerged piles. 

Test No. 𝑫 [mm] 𝒉/𝑫 [-] 𝜽/𝜽𝒄𝒓 [-] (𝜽/𝜽𝒄𝒓)
𝟎.𝟓 [-] 𝑺𝟎/𝑫 [-] 𝑻∗ [-] 

1 55 0.3 
0.98 

(Clear- water) 
0.99 0.96 26.71 

2 55 0.8 0.98 0.99 1.07 13.79 

3 55 2 0.98 0.99 1.35 10.29 

4 55 5 0.98 0.99 1.65 5.28 

5 115 0.1 
2.41 

(Ripple bed) 
1.55 0.19 0.24 

6 115 0.2 2.41 1.55 0.24 0.26 

7 115 0.3 2.41 1.55 0.34 0.55 

8 115 0.4 2.41 1.55 0.5 0.29 

9 115 0.5 2.41 1.55 0.4 0.68 

10 115 0.6 2.41 1.55 0.58 0.4 

11 115 0.8 2.41 1.55 0.76 0.46 

12 115 1 2.41 1.55 0.72 0.86 

13 115 2 2.41 1.55 1 0.84 

14 115 3 2.41 1.55 1.16 0.64 

15 115 4 2.41 1.55 1.17 0.61 

16 115 5 2.41 1.55 1.26 0.6 

17 115 7 2.41 1.55 1.2 0.56 

18 115 0.3 
4.38 

(Ripple bed) 
2.09 0.57 0.5 

19 115 0.8 4.38 2.09 0.85 0.15 

20 115 2 4.38 2.09 1.22 0.22 

21 115 5 4.38 2.09 1.56 0.21 

22 115 0.3 
8.19 

(Sheet flow) 
2.86 0.91 0.04 

23 115 0.8 8.19 2.86 1.38 0.04 

24 115 2 8.19 2.86 1.42 0.05 

25 115 5 8.19 2.86 1.72 0.04 

26 115 0.3 
11.16 

(Sheet flow) 
3.34 0.98 0.028 

27 115 0.8 11.16 3.34 1.41 0.03 

28 115 2 11.16 3.34 1.57 0.022 

29 115 5 11.16 3.34 1.79 0.021 

30 115 0.3 
23.22 

(Sheet flow) 
4.82 1.07 0.005 

31 115 0.8 23.22 4.82 1.76 0.008 

32 115 2 23.22 4.82 1.93 0.007 

33 115 5 23.22 4.82 1.91 0.007 

34 115 0.3 
33.12 

(Sheet flow) 
5.76 1.35 0.007 

35 115 0.8 33.12 5.76 1.95 0.009 

36 115 2 33.12 5.76 2.11 0.006 

37 115 5 33.12 5.76 2.33 0.009 

 

 

 



Chapter 3 Experimental investigation of local scour around submerged piles in steady current 

 

 

Table 3-2. Experiments performed on square submerged piles. 

Test No. 𝑫 [mm] 𝒉/𝑫 [-] 𝜽/𝜽𝒄𝒓 [-] (𝜽/𝜽𝒄𝒓)
𝟎.𝟓 [-] 𝑺/𝑫 [-] 𝑻∗ [-] 

38 110 0.2 2.41 1.55 0.32 0.06 

39 110 0.3 2.41 1.55 0.53 0.44 

40 110 0.4 2.41 1.55 0.71 0.50 

41 110 0.5 2.41 1.55 0.73 0.32 

42 110 0.6 2.41 1.55 0.8 0.49 

43 110 0.8 2.41 1.55 1.03 0.42 

44 110 1 2.41 1.55 1.25 0.55 

45 110 2 2.41 1.55 1.39 0.50 

46 110 3 2.41 1.55 1.73 0.55 

47 110 4 2.41 1.55 1.85 0.44 

48 110 5 2.41 1.55 2.11 0.35 

49 110 7 2.41 1.55 2.21 0.33 

50 110 8 2.41 1.55 2.16 0.31 

51 156 0.14 2.41 1.55 0.11 0.33 

52 156 0.21 2.41 1.55 0.14 1.40 

53 156 0.28 2.41 1.55 0.26 2.32 

54 156 0.35 2.41 1.55 0.52 0.38 

55 156 0.42 2.41 1.55 0.49 3.05 

56 156 0.57 2.41 1.55 1.06 2.36 

57 156 0.71 2.41 1.55 1.29 1.66 

58 156 1.41 2.41 1.55 1.48 2.51 

59 156 2.12 2.41 1.55 1.54 1.22 

60 156 2.83 2.41 1.55 1.50 0.79 

61 156 3.54 2.41 1.55 1.56 0.53 

62 156 4.95 2.41 1.55 1.50 0.42 

63 156 5.66 2.41 1.55 1.46 0.37 

 

The square pile 𝐷 =110 𝑚𝑚 is orientated 90° to the flow direction; and the square pile 𝐷 =156 𝑚𝑚 is orientated 

45° to the flow direction (a diamond pile).  

Table 3-3. Supplementary experiments to determine onset of local scour.  

Test No. 𝑫 [mm] 𝒉/𝑫 [-] 𝜽𝒄𝒓𝟏/𝜽𝒄𝒓 [-] (𝜽𝒄𝒓𝟏/𝜽𝒄𝒓)
𝟎.𝟓 [-] 

S1 60 0.3 0.66 0.81 

S2 60 0.8 0.54 0.73 

S3 60 2 0.49 0.70 

S4 60 5 0.39 0.62 

 

𝜃𝑐𝑟1 denotes the Shields parameter for scour initiation with the existence of the pile. 
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Chapter 4 Experimental study of local scour around 

submerged compound piles in steady current 

 

Abstract 

Many subsea structures have non-uniform geometries, which extend only a finite distance 

above the seabed. To better understand local scour at these structures, this chapter presents 

scour measurements from an experimental study of submerged compound piles comprised of 

a circular superstructure supported by a circular foundation. The experiments were conducted 

in the clear-water regime and considered the effect of three different ratios describing the 

structural geometry: (i) the overall height of the compound structure to the diameter of the 

superstructure ℎ1/𝐷1 , (ii) the height of the foundation relative to the overall height of the 

superstructure  ℎ2/ℎ1, and (iii) the diameter of the foundation to that of the superstructure 

𝐷2/𝐷1. In all cases 𝐷2 ≥ 𝐷1 and ℎ1 ≥ ℎ2 ≥0 (i.e. the foundation and superstructure where 

never buried). The experimental results indicate that, if all other parameters are held constant, 

the non-dimensional equilibrium scour depth 𝑆0/𝐷2 increases with both ℎ1/𝐷1 and ℎ2/ℎ1, and 

decreases as 𝐷2/𝐷1 increases. To quantitatively explain these trends the experimental results 

are compared with a range of existing methods to predict scour depth for non-uniform (or 

complex) surface-piercing piles. Of these methods it is found that an effective pile height and 

an effective pile diameter, computed using simple geometric arguments, give good agreement. 

The concept of effective height is also shown to collapse time-scale measurements of the scour 

process convincingly across the full range of experimental results and to explain the extent and 

shape of the local scour hole reasonably well. Collectively, these findings suggest that the 

calculation of an effective height may be used to provide a reasonable first approximation to 

estimate the rate and extent of local scour around submerged compound structures.  

4.1 Introduction  

Compound structures, which are comprised of more than one structural component, are used 

widely in riverine and offshore environments, i.e., in the form of non-uniform or complex piles 

(Melville and Raudkivi, 1996). The local scour which forms around these structures is an 

important design consideration and is dependent on the geometry of the structural components. 

As a result a number of studies have investigated scour at these structures (e.g. Tsujimoto et 

al., 1987; Melville and Raudkivi, 1996; Whitehouse, 2004; Coleman, 2005; Kumar, 2007; 

Ashitiani et al., 2010; Kumar et al., 2012 and Tavouktsoglou et al., 2017) and this has led to 
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the development of a range of methodologies and design guidance to predict scour around non-

uniform structures (e.g. Sheppard and Renna, 2005; Arneson et al., 2012). The majority of 

these studies and guidance documents, however, focus on surface-piercing structures and the 

prediction of the maximum equilibrium scour depth adjacent to the structure. In contrast, most 

subsea structures resemble submerged compound piles, in which a squat structure is supported 

by a mudmat foundation (e.g. Yao et al. 2018a). For these structures the methodologies 

developed for surfacing piercing non-uniform piles are not directly applicable. Furthermore, 

the rate of scour and the lateral extent of the scour hole are often important for squat subsea 

structures, both for understanding whether and, if so, how quickly scour protection must be 

placed around the structure and to what extent the protection must be placed around the 

structure. There is little research to draw on directly or indirectly in this respect. Hence it is 

apparent that further research is warranted. 

Arguably the simplest form of submerged compound structure is a circular pile (superstructure) 

supported concentrically by a shorter and wider circular pile (foundation) as shown in Figure 

4-1. The overall shape of this structure can be described in terms of three non-dimensional 

ratios: 

ℎ1

𝐷1
,   
𝐷2

𝐷1
≥ 1  and  

ℎ2

ℎ1
≤ 1 ,                                                                                                (4-1) 

where 𝐷1 and 𝐷2 are the diameters of the cylinders and ℎ1 and ℎ2 represent the height of the 

entire structure and the foundation, respectively. For the special case in which ℎ1/𝐷1 ≫ 1 the 

compound structure in Figure 4-1 becomes equivalent to a non-uniform surface-piercing pile. 

For this surface-piercing condition the methods that have been developed to predict the 

maximum equilibrium scour depth normally follow one of two approaches: (i) either the non-

uniform geometry is transformed into a single surface-piercing uniform pile having some 

effective diameter and/or water depth (Sheppard and Renna, 2005), or (ii) scour due to the 

different structural elements are determined and superimposed to estimate the net scour for the 

structure (Arneson et al., 2012). Alternative approaches have also been developed, such as that 

proposed recently by Tavouktsoglou et al. (2017) in which an Euler number is computed in 

terms of a depth-averaged stream-wise pressure gradient and used to estimate scour depth. 

Collectively, each of these methods are empirical in the sense that predictive equations have 

been based on experimental measurements of surface-piercing piles.  
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(a) 

 

(b) 

 

(c) 

Figure 4-1. The sketch of the submerged compound cylinder. Two special scenarios are 

presented in (b) and (c). The initial bed level is denoted with the dashed line. The foundation 

is assumed to be deeply embedded in the sand to allow the equilibrium scour depth to occur. 

For the alternative case in which 𝐷1/𝐷2 = 1 and ℎ1/𝐷1 < ~5 (Yao et al., 2018b) the structure 

in Figure 4-1 represents a uniform submerged cylinder. For this scenario Yao et al. (2018b) 

built on the earlier experimental studies of Simons (2007) and Zhao et al. (2010; 2012) to show 

that the maximum equilibrium scour depth reduces below that of an equivalent surface-piercing 

uniform pile by an amount that depends on the pile aspect ratio and the flow intensity. However, 

since the work of Yao et al. (2018b) was focused on submerged uniform piles (which represent 

arguably the simplest approximation to squat subsea structures) the full range of structural 

shapes spanned by the ratios in Equation (4-1) was not explored.  
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In comparison to the body of work focused on predicting equilibrium scour depth, much less 

work has been undertaken on the time-scale of the scour process for non-uniform surface-

piercing or submerged subsea structures. For the case of uniform surface-piercing piles Sumer 

et al. (1992) proposed that the non-dimensional time-scale is governed by the Shields parameter 

and the relative boundary layer thickness, whilst for a uniform submerged pile Yao et al. (2018b) 

showed that the non-dimensional time-scale can either increase or decrease compared with the 

surface-piercing result in live-bed conditions. This was because the rate of scour decreased 

with the aspect ratio of the pile, but the equilibrium scour depth also decreased (such that the 

time required to reach equilibrium also shortened). In contrast, for clearwater scour the time-

scale generally decreased with an increase in aspect ratio. However, no general predictive 

model was provided.  

Equally, there has been comparatively little research presented on the shape (and specifically 

the lateral extent) of equilibrium scour holes which form around non-uniform surface-piercing 

or submerged subsea structures. For a submerged uniform pile, Yao et al. (2018b) showed that 

the upstream and downstream slopes of the scour hole at equilibrium tended to 25-30 ̊ in 

uniform sands. Consequently, the combination of this angle and the scour depth enables a first 

estimate of the lateral extent of scour protection. However, it is unclear what effect a foundation 

may have on this result.  

Motivated by the researches discussed above, the present chapter reports scour results from a 

set of experiments undertaken on structures equivalent to Figure 4-1, spanning a range of 

simplified cylindrical compound shapes defined in terms of the ratios in Equation (4-1). In all 

cases it is assumed that 𝐷2/𝐷1 ≥1, ℎ2/ℎ1 ≤1 and that ℎ1 ≥ ℎ2 ≥ 0, such that the foundation 

is not buried at the start of the scour process. This assumption is made since subsea structures 

(unlike complex bridge piers) may be founded on skirted mudmat foundations which are 

unlikely to be buried below the natural seabed during installation. For convenience the 

experiments have also been restricted to steady current conditions and were run at a flow 

intensity close to the live-bed and clearwater transition, so as to give relatively large scour 

depths.  

The remainder of the chapter is organised as follows. Section 4.2 describes the test facility, 

experimental setup and the scour measurements. Section 4.3 then presents the main results 

concerning scour depth and the time-scale of scour. Comparisons with a range of methods 

similar to that available in the literature to predict scour depth for non-uniform (or complex) 
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surface-piercing piles are then presented in Section 4.4. Section 4.5 then presents some general 

features of the scour-hole geometry before conclusions are given in Section 4.6. 

4.2 Experiments 

In total 40 experiments were conducted in this chapter (as detailed in Table 4-1). These include 

structures having ℎ2/ℎ1 between 0 to 1, 𝐷2/𝐷1 between 1 to 3 and ℎ1/𝐷1 between 0 to 10. 

These ranges of ratios cover those expected in field conditions, spanning from squat to tall 

aspect ratios and from uniform (labelled ‘UNI’ in Table 4-1) to non-uniform/compound 

structures (labelled ‘CPD’ in Table 4-1). The tests were conducted in a flume at the University 

of Western Australia. The length, width and height of the flume measures 13.2 m, 0.4 m and 

0.6 m, respectively. A sand pit 0.5 m in depth and 1.1 m in length was located in the middle of 

the flume (approximately 6 m downstream from the flow inlet). The experiments were 

undertaken in the clear-water regime with a steady current corresponding to 𝜃/𝜃𝑐𝑟=0.98, where 

𝜃 is the Shields parameter (or non-dimensional shear stress) given by: 

𝜃 =
𝜏

𝜌𝑔(𝑠−1)𝑑50
  ,                                                                                                                (4-2)  

where 𝜏  is the bed shear stress, 𝜌  is fluid density (1000 𝑘𝑔/𝑚3  in present chapter), 𝑔  is 

acceleration due to gravity, 𝑠 is the relative density of the sediment and 𝑑50 is the median 

sediment grain size. The velocity was measured using a Nortek Vectrino II Acoustic Doppler 

Velocimeter (ADV); and a logarithmic profile was observed. The depth average velocity is 

0.274 m/s; and the shear stress has been computed in this chapter using the measured mean 

velocity 50 mm above the bed (measured to be 0.26 m/s) together with the assumption of a 

logarithmic velocity profile and a roughness length equal to that given by Christoffersen and 

Jonsson (1985); see also Soulsby (1997; Eq 23a). The parameter 𝜃𝑐𝑟 describes the critical shear 

stress at which the sediment is mobilised. 

A non-cohesive uniform siliceous sand (with 𝑑50= 0.24  mm, 𝑠𝑔  = 2.65, and a measured 

threshold Shields parameter of 𝜃𝑐𝑟 =  0.041) was adopted as the model sand bed. For the 

circular foundation piles modelled, this choice of sediment size ensures that 𝐷2/𝑑50 (the pile-

size to sediment-size ratio) is in the range 104 to 333. For these values Sheppard et al. (2004) 

suggests that scour depth is likely to be relatively large; hence the present experimental results 

are likely to give conservative estimates of scour depths with respect to sediment coarseness 

for most applications. The foundation of the compound structure was deeply embedded into 

the sand pit, as in Figure 4-1. The scour depth at the upstream side of the foundation was 

recorded with a video camera, where the scour depth is expected to be the largest. The three-
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dimensional scour-hole profile was also measured with an infra-red scanner at the end of each 

test rendering an accuracy of ±2 mm. 

The water depth was set to 0.26 m for all experiments, such that for the low aspect ratio 

submerged piles the relative boundary effect is negligible and for the higher aspect ratio 

submerged piles the boundary layer thickness is sufficiently large to not affect the maximum 

scour depth (Sumer and Fredsøe, 2002).  

4.3 Scour Depth 

4.3.1 General scour development 

Figure 4-2 presents example measurements of the scour hole depth as a function of time. The 

subfigures have been chosen to provide some insight into the effect of the different geometric 

ratios on the scour process. Across each of the experiments it is evident that scour develops 

quickly initially, before slowing towards an equilibrium value after approximately 25-70 hours. 

As in Yao et al. (2018b) the following expression has been fitted to each of the experimental 

time-series: 

𝑆(𝑡) = 𝑆0
𝑡

𝑡+𝑇
  ,                                                                                                                  (4-3) 

where 𝑆0  represents the equilibrium scour depth and 𝑇  defines the time-scale of the scour 

process. Given that the sediment, water depth and flow intensity are not changed across each 

of the experiments, non-dimensional forms of the scour depth and time-scale are expected to 

vary only with the geometric ratios given in Equation (4-1).  

With respect to each of the subfigures in Figure 4-2 it can be seen that the non-dimensional 

scour depth 𝑆0/𝐷2 tends to increase, if all other parameters are held fixed, when either of the 

ratios ℎ2/ℎ1 or ℎ1/𝐷1 increase. Alternatively, the non-dimensional scour depth reduces when 

𝐷2/𝐷1 increases. The effect of ℎ1/𝐷1 on the scour depth is particular noteworthy, since this 

indicates the effect of aspect ratio (or submergence) on the scour; this effect is not explicitly 

accounted for in the predictive methods developed for surface-piercing non-uniform piles. 

With reference to Table 4-1 it is important to note that in the majority of the experiments scour 

initiated at the front of the foundation in a similar manner to that observed for uniform piles.  
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(a) 

             
(b) 

     
(c) 

Figure 4-2. Scour time history for a subset of the experiments: (a) the effect of ℎ2/ℎ1, when 

fixing  𝐷2/𝐷1 =2.2 and ℎ1/𝐷1 =10; (b) the effect of 𝐷2/𝐷1 , when fixing  ℎ1/𝐷1 = 3 and 

ℎ2/ℎ1=0.67; (c) the effect of  ℎ1/𝐷1, when fixing  𝐷2/𝐷1 = 2/2 and ℎ2/ℎ1 =0.67.  
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However, in some experiments with ℎ2=0 (i.e. the foundation was flush with the sand bed) and 

𝐷2/𝐷1 ≥1.9 (i.e. experiments CP13, CP21 and CP32) a different scour process was observed. 

For these cases scour initiated at the lee of the foundation before spreading around the 

foundation and eventually resulting in scour at the front edge of the structure. The scour at the 

lee appeared to initiate due to flow disturbance caused by the superstructure. In Table 4-1 ‘BFS’ 

(i.e. Back-Front Scour) is used to distinguish the cases for which this alternative mode of scour 

was observed. All other cases are labelled ‘FS’ (i.e. Front Scour). The BFS mode has been 

observed previously in experiments on surface-piercing piles (e.g. Melville and Raudkivi, 1996) 

and is discussed in more detail in Chapter 5.  

4.3.2 Equilibrium scour depth 

To explore the experimental results across the entire range of experiments, the fitted 

equilibrium scour depths are compared in this section. A useful reference case for these 

experimental results are the equilibrium scour depths for submerged uniform piles at the same 

flow intensity. Figure 4-3 presents results from the present experiments and various literature 

sources for uniform piles measured at similar flow intensities. It can be seen that the non-

dimensional scour depth increases with aspect ratio. However, as noted by Yao et al. (2018b), 

the scour depth does not reduce to zero in the limit ℎ/𝐷 →0 in clear-water conditions. This is 

because under clear-water conditions scour is unstable to any perturbations in bed level; if some 

level of scour initiates at the leading edge of the structure (due to scour propagating forwards 

from the lee wake or, for example, due to an uneven bed) a scour hole will develop to a depth 

of ~0.5𝐷. To summarise the results in Figure 4-3 the following expression has been fitted (and 

used for subsequent comparison): 

𝑆0

𝐷
= 1.17 (1 − exp (−

ℎ

𝐷
)) + 0.5 .                                                                                   (4-4) 

To explore the results for the compound structures, Figure 4-4 and Figure 4-5 compare the non-

dimensional scour depth for a large range of experiments having ℎ1/𝐷1 = 3 ; i.e. these 

experiments allow for a detailed analysis into the effect of 𝐷2/𝐷1 and ℎ2/ℎ1 on the equilibrium 

scour depth. Starting with Figure 4-4, the non-dimensional scour depth varies smoothly with 

𝐷2/𝐷1 between two limits. The first is the limit 𝐷2/𝐷1 →1, in which the pile becomes uniform 

and the non-dimensional scour depth follows from Equation (4-4) as 𝑆0/𝐷1 = 𝑆0/𝐷2 =1.61 

(i.e. the scour depth for a uniform submerged pile with ℎ1/𝐷1 = 3). The second limit for finite 

values of ℎ2 corresponds to 𝐷2/𝐷1 ≫ 1. In this limit the foundation dominates the structure so 
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that it is essentially a uniform cylinder with height ℎ2 and diameter 𝐷2. Since the ratio of these 

two dimensions is given by: 

ℎ2

𝐷2
=

ℎ2

ℎ1
.
ℎ1

𝐷1
.
𝐷1

𝐷2
  ,                                                                                                                (4-5) 

if ℎ2/ℎ1  and ℎ1/𝐷1  remain finite, ℎ2/𝐷2 →0 when 𝐷2/𝐷1 ≫1; hence 𝑆0/𝐷2 →0.5 and 𝑆0/

𝐷1 → 0.5𝐷2/𝐷1.  

 

Figure 4-3. Equilibrium scour depth at uniform submerged cylinder. The dashed line 

represents the empirical fit given in Equation (4-4).  

Figure 4-5 indicates that the scour depth also varies smoothly with ℎ2/ℎ1. Limits are again 

relevant; the first corresponding to 𝐷2/𝐷1 =1 and the second to 𝐷2/𝐷1 ≫1 (which is shown in 

Figure 4-5 (b) only).  

