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Nomenclature

αs Side slope of the scour hole

γs Specific weight of sediment (M1L−2T−2)

γw Specific weight of water (M1L−2T−2)

Φ∗ Dimensionless angle of repose (M0L0T 0)

Φc Angle of repose or internal friction for cohesive sediment

Φs Angle of repose or internal friction for sand

ρdop Dry optimum Proctor unit density (M1L−3T 0)

ρd Dry unit density (M1L−3T 0)

τcr Critical shear stress at the incipient condition (M1L−1T−2)

B Width of the scour hole (M0L1T 0)

b Diameter of the pier (M0L1T 0)

C∗ Dimensionless Cohesion (M0L0T 0)

Cu Cohesion at optimum moisture content (M1L−1T−2)

Comp. Percentage of soil Compaction

d50 Arithmetic mean size of sediment (M0L1T 0)

Fr Froude number based on the water depth (M0L0T 0)

Fr(pier) Pier Froude number based on the pier diameter (M0L0T 0)

h Flow depth (M0L1T 0)

IWC Initial Water Content
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IWC∗ Initial moisture content required to saturate the soil sample

For plastic soil: IWc∗= soil liquid limit

Pc Cohesive soil content in a soil mixture

PI Plasticity Index

Reb Number of Reynolds based on the diameter of the pier (M0L0T 0)

t Time (M0L0T 1)

t∗ Dimensionless time (M0L0T 0)

UCS Unconfined Compressive Strength of cohesive soils (M1L−1T−2)

UCS∗ Dimensionless Unconfined Compressive Strength of cohesive soils (M0L0T 0)

V Approach velocity (M0L1T−1)

Vcr(sand) Critical velocity at the incipient condition for the sand used in the soil mixture

(M0L1T−1)

Vcr Critical velocity at the incipient condition (M0L1T−1)

V S Vane shear strength (M1L−1T−2)

Zcs(side) Equilibrium maximum scour depth around the pier founded at the side region in cohesive

sediment (M0L1T 0)

Zcs(wake) Equilibrium maximum scour depth around the pier founded at the wake region in

cohesive sediment (M0L1T 0)

Zcs Equilibrium maximum scour depth around the pier founded in cohesive sediment (M0L1T 0)

Zs Equilibrium maximum scour depth around the pier founded in cohesionless sediment

(M0L1T 0)

The list above provides the nomenclature of symbols used in table I.2

viii



Chapter :

General Introduction

B AC K G RO U N D A N D M OT I VAT I O N

Bridges are essential connections, linking communities and enabling the efficient movement of

goods and people. They are the reliable support of our modern infrastructure, allowing us to

cross rivers, valleys, and landscapes with ease. Despite their indispensability, bridges faced with

a threat known as "bridge scour".

The bridge scour refers to the erosive process in which sediment is removed from the bed and

banks of a waterway or a river, particularly around bridge piers and abutments. This phenomenon

is a consequence of the dynamic interaction between flowing water and the sediment bed.

Over time, scour can deepen the riverbed, exposing bridge foundations, and destabilizing these

transportation structures, leading to its failure. The destruction of a bridge causes significant

material damages and economic losses.

Figure 1: Examples of French bridge collapse due to scour : (a): Wilson bridge in Tours (1978) [200], (b):
the bridge over the Saint-Étienne river on Reunion Island (2007) [62]

Bridge scour is considered as the primary risk of bridge collapse in the United States. Shirole

and Holt. 1991 [232] found that 60% of bridge failures in the United States between 1989 and

2000 are due to scour. The annual cost for repairing flood damage to highways by the federal

1



G E N E R A L I N T RO D U C T I O N 2

support system averages $50 million [144]. An example of a bridge collapse in the United

States due to pier scour is the bridge over Schoharie Creek in the state of New York in 1987,

where 10 people died [131]. There are approximately 20,000 bridges classified as "scour critical"

and an additional same number of bridges as "scour susceptible" [101]. In France, where there

are around 8,000 river crossings integrated into the national rail network, 1,700 of them are

susceptible to scour issues [149]. The risks are even higher for the national road system [149].

Noteworthy scour-related bridge failures in France include the collapses of the Wilson Bridge in

Tours in 1978 (Figure 1 (a)), the St. Louis Bridge on Reunion Island in 2007 (Figure 1 (b)), and,

more recently, the Coarraze railway embankment failure on the Gave de Pau River in 2013 [71].

These events motivated in France the funding of studies on the scour around bridge foundations,

opening new line of research. This work constitutes the first PhD research on the pier scour

project carried out at the ESTP (Ecole Spéciale des Travaux Publics) and Le Havre university. It

is co-financed by the ESTP foundation and the Normandy region.

O B J E C T I V E S

The main objectives of this research can be summarized as follows:

1. Instrumentation Development: The study addresses the lack of robust and standard

instrumentation for monitoring local scour around bridge piers in laboratory settings. It

aims to develop a method based on the use of a 3D Laser Scanner for monitoring the

temporal evolution of scour.

2. Scour investigations in cohesive bed: While extensive research exist for bridge piers

scour in cohesionless soils, limited literature exist in the case of cohesive beds. This study

expand the understanding of the dynamics of local scour process by investigating its

occurrence around circular piers founded in a cohesive bed, with particular emphasis on

the influence of increasing clay/silt ratio.

3. Scour Depth Prediction: Prediction methods for scour depth used in engineering design

are conservative and not adjusted to cohesive soils, affecting construction costs. Cohesive

soils can erode at a rate that is up to 1000 times slower than cohesionless soils [48, 56]. To

optimize the design bridge, the time should be taken into consideration while estimating

the scour depth in a cohesive bed. This study evaluates the predictive methods proposed

for cohesive beds (mainly SRICOS-EFA method) to accurately predict the maximum scour

depth.
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O R G A N I Z AT I O N O F T H E T H E S I S

The manuscript of the thesis comprises four chapters, with a "General Introduction" and a

"General Conclusion and Perspectives". The details of the chapters and the "General Conclusion

and Perspectives" are as follows:

• Chapter I provides an overview of the current state of the art related to the phenomenon

of pier scour. First, it covers the basic concepts of scour and the flow patterns around a

vertical emerged circular pier. Next, it examines the existing techniques for monitoring

local pier scour in laboratory settings. The chapter also discusses earlier researches on

pier scour in both cohesionless and cohesive bed conditions. In addition, it documents the

available methods for predicting the maximum scour depth, including the SRICOS-EFA

method. Remarkably, there is a noticeable less number of studies addressing pier scour on

cohesive beds compared to cohesionless beds. This scarcity, underscores the contribution

and novelty of the research presented in this thesis.

• Chapter II devotes to the experimental set-ups, featuring the physical model of pier

scour implemented in the hydraulic flume that facilitated our tests. It describes all the

measurement instruments