To complement Figure 4-4 and Figure 4-5, Figure 4-6 explores the effect of ℎ1/𝐷1 on the scour 

depth for fixed values of the remaining geometric variables. As in Figure 4-3 (c) it can be seen 

that for a range of geometries the aspect ratio ℎ1/𝐷1  can significantly influence the non-

dimensional scour depth, but by an amount that varies with 𝐷2/𝐷1  and ℎ2/ℎ1 . To enable 

accurate design the following subsection explores a range of methods to predict this influence 

for different relative diameter 𝐷2/𝐷1 and height ℎ2/ℎ1.  



Chapter 4 Experimental study of local scour around submerged compound piles in steady current 

78 

 

 
(a) 

 
(b) 

Figure 4-4. The effect of 𝐷2/𝐷1 on the equilibrium scour depth at ℎ1/𝐷1=3: (a) 𝑆0/D1; (b) 

𝑆0/D2. The red dashed line in both figures indicates the expected scour depth in the limit 

𝐷2/𝐷1 ≫1. The red arrow indicates the equilibrium scour depth at the uniform cylinder with 

ℎ1/𝐷1 =3 in the opposite limit 𝐷2/𝐷1 = 1.  
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(a) 

 
(b) 

Figure 4-5. The effect of ℎ2/ℎ1 on the equilibrium scour depth at ℎ1/𝐷1=3: (a) 𝑆0/D1; (b) 

𝑆0/D2.  The red dash line in figure (a) and (b) implies the equilibrium scour depth at a uniform 

cylinder, where  𝐷2/𝐷1 = 1. The red dash-dot line in (b) indicates the equilibrium scour depth 

at the compound structure with 𝐷2/𝐷1 ≫1.  
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(a) 

 
(b) 

Figure 4-6. The effect of ℎ1/𝐷1 on the equilibrium scour depth at the compound cylinder with 

𝐷2/𝐷1 = 2.2: (a) 𝑆0/D1; (b) 𝑆0/D2. The red arrow indicates the lower limit of the equilibrium 

scour depth at the compound pile where the foundation is flush with the sand surface. This 

limit corresponds to a uniform cylinder flush with the seabed having diameter 𝐷2 ; hence 

𝑆0/𝐷2 =0.5 (in b) or 𝑆0/𝐷1 =1.1 (in a).  

4.3.3 Prediction of equilibrium scour depth 

As noted in the introduction, several methods are available in the literature to predict the scour 

depth of a surface-piercing non-uniform pile. Whilst these are not all directly applicable to 

submerged structures, the ideas behind these methods are adopted in this section to compare 

the present experiments results with the following three predictions: 

1. A prediction based on the superposition of the maximum scour depth for a submerged 

uniform pile having aspect ratio ℎ1/𝐷1 and a submerged uniform pile having aspect 
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ratio ℎ2/𝐷2. This method is in the spirit of Arneson et al. (2012), but does not include 

the correction factor 𝐾ℎ 𝑝𝑖𝑒𝑟 for the superstructure because it is not known what the 

value of this parameter should be for a submerged structure.  

2. A prediction based on the scour depth for a submerged uniform pile having height ℎ1 

and an effective diameter given by (see Melville and Raudkivi, 1996):  

𝐷𝑒 =
𝐷1(ℎ1−ℎ2)

ℎ1+𝐷2
+
𝐷2(𝐷2+ℎ2)

(ℎ1+𝐷2)
.                                                                                   (4-6) 

where, the variable  𝑦  used by Melville and Raudkivi (1996) has been replaced with 

ℎ1 and it has been assumed that ℎ2 ≥0 and the scour depth scales with 𝐷2, Equation (4-

6) is, therefore, an area weighted average of the superstructure and foundation 

accounting for scour.  

3. A prediction based on the scour depth for a submerged uniform pile having diameter 

𝐷2 and an effective height given by (see Parola et al., 1996): 

ℎ𝑒 = ℎ2 +
𝑚(ℎ1−ℎ2)𝐷1

𝐷2
.                                                                                           (4-7) 

This expression preserves the frontal area of the structure. In present chapter, the value 

𝑚 =1 was adopted for simplicity.  

For each of the methods given above the empirical expression in Equation (4-4) has been used 

to estimate the scour depth of the relevant or equivalent submerged uniform piles. Figure 4-7, 

Figure 4-8 and Figure 4-9 present comparisons between these prediction methods and all of the 

experimental results for the submerged compound piles. In the latter two figures the 

comparison is made by plotting the scour measurement against the aspect ratio of the equivalent 

uniform submerged cylinder. If this equivalent cylinder is a good representation of the 

compound structure then the measurement should plot close to the dashed line, which 

represents the result from Equation (4-4) for a uniform submerged cylinder. 

It can be seen in Figure 4-7 that the superposition method generally over predicts the 

measurements. This outcome is somewhat expected, in part, because no correction akin to 

𝐾ℎ 𝑝𝑖𝑒𝑟  is applied to the superstructure to account for its proximity above the bed. In 

comparison to Figure 4-7, Figure 4-8 and Figure 4-9 indicate better predictions of the measured 

scour depth, although the predictions are not always over-predictions (i.e. the results are not 

always conservative).  Comparing Figure 4-8 and Figure 4-9 it is apparent that both an effective 

diameter and height explain the trends in the measurements reasonably well (albeit with some 

scatter). Arguably the agreement is slightly better using an effective diameter, however, it is 

worth noting that the effective diameter method does suffer from the fact that the effective 
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diameter may not equal 𝐷2 when ℎ2/𝐷2 is large (i.e. > 5) and ℎ1 > ℎ2, despite the fact that the 

superstructure should have little influence on scour. This will mean that the effective diameter 

approach is unlikely to give an accurate result in this limit.  

 

Figure 4-7. Comparison of scour measurements with predictions formed via the super-position 

method (Arneson et al., 2012).  𝑆0𝑀 denotes the measured equilibrium scour depth and 𝑆0𝑃 

indicates the predicted equilibrium scour depth calculated via the superposition method. Only 

the compound pile results are shown (i.e. CPD experiments in Table 4-1).  

 

Figure 4-8. Comparison of scour measurements interpreted using an effective diameter with 

maximum equilibrium scour depth predictions for a uniform submerged cylinder (indicated by 

the dashed line representing Equation 4-4). Symbols represent compound pile results (i.e. CPD 

experiments in Table 4-1). The bracketed (ℎ/𝐷) term indicates the compound pile is equivalent 

to a uniform cylinder with aspect ratio (ℎ1/𝐷𝑒). 

Taken collectively, the reasonable agreement observed in Figure 4-8 and Figure 4-9 indicates 

that the trends in equilibrium scour depth with geometry observed in Section 4.2.2 may be 

interpreted in terms of how the different geometric ratios influence the effective aspect ratio of 

the cylinder (computed using an effective diameter or height). For example, the parameter 
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𝐷2/𝐷1 tends to reduce the effective aspect ratio, whilst both ℎ1/𝐷1 and ℎ2/ℎ1 tend to increase 

it.  

 

Figure 4-9. Comparison of scour measurements interpreted using an effective height with 

maximum equilibrium scour depth predictions for a uniform submerged cylinder (indicated by 

the dashed line representing Equation 4-4). Symbols represent compound pile results (i.e. CPD 

experiments in Table 4-1). The bracketed (ℎ/𝐷) term indicates the compound pile is equivalent 

to a uniform cylinder with aspect ratio (ℎ𝑒/𝐷2). 

In addition to the three methods discussed above, a prediction method for water surface-

piercing structures based on the Euler number following Tavouktsoglou et al. (2017) was also 

undertaken as part of this chapter. However, this method (using the fitted parameters reported 

by Tavouktsoglou et al., 2017) led to over-prediction of the scour depth.  This inaccuracy may 

be due in part to the fact that the method of Tavouktsoglou et al. (2017) assumes planar flow, 

with no energy/momentum transfer across fluid layers through the depth. This assumption is 

unlikely to be accurate for submerged structures with small aspect ratio for which flow is 

expected to divert over the structure.  

4.4 Time-scale of Scour Development 

Figure 4-10 presents the non-dimensional time-scale as a function of each of the geometric 

ratios. In this figure the time-scale has been made non-dimensional according to: 

𝑇𝐷2
∗ = 𝑇

[𝑔(𝑠𝑔−1)𝑑50
3 ]0.5

𝐷2
2 .                                                                                                      (4-8) 

If all other parameters are held constant, it is evident that the time-scale reduces with ℎ1/𝐷1 

and ℎ2/ℎ1, and increases with 𝐷2/𝐷1. In all cases these trends are monotonic. It can also be 

observed that the time-scale is largest for the experiments which experience BFS scour.  
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To try to explain the trends observed in Figure 4-10, Figure 4-11 and Figure 4-12 plot the non-

dimensional time-scale against the aspect ratio for a uniform submerged cylinder with an 

effective diameter and height calculated following method 2 and 3, respectively, in Section 

4.3.3. Also shown on these figures is a best fit to the time-scale results obtained for a uniform 

submerged cylinders experiments documented in Figure 4-3 as ‘present’ data. This dashed line 

has the following empirical equation: 

𝑇∗ = 161 − 156 (
ℎ/𝐷−0.025

ℎ/𝐷+0.009
)                                                                                            (4-9) 

It should also be noted that the non-dimensional time-scale plotted in Figure 4-11 differs from 

that in Equation (4-8) in that 𝐷2 has been interchanged with 𝐷𝑒.  

It can be seen in Figure 4-11 and Figure 4-12 that the time-scale estimates collapse well onto 

the uniform submerged cylinder results, especially for the results using the effective height. 

Collectively, these results suggest (in the same as for the scour depth) that the trends observed 

in Figure 4-10 follow from how the different geometric ratios influence the overall effective 

aspect ratio of the compound pile.  
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(a) 

 
(b) 

 
(c) 

Figure 4-10. Non-dimensional time-scale: (a) the effect ℎ2/ℎ1 of when 𝐷2/𝐷1 =2.2; (b) the 

effect of 𝐷2/𝐷1 when ℎ1/𝐷1 = 3; (c) the effect of ℎ1/𝐷1 when 𝐷2/𝐷1 = 2.2. Solid symbols 

represent BFS experiments (i.e. scour initiated in the lee wake). The open symbols represent 

FS experiments (i.e. scour initiated at the front).  
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Figure 4-11: Measured time-scale interpreted using an effective diameter. Dashed line is 

empirical fit to data for uniform submerged piles given by Equation (4-9). Symbols represent 

compound pile results (i.e. CPD experiments in Table 4-1). The bracketed (ℎ/𝐷) term indicates 

the compound pile is equivalent to a uniform cylinder with aspect ratio (ℎ1/𝐷𝑒). 

 

 

Figure 4-12:  Measured time-scale interpreted using an effective height. Dashed line is 

empirical fit to data for uniform submerged piles given by Equation (4-9). Symbols represent 

compound pile results (i.e. CPD experiments in Table 4-1). The bracketed (ℎ/𝐷) term indicates 

the compound pile is equivalent to a uniform cylinder with aspect ratio (ℎ𝑒/𝐷2). 

4.5 Scour Hole Profiles 

Figure 4-13, Figure 4-14 and Figure 4-15 present example surface profiles of the scour holes 

close to equilibrium conditions (i.e. taken at the end of the experiments). These examples 

provide an indication of how the scour hole shape changes with the geometry of the compound 
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pile. It can be seen that across each of the figures the scour profile upstream of the structure is 

reasonably self-similar, with similar shape to the contour lines. This is further reinforced in 

Figure 4-16 to Figure 4-18, which presents the slope at the upstream and downstream faces of 

the scour holes across all of the experiments. Collectively, it can be seen that the scour hole 

slope on the upstream face lies between ~ 25-32 ̊, whilst the slope on the downstream face is 

more variable (indicating differences in the wake flow for different structural geometry and 

overall aspect ratio). For each of the geometric ratios the lateral extent of the scour hole scales 

with the maximum scour depth, such that the scour hole is larger in horizontal extent with 

increasing ℎ2/ℎ1 and ℎ1/𝐷1, and it is smaller in horizontal extent with increasing of 𝐷2/𝐷1. 

The horizontal extents of the scour holes shown in Figure 4-13 to Figure 4-15 and the scour 

hole slope angles displayed in Figure 4-16 can be used as a first estimate of the required region 

of scour protection around a structure (Sumer and Fredsøe, 2002). It is, therefore, of some 

interest to see if the scour hole profiles observed in these figures resemble the scour hole that 

is formed around uniform submerged piles having effective dimensions chosen to represent the 

equivalent compound structures.  To investigate this Figure 4-17 compares the scour profile 

for several compound piles (in the top half of the subfigures) with the scour profile for a 

uniform submerged pile having the same foundation diameter 𝐷2  and an effective height 

chosen to match that calculated via method 3 in Section 4.3.3 (in the bottom half of the 

subfigures). The effective height has been chosen in this figure rather than the effective 

diameter because the effective height seems to explain the compound cylinder scour depth and 

time-scale in Section 4.3 and Section 4.4 well, and it has the same base diameter as the 

compound structure which allows for a direct comparison of the scour profiles. The profile for 

the effective uniform submerged pile has been linearly interpolated (based on aspect ratio) from 

the experiments on uniform submerged piles listed in Table 4-1 and summarised in Figure 4-

3. Although the equilibrium scour depth varies non-linearly with aspect ratio for submerged 

uniform piles (see Figure 4-3 and Equation (4-4)), linear interpolation between successive 

points was deemed to be sufficiently accurate.  
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4-13. The effect of ℎ2/ℎ1 on the scour hole profile at ℎ1/𝐷1=1 and 𝐷2/𝐷1=1.9: (a) 

ℎ2/ℎ1=0; (b) ℎ2/ℎ1=0.33; (c) ℎ2/ℎ1=0.67; (d) ℎ2/ℎ1=1. X denotes the flow-wise direction, Y 

indicates the cross-flow direction and Z is the depth of the scour hole. 
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(a) 

      
(b) 

      
(c) 

     
(d) 

Figure 4-14.  The effect of 𝐷2/𝐷1 on the scour hole profile at ℎ1/𝐷1=3 and 

ℎ2/ℎ1=0.67: (a) Uniform cylinder, 𝐷2/𝐷1=1; (b) 𝐷2/𝐷1=1.68; (c) 𝐷2/𝐷1=2.2; (d) 

𝐷2/𝐷1=3. It is noted that by adopting the same scale as (a), the side of the flume 

encroaches on the profile in (d). X denotes the flow-wise direction, Y indicates the 

cross-flow direction and Z is the depth of the scour hole. 
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(a) 

 
(b) 

 
(c) 

Figure 4-15. The effect of ℎ1/𝐷1 on the scour hole profile for 𝐷2/𝐷1 =2.2 and ℎ2/ℎ1 =0.33: 

(a) ℎ1/𝐷1=1; (b) ℎ1/𝐷1=3; (c) ℎ1/𝐷1=10. X denotes the flow-wise direction, Y indicates the 

cross-flow direction and Z is the depth of the scour hole. 

 

Figure 4-16. The effect of  ℎ1/𝐷1 on the slope angle at the flow-wise section (section II-II). 

The triangle legend denotes the slope angle at the upstream side of the scour-hole (𝛼𝑈); the 

circle legend denotes the slope angle at the downstream side of the scour-hole (𝛼𝐷 ). All 

compound cylinder experiments are included. 

It can be seen in Figure 4-17 that using an equivalent effective height leads to a remarkably 

good representation of the scour hole around the compound piles. This convenient result 
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implies that the effective height may be used to predict not just the equivalent maximum 

equilibrium scour depth and time-scale with reasonable accuracy, but also the overall scour 

hole shape (and the region of required scour protection).   

 
 

  
        (a)                                                          (b) 

 

  
           (c)                                                          (d) 

Figure 4-17. The comparison of scour-hole profiles for compound cylinders and a uniform 

submerged cylinder with equivalent effective height. All cases have ℎ2/ℎ1 =0. (a) upper half: 

ℎ1/𝐷1= 1, 𝐷2/𝐷1= 2.2; lower half: uniform cylinder ℎ𝑒/𝐷2 = 0.21; (b) upper half: ℎ1/𝐷1= 2, 

𝐷2/𝐷1= 2.2; lower half: uniform cylinder ℎ𝑒/𝐷2 = 0.41; (c) upper half: ℎ1/𝐷1= 5, 𝐷2/𝐷1= 2.2; 

lower half: uniform cylinder ℎ𝑒/𝐷2 = 1.03; (d) upper half: ℎ1/𝐷1= 10, 𝐷2/𝐷1= 2.2; lower half: 

uniform cylinder ℎ𝑒/𝐷2 = 2.0. Figure 4-15. The effect of ℎ1/𝐷1 on the scour hole profile for 

𝐷2/𝐷1 =2.2 and ℎ2/ℎ1 =0.33: (a) ℎ1/𝐷1=1; (b) ℎ1/𝐷1=3; (c) ℎ1/𝐷1=10. X denotes the flow-

wise direction, Y indicates the cross-flow direction and Z is the depth of the scour hole. 
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For comparison to Figure 4-17, Figure 4-18 compares the scour hole profile for two compound 

cylinders with a profile based on the superposition of the scour hole profiles for the foundation 

and the superstructure, respectively. The particular compound piles shown in Figure 4-18 both 

have ℎ2/ℎ1 =0 (as in Figure 4-17). It can be seen in this figure that the agreement is much 

worse than Figure 4-17. The reason for this inaccuracy is because the upstream scour profiles 

are self-similar for the compound piles; simply adding two small scour holes (with small 

horizontal extent) will, therefore, be unable to replicate the overall scour profile (which has 

large horizontal extent). 

 

  
     (a)                                                   (b) 

 
(c) 

Figure 4-18. A comparison of the measured scour hole profile with a prediction computed via 

the superposition method: (a) uniform cylinder ℎ/𝐷=0; (b) uniform cylinder ℎ/𝐷=3; (c) Upper 

half: measured scour hole profile for ℎ2/ℎ1 =0, 𝐷2/𝐷1 =2.2 and ℎ1/𝐷1 =3; Lower half: 

superimposed with (a) + (b). X denotes the flow-wise direction, Y indicates the cross-flow 

direction and Z is the depth of the scour hole. 
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4.6 Conclusion  

To better understand scour around submerged subsea structures, this chapter has presented 

scour results from experiments on compound circular cylinders having a range of different 

geometries. The maximum scour depth together with the time-scale of the scour process and 

the horizontal extent of the scour hole have been explored. Comparisons have been made with 

various predictive methods based on literature for non-uniform (or complex) surface-piercing 

piles. The following conclusions have been drawn from this work: 

1) For a submerged compound structure each of the structural ratios ℎ2/ℎ1, 𝐷2/𝐷1, ℎ1/𝐷1  

defined in Figure 4-1 significantly influence the local scour. In particular, changes in 

scour depth with ℎ1/𝐷1 indicate that submerged compound piles experience different 

(reduced) scour compared with surface-piercing non-uniform (or complex) piles.   

2) With respect to the non-dimensional maximum equilibrium scour depth 𝑆0/𝐷2 , 

increases in either ℎ2/ℎ1 and ℎ1/𝐷1 have been found to lead to an increase in scour 

depth, whilst an increase in  𝐷2/𝐷1 has the opposite effect. These trends appear to be 

explained in terms of how the different geometric ratios influence the effective aspect 

ratio of the structure.  

3) Quantitatively, the maximum scour depth measured in the compound cylinder 

experiments appeared to be well predicted based on an estimated scour depth for a 

uniform submerged pile having an equivalent height or diameter. In comparison, 

estimates based on a superposition method or computation of an Euler number tended 

to over-predict the measured scour depths.  

4) With respect to the non-dimensional time-scale of the scour process, it has been found 

that a reduction in time-scale is experienced with an increase in either ℎ2/ℎ1 and ℎ1/𝐷1, 

whilst an increase in 𝐷2/𝐷1 has the opposite effect. Again, the trends can be explained 

in terms of how the different geometric ratios influence the effective aspect ratio of the 

structure.  

5) Quantitatively, predictions of the time-scale based on estimates for an equivalent 

uniform submerged cylinder having an effective height or diameter agreed well with 

the experimental results, with better agreement observed overall for the cylinders with 

an effective height rather than diameter.  

6) The shape of the scour hole profiles around the compound structures appeared to be 
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self-similar over the range of parameters explored. These profiles were well predicted 

by a uniform submerged pile having the same effective height and foundation diameter 

as the compound structure.  

7) Collectively, the findings in this chapter suggest that the calculation of an effective 

height (which preserves the frontal area of the structure; see Equation 4-7) may be used 

to provide a reasonable first approximation for (i) the maximum scour depth, (ii) the 

time-scale of scour, and (iii) the lateral extent of the scour hole for submerged 

compound structures. The use of an effective diameter also performed very well (and 

arguably better than effective height) for prediction of maximum scour depth. Further 

work is needed to explore the use of an effective diameter when predicting the time-

scale of scour. 
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Table 4-1. Test matrix. ‘UNI’ denotes uniform cylinder, ‘CPD’ denotes compound cylinder, 

‘FS’ indicates ‘Front Scour’ and ‘BFS’ indicates ‘Back Front Scour’. When ℎ1/ℎ2 = 1 the 

compound cylinder becomes a uniform cylinder with diameter 𝐷2). 

Cases 
𝑫𝟏 

[mm] 

𝑫𝟐 

[mm] 

𝒉𝟏 

[mm] 

𝒉𝟐 

[mm] 

𝒉𝟐/𝒉𝟏 

[-] 

𝒉𝟏
/𝑫𝟏 

[-] 

𝑫𝟐
/𝑫𝟏 

[-] 

𝑺𝟎
/𝑫𝟐 

[-] 

𝑺𝟎
/𝑫𝟏 

[-] 

𝑻𝑫𝟐
∗  

[-] 

Pile 

geometry 

Scour 

mode 

Test 

duration 

[h] 

CP1 25 29 75 0.00 0.00 3 1.16 1.45 1.68 12.7 CPD FS 35.0 

CP2 25 29 75 24.75 0.33 3 1.16 1.46 1.69 9.6 CPD FS 36.0 

CP3 25 29 75 50.25 0.67 3 1.16 1.52 1.76 9.1 CPD FS 33.0 

CP4 25 29 75 75.00 1.00 3 1.00 1.66 1.93 6.3 UNI FS 32.0 

CP5 25 35 75 0.00 0.00 3 1.40 1.43 2.00 13.9 CPD FS 34.5 

CP6 25 35 75 24.75 0.33 3 1.40 1.43 2.00 10.0 CPD FS 34.0 

CP7 25 35 75 50.25 0.67 3 1.40 1.54 2.16 9.5 CPD FS 34.0 

CP8 25 35 75 75.00 1.00 3 1.00 1.66 2.32 7.5 UNI FS 34.5 

CP9 25 42 75 0.00 0.00 3 1.68 1.33 2.23 15.5 CPD FS 36.7 

CP10 25 42 75 24.75 0.33 3 1.68 1.43 2.40 10.7 CPD FS 33.0 

CP11 25 42 75 50.25 0.67 3 1.68 1.44 2.42 10.4 CPD FS 37.4 

CP12 25 42 75 75.00 1.00 3 1.00 1.71 2.87 7.7 UNI FS 37.5 

CP13 42 80 42 0.00 0.00 1 1.90 0.72 1.37 116.8 CPD BFS 46.0 

CP14 42 80 42 13.86 0.33 1 1.90 0.71 1.35 58.3 CPD FS 38.0 

CP15 42 80 42 28.14 0.67 1 1.90 0.83 1.58 10.7 CPD FS 33.8 

CP16 42 80 42 42.00 1.00 1 1.00 0.93 1.77 9.0 UNI FS 37.0 

CP17 25 55 25 0.00 0.00 1 2.20 0.78 1.72 251.8 CPD BFS 152.0 

CP18 25 55 25 8.25 0.33 1 2.20 0.79 1.74 29.2 CPD FS 59.5 

CP19 25 55 25 16.75 0.67 1 2.20 0.85 1.87 25.2 CPD FS 60.5 

CP20 25 55 25 25.00 1.00 1 1.00 1.04 2.29 20.7 UNI FS 69.5 

CP21 25 55 75 0.00 0.00 3 2.20 1.16 2.55 29.4 CPD BFS 37.7 

CP22 25 55 75 24.75 0.33 3 2.20 1.09 2.40 14.1 CPD FS 30.0 

CP23 25 55 75 50.25 0.67 3 2.20 1.18 2.60 12.0 CPD FS 37.0 

CP24 25 55 75 75.00 1.00 3 1.00 1.31 2.88 9.8 UNI FS 33.5 

CP25 25 55 250 0.00 0.00 10 2.20 1.24 2.73 12.6 CPD BFS 42.0 

CP26 25 55 250 22.50 0.09 10 2.20 1.15 2.53 8.1 CPD FS 35.0 

CP27 25 55 250 55.00 0.22 10 2.20 1.25 2.75 7.6 CPD FS 35.0 

CP28 25 55 250 82.50 0.33 10 2.20 1.29 2.84 7.1 CPD FS 27.7 

CP29 25 55 250 110.00 0.44 10 2.20 1.45 3.19 6.7 CPD FS 31.0 

CP30 25 55 250 167.50 0.67 10 2.20 1.44 3.17 5.5 CPD FS 34.0 

CP31 25 55 250 250.00 1.00 10 1.00 1.56 3.43 5.0 UNI FS 33.0 

CP32 25 75 75 0.00 0.00 3 3.00 0.80 2.40 30.5 CPD BFS 35.0 

CP33 25 75 75 24.75 0.33 3 3.00 0.79 2.37 18.7 CPD FS 34.0 

CP34 25 75 75 50.25 0.67 3 3.00 0.85 2.55 13.8 CPD FS 28.0 

CP35 25 75 75 75.00 1.00 3 1.00 0.99 2.97 12.2 UNI FS 39.2 

CP36 55 55 0 0.00 N/A 0 1.00 0.51 0.51 604.3 UNI N/A 169.5 

CP37 42 42 42 42.00 1.00 1 1.00 1.43 1.43 8.2 UNI FS 34.0 

CP38 25 25 75 75.00 1.00 3 1.00 1.52 1.52 5.6 UNI FS 33.0 

CP39 42 42 210 210.00 1.00 5 1.00 1.76 1.76 6.0 UNI FS 36.0 

CP40 25 25 250 250.00 1.00 10 1.00 1.73 1.73 5.1 UNI FS 33.5 
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Chapter 5 Effect of a skirted mudmat on local scour 

around a submerged structure 

 

Abstract 

In this chapter, local scour around a subsea structure supported by a skirted mudmat is explored 

experimentally. For simplicity the structure is represented as a submerged circular cylinder 

founded on a concentric circular mudmat. The experiments are conducted in the clear water 

regime and various geometries are considered by varying the height of the submerged cylinder 

relative to its diameter ℎ1/𝐷1 , and the diameter of the mudmat relative to the submerged 

cylinder 𝐷2/𝐷1. The experimental results indicated that the scour development process can be 

categorized into two modes depending on ℎ1/𝐷1  and 𝐷2/𝐷1: Mode 1, in which local scour 

develops immediately at the upstream side of the mudmat; and Mode 2, in which local scour 

initiates at the downstream side of the mudmat and propagates to the upstream side. For each 

of these modes, the equilibrium scour depth is largest at the upstream side of the mudmat and, 

as expected, the rate of scour development at this location is found to reduce as the mudmat 

becomes relatively large (i.e. as 𝐷2/𝐷1  increases). This reduction is most significant if the 

mudmat size is sufficient to swap the mode of scour from Mode 1 to Mode 2. The reduction in 

scour rate, however, does not coincide with a reduction in maximum scour depth. Instead, the 

relative scour depth of the superstructure 𝑆/𝐷1 increases as the mudmat becomes larger (i.e. as 

𝐷2/𝐷1increases). This trend is quantitatively explained by considering the effective aspect ratio 

of the combined mudmat and superstructure. Collectively, the results of the present chapter 

provide insight into the inherent scour protection provided by a skirted mudmat foundation.  

5.1 Introduction 

In offshore oil and gas developments skirted mudmat foundations are commonly used to 

support subsea structures (e.g. subsea wells, pipeline manifolds, and pipeline connection 

structures; Randolph and Gourvenec, 2011). The primary reason to use mudmat foundations is 

to provide geotechnical support, both in terms of avoiding bearing failure, sliding and 

overturning, as well as to control settlements. However, it is often assumed that a mudmat 

foundation also provides an additional advantage in that it helps to mitigate scour, especially 

when the mudmat extends some distance out from the perimeter of the superstructure it is 
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supporting. This is because local scour at a vertical column (truncated or surface-piercing) is 

known to occur primarily due to the development of a horseshoe vortex at the base of the 

structure in combination with steady streaming around the structure (Whitehouse, 1998; Sumer 

and Fredsøe, 2002). The mudmat shields the sediment local to the structure, potentially 

mitigating scour. 

Whilst some previous research has investigated scour patterns around non-uniform structures 

(Melville and Raudkivi, 1996; Whitehouse et al., 2011; Harris et al., 2016; Tavouktsoglou et 

al., 2017; Baghbadorani et al., 2018 and Yao et al., 2018a) a systematic investigation into the 

scour protection provided by the mudmat has not yet been undertaken to the author’s knowledge. 

This is despite the fact that extensive studies have focused on mitigation of local scour at pile 

foundations, including bed armouring countermeasures such as rock riprap (Chiew and Lim, 

2000; Dey and Rajkumar, 2007; Lauchlan and Melville, 2001; Petersen, 2014); and flow 

altering devices, such as submerged vanes (Odgaard and Wang, 1987); fins (Gupta and 

Gangadharaiah, 1992); slots (Chiew, 1992; Kumar et al., 1999); and collars (Ettema, 1980; Dey, 

1997; Zarrati et al., 2006; Alabi, 2006). 

The primary aim of this chapter is therefore to report on a systematic set of experiments to 

assess the benefits of mudmat foundations from a scour perspective. These experiments 

compliment a larger study focused on submerged compound piles that is reported in a Chapter 

4. For simplicity, the subsea structure is modelled in this chapter as a truncated cylinder and the 

mudmat is modelled as a cylindrical cylinder buried flush with the initial surface of the seabed 

- so that the exposure height of the mudmat is small (or zero) compared with the height of the 

submerged cylinder it is supporting and the skirt is very deep, as in Figure 5-1. For this 

simplified scenario, two dimensionless parameters define the geometry: (i) the ratio of mudmat 

to superstructure diameter 𝐷2/𝐷1  and (ii) the aspect ratio of the superstructure (ℎ1/𝐷1). A 

relatively wide parameter space is explored in terms of these non-dimensional parameters. For 

each case the key features relating to the scour process are explored, e.g. the equilibrium scour 

depth, the time-scale and the scour hole geometry. 
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                            (a)                                                                   (b) 

Figure 5-1. Model sketch of a cylindrical superstructure (diameter 𝐷1) supported by a circular 

cylinder (𝐷2) representative of a skirted mudmat. Panel (b) indicates the special condition where 

for a uniform cylinder 𝐷2 = 𝐷1. 

Previous research has been undertaken on structures similar to that in Figure 5-1, but only for 

ℎ1/𝐷1>>1 (i.e. surface-piercing piles). For this scenario and large 𝐷2/𝐷1 ratio (specifically 

𝐷2/𝐷1 = 2.7 and 8.1) Melville and Raudkivi (1996) reported that a shallow scour hole was 

quickly established downstream of the structure. After sufficient time this scour hole then 

propagated upstream around the edges of the structure and subsequently developed quickly into 

a conventionally shaped hole ahead of the footing. Similar observations were also reported by 

Zarrati et al. (2006), where collars were installed at the streambed level to give a similar 

geometry to Melville and Raudkivi (1996) and Figure 5-1, except that the collars did not extend 

deeply into the seabed. Collectively, these results imply that there is a transition in the scour 

regime, depending on the diameter ratio of the foundation and the superstructure (which is 

likely to be influenced also by the aspect ratio of the superstructure, ℎ1/𝐷1). To date, this 

transition is not well defined in literature. Better definition of this transition is a second 

motivation of the present investigation. 

This chapter is organized as follows: Section 5.2 describes the test setup, Section 5.3 presents 

the test results and some discussion and conclusions are given in Section 5.4 and Section 5.5, 

respectively. 

5.2 Test setup 

The velocity was measured at 50 mm above the sand bed using a Nortek Vectrino II Acoustic 

Doppler Velocimeter (ADV) and this was used to determine the bed shear stress in the same 
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way as that outlined in Yao et al. (2018b).The experiments were undertaken in the clear-water 

regime with a steady current corresponding to 𝜃/𝜃𝑐𝑟=0.98, where the Shield parameter 𝜃=0.04 

and the critical Shields parameter of the sediment (described further below) is 𝜃𝑐𝑟=0.041; the 

depth average velocity corresponding to the Shields parameter used in the experiments is 

0.274m/s. The choice to adopt this flow intensity was based on the results in Yao et al. (2018b); 

for cylinders with low aspect ratio in particular, scour depths are relatively large at flow 

intensities close to unity. In total 31 experiments are reported in this  chapter (as detailed in 

Table 5-1). These experiments consider structures with ℎ1/𝐷1 ranging from 0 to 10 and 𝐷2/𝐷1 

varying from 1 to 3. These ranges are realistic of actual subsea structures.  The tests were 

conducted in a flume facility at the University of Western Australia. The length, width and 

height of the flume are 13.2 m, 0.4 m and 0.6 m, respectively. In the present tests the water 

depth was set to 0.26 m, which is sufficiently large that boundary effects should not influence 

the scour test results (Sumer and Fredsøe, 2002).  

A non-cohesive uniform siliceous sand (𝑑50=0.24mm, 𝑠𝑔 = 2.65, 𝜃𝑐𝑟=0.041) was adopted as 

the model sand bed. For the circular superstructure piles modelled, this choice of sediment size 

ensures that 𝐷1/𝑑50 (the pile-size to sediment-size ratio) is in the range 104 to 333. For these 

values Sheppard et al. (2004) suggests that scour depth is likely to be relatively large; hence the 

present experimental results are likely to give conservative estimates of scour depths with 

respect to sediment coarseness for most applications. The scour depth at the upstream side of 

the mudmat was recorded with a video camera by accounting the colour grids taped at the 

periphery of the model, rendering an accuracy of 2 mm, where the scour depth is expected to 

be the largest. The three-dimensional scour-hole profile was also measured with an infra-red 

scanner at the end of each test, the maximum scanning area measuring 1 m (width) × 2 m 

(length), with a vertical accuracy of ±2 mm. 

5.3 Test Result 

5.3.1 Scour regimes 

In the present experiments, two main phenomena (or scour modes) were observed across the 

full range of experiments listed in Table 5-1. These phenomena are illustrated respectively for 

two example experiments (MDT21 and MDT28) in Figure 5-2. For MDT21 (left hand side of 

Figure 5-2) scour was observed to occur initially on the upstream side of the mudmat, at 



 

Chapter 5 Effect of a skirted mudmat on local scour around a submerged structure 

101 

 

locations one quarter perimeter (±45°) around from the front of the mudmat. The scour hole 

then propagated almost immediately to the front of the mudmat. These observations of scour 

development are reasonably consistent with well-known observations for scour around piles 

(e.g. Melville, 1975; Sumer and Fredsøe, 2002; Roulund et al., 2005) and indicate that the 

amplified bed shear stresses upstream of the pile were capable of mobilising sediment beyond 

the perimeter of the mudmat. 

In contrast to MDT21, it can be seen that for MDT28 (right hand side of Figure 5-2) scour first 

initiated on the lee side of the mudmat, and gradually propagated around to the upstream side. 

Following this, a horseshoe vortex could be observed during the experiments (visualised by 

suspended sediment grains) in front of the mudmat; this vortex contributed to significant local 

scour on the front side of the mudmat, as demonstrated in Figure 5-2 (i, j). The observations of 

scour propagating from the back to the front of the mudmat is consistent with that described by 

Melville and Raudkivi (1996) and Zarrati et al. (2006) for surface-piercing piles. 

Unlike that for MDT21, in MDT28 it is apparent that the mudmat extends sufficiently far 

upstream of the structure to stop initiation of local scour upstream of the pile. However, without 

upstream sediment replenishment in the clear-water scour regime, continuous scour at the lee 

side of the mudmat stimulates, progressively, sediment transport at locations around the 

mudmat perimeter. This eventually results in scour propagation to the upstream side of the 

mudmat.  

Figure 5-3 summarises the occurrence of the different phenomena (or modes of scour) across 

the experimental parameters space, i.e. whether scour occurred initially at the front of the pile 

- labelled ‘Front Scour’ or Mode 1, or scour occurring initially at the lee side of the pile before 

propagating to the upstream side - labelled ‘Back-Front Scour’ or Mode 2. This figure also 

presents an approximate line separating the two modes. Several observations can be drawn from 

Figure 5-3. Firstly, for superstructure aspect ratios (ℎ1/𝐷1 ≥ 3) it can be seen that scour does 

not initiate immediately at the upstream side of the mudmat if 𝐷2/𝐷1  is sufficiently large 

(greater than ~2). This implies that when the mudmat is sufficiently large relative to the 

superstructure, amplified shear stresses capable of mobilising sediment do not extend upstream 

beyond the mudmat. Secondly, it is evident that for small superstructure aspect ratio (ℎ1/𝐷1 < 

3), the relative mudmat diameter (𝐷2/𝐷1) required to initially suppress upstream scour reduces. 
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This is likely to be because the region and magnitude of amplified shear stress upstream of the 

cylinder reduces with reductions in aspect ratio. As demonstrated in Figure 5-3, the trend in the 

transition of scour development regime agrees reasonably well with the trend in the streamwise 

length of the horseshoe vortex reported by, for example,  Baker (1978) and the regions of shear 

stress amplification outlined by, for example,   Umeda et al. (2005).  

 

Figure 5-2. The evolution of the scour-hole profile subject to the scour development regimes at 

ℎ1/𝐷1  =5 (flow running from left to right): (a)-(e), case MDT 21, ‘Front Scour’ regime, 

𝐷2/𝐷1=1.68; (f)-(j), case MDT 28, ‘Back-Front Scour’ regime, 𝐷2/𝐷1=2.2. 

In the present experiments, only two regimes were observed. However, for very large values of 

𝐷2/𝐷1 it is possible that the mudmat may suppress lee-wake scour. In this situation a third 

regime may result. For low flow intensity clear water conditions (i.e. for velocities below that 

considered here) this would be a no-scour regime. Alternatively, for a flow intensity close to 

transition (𝜏/𝜏𝑐𝑟=1) it is possible that scour may occur in this regime due to a perturbation in 

the seabed level.  
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Figure 5-3. The scour development regimes subject to the variation in the geometrical ratios 

(𝜃/𝜃𝑐𝑟=0.98). Note, test MDT1 (corresponding to ℎ1/𝐷1 =0) has not been shown since this 

case could experience scour via the back-front mechanism, or at the front due to an 

imperfection/perturbation.  

5.3.2 Scour time history 

The scour time history at the front side of the mudmat was found to be closely related to the 

scour development regimes, as indicated in Figure 5-4. Within the ‘Front Scour’ regime 

(𝐷2/𝐷1< ~2.2) the scour develops immediately at the front edge, whilst in the Back-Front’ 

regime (𝐷2/𝐷1≥ ~2.2) there is an initial delay (denoted by 𝑡𝑖 herein). Differences also exist in 

the rate of scour and the final (equilibrium or maximum) scour depth. 

Accounting for the non-scouring period (𝑡𝑖), the scour time histories in Figure 5-4 may be 

reasonably fitted with the following hyperbolic equation: 

𝑆(𝑡) = 𝑆0
𝑡−𝑡𝑖

𝑡−𝑡𝑖+𝑇0
                                                                                                                 (5-1) 

where, 𝑆(𝑡) is the scour depth at time 𝑡, measured at the upstream side of the cylinder; 𝑆0 is 

the equilibrium scour depth and 𝑇0 is the time-scale of scour.  

An advantage of fitting Equation (5-1) to the experimental time series is that the evaluation of  

the parameters 𝑆0, 𝑇0 and 𝑡𝑖 enables the features of the scour time history to be quantitatively 

compared across the experimental parameter space (i.e. for different superstructure aspect ratio 

and relative mudmat diameter).  For example, to determine if the non-dimensional scour depth 
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at the mudmat increases with increasing 𝐷2/𝐷1  or if it takes longer time to attain the 

equilibrium state (i.e. larger 𝑇0) with increasing 𝐷2/𝐷1. These questions are explored in the 

following subsections. 

 

Figure 5-4. A comparison of the scour time history subject to scour development mode (ℎ1/𝐷1 

=3). Experiments with 𝐷2/𝐷1=2.2 and 𝐷2/𝐷1=3 are in the Back Front Scour regime. Where 𝑡𝑖1 

and 𝑡𝑖2 indicates the scour time delay, respectively, as denoted with arrows. 

5.3.3 Time delay and time-scale 

As demonstrated in Figure 5-4, the time history of the local scour development process at the 

upstream side of the mudmat is delayed by a time 𝑡𝑖 in the ‘Back Front’ regime. Figure 5-5 

summarises this time delay for the experiments in which Back-Front scour was observed. In 

these figures the time delay has been normalised according to: 

𝑡𝑖
∗ =

[𝑔(𝑠𝑔−1)𝑑50
3 ]0.5

𝐷1
2 𝑡𝑖                                                                                                            (5-2)  

where, 𝑡𝑖
∗ is the non-dimensional time-delay, 𝐷1 is the diameter of the super-structure, 𝑠𝑔 is the 

specific gravity of the sand and 𝑑50 is the median grain size of the sand. This normalisation 

follows from that proposed by Sumer and Fredsøe (2002) and accounts for the relative size of 

the structure and the rate of sediment transport. It can be seen in Figure 5-5 that for a given 

relative mudmat diameter 𝐷2/𝐷1 , the time delay decreases with increasing aspect ratio 

ℎ1/𝐷1.This is consistent with the expectation that with increasing aspect ratio, the flow structure 

at the downstream side of the mudmat will be enhanced leading to larger sediment 
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transportation capacity and a faster transition of the scour hole to the upstream side of the 

mudmat. Figure 5-5 also indicates that for a fixed aspect ratio ℎ1/𝐷1, the time delay increases 

with 𝐷2/𝐷1. This is owing to the fact that for given a fixed aspect ratio of the superstructure, 

increases in relative mudmat diameter shield regions of higher shear stress amplification, thus 

reducing the sediment transport capacity at the downstream perimeter of the mudmat. This leads 

to a slower transition from downstream to upstream, and a longer delay time. 

 

Figure 5-5. The effect of ℎ1/𝐷1 on the non-dimensional time-delay. The trend lines have been 

plotted approximately. 

Once scour initiates at the front of the mudmat (either directly or via ‘Back Front’ scour), the 

time-scale 𝑇0 describes how fast the scour develops. To explore this parameter, Figure 5-6 

summarises the fitted time-scale for each of the experiments. In this figure the time-scale has 

been made non-dimensional according to (Sumer and Fredsøe, 2002): 

𝑇𝐷1
∗ =

[𝑔(𝑠𝑔−1)𝑑50
3 ]0.5

𝐷1
2 𝑇0                                                                                                        (5-3)  

where, 𝑇0  is the time-scale and 𝑇𝐷1
∗  is the non-dimensional time-scale normalised by the 

diameter of the superstructure. 

Figure 5-6 indicates that for a given mudmat diameter, the time-scale decreases with increases 

in aspect ratio ℎ1/𝐷1, before levelling off when ℎ1/𝐷1  ≥ 3-4. This levelling off is consistent 

with that observed for submerged piles without a mudmat observed by Yao et al. (2018b) and 

the observations from Baker (1978) that the horseshoe vortex strengthens with increasing 
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aspect ratio until ℎ1/𝐷1~3 at which point limited further strengthening (and presumably limited 

further increases in bed shear stress to drive scour) are observed. 

 

Figure 5-6. The effect of ℎ1/𝐷1  and 𝐷2/𝐷1  on non-dimensional time-scale. The trend lines 

have been plotted approximately. It is noted that at 𝐷2/𝐷1=1, the dash line indicates the non-

dimensional time-scale for uniform submerged cylinders given by Equation (5-6). 

5.3.4 Equilibrium scour depth 

The effect of the superstructure aspect ratio (ℎ1/𝐷1) on the equilibrium scour depth is examined 

in Figure 5-7 for a range of mudmat diameters. The test results indicate that, for a given 

superstructure aspect ratio (i.e. given ℎ1/𝐷1), the non-dimensional equilibrium scour depth 

scaled on the superstructure diameter D1 increases as the mudmat gets larger. Hence, although 

the mudmat was found to delay or reduce the rate of scour in Section 5.3.2, it actually augments 

the final maximum scour depth. This occurs because for a large relative mudmat diameter, once 

scour is initiated (at the front directly, or via Back-Front scour) the scour hole is governed by 

the diameter of the mudmat rather than the diameter of the superstructure. 
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Figure 5-7. The effect of ℎ1/𝐷1 on the non-dimensional equilibrium scour depth. The trend 

lines have been plotted approximately. It is noted that at 𝐷2/𝐷1=1, the dash line indicates the 

non-dimensional equilibrium scour depth for uniform submerged cylinders given by Equation 

(5-5). 

Figure 5-7 also indicates that at a fixed 𝐷2/𝐷1, the non-dimensional equilibrium scour depth 

increases with aspect ratio until ℎ1/𝐷1~4 at which point the relative scour depth levels off. As 

noted in Section 5.3.2, this levelling off is consistent with that observed for submerged piles 

without a mudmat observed by Yao et al. (2018b) and the observations from Baker (1978) that 

the horseshoe vortex strengthens with increasing aspect ratio until ℎ1/𝐷1~3, at which point 

limited further strengthening (and presumably limited further increases in bed shear stress to 

drive a scour) are observed. 

An interesting aspect of Figure 5-7 is that in the limit ℎ1/𝐷1→0 the equilibrium scour depth 

remains finite. It is expected that even when the influence of the superstructure vanished (i.e. 

the overall structure just resembled a mudmat flush with the seabed surface) any small 

undulations in the bed eventually triggered scour; i.e. in the clear water conditions tested, scour 

was unstable to small imperfections in the seabed or disturbance induced by the surface 

roughness difference between the mudmat and sand surface. Once an imperfection caused some 

scour at the mudmat (after any length of time), scour may then progress to a repeatable depth 

of ~0.5𝐷2 (Yao et al., 2019). Several experiments were undertaken in the present experimental 

program to observe initiation of scour for these cases. In the end, it was decided to run the 



 

Chapter 5 Effect of a skirted mudmat on local scour around a submerged structure 

108 

 

experiment with an initial undulation introduced in the seabed for case MDT1 (specifically a 6 

mm groove was manually created in front of the mudmat) to decrease the test duration and 

ensure repeatable results in terms of the time scale and total test duration.  

The results in Figure 5-7 have been replotted in Figure 5-8 as a function of the relative mudmat 

diameter. Here it can be seen clearly that the non-dimensional scour depth 𝑆0/𝐷1 increases as 

the mudmat diameter increases, before limiting towards the linear dashed line representative of 

𝑆0=0.5𝐷2; i.e. 𝑆0/𝐷1=0.5𝐷2/𝐷1 when 𝐷2/𝐷1 ≫1. In contrast to 𝑆0/𝐷1, the non-dimensional 

equilibrium scour depth 𝑆0/𝐷2 decreases as the relative mudmat diameter increases. This is 

owing to the fact that the contribution of the superstructure to the scour-hole development is 

diminishing as the mudmat gets larger. Thus, for sufficiently large 𝐷2/𝐷1 the contribution of 

the superstructure is negligible and the scour depth limit is 𝑆0=0.5𝐷2 , which is linearly 

proportional to the diameter of the mudmat. 

 

Figure 5-8. The effect of 𝐷2/𝐷1 on the non-dimensional equilibrium scour depth. The dash line 

indicates the 𝐷2/𝐷1>>1 scenario. 

5.3.5 Scour-hole profile 

The effect of aspect ratio on the scour-hole profile is examined in Figure 5-9 for a fixed relative 

mudmat diameter 𝐷2/𝐷1=2.2. The non-dimensional depth (𝑍/𝐷1) of the scour hole at the front 

of the mudmat can be seen to increase with ℎ1/𝐷1, i.e., the depth of the scour-hole increases 

from 1.1 to 2.7 with ℎ1/𝐷1 increasing from 0 to 10. In addition, the horizontal dimensions of 
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the scour hole also increase with the increase of aspect ratio, i.e., the lateral width of the scour 

hole increased from 8𝐷1 to 14𝐷1 as ℎ1/𝐷1 increases from 0 to 10. Downstream of the structure 

there is also substantial increase in scour with aspect ratio, i.e. as the superstructure becomes 

relatively taller lee wake scouring is more evident. Collectively, these findings indicate that a 

given mudmat diameter is likely to be much more effective at limiting local scour for a squat 

super-structure (i.e. small ℎ1/𝐷1). 

 

 
       (a)                                                                    (b) 

 
                                                 (c)                                                                    (d) 

 
                                                   (e) 

Figure 5-9. The effect of ℎ1/𝐷1  on the scour hole profile at 𝐷2/𝐷1=2.2: (a) ℎ1/𝐷1=0; (b) 

ℎ1/𝐷1=1; (c) ℎ1/𝐷1=2; (d) ℎ1/𝐷1=3; (e) ℎ1/𝐷1=10. X denotes the flow-wise direction, Y 

indicates the cross-flow direction and Z is the depth of the scour hole. 

The effect of 𝐷2/𝐷1 on the scour-hole profile is examined in Figure 5-10 with the ℎ1/𝐷1 ratio 

fixed at 3. It can be seen in this set of figures that increasing the mudmat diameter actually 

results in a larger overall scour hole and depth. For example, the maximum non-dimensional 
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depth of the scour hole increases from 1.5 to 2.3 with 𝐷2/𝐷1 increasing from 1 to 3; the lateral 

width of the scour hole increases from 8𝐷1 to 13𝐷1 over this range. 

     

 
                        (a)                                                    (b) 

 
                             (c)                                                    (d) 

 
                            (e) 

Figure 5-10. The effect of 𝐷2/𝐷1 on the scour hole profile at ℎ1/𝐷1=3: (a) 𝐷2/𝐷1=1; (b) 

𝐷2/𝐷1=1.4; (c) 𝐷2/𝐷1=1.68; (d) 𝐷2/𝐷1=2.2; (e) 𝐷2/𝐷1=3. X denotes the flow-wise direction, 

Y indicates the cross-flow direction and Z is the depth of the scour hole. 

5.4 Discussion 

A series of experiments have been analysed in the present chapter to quantify the effect of a 

skirted mudmat on the local scour around a submerged pile. It has been shown that the mudmat 

influences the mode of scour as well as the scour depth and the rate of scour. From a practical 

perspective it is important to be able to predict these effects on the scour process. To work 

towards this prediction Figure 5-11 compares measurements of the maximum equilibrium scour 
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depth to the scour depth which would be predicted for a uniform submerged cylinder having a 

diameter equal to 𝐷2 and an effective height given by: 

ℎ𝑒 =
𝑚ℎ1𝐷1

𝐷2
                                                                                                                          (5-4) 

In which, 𝑚=1 is adopted in present chapter for simplicity; which also implies ℎ𝑒/ℎ1 is equal 

to the diameter ratio 𝐷1/𝐷2 . Equation (5-4) follows from the idea of an equivalent height 

foundation introduced by Parola et al. (1996). The symbols in Figure 5-11 represent the 

measured scour depth for each of the experiments plotted against the effective aspect ratio 

ℎ𝑒/𝐷2, whilst the dashed line represents the scour depth observed for uniform submerged piles 

as a function of aspect ratio given by (taken from Yao et al., 2019): 

𝑆0

𝐷
= 1.17 (1 − exp (−

ℎ

𝐷
)) + 0.5                                                                                      (5-5) 

The good agreement between the measurements and the dashed line in Figure 5-11 implies that 

the scour depth may be predicted reasonably well for the combined mudmat and superstructure 

by first computing the effective aspect ratio and then computing the scour depth from Equation 

(5-5) with ℎ/𝐷 = ℎ𝑒/𝐷2.  

 

Figure 5-11. Comparison of non-dimensional equilibrium scour measurements with a 

prediction based on a uniform submerged pile with the same diameter as the mudmat and an 

effective height computed via Equation (5-4).). The bracketed (ℎ/𝐷 ) term indicates the 

compound pile is equivalent to a uniform cylinder with aspect ratio (ℎ𝑒/𝐷2). The dash line 
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indicates the non-dimensional equilibrium scour depth for uniform submerged cylinders given 

by Equation (5-5). 

To explore the time-scale in a similar way, Figure 5-12 presents the computed non-dimensional 

time-scale 𝑇𝐷2
∗  (=𝑇𝐷1

∗ 𝐷2
2/𝐷1

2) for each of the experiments plotted against the effective aspect 

ratio ℎ𝑒/𝐷2 together with the time scale observed for uniform submerged piles given by (taken 

again from Yao et al., 2019): 

𝑇𝐷2
∗ = 161 − 156 (

ℎ/𝐷−0.025

ℎ/𝐷+0.009
)                                                                                             (5-6) 

Again, the agreement between the experiments and the prediction is reasonable. This implies 

that the time scale may be predicted reasonably well for the combined mudmat and 

superstructure by first computing the effective aspect ratio and then computing the time scale 

from Equation (5-6), again with ℎ/𝐷 = ℎ𝑒/𝐷2.  

 

Figure 5-12. Comparison of non-dimensional time scale for the experiments with a prediction 

based on a uniform submerged pile with the same diameter as the mudmat and an effective 

height computed via Equation (5-4)). The bracketed (ℎ/𝐷) term indicates the compound pile 

is equivalent to a uniform cylinder with aspect ratio (ℎ𝑒/𝐷2). The dash line indicates the non-

dimensional time-scale for a uniform submerged cylinder given by Equation (5-6). 

Each of these observations concerning the prediction of scour depth and time-scale imply that 

the combined mudmat and superstructure both influence the scour process because of how they 

influence the overall aspect ratio of the subsea structure. This is consistent with the observation 

by Yao et al. (2018b) for submerged compound cylinders and is fundamentally different to the 
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assumption that the scour depth due to both structural components, separately, may be simply 

added to give an estimate of the total scour depth. To demonstrate this, Figure 5-13 and Figure 

5-14 deconstruct the scour profile to extract the contribution from the superstructure alone for 

two example experiments. In both cases this contribution is compared with the scour profile 

observed for the superstructure in isolation (i.e. without a mudmat). The clear differences in 

the scour profiles emphasise the non-linearity of the scour process.  

 

 

          (a)                                                      (b) 

 
         (c)                                                      (d) 

Figure 5-13. Deconstruction of the scour profile about a superstructure with mudmat: (a) 

structure with ℎ1/𝐷1= 3, 𝐷2/𝐷1= 2.2; (b) scour around the mudmat only (ℎ/𝐷= 0); (c) scour 

around the super structure only (ℎ/𝐷= 3); (d) top half: (a) minus (b); bottom half: 

superstructure only. X denotes the flow-wise direction, Y indicates the cross-flow direction 

and Z is the depth of the scour hole. 
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        (a)                                                          (b) 

 
       (c)                                                          (d) 

Figure 5-14. Deconstruction of the scour profile about a superstructure with mudmat: (a) 

structure with ℎ1/𝐷1= 10, 𝐷2/𝐷1= 2.2; (b) scour around the mudmat only (ℎ/𝐷= 0); (c) scour 

around the super structure only (ℎ/𝐷= 10); (d) top half: (a) minus (b); bottom half: 

superstructure only. X denotes the flow-wise direction, Y indicates the cross-flow direction 

and Z is the depth of the scour hole.
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The experiments presented in this chapter were simplified in various ways for practicality. For 

example, the experiments have considered only circular and concentric geometries. It is likely 

that the scour depth will vary if the superstructure is not placed concentrically on top of the 

mudmat (see, for example Yao et al., 2018a) and if the cylinders are not cylindrical. However, 

based on the results in Yao et al. (2018b) for uniform submerged piles, the differences due to 

different cross-sectional shape are not likely to be too significant. Furthermore, it is likely that 

the concept of an equivalent uniform pile will still be useful for non-circular geometries; 

although future verification is required. 

The present chapter also considered clear water conditions at a flow intensity just below the 

onset of live bed conditions. This was selected to generate a relatively large scour hole depth, 

following the finding of Yao et al. (2018b) that there is a local maximum in scour depth at this 

flow intensity for submerged piles. Further work is required to determine if the effects of a 

mudmat are similar in live-bed conditions. It is anticipated that a large mudmat would be more 

effective in live-bed conditions because, as shown in Yao et al. (2018b) for sandy seabed, the 

equilibrium scour depth tends to zero as the overall aspect ratio of a submerged pile tends to 

zero. Consequently, a large mudmat can supress scour without the occurrence of the Mode 2 

(Back-Front) scour process. This implies that a mudmat would be expected to be more effective 

at mitigating scour in practice for an actual subsea structure if it could be shown that live bed 

conditions are dominant.  

5.5 Conclusions 

A series of experiments have been reported which aim to quantify the contribution of a skirted 

mudmat to scour mitigation. For convenience, the experiments considered a simplified 

structure in the clear water regime. The following conclusions have been formed based on the 

present chapter: 

1) Two local scour development modes at the mudmat foundation were identified across the 

range of aspect ratios (ℎ1/𝐷1) and relative mudmat diameters (𝐷2/𝐷1) tested. These include a 

‘Front Scour’ regime and a ‘Back-Front Scour’ clear water scour regime. The occurrence of 

each mode has been mapped within the parameter space spanned by ℎ1/𝐷1 and 𝐷2/𝐷1. This 

indicates that the Back-Front scour regime is more likely for small superstructure aspect ratio 

(ℎ1/𝐷1) and relatively large mudmat diameter (𝐷2/𝐷1) since the mudmat is able to initially 

suppress the initiation of scour at the upstream side of the structure.  
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2) The scour time history at the upstream edge of the mudmat is closely related to the scour 

development regime. This time development can be represented reasonably well by a 

hyperbolic function (Equation 5-1) incorporating a non-zero time delay for the Back-Front 

Scour regime. 

3) The non-dimensional time-scale of the local scour process was evaluated with a combination 

of a time delay (𝑡𝑖) and a time-scale 𝑇0. It was found that the time delay and time-scale both 

increase with increasing relative mudmat diameter, i.e. the mudmat helps to slow the scour 

process. The scour rate is slowest, for a given mudmat diameter, when the aspect ratio of the 

superstructure is small. 

4) The equilibrium scour depth is largest at the upstream side of the mudmat. At this location 

it is shown that the relative scour depth of the superstructure 𝑆0/𝐷1 increases as the mudmat 

becomes relatively larger (i.e. as 𝐷2/𝐷1increases) (Figure 5-8). This is because scour of the 

mudmat begins to dominate the overall scour depth. In contrast, the equilibrium scour depth 

(𝑆0/𝐷2 ) reduces in magnitude as (𝐷2/𝐷1) increases by an amount which depends on ℎ1/𝐷1 

since the contribution of the superstructure to the scour process reduces (see the results in Table 

5-1, for example). For a fixed relative mudmat diameter the non-dimensional equilibrium scour 

depth increases with aspect ratio ℎ1/𝐷1 but levels off when ℎ1/𝐷1 ≥ 3-4. 

5) The quantitative trends in scour depth and the scour time-scale can be well predicted for the 

superstructure and mudmat in combination by considering a uniform submerged pile having 

the same diameter as the mudmat and an equivalent height which preserves the combined 

frontal area. This result is consistent with that observed by Yao et al. (2019).  
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Table 5-1. Test matrix. (Notes: ‘CPD’-denotes the compound cylinder and ‘UNI’-indicates the uniform cylinder; ‘FS’-denotes the ‘Front Scour’ regime and ‘BFS’-denotes the ‘Back-Front Scour’ regime. 

For case MDT1, an artificial groove measuring 6mm was manually created in front of the pile to reduce the test duration; ℎ𝑒/𝐷2 is calculated from Equation (5-4)) 

No. Cases 
𝑫𝟏 

[mm] 

𝑫𝟐 

[mm] 

𝒉𝟏 

[mm] 

𝒉𝒆/𝑫𝟐 

[-] 

𝒉𝟏/𝑫𝟏 

[-] 

𝑫𝟐/𝑫𝟏 

[-] 

𝑺𝟎/𝑫𝟐 

[-] 

𝑺𝟎/𝑫𝟏 

[-] 

𝑻𝑫𝟐
∗

 

[-] 

𝑻𝑫𝟏
∗  

[-] 

𝒕𝒊𝑫𝟏
∗

 

[-] 

Model 

geometry 

Scour 

mode 

Test Duration 

 [hour] 

1 MDT1 55 55 0 0.00 0.0 1.0 0.51 0.51 604.3 604.3 N/A UNI BFS or FS 169.5 

2 MDT2 42 42 42 1.00 1.0 1.0 1.43 1.43 8.2 8.2 0.0 UNI FS 34.0 

3 MDT3 25 25 75 3.00 3.0 1.0 1.52 1.52 5.6 5.6 0.0 UNI FS 33.0 

4 MDT4 55 55 250 4.55 4.5 1.0 1.56 1.56 5.0 5.0 0.0 UNI FS 33.0 

5 MDT5 25 25 250 10.00 10.0 1.0 1.73 1.73 5.1 5.1 0.0 UNI FS 33.5 

6 MDT6 29 29 75 2.59 2.6 1.0 1.66 1.66 6.3 6.3 0.0 UNI FS 32.0 

7 MDT7 35 35 75 2.14 2.1 1.0 1.66 1.66 7.5 7.5 0.0 UNI FS 34.5 

8 MDT8 42 42 75 1.79 1.8 1.0 1.71 1.71 7.7 7.7 0.0 UNI FS 37.5 

9 MDT9 80 80 42 0.53 0.5 1.0 0.93 0.93 9.0 9.0 0.0 UNI FS 37.0 

10 MDT10 55 55 25 0.45 0.5 1.0 1.04 1.04 20.7 20.7 0.0 UNI FS 69.5 

11 MDT11 55 55 75 1.36 1.4 1.0 1.31 1.31 9.8 9.8 0.0 UNI FS 33.5 

12 MDT12 75 75 75 1.00 1.0 1.0 0.99 0.99 12.2 12.2 0.0 UNI FS 39.2 

13 MDT13 42 42 210 5.00 5.0 1.0 1.76 1.76 6.0 6.0 0.0 UNI FS 36.0 

14 MDT14 25 29 75 2.23 3.0 1.2 1.45 1.68 12.7 17.1 0.0 CPD FS 35.0 

16 MDT15 25 32 25 0.61 1.0 1.3 1.06 1.36 53.6 87.7 0.0 CPD FS 60.5 

17 MDT16 25 32 50 1.22 2.0 1.3 1.20 1.54 14.9 24.4 0.0 CPD FS 40.5 

18 MDT17 25 32 125 3.05 5.0 1.3 1.44 1.84 8.6 14.1 0.0 CPD FS 37.1 
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19 MDT18 25 35 75 1.53 3.0 1.4 1.43 2.00 13.9 27.3 0.0 CPD FS 34.5 

21 MDT19 25 42 50 0.71 2.0 1.7 1.12 1.88 31.1 87.7 0.0 CPD FS 58.5 

22 MDT20 25 42 75 1.06 3.0 1.7 1.33 2.23 15.5 43.9 0.0 CPD FS 36.7 

23 MDT21 25 42 125 1.77 5.0 1.7 1.18 1.98 11.2 31.7 0.0 CPD FS 60.5 

15 MDT22 25 32 2.5 0.06 0.1 1.3 0.72 0.92 457.8 750.0 18161.7 CPD BFS 301.5 

20 MDT23 25 42 25 0.35 1.0 1.7 1.14 1.92 75.3 212.5 1.3 CPD BFS 69.5 

24 MDT24 42 80 42 0.28 1.0 1.9 0.72 1.37 116.8 423.8 30.9 CPD BFS 46.0 

25 MDT25 25 55 25 0.21 1.0 2.2 0.78 1.72 251.8 1218.7 438.7 CPD BFS 152.0 

26 MDT26 25 55 50 0.41 2.0 2.2 0.91 2.00 100.7 487.4 58.5 CPD BFS 95.5 

27 MDT27 25 55 75 0.62 3.0 2.2 1.16 2.55 29.4 142.2 2.7 CPD BFS 37.7 

28 MDT28 25 55 125 1.03 5.0 2.2 0.93 2.05 28.0 135.4 14.6 CPD BFS 49.5 

29 MDT29 25 55 250 2.07 10.0 2.2 1.24 2.73 12.6 60.9 0.7 CPD BFS 42.0 

30 MDT30 25 75 25 0.11 1.0 3.0 0.65 1.95 327.3 2945.7 3589.3 CPD BFS 174.0 

31 MDT31 25 75 75 0.33 3.0 3.0 0.80 2.40 30.5 274.2 38.5 CPD BFS 35.0 
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Chapter 6 Scour around a subsea structure: comparison of 

field data with laboratory-based predictions 

 

Abstract 

This chapter presents field measurements of scour around a subsea structure. Surveys are 

reported at two different times following installation, together with soil classification data for 

the seabed sediment and measurements of near seabed metocean currents. The field data is 

compared with scour predictions based on model scale experiments of a 3D printed replica 

structure. The experiments determine the maximum shear stress amplification factor around the 

structure (as a function of flow direction) as well as the extent and rate of scour (as a function 

of flow velocity and direction). These experimental results are combined with scaling arguments 

concerning the soil properties and the geometric size of the structure to enable field-scale scour 

predictions. Comparisons of the predictions with the field measurements are found to be 

sensitive to the seabed roughness length; however, the roughness length resulting in the best 

comparison is within the range of expected field values. Comparisons of the scour profiles 

around the experimental structure are also found to be in excellent agreement with the field 

observations. In addition to these findings, the experiments indicate how the mudmat foundation 

and the geometric porosity of the subsea structure influence scour, and the effect of additional 

scour protection on potential scour development.  

6.1 Introduction 

Scour assessment and mitigation designs for subsea structures have often been conducted by 

employing the methodologies and assumptions established for surface-piercing structures (e.g. 

bridge piers) or idealised pile shapes, with a correction to account for the finite height or the 

cross-sectional geometry of the corresponding structure. Most of these methods, however, are 

based on small scale laboratory experiments which model idealised flow conditions, seabed 

sediments and structural geometry. The application of these methods to actual subsea structures 

in the field therefore leads to some inevitable uncertainties, inaccuracies and in some cases over-

design of scour mitigation requirements with respective risk, cost and schedule impacts. This 

existing gap in practice is exacerbated by a lack of practical research conducted on scour around 
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subsea structures, as well as limited reliable field data to benchmark the respective 

methodologies and assumptions.  

With respect to existing literature comparing field data of scour around subsea structures to 

predictions, Whitehouse et al. (2011) evaluated several empirical scour depth predictions for 

gravity-based structures. Each of these predictions incorporated simplifications to the geometry 

of the structure and metocean condition, and were based on laboratory data involving different 

sediments from those observed in the field. Whitehouse et al. (2011) concluded that more 

research is required to develop improved and more versatile scour prediction methods. They 

also emphasised that the current time history (and waves if relevant) should be included in scour 

predictors to properly assess time development of scour. More recently, Harris et al. (2016) 

reviewed various studies of subsea-structures, including observations of field measurements for 

geometrically porous structures. They also presented detailed laboratory experiments of a 

generic subsea structure which straddled a pipeline. This work provides useful additional 

evidence of scour at subsea structures, but does not make direct comparison with field 

measurements.  

Relevant literature concerning scour around simplified geometries somewhat representative of 

subsea structures include work on truncated circular cylinders (i.e. DHI /Snamprogetti, 1992; 

Simons et al., 2007; Zhao et al., 2010; Yao et al., 2018; 2019) and truncated rectangular cylinders 

(Zhao et al., 2012; Yao et al., 2018). As noted above, these studies have, however, focused on 

uniform sediments (either in a laboratory or within a morphodynamics model) and uniform 

currents. 

Motivated by the discussion above, the aim of this chapter is to compare high quality scour 

observations/surveys from a subsea structure with scour predictions based on specific laboratory 

testing. The field observations, combined with available metocean current measurements 

collected near the seabed and soil samples, provide a unique opportunity to compare scour at 

field scale with scour predictions that can take into account of site specific currents, soil 

properties and structure geometry.  

The remainder of the chapter is laid out as follows. First, the field data is presented. Next, the 

experimental and theoretical modelling are listed, before a comparison of the state-of-the-art 
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predictions are made with the field observations. Finally, conclusions and questions that may be 

relevant for further analysis are presented. 

6.2 Field Data 

Figure 6-1 illustrates the two structures that are the focus of the present study. Both structures 

are located at ~ 178 m of water on the North West Shelf of Australia (see Figure 6-2 for 

approximate location) and are placed within 50 m of each other, along a line directed 

approximately NNE (both structures have the same orientation). The mudmats supporting the 

structures are circular, with diameter 8.01 m and skirts measuring 600 mm deep. Basic 

dimensions are illustrated on Figure 6-1, including the orientation of the structures relative to the 

compass directions.  

 

(a) 

 
(b) 

Figure 6-1. Subsea structure considered in the present chapter: (a) Photograph prior to 

installation of the subsea structure (MLCS). (b) Top view and elevations of the structure, with 

the dashed line indicating the initial seabed surface. The structure is heading to North, 9° 
counter-clockwise to true North. 
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Figure 6-2. Approximate location of the subsea structure on the North West Shelf of Australia. 

6.2.1 Seabed Surveys 

Video footage from a total of two seabed surveys were available to quantify scour development. 

These surveys were undertaken 4.5 months and 17.5 months following installation. The survey 

data consisted of ROV video footage. An example still shot from the video footage is shown in 

Figure 6-3. Measurement of scour around the perimeter of the mudmat has been made using this 

footage by referencing the local seabed level to the structure using gradations on the mudmat 

skirt (visible in Figure 6-3). These gradations are given at multiple locations around the perimeter 

of the mudmat. 

 

Figure 6-3. An example image from the survey footage. 
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The observed scour profile around both structures was similar in each of the surveys. These 

profiles are compared with experimental data later in this chapter. For brevity, the maximum 

scour depth was observed to be 100-150 mm and 450-500 mm across the two surveys, 

respectively.   

6.2.2 Metocean Data 

A total of 13 months of near bed current measurements have been made available to characterise 

the near bed flow conditions. These measurements were recorded several years prior to 

installation of the structures and consist of 1-minute average currents (defined in terms of 

direction and speed) at a height of 1.51 m above the local seabed. The measurement location was 

~ 5 km to the North of the structures, however comparison to other measurement locations 

suggest that spatial variability in the current characteristics over a radius of 5- 10 km is likely to 

be small. It has been assumed that the current measurements are representative of the currents 

realised during (and after) installation of the structures.  

Figure 6-4 presents a time series of the measured current speed (or magnitude) over the recording 

period and Figure 6-5 plots a directional histogram of the current velocity. In both figures the 

current speed has been normalised based on the threshold velocity of the sediment (computed 

based on the erosion testing described in Section 6.2.3). It can be seen from Figure 6-4 that the 

peak velocity events can be short in duration (lasting tens of minutes), which is consistent with 

observations of large amplitude internal waves on the North West Shelf (Van Gastel et al., 2009). 

The peak currents are sufficiently large to mobilise the local sediment, such that live bed 

conditions are expected to occur intermittently throughout the year.  

It can be seen from Figure 6-5 that the predominant current direction (for currents greater than 

0.3 m/s) is from the SE. For reference, the local seabed slopes down towards the NW at a rate of 

1:200. 
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.  

Figure 6-4. Measured velocity time history at 1.51 m above the seabed. 

 

Figure 6-5. The current rose diagram measured 1.51 m above sea bed.  

6.2.3 Sediment Samples 

To characterise the local seabed sediment a sample was retrieved from a borehole located 

approximately 100 m to the North of the structures. The sample was from the top 0.9 m of the 

seabed; i.e. within the range of scour depths observed around the structures. Aiming to 

determine how the erosion properties varied with depth, the sample was split into 3 subsamples 

of equal length (i.e. top, middle and bottom) and then each subsample was halved lengthwise 

along the cylinder being careful not to disturb the sample. One half was subsequently used for 
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erosion testing and one half was used for water content testing and measurement of Particle 

Size Distribution (PSD). Both the PSD and water content testing were conducted according to 

Australian Standards, and the results are summarised in Figure 6-6 and Table 6-1, respectively.  

Table 6-1: Soil classification results for field subsamples and laboratory sands used in 

experimental testing discussed in Section 6.3. 

Sample 
Depth below 

surface [m] 

𝒅𝟓𝟎  

[mm] 

Fines Content 

(<75 µm) 

Water 

Content 

Field Sample - Top ~ 0-0.3 m 0.21 12.1 0.47 

Field Sample - 

Middle 
~ 0.3-0.6 m 0.21 15.4 

0.47 

Field Sample - 

Bottom 
~ 0.6-0.9 m 0.21 16.9 

0.52 

Laboratory Sand 

SS2 
NA 0.19 0 

Not measured 

Laboratory Sand 

SS3 
NA 0.59 0 

Not measured 

Note: ‘SS2’ indicates a fine uniform silica sand (Mohr, 2015); ‘SS3’ denotes a coarse uniform 

silica sand (16/30 Grade Sand). 

Table 6-2: Fitted erosion parameters for field subsamples and laboratory sands used in 

experimental testing discussed in Section 6.3. 

Sample 𝝉𝒄𝒓 [Pa] A [𝒎/(𝒔𝑷𝒂𝑩)] B [-] 

Field Sample - Top 0.25 1.20E-05 0.95 

Field Sample - Middle 0.32 1.30E-05 0.9 

Field Sample - Bottom 0.46 1.25E-05 0.8 

Laboratory Sand SS2 0.16 1.05E-04 1.7 

Laboratory Sand SS3 0.44 1.20E-04 0.9 
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Figure 6-6. Particle size distribution curves for the laboratory and in field soil sample: ‘FD’ 

denotes in field extracted soil sample (the top, middle and bottom parts of the same sample core. 

‘SS2’ indicates the laboratory silica sand (Mohr, 2015); ‘SS3’ denotes the laboratory soil (16/30 

Grade Sand). 

For the erosion testing the same testing procedure as outlined in Mohr et al. (2016) was adopted. 

Each sample was placed in a sample holder and then located within a recess in the floor of a 

flume. The near bed velocity in the flume was then increased gradually and a SICK Ranger 3D 

scanner was used to simultaneously measure the surface elevation of the sample. The velocity 

was increased in steps and each step was maintained for 2-10 minutes (with the variation to 

ensure that, post initiation of sediment movement, a small but measurable amount of erosion 

occurred at each velocity step). The 3D scan results were then used to construct a plot of erosion 

rate as a function velocity. This velocity was then converted to a shear stress according to: 

𝜏 = 𝜌𝑢∗
2   ,                                                                                                                           (6-1) 

where 𝜌 is the water density and 𝑢∗ is the friction velocity computed according to the following: 

𝑢∗ =
𝜅𝑈

ln(
0.05

𝑧0
)
  ,                                                                                                                      (6-2) 

where, 𝜅 =0.4; 𝑈 is the velocity measured in the flume at elevation at 50 mm above the bed and 

𝑧0 is the roughness height, computed iteratively with Equation (6-1) and (6-2) according to (see 

Christoffersen and Jonsson, 1985):  
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𝑧0 =
𝑘𝑠

30
(1 − exp (−

𝑢∗𝑘𝑠

27𝜈
)) +

𝜈

9𝑢∗
 .                                                                                   (6-3) 

where, 𝜈 is the viscosity of water (taken to be 1×10−6 m2/s) and 𝑘𝑠 =2.5𝑑50.  

Plots of erosion rate against computed shear stress are presented in Figure 6-7 for each of the 

samples. The threshold shear stress has been defined as the shear stress at which the erosion rate 

equals 10-7 m/s. This rate is the smallest rate that can be reliably measured using the 

experimental setup and is comparable to rates used by other researchers to define threshold shear 

stress (e.g. Roberts et al., 1998). Table 6-2 summarises the threshold shear stress measurements 

for each of the subsamples. 

For convenience an erosion rate formula of the form 𝜂 = 𝐴(𝜏 − 𝜏𝑐𝑟)
𝐵 has been fitted to each of 

the experiments. The fitted constants A and B are summarised in Table 6-2 (and the fitted lines 

are shown in Figure 6-7).  

 

Figure 6-7. Erosion rate of field retrieved soil sample and laboratory soil: (a) Top part of the 

field retrieved soil sample; (b) Middle part of the field retrieved soil sample; (c) Bottom part of 

the field retrieved soil sample; (d) laboratory soil SS2; (e) laboratory soil SS3. 
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Comparing across the erosion testing and soil characterisation test results, it appears that the 

fines content slightly increases with increasing sample depth varying from 12% to about 17%. 

At the shallowest depth the threshold shear stress is 0.25 Pa. It is interesting to compare this to 

a uniform non-cohesive sediment with equivalent median grain size of 0.21 mm, for which the 

Shields curve would predict a threshold shear stress of 0.15 Pa. There are many possible reasons 

why the erosion resistance of the field sediment exceeds that of a uniform sediment with 

equivalent median grain size. For example, the fines content of the field sediment can influence 

the bulk properties of the sample; this has been shown to influence erosion resistance 

(Whitehouse et al., 2000). Likewise, the individual grains in the field sediment are biogenic. 

Research suggests that the shape/angularity of sediment grains may be linked to changes in 

erosion resistance (Prager et al., 1996; Paphitis et al., 2001; Smith and Cheung, 2004).  

For comparison with the measured velocities presented in Section 6.2.2, the threshold shear 

stress for the top field subsample has been converted to a threshold velocity (referenced at 1.5 m 

above the bed) using Equations (6-1) to (6-3), a roughness length of 𝑧0 = 0.3 mm (which is 

within the range of values sited by Soulsby (1997), for a range of bottom types, and is consistent 

with calculations presented later in this chapter) and a water density of 1027 kg/m3. This gives 

a threshold velocity of 0.33 m/s (referenced at 1.51 m above the seabed).  

6.3 Model scale laboratory scour experiments 

Experimental testing has been undertaken in a flume measuring 13.2 m long, 400 mm wide and 

600 mm deep at The University of Western Australia. This flume incorporates a sediment bed 

measuring 1.1 m long and 0.5 m deep. A 3D printed replica of the subsea structure was 

constructed at a scale of 1:67 (i.e. the model mudmat diameter was 120 mm). The model was 

printed in two parts - the mudmat and the superstructure - to enable testing with various structural 

configurations (i.e. superstructure and/or mudmat). The model structure represented an 

undistorted replica of the actual field structures, with the omission of only minor structural 

components to enable printing. Figure 6-8 presents photographs of the model structure.  

The flume was used to simulate unidirectional currents of up to ~0.45 m/s (referenced at 50 mm 

above the seabed). The water depth was fixed at 195 mm for all experiments. Two types of 

uniform silica sand (as in Table 6-1) with median grain diameters of 0.19 mm (referred to herein 

as SS2) and 0.59 mm (referred to herein as SS3), respectively, were used in the experiments. 
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These sediments were used to give a range in soil conditions and because they are easy to work 

with and source.  The erosion properties of these sediments were obtained using the same erosion 

testing approach as that described in Section 6.2.3. These erosion properties are given in Table 

6-2 and Figure 6-7.  

  

(a)                                              (b) 

  
(c)                                              (d) 

Figure 6-8. 3D printed model (scale: 1:67): (a) mudmat only; (b) super-structure; (c) 

superstructure supported by the mudmat; (d) solid super-structure supported by the mudmat. 

Two main sets of experiments were undertaken: (i) testing to assess the shear stress amplification 

factor around the structure; and (ii) shallow scour testing to assess the scour pattern and scour 

rate around the structure. Results from both sets of experiments have been used to form the 

laboratory-based predictions described later in the chapter.  

6.3.1 Assessment of amplification factors 

To assess shear stress amplification around the structure, sediment mobility testing was 

undertaken for different structural configurations (i.e. with and without mudmat/super-structure) 

for currents incident from different directions. For each scenario the velocity was increased 

gradually until local sediment mobility was first observed near the structure. The velocity was 

then converted to a shear stress (using Equations 6-1~6-3) and divided by the threshold shear 

stress of the sediment to enable calculation of the maximum shear stress amplification factor 

around the structure. To undertake this calculation, it should be noted that a threshold shear stress 

was calculated based on visual observation in the flume without a structure present. This gave 
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slightly different results to the erosion testing described in Section 6.2 (i.e. visual observation 

led to a smaller threshold shear stress), but was believed to be more appropriate since the 

initiation of motion around the structure was observed in the same way. Each of the experiments 

were undertaken using the SS2 laboratory sand. 

Figure 6-9 (a) presents the computed shear stress amplification factors as a function of incident 

flow direction for the mudmat alone, the superstructure alone and the combined mudmat and 

superstructure. Several observations can be made based on this figure, as follows: 

The amplification factor for the superstructure in isolation is between 3 to 5, depending on the 

incident flow direction. These values are similar to the range compiled by Whitehouse (1998) 

for a range of subsea structures, including rectangular caissons.  

As expected, it can be seen that the mudmat significantly reduces the amplification factor due to 

the superstructure (note, “full structure” in Figure 6-9 refers to the superstructure and mudmat). 

With the mudmat present, the amplification factor is less than 2.5 regardless of incident flow 

direction.  

The variation in amplification factor with flow direction suggests that the orientation of the 

structure can significantly influence scour. The largest amplification factor is observed for 

currents directed normal to the ‘rear’ of the structure (i.e. 𝛽 =0°). The actual orientation of the 

structure (relative to the predominant current direction; taken to be from the SW or 𝛽 =36°) 

result in a smaller amplification factor than this maximum.   

Figure 6-9 (b) presents similar results to that shown in Figure 6-9 (a), but for a version of the 

superstructure which has been made solid to ensure no geometric porosity (see Figure 6-8 (d)). 

Figure 6-9 (c) presents results for the original structure with a collar of scour protection made 

from plastic and set flush with the initial seabed. Collectively these two figures provide insight 

into the effect of geometric porosity and scour protection on amplification. It can be seen in 

Figure 6-9 (b) that the shear stress amplification factor for the superstructure and the full 

structure (i.e. combined structure and mudmat) increases by approximately a factor of 2 when 

the structure is made solid. Consequently, the geometric porosity of the structure significantly 

influences local amplification and, in turn, would be expected to influence the scour development. 

Figure 6-9 (c) shows, as expected, that amplification factors generally reduce as the width of the 

scour protection collar increases. In particular, the amplification factor is substantially reduced 
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when the collar extends 1.5 diameters out from the perimeter of the mudmat. However, there is 

some variation in amplification factor with current direction.   

 
(a) 

 
(b) 

 
(c) 

Figure 6-9. The shear stress amplification factor (𝛼𝜏 ) around the structure under the flow 

direction with highest frequency: (a) the porous structure (scaled in field); (b) the solid structure; 

(c) the full porous structure protected with collars. The azimuthal angle accounts clockwise from 

the symmetrical axis of the structure. The angle of 36°  shown in (a) coincides with the 

predominant metocean current rose chart given in Figure 6-5. 
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6.3.2 Shallow scour experiments 

To investigate the scour development a series of experiments were undertaken in steady and 

time-varying unidirectional currents. These experiments proceeded until the scour depth reached 

20% of the mudmat diameter; hence they have been referred to as ‘shallow’ scour experiments. 

The cut-off criterion of 20% was chosen as it exceeded the scour observed in the field. It was 

also a scour depth which could be simulated reliably in the wave flume, since progressing 

towards equilibrium scour depth would have resulted in the scour pit extending across the full 

width of the wave flume. In each of the shallow scour experiments the structure was orientated 

so that the flume produced currents that were representative of the predominant current direction 

(i.e. from the SW or 𝛽 =36°). 

6.3.2.1 Steady Current  

For the steady current experiments a range of flow velocity was considered, spanning from the 

onset of scour (i.e. lowest free field shear stress which caused scour) to 𝜏/𝜏𝑐𝑟~2-3 for each of 

the laboratory sands. Figure 6-10 presents the scour development in time for some example 

steady current experiments. In this figure the scour depth has been measured at the point of 

approximately maximum scour depth, as indicated in the figure. It can be seen that for each of 

the experiments the scour develops linearly in time for scour less than 10% of the diameter. This 

observation is expected for relatively small scour; the rate of scour is only expected to reduce in 

time as the scour depth becomes a significant fraction of the equilibrium value. Because the 

scour development is linear, the scour curves in Figure 6-10 can be parameterised by a single 

value 𝜉, which defines the rate of scour in time.  

Figure 6-11 indicates how 𝜉 varies with shear stress in the steady current experiments for both 

laboratory sands. As expected, the scour rate is zero until the shear stress is sufficiently large to 

mobilise sediment. For shear stresses above this limit the scour rate increases. To parameterise 

this increase, a relationship of the form 𝜉 = 𝑎(𝜏/𝜏𝑐𝑟 − 𝑏)
𝑛 has been fitted, where 𝑎, 𝑏 and 𝑛 are 

constants. These take values for the SS2 and SS3 laboratory sands, respectively, of 

𝑎 =0.0000085 and 0.0000155, 𝑏 =0.57 and 0.46, and 𝑛 =3.78 and 3.40. 
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Figure 6-10.  Measured scour time history in steady current. Scour observation was conducted 

at the 36° direction relative to the symmetrical axis of the structure (indicated with the red dot). 

The fitted trend lines were plotted close to the measured scatter. 

 

Figure 6-11. The measured scour development rate versus the flow intensity in different soil 

and model scales. The scour development rate subject to SS2 soil is fitted to  𝜉 = 𝑎(𝜏 − 𝑏)𝑛 as 

indicated with the dash line. 

It is useful to note that the shear stress at which 𝜉 intercepts the horizontal axis in Figure 6-11 

coincides with 𝜏/𝜏𝑐𝑟~1/1.7 and 1/2.1 for the SS2 and SS3 sediments, respectively. The value of 

1/1.7 is expected for the SS2 sand based on the amplification factor results presented in Figure 

6-9 (a) (using SS2 sand), whilst the result for SS3 implies a very similar amplification factor. As 

was the case in Figure 6-9, for consistency the results in Figure 6-11 have also been normalised 
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by a threshold shear stress observed in the flume without a structure present, rather than the 

erosion testing value.     

Figure 6-11 also presents one result for a smaller model scale replica structure constructed at a 

scale of 1:114. It can be seen that this has a higher scour rate than the equivalent shear stress and 

sediment measured for the larger model. An attempt to explain this difference is made in Section 

6.4 using scaling arguments. 

6.3.2.2 Time-varying flow conditions 

Application of laboratory results to field conditions requires some means to consider time-

varying current conditions. The usual approach is to amalgamate results in unidirectional steady 

current conditions assuming that the scour process develops with no memory effects; i.e. the 

scour at any time only depends on the instantaneous flow conditions and instantaneous scour 

depth, not the particular time series of flow conditions that caused preceding scour (see, for 

example, Whitehouse, 1998). Adopting this logic, the scour depth in time-varying unidirectional 

flow conditions can be estimated according to: 

𝑆(𝑡) = ∫
𝑑𝑆

𝑑𝑡
 𝑑𝑡′

𝑡′

0
= ∫ 𝜉 [

𝜏(𝑡)

𝜏𝑐𝑟
] 𝑑𝑡′

𝑡′

0
  ,                                                                        (6-4) 

where the integrand in this expression may be inferred from steady current experiments and the 

function 𝜉(𝜏/𝜏𝑐𝑟) is given by the fitted lines in Figure 6-11.   

To test the appropriateness of Equation (6-4) a set of three experiments were conducted with 

time-varying current; which collectively cover a range of different increases and decreases in 

current velocity with time. Figure 6-12 presents the velocity time series for these experiments 

and the resulting measured scour depth. Also shown is a prediction based on Equation (6-4) 

(which has been evaluated by computing the corresponding time variation in 𝜏/𝜏𝑐𝑟  and then 

using the fitted curves in Figure 6-11). It can be seen that the prediction is in reasonably good 

agreement with the experimental measurement; this implies that the time-stepping approach 

inferred by Equation (6-4) may be used to predict scour in time-varying currents. This framework 

is used in the next section to form a laboratory-based estimate of scour in the field.     
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(a)                                                                 (b) 

 
(c)  

Figure 6-12. The measured scour time history and the scour evolution progress predicted with 

the scour prediction model subject to time-varying flow conditions: (a) time-varying flow 

condition 1 in SS3 soil; (b) time-varying flow condition 2 in SS3 soil; (c) time-varying flow 

condition 3 in SS2 soil. Scour observation was conducted at 36° relative to the symmetrical axis 

of the structure (indicated with the red dot). 

6.4 Forming laboratory-based estimates of scour at field-scale 

A framework is outlined in this section to estimate scour at field-scale using a combination of 

the laboratory experiments (incorporating the actual structural geometry) together with the field 

erosion rate measurements and metocean current measurements. This is achieved by using the 
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time-stepping method introduced in Section 6.3.2.2 and by adopting scaling arguments to relate 

the shallow scour experiments to field scale and field soil conditions.  

6.4.1 Scaling arguments 

So as to relate the laboratory experiments (conducted in uniform sediment at model scale) to 

field scale a set of scaling arguments are introduced here. To develop these scaling arguments, 

it has been assumed (based on continuity) that:                    

 
𝜕𝑆

𝜕𝑡
∝

𝜕𝑞

𝜕𝑠
 ,                                                                                                                            (6-5) 

where 𝑞 is the local transport rate of the sediment and 𝑠 is a length scale over which the transport 

rate varies significantly around the structure. The left-hand side of Equation (6-5) is simply the 

rate of scour, given by 𝜉 for small scour depth; i.e. 𝜉 ≡ 𝜕𝑆/𝜕𝑡. The right-hand side of Equation 

(6-5) describes the spatial variation in transport rate around the structure. This spatial variation 

is approximated by: 

𝜕𝑞

𝜕𝑠
~
𝑞max

𝐷
  ,                                                                                                                          (6-6) 

where 𝐷 is the diameter of the mudmat and 𝑞max is the maximum amplified transport rate around 

the structure (i.e. the sediment transport rate calculated using the maximum amplification factor).  

Using Equation (6-5) and Equation (6-6), it then follows that: 

𝜉 ∝
𝑞max

𝐷
  .                                                                                                                          (6-7) 

Based on Equation (6-7) the scour rate observed in the model scale shallow scour experiments 

have been scaled up to field conditions according to: 

𝜉𝐹

𝜉𝐿
= {

𝑞max,𝐹

𝑞max,𝐿 

𝐷𝐿

𝐷𝐹
when       𝑞max,𝐹 ≥ 0  ,

0 when       𝑞max,𝐹 = 0  ,
                                                                          (6-8) 

where the subscript ‘𝐹’ refers to field-scale values and ‘𝐿’ to laboratory-scale values, and it has 

been assumed (based on the erosion testing results) that 𝑞𝑚𝑎𝑥,𝐹 ≥ 𝑞𝑚𝑎𝑥,𝐿. 

Finally, following Mohr et al. (2016) the erosion test results can be used to determine the 

transport rate for the laboratory and field sediments (see Equation 3.2 and Equation 3.8 in Mohr 

et al. 2016). Since the erosion tests of all samples had similar sample length, this leads to: 
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𝜉𝐹

𝜉𝐿
= {

𝐴𝐹(𝛼𝜏𝜏−𝜏𝑐𝑟,𝐹)
𝐵𝐹

𝐴𝐿(𝛼𝜏𝜏−𝜏𝑐𝑟,𝐿)
𝐵𝐿

𝐷𝐿

𝐷𝐹
when    𝜏/𝜏𝑐𝑟,𝐹 ≥ 1/𝛼𝜏  ,

                 0                       when      𝜏/𝜏𝑐𝑟,𝐹 < 1/𝛼𝜏  ,    

                                        (6-9) 

where the values 𝐴, 𝐵 and 𝜏𝑐𝑟 may be taken from Table 6-2 for the relevant soils and 𝛼𝜏 is the 

structure specific shear stress amplification factor (which relates to the maximum transport rate). 

The two ratios in Equation (6-9) effectively account for differences in soil conditions and 

geometric scale in the laboratory and the field, respectively. 

The scour experiments presented in Section 6.3 provide a means to test the result in Equation (6-

9). To perform this test, it has been assumed that the 1:67 scale model experiments conducted 

on SS2 sand are ‘field conditions’. The observed values for 𝜉 for the 1:114 scale model in SS2 

sand and the results obtained for the 1:67 scale model in SS3 sand have then been taken to be 

laboratory values and converted to ‘field conditions’ representative of the 1:67 scale model with 

SS2 sand using Equation (6-9). Figure 6-13 presents the results. It can be seen that the results 

start to collapse with this scaling; suggesting that Equation (6-9) does make some account of the 

differences in soil erosion properties (scaling from SS3 to SS2) and geometric scale (scaling 

from the 1:114 to 1:67 model).  

 

Figure 6-13. The measured scour development rate versus the flow intensity in different soil 

and model scales. The scour development rate subject to SS2 soil is fitted to  𝜉 = 𝑎(𝜏 − 𝑏)𝑛  

as indicated with the dash line. The scour development rate for SS3 soil has converted to SS2 

soil by applying Equation (6-9); similarly, the scour development rate for the 70mm model has 

been converted to a 120 mm model by applying Equation (6-9). 
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6.4.2 Forming field estimates 

Making use of Equation (6-9) and the time stepping scheme defined by Equation (6-4) the 

following steps have been undertaken in the present case study to form a field-scale prediction 

of scour (presented in Section 6.5.1): 

One calendar year of the site specific metocean measurements have been filtered so as to only 

retain currents directed from the South-West quadrant. No effort has been made to separate 

different current directions given that the metocean measurements show limited spread in 

direction.  

Each current in the time series has then been converted to a shear stress by assuming a roughness 

length 𝑧0 and using Equations (6-1) and (6-2). 

The amplification factor for the structure has been adopted as 1.7 based on the experimental 

results shown in Figure 6-9 (a) and the predominant metocean current direction. 

Equation (6-9) has then been used together with Equation (6-4), incorporating the erosion rate 

results for the field and laboratory samples, to compute the scour associated with each minute of 

current measurement. For consistency the shallow scour laboratory results based on SS2 sand 

have been used, since amplification factors have been obtained using this sediment.  

In step 4, the erosion properties for the top sample are used when the scour depth is less than 300 

mm. For deeper scour, the erosion properties of the middle (i.e. 300-600 mm) or the bottom 

sample (i.e. >600 mm) are used. 

To enable comparisons with the scour observations at 4.5 and 17.5 months, a fraction of the 

calendar year has been used (in the case of 4.5 months) or the entire calendar year plus a further 

fraction (for 17.5 months). Where a fraction of a year has been used care has been taken to use 

the same months of the year for which the structure was installed. 

6.5 Comparison of scour observations with laboratory-based predictions 

Figure 6-14 provides a schematic of the observed scour at various locations around the structures 

for each of the two surveys. It can be seen in these figures that the scour is not uniform or 

symmetric around the structure, as might be expected given that the structure is not aligned with 

the predominant current direction. It can also be seen that the scour profiles for both structures 

are relatively similar, and that the scour develops considerably between surveys.  
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In the following subsections the scour development is compared with laboratory-based estimates, 

before the scour profile observed in the experiments is compared to the observations summarised 

in Figure 6-14.  

 

                             (a)  survey 1                                            (b) survey 2 

 

                              (c)  survey 1                                             (d) survey 2 

Figure 6-14. The field scour measurements around the skirt of the structures at the first and 

second surveys: (a) structure 1, survey 1 (4.5 months after installation); (b) structure 1, survey 2 

(17.5 months after installation); (c) structure 2, survey 1 (4.5 months after installation); (d) 

structure 2, survey 2 (17.5 months after installation). The azimuthal angle (𝛽) extends counter-

clockwise from the symmetric axis of the structure.  

6.5.1 Scour development 

Figure 6-15 presents the scour predictions obtained using the framework outlined in Section 6.4 

for a range of values of 𝑧0 (which is not known in the field). It can be seen that the predictions 

agree reasonably well with the field observations when 𝑧0~0.7 mm after 4.5 months and 0.3 mm 

after 17.5 months. These values of bed roughness are not unreasonable, with Soulsby (1997) for 
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example suggesting a value of 0.4 mm for unrippled sand in the North Sea. Furthermore, it can 

be seen that the roughness value leading to good agreement between the predictions and 

observations for both survey periods vary by ~0.4 mm. Given the uncertainty associated with the 

currents actually seen by the structure over the survey periods, this variation seems to be 

reasonably small.  

To gauge the sensitivity of the results to the input parameters, Figure 6-15 also presents scour 

predictions formed without making any correction for the soil conditions; i.e. the erosion 

properties of SS2 are assumed to be appropriate for the field conditions. It can be seen that the 

scour estimates increase significantly, especially for the survey at 17.5 months. These results 

suggest that it is important to properly account for the erosion properties of the field sediment to 

ensure accurate scour estimates. This finding is likely to be a general finding in cases where 

scour is shallow (i.e. far from equilibrium scour depth conditions).  
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(a) 

 

(b) 

Figure 6-15.  The scour estimation using laboratory soil (SS2) and local sediment: (a) 4.5 month 

after installation of the structure; (b) 17.5 month after installation of the structure. Black line 

accounts for erosion properties of local sediment; grey line just assumes superfine sand (SS2). 

It is also possible to gauge the sensitivity of the scour estimates to the structural geometry and 

the local current directionality. For instance, if current direction is ignored Figure 6-9 (a) 

suggests that the amplification factor could be up to 2.5 (or ~50% larger than that appropriate 
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for the predominant current direction). Based on the scaling outlined in Section 6.4 this would 

suggest scour estimates of 50% larger than that given in Figure 6-15. Alternatively, if the specific 

structural geometry is ignored and the structure is modelled instead as a truncated circular 

cylinder of diameter 8 m and height 4 m, shear stress amplification factor contour plots presented 

by Zhao et al. (2010) suggest that the maximum amplification factor would be ~2. This would 

result in a scour prediction at least 15% larger than that in Figure 6-15, and would fail to explain 

the asymmetry observed in the scour predictions. Furthermore, it is important to note that the 

value of ~2 for the truncated cylinder is likely to be fortuitously close to the structure specific 

value of 1.7, since it ignores the rectangular shape of the superstructure (which will increase the 

amplification factor) and the effect of the mudmat, which provides some inherent scour 

protection (and therefore reduces the amplification factor, offsetting the increase due to the 

superstructure shape).  

6.5.2 Scour profile around the structure 

The shallow scour experiments also provided an opportunity to observe the scour profile which 

resulted around the model scale structures. Assuming that the scour hole scales with the structure 

size, these experimental profiles are expected to match the field observations. Scanned images 

obtained from one of these experiments at similar normalised maximum scour depth have been 

compared with the field observations in Figure 6-16 and Figure 6-17. It is evident that the scour 

profile is similar on the upstream side of the structure for the field observations and the 

experiments (where the upstream side is defined relative to the predominant current direction). 

However, the agreement is less striking on the Western perimeter (i.e., with large amount of 

deposition), which is likely to be because of scour contributions in the field from currents not 

aligned with the principle current direction (and therefore not accounted for in the experiments, 

which reproduced unidirectional currents). 

To explore the hypothesis that variations in the incident current direction influence the observed 

scour profile in the field, a series of supplementary shallow scour experiments were undertaken. 

In these experiments, scour was simulated for 𝜏/𝜏𝑐𝑟 =1.65 and a range of incident angles 

spanning from 𝛽 =18° to 54°, which correspond to the incident directions of the most significant 

currents in the field. In each experiment scour was simulated until the maximum scour depth 

divided by the mudmat diameter reached 2.5%. A surface scan was then undertaken and the 
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experiments were progressed until the scour depth reach 5.0% of the diameter and a further scan 

was taken. Each of the scans were then weighted based on the occurrence percentage of the 

incident current direction indicated by the field measurements, and then superimposed to form 

an overall scour profile. This leads to two superimposed profiles having maximum scour depths 

of 2.3% and 4.5% of the mudmat diameter, respectively, which are close to the survey values of 

2.5 % and 6.2 %. It should be noted that the superposition assumes that the scour development 

is sufficiently shallow that cumulative scour experienced from one current direction does not 

influence subsequent scour from another direction. It also assumes that the scour rate 

experienced for each of the current directions is similar; this appears valid on the grounds that 

the amplification factor for the range in 𝛽 modelled appears to be vary only a little in Figure 6-

9 (a).  

            

 

Figure 6-16. The 3D scour hole profile created in laboratory soil SS2 where the maximum scour 

depth was similar to the field measured counterpart. Single directional incoming flow was 

introduced 36 ° counter-clockwise to the symmetric axis of the structure: (a) 𝑆/𝐷=0.025; (b) 

𝑆/𝐷=0.05. Z indicates the depth of the scour hole. 

Figure 6-18 presents the scour profiles for each of the constituent current directions and the 

superimposed profile for overall scour depths of approximately 5.0% of the mudmat diameter. 

Figure 6-19 compares the scour around the perimeter of the mudmat with the superimposed 

experimental results; the superimposed profile with maximum scour of 2.3% of the diameter is 

compared with the first survey and the profile with maximum scour of 4.5% of the diameter is 

compared with the second survey. It can be seen in these figures that the scour profiles match 

reasonably well, especially for the second survey. The only disagreement occurs in the leewake 

of one of the structures, but in regions where the scour is largest (i.e. 𝛽 <90° and 𝛽 >270°) the 



 Chapter 6 Scour around a subsea structure: comparison of field data with laboratory-based predictions 

146 

 

agreement is very good. This finding suggests that the scour process observed in the experiments 

is a reasonable representation of that observed in the field, and helps to explain how the scour 

profile is influenced by the structural geometry and the incident current direction.    

 

(a) 

 

(b) 

Figure 6-17. The scour depth along the skirt of the structure observed in field and in the 

laboratory at a similar maximum scour depth subject to the single directional incoming flow 

(𝛽 = 36 °): (a) survey 1 (4.5 months after installation) compared with experiments; (b) survey 2 

(17.5 months after installation) compared with experiments. 
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    (a) 18 °                                      (b) 27 ° 

 

(c)  36 °                                      (d) 45 ° 

 

                        (e)    54 °                        (f): superimpose of (a) -(e) 

Figure 6-18. The 3D scour hole profile created in laboratory soil SS2 at the maximum scour 

depth 𝑆/𝐷=0.05. The overlapped scour hole profile is superimposed with the scour profiles 

achieved under multiple incoming flows weighted by its frequency based on the current rose. Z 

indicates the depth of the scour hole. 
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(a) 

 
(b) 

Figure 6-19.  The scour depth along the skirt of the structure observed in field and in the 

laboratory at a similar maximum scour depth subject to incoming flow from multi-directions: (a) 

survey 1 (4.5 months after installation) compared with experiments; (b) survey 2 (17.5 months 

after installation) compared with experiments. 

6.6 Conclusions 

In this chapter a series of scour observations have been presented for a subsea structure supported 

by a mudmat foundation. Combined with field measurements of near bed currents and soil 

classification data, these observations serve as an excellent dataset for comparison to laboratory-

based scour predictions. To enable this comparison, a series of laboratory experiments have been 

undertaken using the structure specific geometry, including measurements of shear stress 

amplification and scour. Scaling arguments have then been introduced to attempt to use the 

experimental results for field-scale predictions. The following conclusions may be drawn from 

this chapter: 
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Review of the scour observations indicated that scour around the subsea structure increased over 

time and developed a profile that was both non-uniform around the perimeter of the structure 

and asymmetric; these observations were consistent with velocity measurements which indicated 

a unidirectional current profile with a predominant incident angle that was oblique to the super-

structure. Local sediment recovered from the site was also found to have a slightly higher erosion 

resistance than that predicted by the Shield’s curve for a non-cohesive uniform sediment of 

equivalent median grain size.   

Model scale experiments using a replica 3D printed structure indicated that the maximum shear 

stress amplification factor is sensitive to the incident current direction and the specific structural 

configuration (e.g. with and without the mudmat). Additional experiments also indicated how 

increases in the geometric porosity and the extent of scour protection both reduce the 

amplification factor and the susceptibility to scour.  

Based on model scale shallow scour experiments, it was found that a simple time-stepping 

scheme that amalgamates results from steady current experiments works well for unidirectional 

time-varying currents. This finding suggests that a time-stepping scheme can be used to form 

accurate field estimates of scour resulting from unidirectional currents.  

A framework has been developed to predict scour for the present subsea structure using the 

laboratory experiments. This framework makes use of the fact that the currents in the field are 

mostly unidirectional. At the heart of the framework are scaling arguments which have been 

shown to explain trends observed in the model scale scour experiments conducted for structures 

with different geometric scale and conducted in different sediments.  

Focusing specifically on the scour predictions, the following conclusions have been formed: 

Whilst a more objective comparisons between the laboratory-based predictions of scour and field 

data could be made if the seabed roughness length scale 𝑧0 was known (which could be inferred 

in future if more detailed velocity measurements where made) reasonable agreement is evident 

between field observations and laboratory-based scour predictions for realistic values of 𝑧0. This 

suggests that the scour predictions are in good agreement with the observations.  

The laboratory-based predictions are sensitive to the input values for the site-specific soil 

conditions, the structural geometry and the metocean current characteristics. Accurate scour 
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prediction must account for each of these input factors. Likewise, as outlined in the conclusion 

above, the current measurements should ideally allow for accurate estimate of seabed shear stress 

(i.e. seabed roughness length). 

With respect to the scour profile around the subsea structure, agreement between the experiments 

and the field observations was very good, especially when small variations in the incident current 

direction are accounted for. The experiments reproduced the non-uniformity and asymmetry in 

the scour profile. This suggests that inferences drawn from the experiments regarding the 

influence of structural geometry and incident current direction on scour are transferrable to field 

conditions.  

It is hoped that this work will provide stimulus for further research on scour of subsea structures, 

ultimately leading to development of general methodologies and design guidelines for any type 

of structure. 
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Chapter 7 Concluding Remarks 

 

7.1 Main findings 

A novel sensor (CIS) has been developed to perform scour observations at submerged vertical piles with 

high resolution and accuracy; its potential for sediment concentration observation and scour development 

rate measurement was preliminarily investigated. Subsequent experimental investigations of local scour 

at simplified submerged subsea structures using this CIS have been presented in terms of the scour 

development time history, equilibrium scour depth and scour time-scale, together with 3D scour hole 

profiles. The experimental dataset subject to a range of combinations in the structure geometry and shape, 

soil properties and flow conditions was developed and some scour predictions/models were presented.  

7.1.1 The aspect ratio and flow intensity effect on the equilibrium scour depth and time-scale at 

submerged piles in steady current 

In Chapter 3, the equilibrium scour depth subject to the variation of structure aspect ratio (ℎ/𝐷), shape 

and flow intensity was accounted for. The first estimation of the equilibrium scour depth may be 

determined via conducting interpolation of the test dataset subject to the structure aspect ratio and flow 

intensity. The structure shape correction factor (𝐾𝑠𝐾𝛼) may facilitate the contribution of structure shape 

to the equilibrium scour depth be accounted for. The time-scale of scour was found to trade-off with the 

increasing of the pile aspect ratio and decrease with the increasing of flow intensity. 

7.1.2 The effect of structure geometry at submerged concentric compound structures 

The equilibrium scour depth at the submerged concentric compound structures in steady current was 

examined in Chapter 4 and 5. Where the trend in the equilibrium scour depth and time-scale subject to 

the variation in the structure geometries was studied intensively. The test result validated that the first 

estimation of the equilibrium scour depth at the compound structures may approximate to that at a 

uniform cylinder with equivalent height. The time-scale of local scour at compound structure is 

comparable to that at the uniform cylindrical structure with equivalent height. 

7.1.3 A general approach for estimation of scour at submerged compound subsea structures 

Chapter 6 presented a general approach to conduct state-of-the-art scour estimation of scour at a 

submerged non-concentric compound subsea infrastructure accounting for the effect of structure 
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geometry, in field soil property and flow condition. A scour prediction model was presented to predict 

the magnitude of local scour at in-field subsea structure. Firstly, the scour development rate at the 3D 

printed replica of a subsea structure was measured in uniform laboratory soil under the action of typical 

in-field flow condition. The erosion property tests for both the uniform laboratory soil and in-field marine 

soil were performed. Further on, the shear stress amplification factor at the 3D printed model structure 

was measured which facilitated the determination of the scour development rate at prototype scale 

together with the scaling of the soil erosion property, scour development rate and model dimension. The 

pilot scour estimation campaign at a subsea pipeline connector was well validated with the field 

observation dataset 

7.2 Recommendations for future research 

7.2.1 Comparison on the effect of pile aspect ratio with the effect of water depth to pile diameter 

ratio on the equilibrium scour depth 

Chapter 3 examined the equilibrium scour depth at circular pile subject to the variation of pile aspect 

ratio (ℎ/𝐷) and flow intensity. The pile aspect ratio correction factor (𝐾ℎ) facilitates the contribution of 

pile aspect ratio to the equilibrium scour depth be accounted for. Interestingly, the effect of the water 

depth to the pile diameter ratio demonstrates similar trend on the equilibrium scour depth (Melville and 

Sutherland, 1988; Sumer and Fredsøe, 2002) to that of the pile aspect ratio. As regarding the fact that the 

physics in the flow structure at the surface piercing pile and submerged pile is different, it may be 

worthwhile to compare the effect of pile aspect ratio with the effect of water depth to pile diameter ratio 

on the equilibrium scour depth in detail in future studies.   

7.2.2 Development of experimental database on shear stress amplification factors at a range of 

subsea structures 

It is highlighted in Chapter 6 of present study that the shear stress amplification factor at a subsea 

structure is critical to the estimation of the likelihood and rate of scour. With the existence of the structure, 

shear stress amplification may increase the erosion rate at the structure leading to an increase in the scour 

depth. This work is proposed to start with measuring the shear stress amplification factors at a range of 

simple structures (i.e., uniform submerged cuboids) and more complex structure arrangements (i.e., 

submerged concentric or non-concentric compound structures, porous simple/ compound structures), 

which may facilitate the optimisation of scour mitigation design. The methodology used to determine the 

amplification factors may build on that adopted in Chapter 6. 
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7.2.3 Experimental investigation on local scour at submerged compound structures in multi-

directional currents 

Within subsea developments, the superstructure of a subsea structure may be supported by a mudmat or 

suction pile, resulting in a compound geometry (which may be solid or porous). The extent of scour at 

these compound structures under the action of multi-directional currents remain unknown. Under this 

scenario, the validity of the equivalent height method may be investigated further. 

7.2.4 Experimental study on the effect of soil property to the extent of scour at submerge subsea 

structures 

The extent of scour at structures in uniform non-cohesive soils has been studied intensively. Instead, the 

counterpart in non-uniform and cohesive soils, which are often applicable for marine sediment, is less 

well studied. Soil erosion tests using retrieved marine sediments from the field and re-constructed 

samples indicate that with the increase of the fine contents (i.e., silt, clay) or in cohesive soil (i.e., Kaolin), 

the erosion resistance of the soil may increase leading to the significant decrease in the erosion rate (Mohr, 

2015; Ye, 2012). As scour predictions on the extent of scour in marine sediment (or soil with significant 

cohesion) is sparsely reported, there is uncertainty or over-estimation in the prediction of scour at 

submerged structures. Based on the arguments outlined in Chapter 6, more systematic study of scour 

around submerged piles in marine sediments would be ideal. 

7.2.5 Scour protection mitigation performance evaluation based on experimental investigation 

and field observation data 

In subsea development, scour protection may not be applied to the perimeter of the subsea structures 

together with the installation of these structures owing to the relative long turning-round time (in order 

of couple of months) in vessel mobilisation. The implication of this normal practice may be that the 

subsea structures may be exposed to the harsh offshore environment without scour protection, which may 

allow local scour to development at these structures with significant magnitude or even undermine the 

shallow skirted foundations before the application of scour protection around the structures. This 

highlights the significance of conducting research on scour prediction, determination of scour mitigation 

magnitude and its performance through a combination of experimental investigation and further 

comparison of field data.  
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7.2.6 Scour at shallowly installed foundations 

Present study limits to the investigation at deeply embedded foundations, such as deeply embedded pile, 

mudmat. On the contrary, many subsea structures may in the form of shallowly installed foundation (i.e., 

pipeline manifold supported by sliding foundation (Cocjin et al., 2014)) or shallowly embedded (i.e., 

mudmat with limited skirt). Excessive local scour at these structures may lead to undermining or tilting 

of the structure and study on local scour at these structures are sparsely reported which may be one of 

the future research topics as well.  
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Appendix A Detecting sediment concentration using 

Contact Image Sensor 

 

Abstract 

This chapter presents a new methodology to measure sediment concentration using the Contact 

Image Sensor in the boundary layer. The detectable range of the sediment concentration was 

found to be sensitive to the sediment particle size (𝑑50). It is found that in the siliceous sand 

mixture the CIS best works at the concentration range from 0.1~50 𝑘𝑔/𝑚3 . The narrow 

sediment-laden layer induced by unidirectional steady current (with 𝐶>10 𝑘𝑔/𝑚3 and average 

layer thickness ranging 3mm~17mm) in the close vicinity of a sand bed was detected with the 

sensor at different flow intensities. And the stratification in the sediment concentration was 

observed to be in reasonable agreement with existing empirical predictions in the literature. 

 A.1 Introduction  

Sediment concentration is an important parameter in riverine and coastal environments. In the 

past several decades, various devices have been developed to conduct field measurement of 

sediment concentration, such as turbidity meter (Pruitt, 2003), bulk optics (Melis et al., 2003), 

laser device (Gartner et al., 2001), pressure difference device (Lewis and Rasmussen, 1999; 

Larsen et al., 2001), hydro-acoustics device (Gartner, 2004; Thorne and Hurther, 2014; Wilson 

and Hay, 2016), a review on the field measurement technologies was presented by Grey and 

Gartner (2009). Besides, more recently the remote sensing technology was applied in the 

estimation of suspended sediment concentration over a large area (Li and Li, 2016).  

As regarding the sediment concentration observation accuracy, the turbidity meter and laser 

signal based devices work well in the low concentration region (less than 5 𝑘𝑔/𝑚3)acoustic 

backscatter approach can monitor the sediment concentration ranges from 0.01-20 𝑘𝑔/𝑚3 (in 

silt and clay) and 0.01-3  𝑘𝑔/𝑚3  (in sand), and the pressure difference technology based 

method was reported to be unreliable for suspended sediment concentration less than 

10 𝑘𝑔/𝑚3 (Grey and Gartner 2009).  

More often, in laboratory the high temporal-spatial resolution profile of sediment concentration 

is observed with acoustic approach. Naqshband et al. (2014a, b) adopted an acoustic 

concentration and velocity profile (ACVP) in measuring the sediment flux along a dune profile 

and over the entire water column in a flume. Two tests were conducted under 𝜃=0.3 and 0.61, 
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where 𝜃 is the Shields parameter. The interface between the suspended load and the near-bed 

load layer was found by the acoustic interface detection method. The observation results 

indicated that sediment concentration decreased with increasing distance from the bed over the 

entire dune and became very small near the water surface. The concentration profiles along the 

dunes demonstrated that the decrease of sediment concentration toward the water surface 

occurred more gradually over the trough and the lee side of the dune compared to the crest and 

the stoss side of the dune. The intensity of suspension sediment concentration was the largest 

in the trough region and decayed towards the crest where turbulent energy was much lower. 

Wilson and Hay (2016) reported a laboratory observation of the sediment concentration with a 

coherent Doppler profiler. The measurement was conducted at 𝜃=0.2 with water depth being 

1m. The sand ‘bed’ was defined based on a threshold sediment mass concentration 20 𝑘𝑔/𝑚3. 

A thick sediment-laden layer being associated with the turbulent lee region of the dune was 

found. However, the authors noted that it was difficult to measure sediment concentration in 

the close vicinity of bed owing to the near-bed contamination of the acoustic signal. 

As regarding the methodology for high sediment concentration measurement remains limited, 

and the near-bed contamination of the acoustic signal limits the capacity of the acoustic 

measuring method. This motivated the authors of present chapter to attempt a new method in 

sediment concentration measurement in the boundary layer with Contact Image Sensor (CIS), 

and to advance the understandings on the distribution characteristics of sediment concentration. 

An et al (2016) briefly mentioned the potential for using CIS to measure sediment 

concentration. A systematic study is conducted here.  

This chapter is organized as following: Section A.2 reports some technical specifications of the 

CIS, Section A.3 presents the calibration results of the CIS; the measured sediment 

concentration profiles are presented in Section A.4. The conclusions are given in section A.5.  

A.2 Contact Image Sensor 

A ROHM LSH3008-CA10A add-on structure Contact Image Sensor (CIS) was adopted in 

present chapter. Its conventional application is document scanning, bill sorting, etc., by 

identifying the difference in the light reflecting intensity upon the scanned patterns. The 

application of this sensor in sediment transportation observation was firstly reported by An et 

al. (2016). 

The electronic unit of the CIS measures 236±0.5 mm in length, 15.5±0.2 mm in width and 

11.5±0.3 mm in height. This unit is then encapsulated into a rectangular cuboid slot (with wall 
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thickness being 2mm) sealed with tempered glass, measuring 240mm in length, 20mm in width 

and 20mm in height, as demonstrated in Figure A-1. The sensor works at 300 𝑑𝑝𝑖 resolution, 

and in total it renders 2592 Pixels. The effective reading width of the sensor is 216mm, 

rendering a resolution about 0.0833mm/Pixel.  

Each pixel of a CIS detect the intensity of the reflected light and it is defined as 𝐶𝑟 which is in 

the range of 240-800, corresponding to the minimum and maximum reflection, respectively.  

Through this work, it was also noticed that the CIS reading is sensitive to temperature for 

temperature higher than 30 ̊𝐶. In this work, the water temperature was maintained at 27 ̊𝐶.  

 

Figure A-1. The dimensions of the Contact Image Sensor. The upper figure displays the 

dimensions of the electronic unit of CIS and the figure beneath with green light on demonstrates 

its encapsulated dimensions. The unit is in Millimeter (mm). The dimensions of the sensor are 

plotted base on the product data sheet (2012.10-Rev.A issued by ROHM Semiconductor). 

A.3 Sensor calibration 

Two sediment samples (a non-cohesive uniform siliceous sand with 𝑑50=0.24mm and a non-

cohesive calcium carbonate with 𝑑50=0.10mm, as in table A-1) were tested in a recirculation 

tank to further validate the relationship between the sensor reading (𝐶𝑟 ) and sediment 

concentration (𝐶). The particle size distribution curves of these sediment samples are displayed 

in Figure A-2.  

Table A-1. The test sediment adopted in present chapter. 

Sample Sample name 
𝒅𝟓𝟎 

[mm] 

1 Siliceous sand 0.24 

2 Calcium carbonate 0.10 
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Figure A-2. The particle size distribution curves of the sand samples adopted in present chapter: 

(a) solid line siliceous sand; (b) dashed line calcium carbonate. 

The 𝐶𝑟  value of the CIS was logged for 2 minutes after the sediment was fully mixed in 

suspension in the tank. The mass of the sand added into the tank increased gradually, for each 

sand sample from 0 up to 52 𝑘𝑔/𝑚3. As demonstrated in Figure A-3, the test result of present 

chapter is in consistency with that reported in An et al. (2016). Within the testing concentration 

range, linear relationships were found between sediment concentration (𝐶) and 𝐶𝑟. At the given 

sediment concentration (𝐶), the 𝐶𝑟  reading is sensitive to the particle size (𝑑50). This also 

indicates that the sediment concentration measurement capacity of the CIS decreases with the 

particle size (𝑑50). For the calcium carbonate sediment, since it is the finest testing sediment, 

the reliable detectable sediment concentration is about  30 𝑘𝑔/𝑚3, while for the siliceous sand 

(𝑑50=0.24mm), this capability remains reliable at 50 𝑘𝑔/𝑚3.This attributed to that the strength 

of the reflected light is affected by sediment types. Therefore, a series of calibration tests is 

required before the CIS sensor is applied for measuring sediment concentration.  

 

Figure A-3. The effect of sediment concentration (𝐶) on the 𝐶𝑟 value. 



Appendix A Detecting sediment concentration using Contact Image Sensor 

160 

 

In case of the uniform silica sand (Sample 1), to achieve the best fit to the observed scatters, 

two linear equations were adopted, as plotted in Figure A-4: 

𝐶 = 0.0283𝛥𝐶𝑟 , 𝛥𝐶𝑟<11                                                                                                (A-1) 

𝐶 = 4347𝛥𝐶𝑟 − 4.256, 11< 𝛥𝐶𝑟<125                                                                             (A-2) 

where 𝛥𝐶𝑟 is defined as the 𝐶𝑟 value measured in sand-water mixture subtracts its counterpart 

in clear water condition with suspended sediment concentration equals 0. For higher sediment 

concentration conditions, the 𝐶𝑟 value does not show obvious increase with the increase of 𝐶. 

The calibration results are used for the concentration measurement in the boundary layer on a 

plane sandy seabed. 

 

Figure A-4. The sediment concentration (𝐶 ) versus 𝛥𝐶𝑟  for silica sand (test Sample 1, 

𝑑50=0.24mm). 

A.4 Sediment concentration in a boundary layer 

The sediment concentration profile in the boundary layer was measured in the Small O-tube 

facility (Figure A-5), which is a closed circulating water channel driven by a pump (An et al., 

2011; Leike et al., 2016). The test section has dimensions of 3m×0.3m×0.3m. Two steady 

current tests were conducted at 𝜃/𝜃𝑐𝑟= 3.61 and 7.29. The silica sand (Sample 1) was adopted 

as a sand bed (𝜌𝑠=2650 𝑘𝑔/𝑚3, 𝜃𝑐𝑟=0.041, where 𝜃𝑐𝑟 is the critical Shields parameter), as 

shown in Table A-2. To detect the variation in the sand surface simultaneously with the 

sediment concentration, the CIS was vertically embedded in the side-wall of the test section 

with 95mm of the sensor buried in the sand bed. 



Appendix A Detecting sediment concentration using Contact Image Sensor 

161 

 

 

Figure A-5. The Small O-tube facility. In present chapter, the CIS was embedded in the false 

side wall of the flume, and flow ran from the left to the right side of the test section. 

Table A-2. The test matrix of the sediment concentration observation test. 

Test No. 
𝜽/𝜽𝒄𝒓 

[-] 

𝜽𝒄𝒓 

[-] 

𝒅𝟓𝟎 

[mm] 

1 3.61 0.041 0.24 

2 7.29 0.041 0.24 

The sediment concentration in the boundary layer is examined here. When the CIS was partially 

buried in sand, it was found out that there is a sharp change in the 𝐶𝑟 value at the interface of 

sand and water (An et al., 2016). At a given time 𝑡, the  𝐶𝑟 value at each pixel indicates the 

status of the pixel, i.e., buried in sand or exposed in water. In Test 1, the status of each pixel 

varying with time is displayed in Figure A-6 (a). In the still clear water condition, the variation 

of the in the 𝐶𝑟  value at the sand-water interface ranges from 280 to 500 within 8 pixels, as in 

Figure A-6 (b), and the sand surface was defined as where the 𝐶𝑟 value being larger than 500. 

Under running flow condition, more pixels detected in the transition zone (reading of the pixels 

ranging from 280 to 500), which indicates the increase of the sediment concentration in the 

flow. According to the calibrated equations given in Figure A-4, the sediment concentration in 

the boundary layer near the flow can be calculated.  
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                                                      (a)                                                                         (b) 

 
       (c)                                                                           (d) 

 
(e) 

Figure A-6. The time variation of the 𝐶𝑟 value and the Pixel number: (a) overall time variation 

of the Pixel numbers during 𝑡=0-420s, flow goes from left to right; (b) still water, 𝑡=0s; (c) 

𝑡=10s; (d) 𝑡=50s; (e) 𝑡=360s. 

Besides, Test A-1 indicates that ripples were formed as demonstrated in Figure A-6 (a). The 

variation in the 𝐶𝑟 value along the water depth at the crest of the ripples is much milder than 

that in the trough (the crest of a ripple passing the sensor earlier).  

This could be validated by the sensor’s reading as in Figure A-6 (c)-(e), more pixels locate in 

the transition zone when the trough of ripple passed the sensor. At 𝑡=10s (Figure A-6 (c)), 
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when the flow was started, the 𝐶𝑟 value was close to that in the still clear water condition, 

Figure A-6b. More pixels with 𝐶𝑟  value ranging 300-450 at 𝑡=50s, this indicates more 

sediment particles were picked up in the trough (Figure A-6 (d)). When a ripple crest passed 

the sensor at t=360s, less change in the 𝐶𝑟 value along water depth occurred, as in Figure A-6 

(a)~(e). The test result in Figure A-6 (a) was then converted into sediment concentration 

(Figure A-7(a)) according to the correlation between  Δ𝐶𝑟 and 𝐶 in Figure A-4. Figure A-7 (a) 

indicates that the vertical sediment concentration decreases with increasing the distance from 

the sand surface; a high concentration belt is found along the downstream slope, while the 

upstream slope of a ripple passing the sensor, the sediment concentration level is relatively 

lower. This feature in the sediment concentration is in agreement with that observed by 

Naqshband et al. (2014a; b). This is attributed to the flow deceleration and associated 

turbulence generation in the trough region. Consequently, more sediment is picked up and 

transported to higher level along the water depth. In present chapter, the high sediment 

concentration is larger than 50 𝑘𝑔/𝑚3 which occurs at 𝑡=50-70s, 175-205s and 280-300s at 

0.8mm above the bed, corresponding to the trough of ripple passing the sensor.  

To obtain a temporal average of the sediment concentration along the water depth, the 

measured depth averaged sediment concentration profile was presented in Figure A-7 (b), 

compared with existing empirical predictions. It could be seen that when 𝐶>5 𝑘𝑔/𝑚3, present 

measurement agrees well with that predicted with the empirical equation proposed by Van Rijn 

(1984); when the sediment concentration ranges from 0.1-5 𝑘𝑔/𝑚3, present measured data 

agrees well with that predicted by the power law (Smith and McLean, 1977) and Rouse profile 

(Zyserman and Fredsøe, 1994). Besides, it could be found that the average thickness of the 

layer with 𝐶>0.1 𝑘𝑔/𝑚3 is about 30mm above the bed, and the average thickness of the layer 

with 𝐶 > 10 𝑘𝑔/𝑚3is about 3mm above the bed. At low concentration range where 𝐶<0.03 

𝑘𝑔/𝑚3 , the reliability of the capacity of the CIS is lower, caution should be taken when 

applying this device in detecting the sediment concentration in this range.  
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(a) 

 
(b) 

Figure A-7. The observed sediment concentration under steady current at 𝜃/𝜃𝑐𝑟=3.61: (a) Time 

history of sediment concentration; (b) Time averaged sediment concentration. Solid black line 

indicates the sand surface. Where, ℎ𝑤 is the water depth and 𝑍/ℎ𝑤 is the height above sand 

surface relative to the water-depth. 

The second test was conducted with 𝜃/𝜃𝑐𝑟 =7.29. The feature in the observed sediment 

concentration is different from that under 𝜃/𝜃𝑐𝑟=3.61 scenario. No ripples were formed under 

this sheet flow condition. As shown in Figure A-8 (a), the sand surface lowered by 70mm over 

the 400s since the start of the test. The losing of sediment at the sensor location is mainly 

because the sediment was converted into suspended load. After the sand surface is stabilized, 

a high concentration layer (𝐶>20 𝑘𝑔/𝑚3) was observed above the sand surface and the average 

thickness of this layer is about 6mm. The thickness of the layer with 𝐶>10 𝑘𝑔/𝑚3 is about 

17mm. This is due to larger flow intensity and thus larger bed shear stresses comparing to 

𝜃/𝜃𝑐𝑟=3.61 (Naqshband et al., 2014b). Also, this agrees with the descriptions on the narrow 

sediment-laden layer observed by Wilson and Hay (2016). In Figure A-8 (b), present test result 

was compared with the published empirical predictions (Smith and McLean, 1977; Van Rijn, 
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1984; Zyserman and Fredsøe, 1994). It could be seen that when 𝑧/ℎ<0.15, the observed 

sediment concentration is closer to which predicted by Zyserman & Fredsøe (1994).  

 

(a) 

 
(b) 

Figure A-8. The observed sediment concentration under steady current at 𝜃/𝜃𝑐𝑟=7.29: (a) Time 

history of sediment concentration; (b) Time averaged sediment concentration. Where, 𝑍/ℎ𝑤 is 

the height above sand surface relative to the water-depth. 

A.5 Conclusion 

Aiming to explore the capacity of the CIS in sediment concentration measurement as well as 

advance the understanding the stratification of sediment concentration in steady current 

induced boundary layer over a sand bed, an experimental investigation has been conducted in 

present work. The conclusions are given as below: 

(1) The capacity of the CIS in detecting sediment concentration was examined with two 

sediment samples. It is found that the detecting range is sensitive to sediment types. In the silica 

sand mixture, the CIS sensor works well within the concentration range from 0.1 to 50 𝑘𝑔/𝑚3. 
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(2) The test conducted in the O-tube facility demonstrated that the CIS can be used to measure 

sediment concentration in the boundary layer with great temporal-spatial resolution.  

(3) The effect of ripples on the temporal variation is demonstrated in detail. 
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Appendix B Estimating the rate of scour propagation 

along a submarine pipeline in time-varying currents and 

in fine-grained sediment 

 

Abstract 

Estimating the horizontal rate of scour propagation along a submarine pipeline is a key step in 

estimating changes in the pipelines burial state and on-bottom stability due to sediment 

transport. However, whilst recent work has been undertaken to estimate the horizontal rate for 

non-cohesive uniform sands in steady current, in field conditions currents can vary in time and 

the sediment can be fine grained and exhibit very different erosion properties to sand. As a first 

attempt to account for these complications, in this chapter we present results from a series of 

experiments designed to measure the rate of scour along a model pipeline in time varying 

currents and in a fine-grained sediment. The scour experiments are also supplemented by 

erosion testing, which indicate that the erosion resistance of the fine-grained sediment is larger 

than that predicted by the well-known Shields curve. Based on the scour experiments, it is 

found that in time-varying currents the scour rate can be predicted using an amalgamation of 

the results obtained for steady current conditions; this is a convenient result because theoretical 

predictions already exist for the scour rate in steady current conditions. In the fine-grained 

sediment experiments, it is found that the horizontal rate of scour is much lower than that 

predicted by existing theoretical models that assume a non-cohesive sandy seabed. To provide 

an improved estimate of the horizontal rate of scour, a new theoretical model is introduced that 

relates the horizontal rate of scour to the measured erosion properties of the sediment. This new 

model is found to agree well with the experimental measurements. Although further 

experimental testing is recommended, in combination, it appears that these results may be used 

to better estimate the horizontal rate of scour in both time-varying and fine-grained sediment. 

B.1 Introduction 

Numerous previous studies have documented the mechanics of scour and sedimentation around 

submarine pipelines (see, for example, the reviews in Sumer and Fredsøe, 2002; Whitehouse, 

1998). This body of work indicates that when the pipeline is shallowly embedded, tunnel scour 

may initiate beneath the pipeline in sufficiently large wave and/or current conditions at various 

locations along its length. The resulting scour holes will then tend to grow in depth and in width 

along the pipeline, ultimately leading to lowering of the pipeline via sagging or sinking (see, 
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for example, Draper et al., 2015 and Figure B-1). The scour and lowering can have significant 

implications on pipeline stability and, in turn, significant implications for the design and 

maintenance of pipelines generally. Whilst most early work on pipeline scour focused on 

vertical scour development at a given location along the pipeline, (see Sumer and Fredsøe, 

2002, Chapter 2, for example) pipeline scour is inherently three dimensional. Recently, Cheng 

et al. (2009; 2014) and Wu and Chiew (2012) have explored this three-dimensional problem, 

with particular focus on measuring scour propagation along a pipeline. For the case of steady 

currents and live bed conditions, Cheng et al. (2009) showed that the scour propagation rate 

reduced as the scour hole length grows, as might be expected if the amplification factor beneath 

the pipeline reduces as the scour hole length increases. They gave a predictive formula for the 

primary horizontal scour rate at the start of the scour process and a secondary scour rate valid 

when the scour hole is long (perhaps on the order of 20 diameters or larger according to the 

data shown in that paper). This predictive formula assumes that the horizontal rate is a function 

of the average vertical scour rate at the span shoulders (as discussed further in the ‘Theoretical 

Models’ section of the present chapter). Wu and Chiew (2012) also explored the horizontal rate 

of scour in steady current, but focused on clear water scour. They explored the variation of the 

initial horizontal rate (for small scour hole length) as a function of four dimensionless variables: 

the relative pipeline embedment depth, the water depth-to-diameter ratio, the depth Froude 

number and the Shields parameter. They found that the rate of scour is sensitive to each of these 

different parameters but did not provide any predictive model to account for these sensitivities. 

Whilst the collective works of Cheng et al. (2009) and Wu and Chiew (2012) have provided 

new insight into scour propagation along pipelines, both works only considered steady current 

conditions in uniform sands. In the field, however, scour propagation may occur over a period 

of weeks, months or longer in ambient conditions, or during the initial phase of a large storm. 

In each of these scenarios, the near bed currents are unlikely to be steady but may vary in time. 

Additionally, actual pipeline routes may cross a variety of different marine sediments including 

more fine-grained sandy silts and silty sands. These marine sediments are also susceptible to 

scour, but their erosion properties can be very different to uniform sands. For instance, fine-

grained marine sediments have been shown to exhibit differences in threshold shear stress 

(Mohr et al., 2013; 2016), volumetric transport rate (e.g. Roberts et al., 1998; Whitehouse et 

al., 2000) and mode of sediment movement (e.g. Roberts et al., 2003) compared with non-

cohesive sands. Because of these differences in erosion properties, direct application of the 
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existing research findings to fine-grained marine sediments is unlikely to result in reliable 

estimates.  

 

Figure B-1: Scour propagation along a submarine pipeline. When the scour hole is sufficiently 

large the pipeline may (a) sag or (b) sink into the scour hole depending on the distribution of 

scour holes along its length.  

Both of these features of the scour process – i.e. time varying currents and fine grain sediments 

- have been explored previously in terms of vertical scour at a particular point along a pipeline. 

For example, Zhang et al. (2016) has considered scour beneath a pipeline in currents that 

change abruptly and gradually and has shown that the observed rate of scour may be predicted 

based on an amalgamation of steady current experimental results. With respect to marine 

sediments, Pluim-van der Velden and Bijker (1992) conducted a series of erosion tests and 

model pipeline scour experiments on artificial sand-kaolin mixtures and natural sand-silt 

deposits. Their experiments indicated that with an increase in the percentage of fine material 

(i.e. kaolin or silt) the threshold shear stress of the sediment increased and scour beneath the 

model pipelines occurred more slowly. More recently, Mohr et al. (2016) undertook a number 

of erosion tests and model pipeline scour experiments using marine sediments and artificial 

sediments having a wide range of grain size. They observed similar results to Pluim-van der 

Velden and Bijker (1992) in terms of threshold shears stress and scour rate, and were able to 

derive a theoretical model to link the measured erosion rate of a fine grained sediment to the 

expected scour rate beneath a pipeline in steady currents. This model therefore provides a 

means to quantitatively predict the reduction in vertical scour rate observed in fine grained 

marine sediments.  

Despite this progress for the two-dimensional scour problem, time varying scour and scour in 

marine sediments has not yet been explored for the problem of three-dimensional scour along 

a pipeline to the authors’ knowledge. The aim of this chapter is therefore to explore both of 

these aspects experimentally and theoretically for three-dimensional scour along a pipeline, 

Initiation 

Point

Initiation 

Points

(a) (b)
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building on the two-dimensional findings. The ultimate aim being to develop a framework in 

which to estimate scour propagation along pipelines in the field.  

B.2 Experimental setup 

Model scale pipeline experiments were performed in a flume at The University of Western 

Australia measuring 13.2 m long, 0.4 m wide and 0.6 m tall. In each of the experiments, the 

water depth in the flume was set to 0.18 m and a variety of different steady current conditions 

were analysed. A 50 mm diameter model pipe measuring 0.4 m long was used. To measure 

scour along the pipeline, a Contact Image Sensor was installed along the bottom edge of 

approximately one half of the pipeline (see Figure B-2). This sensor was able to detect, 

continuously along its length, locations where sediment was in direct contact with the pipe (see 

An et al. 2017 for more discussion on this sensor and how it may be used to measure scour). 

As such, it was used to track the horizontal propagation of scour along the pipeline. The sensor 

does not measure the scour depth beneath the pipeline. 

 

Figure B-2: Photo of the model pipeline used in the experiments. The Contact Image Sensor is 

seen along the bottom of the pipeline. 

Figure B-3 illustrates the experiment setup. To simulate scour along the pipeline, in each 

experiment a small scour hole was artificially created at one side of the flume prior to each 

experiment. Once the flow velocity was introduced scour then propagated from this hole along 

the pipeline. In this way the experiment attempts to exploit symmetry, with the flume wall 

defining the plane of symmetry. In all cases the hole was made sufficiently small that it did not 

affect scour propagation along the pipeline. Three different sets of experiments were performed 

in the testing program: 

Set 1: steady current with uniform silica sand (SS2) 

Set 2: time-varying current with uniform silica sand (SS2) 

Set 3: steady current with fine grained carbonate sediment (CS2) 
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The specific details of these tests are given in Table B-1. In all experiments the pipeline was 

embedded to 10% of its diameter prior to the start of the test (i.e. 𝑒/𝐷=0.1). 

Table B-1: Model scale scour experiments undertaken. 

Test No. Sediment Velocity(1) 

Set 1: steady current with uniform sand 

1-1 SS2 0.23 m/s  

1-2 SS2 0.27 m/s 

1-3 SS2 0.32 m/s 

1-4 SS2 0.46 m/s 

Set 2: time-varying current with uniform sand 

2-1 SS2 Increase at 0.006 m/s2  

2-2 SS2 Decrease at 0.006 m/s2 

2-3 SS2 Increase at 0.0015 m/s2  

2-4 SS2 Decrease at 0.0015 m/s2 then increase at 0.0015 m/s2. 

Set 3: steady current with fine grained sediment 

3-1 CS2 0.46 m/s 

Note: (1) Velocity referenced at 0.05 m above the flume bed. 

 

 

Figure B-3: Experimental setup for the model scale pipeline experiments. (a) side view of 

pipeline. (b) cross-section through the flume (with flow into the page). 
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Prior to the experiments, the velocity profile was measured using an Acoustic Doppler 

Velocimetry (ADV) at the location of the pipeline but without the pipeline in place. The 

resulting velocity profile was used to compute the depth-averaged velocity and the shear stress 

at the seabed. This shear stress has subsequently been converted into a dimensionless shear 

stress according to: 

𝜃 =
𝜏

𝑔𝜌(𝑠𝑔 − 1)𝑑50
 (B-1) 

where τ is the shear stress, 𝑔 is acceleration due to gravity, 𝜌 is the density of water (taken to 

be 1000 𝑘𝑔/𝑚3), s𝑔 is the specific gravity of the sediment (given by Mohr et al., 2016 to be 

2.67 and 2.73 for the uniform sand and carbonate sediment, respectively), and 𝑑50 is the 

median grain diameter.  

Two different types of sediment were used. The first was a uniform silica sand with median 

grain diameter of 0.19 mm and a coefficient of uniformity of 2. The second was a fine 

carbonate sediment with median grain diameter of 0.025 mm, fines content (less than 75 µm) 

of 83.5% and a coefficient of uniformity of 7. 

Each of the two sediments used in this chapter were also analysed by Mohr et al. (2016); in 

that work the uniform sand is referred to as SS2 and the carbonate sediment as CS2. Erosion 

test results are presented in Mohr et al. (2016) for both sediments. The threshold shear stress 

measurements are reproduced in Figure B-4, from which it can be seen that the uniform sand 

(𝜏𝑐𝑟 =0.15 Pa) agrees well with the modified Shields curve reported by Soulsby (1997). In 

contrast the carbonate sediment (𝜏𝑐𝑟 =0.12 Pa) has some additional erosion resistance above 

this curve. This additional resistance is characteristic of fine-grained marine sediments, which 

often exhibit ‘cohesive’-like behaviour. Erosion measurements for both sediments were also 

reported by Mohr et al. (2016) at shear stresses above threshold. It was found that the bedload 

transport rate for the uniform sand was consistent with the classic bedload transport rate 

formulas in the literature (specifically that presented by Yalin (1963). For the carbonate 

sediment the mode of erosion was observed to be via entrainment into suspension. The true 

erosion rate was found to follow the following form: 

𝐸 = 𝑀(𝜏 − 𝜏𝑐𝑟)
𝑛 (B-2) 

where 𝑀=5.349E-06 m/(sPa𝑛) and 𝑛=2.49. 
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Figure B-4: Dimensionless shear stress as a function of dimensionless grain size 𝐷∗ for the 

sediments used in this work. The definition of 𝐷∗ is as given in Soulsby and Whitehouse (1997). 

Solid red circle is CS2, open red circle is SS2. Small crosses are data compiled by Soulsby and 

Whitehouse (1997). 

B.3 Experimental results 

Figure B-5 provides some photographs taken during Test 1-2. It can be seen the scour hole 

has propagated along the pipeline (away from the photographer). As the scour hole 

propagates, the Contact Image Sensor detects time-varying backscatter intensity along its 

length, as shown at three instances in time in Figure B-6. Using a simple thresholding 

approach, it is possible to define where scour has occurred (with low intensity) and where the 

sensor is still in contact with the sediment (relatively high intensity). Combining the 

subfigures in Figure B-6, it is then possible to plot the scour hole development along the 

pipeline as a function of time, as shown in Figure B-7. Owing to the experimental 

arrangement, the scour lengths shown in Figure B-7 are not the entire scour hole length, but 

the distance scoured from the start of the Contact Image Sensor (as indicated via the cartoon 

sketch inset into Figure B-7). 
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Figure B-5: Photos of test 1-1 at various points during the scouring process. Top: Looking from 

downstream. Bottom: Looking from upstream – the green light is from the Contact Image 

Sensor. 

 

Figure B-6: Examples plots of the Contact Image Sensor readings at various times during an 

experiment. The reduction in intensity coincides with the edge of the scour hole. 
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Figure B-7: Horizontal scour propagation for Set 1 experiments. 

A total of three experiments from Set 1 are shown in Figure B-7. The scour rates for each test 

is relatively constant in time (i.e. the length grows linearly in time). There is a clear difference 

in the rate of scour for each of the different flow conditions represented by the different 

experiments. Cheng et al. (2009) provides an empirical formula to predict these differences in 

scour rate. Table B-2 compares the results for the horizontal scour rate with their predictive 

formula for each of the experiments in Set 1. The prediction for the primary scour rate is used 

since the scour hole length is relatively short (less than 16 diameters) in the present experiments. 

It can be seen in Table B-2 that there is reasonable agreement between the prediction and the 

measurement; both are of similar order of magnitude and trend in the same manner. However, 

the prediction is roughly 3 times larger than the measurements in all cases. Figure B-8 presents 

similar plots to Figure B-7, but for the Set 2 experiments. The scour rate in each of these 

experiments is clearly no longer constant with time but varies with the incident current velocity. 

For instance, in Figure B-8 (a) and Figure B-8 (b), the rate of horizontal scour propagation 

increases in time with increasing velocity, whereas in Figure B-8 (b) the reverse is true. In 

Figure B-8 (d) the velocity at first slows and then increases due to the incident velocity time 

series. Figure B-8 therefore shows clearly the effect of the incident velocity on the scour hole 

development. Observations during the test (not shown in the chapter due to space) also 

indicated that in the experiments where the incident current velocity increased in time (i.e. Tests 

2-1 and 2-3) the scour hole depth was uniform along the scour hole once the scour hole had 

propagated to the end of the pipeline. In turn, for the experiments in which the incident current 
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velocity decreased in time (i.e. test 2-2) the scour depth was not uniform along the scour hole 

at the end of the experiment. This is to be expected since the sections of pipe that scoured last 

were not subjected to large currents, hence the equilibrium scour depth at these locations may 

be smaller. This variation in scour depth could have implications for the sagging geometry of 

pipelines (or the propensity to sink) in the field. 

Table B-2: Comparison of horizontal scour rates model scale scour experiments undertaken. 

Test Measured Rate Predicted Rate due to Cheng et al. (2009) 

1-1 1.39 mm/s 4.86 mm/s  

1-2 0.43 mm/s 1.50 mm/s 

1-3 0.28 mm/s 0.97 mm/s 

1-4 0.15 mm/s 0.52 mm/s 

Note: (1) Velocity referenced at 0.05 m above the flume bed. 

 

Figure B-8: Variation in scour along pipeline for Set 2 experiments (a) 2-1; (b) 2-2; (c) 2-3; 

(d) 2-4. The experimental measurements are given as dotted lines. Prediction based on model 

in Section ‘Theoretical Models’ is given as black solid lines.   
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Finally, Figure B-9 compares the scour propagation in Test 1-4 and 3-1. These two tests are 

identical except that the sediment used in the experiments differs. It can be seen clearly that 

the scour rate in Test 3-1 is much slower than that in Test 1-4, and is less smooth – with an 

average rate measuring only 0.01 mm/s. If the predictive formula of Cheng et al. (2009) is 

used for this experiment the prediction is 5.4 mm/s – a difference of two orders of magnitude! 

Thus, the application of a semi-empirical formula based on experiments in sand leads to very 

poor predictions for fine-grained sediment. A similar conclusion to this was reached by Mohr 

et al. (2016) when investigating vertical scour in marine sediments. In the next section a 

theoretical model is presented that essentially combines the models in Cheng et al. (2009) and 

Mohr et al. (2016) to improve on the prediction of horizontal scour for sediments with 

erosion properties that may be very different to uniform sands. 

 

Figure B-9: Horizontal scour propagation for Test 1-4 and 3-1. 

To provide some indication of the scour hole development in fine-grained sediments Figure 

B-10 presents photos from Test 3-1. As was noted in Mohr et al. (2016), the scour hole shape 

is not smooth for the fine-grained sediment, exhibiting variations both in the vertical plane at 

a given location along the pipe and in section along to the pipe.  
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Figure B-10: Photos taken prior to and close to the end of Test 3-1. Flow is from right in top 

picture and from the bottom in the bottom picture.  

B.3.1 Theoretical models 

For the problem of a pipeline in steady currents and uniform sand, Cheng et al. (2009) noted 

that as scour progressed along the pipeline the slope at the leading edge of the scour hole 

appeared to remain approximately constant (see Figure B-11). Based on this observation, they 

reasoned that the horizontal rate of scour may be written in terms of the vertical scour rate at 

any location along the sloping edge: 

𝑉ℎ(𝑦) =
𝑉𝑣(𝑦)

𝑡𝑎𝑛 𝛽
 , (B-3) 

where, 𝑉ℎ is the horizontal rate of scour, 𝑉𝑣 is the vertical rate of scour and 𝛽 is the local 

slope.  

 

Figure B-11: Slope at the edge of a scour hole. Figure after Cheng et al. (2009).  

To determine the average rate of horizontal scour, 𝑉ℎ̅̅ ̅, Cheng et al. (2009) averaged Equation 

(B-3) over the slope, such that: 

β Vv

Vh
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𝑉ℎ̅̅ ̅ =
1

𝑆0
∫

𝑉𝑣(𝑦)

𝑡𝑎𝑛𝛽
 𝑑𝑦

𝑆0

0
,                                      (B-4) 

where, 𝑆0 is the equilibrium scour depth (equal to the scour depth at the deepest part of the 

sloping edge). Following Fredsøe et al. (1992), they then supposed that the vertical scour 

progresses in time according to: 

𝑆(𝑡) = 𝑆0 (1 − 𝑒𝑥𝑝 (−
𝑡

𝑇
)) , (B-5) 

where T is a time scale given by (Fredsøe et al., 1992): 

T =
𝐷2

(𝑔(𝑠𝑔 − 1)𝑑50
3 )

1
2

(
1

50
𝜃−

5
3). (B-6) 

From Equation (B-5) it therefore follows that:  

𝑉𝑣(𝑦) =
𝑆0 − 𝑆(𝑦)

𝑇
 . (B-7) 

Substituting (B-7) into (B-4) then gives: 

𝑉ℎ̅̅ ̅ =
𝑆0

2𝑇𝑡𝑎𝑛𝛽
 .   (B-8) 

Finally, Cheng et al. (2009) assumed that 𝑆0~𝐷 − 𝑒 and they introduced a constant, 𝐾, into 

Equation (B-8) to account for additional scour mechanisms that may contribute to the scour 

propagation; thus 

𝑉ℎ̅̅ ̅ = 𝐾
𝐷 − 𝑒

2𝑇𝑡𝑎𝑛𝛽
 .       (B-9) 

The constant in this expression was shown to change as the scour hole changed in length 

(perhaps due to a reduction in the local amplification factor at the scour hole edge during the 

scour process), taking a value of 14 initially before reducing to 4 as the scour hole lengthened. 

The expression in Equation (B-9) (with K =14) was used in Table B-2 to estimate the scour 

rate in steady currents and uniform sand. In the following subsections, we look to extend 

Equation (B-9) to account for time-varying currents and fine-grained sediment, respectively.  
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B.3.2 Time-varying currents 

In general, for any current time history, the scour length along a pipeline may be written as: 

𝐿ℎ(𝑡) = 𝐿𝑡0 + 2∫ 𝑉ℎ̅̅ ̅
𝑡

𝑡0
𝑑𝑡  ,   (B-10) 

where, 𝐿𝑡0 is the initial scour hole length.  

For time-varying currents, the integrand in Equation (B-10) should vary with time. To estimate 

how this rate varies, it is assumed herein that Equation (B-9) – which is a result for steady 

current conditions – may be substituted directly for the integrand in Equation (B-10). This 

assumption is equivalent to assuming that the scour development has no memory – i.e. the 

horizontal scour rate at any instant only depends on the instantaneous velocity and not on any 

previous velocities or scour history. This assumption is essentially consistent with the time 

stepping approach introduced by Whitehouse (1998, pp. 18) to evaluate the time-evolution of 

scour around subsea structures.  

Adopting this approach, it follows that: 

𝐿ℎ(𝑡) − 𝐿𝑡0 = 50 × 𝐾(1 −
𝑒

𝐷
)
(𝑔(𝑠𝑔 − 1)𝑑50

3 )
1
2

𝐷𝑡𝑎𝑛𝛽
∫𝜃5/3
𝑡

𝑡0

𝑑𝑡 (B-11)  

where, the Shields number within the integral can be computed directed based on the time-

varying current velocity magnitude.  

Equation (B-11) has been used to predict the scour development for the Set 2 experiments. To 

achieve this, the left-hand side in Equation (B-11) has been taken to be 𝐿/2 (where 𝐿 is defined 

in Figure B-8) by making 𝑡0 coincide with the time when scour first reaches the Contact Image 

Sensor. The parameter 𝛽  is assumed to be 30° , and the horizontal scour rate computed by 

Equation (B-9) has been corrected empirically based on the comparison of the measured and 

calculated scour rates in Table B-2 (i.e. the value of 𝐾 has been altered for each steady current 

velocity so that the predicted rate matches the measured rate in Table B-2; values of 𝐾 for 

intermediate velocities have then been linearly interpolated). The corresponding results are 

plotted as the solid lines in Figure B-8. It can be seen that theoretical prediction using Equation 

(B-11) gives very good agreement with the experiments, both in cases where the current is 

increasing or decreasing in time.  
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B.3.3 Fine-grained sediments 

Mohr et al. (2016) showed that for fine-grained sediments that mobilize mainly through 

entrainment into suspension, the time scale of vertical scour may be given simply as: 

𝑇 =
𝑆0
𝜂𝑚𝑎𝑥

  , (B-12) 

where, 𝜂𝑚𝑎𝑥  is the maximum erosion rate at the start of the scour process. If erosion rate 

measurements are available, this erosion rate may be calculated according to Equation (B-2), 

so that 

𝑇 =
𝑆0

𝑀(6𝜏 − 𝜏𝑐𝑟)𝑛
  , (B-13) 

where the ‘6’ is an amplification factor introduced (as in Mohr et al. 2016) so as to estimate the 

maximum shear stress under the pipe and, in turn, the maximum erosion rate.  

Substituting Equation (B-13) into Equation (B-8) now gives the following estimate of the 

horizontal scour rate in terms of the erosion properties of the sediment: 

𝑉ℎ̅̅ ̅ =
𝜂𝑚𝑎𝑥
2𝑡𝑎𝑛𝛽

=
𝑀(6𝜏 − 𝜏𝑐𝑟)

𝑛

2 𝑡𝑎𝑛 𝛽
  . (B-14) 

In principle, this result may be adopted for any fine-grained marine sediment (‘cohesive’ or 

non-cohesive) provided erosion rate measurements are available. Equation (B-14) has been 

used to back-calculate the scour rate in Test 3-1, assuming that 𝛽 = 30° and the values for 𝑀, 

𝑛 and 𝜏𝑐𝑟 may be taken as the measured values for CS2 (given earlier in the chapter). Using 

these values gives a horizontal scour rate of 0.022 mm/s, which is much closer to the 

measurement of 0.01 mm/s.  

B.4 Discussion  

In this chapter a series of experimental results have been presented, which explore the 

horizontal rate of scour along a pipeline in time-varying currents and in a fine-grained sediment. 

The results (although based on limited experiments) show that the rate of scour is sensitive to 

both variations in the current velocity and the sediment properties but that these sensitivities 

appear to be explained theoretically by amalgamating steady current results to reproduce the 



Appendix B Estimating the rate of scour propagation along a submarine pipeline in time-varying currents and in 

fine-grained sediment 

 

183 

 

time-varying current observations and by combining the theoretical models of Cheng et al. 

(2009) with that of Mohr et al. (2016) to reproduce the fine-grained sediment result.  

In comparison to the earlier work on horizontal scour propagation presented by Cheng et al. 

(2009) and Wu and Chiew (2012), this chapter has undertaken experiments for which scour 

was able to propagate over 16 pipe diameters (noting symmetry in the experimental setup). 

This distance is short compared to the earlier works. It is therefore expected that the results 

presented in this chapter are comparable to the initial rate of horizontal scour propagation along 

the pipe (also called the primary rate in Cheng et al. 2009). For longer scour propagation it is 

expected that the rate would eventually reduce towards a secondary value or (in some clear 

water conditions) towards zero. It would be ideal in future work to extend the results in this 

chapter to conditions in which the horizontal scour rate is reducing, which would require a pipe 

that is longer (relative to its diameter) than that considered in the present work. Nevertheless, 

if the scour mechanisms do not fundamentally change, the theoretical models presented herein 

should prove useful for these scenarios too. 

A key aim of the present chapter was to account for two apparent differences between field 

conditions and earlier laboratory experiments – namely the fact that the current can vary in 

time and that the sediment erosion properties can differ from that expected for uniform sandy 

sediments. The new theoretical models outlined in this chapter appear to capture each of these 

two aspects; however, to improve confidence in these models, a useful next step would be to 

compare predictions based on the models with field data of scour along pipelines. One 

possibility in this respect is to back-analyse the pipeline survey data reported by Leckie et al. 

(2015). This data is for a 0.324 m diameter pipeline laid on silty sand and sandy silt, for which 

measurements of local embedment, near bed currents and sediment erosion properties are all 

available. A particularly convenient feature of this pipeline is that the scour holes initiated at 

close spacing and propagated approximately 3.2-4.1 m along the pipeline between the first two 

survey periods (equating to approximately 10-13 diameters). Consequently, the experimental 

results presented herein (which are restricted to 16 pipe diameters) are likely to be directly 

applicable.  

B.5 Conclusions 

The following conclusions can be drawn from the work presented in this chapter: 
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The horizontal rate of scour propagation measured in the present uniform sand experiments is 

in good agreement with the predictive model presented by Cheng et al. (2009) for steady current 

conditions.  

The horizontal rate of scour propagation along a pipeline in time varying currents is different 

to that in steady current conditions. However, it may be predicted based on an amalgamation 

of results obtain in steady current conditions.  

For fine-grained ‘cohesive’ sediment the scour rate is found to be much slower that that 

estimated by the same predictive model. However, a revised predictive model that derives the 

horizontal scour rate in terms of the measured erosion properties gives much better agreement. 

This theoretical result may be considered as an extension of that presented by Mohr et al. (2016) 

to predict the vertical rate of scour at a given location along a pipeline.  

The Contact Image Sensor introduced by An et al. (2017) enables high resolution and high- 

quality measurement of scour propagation along pipelines. 
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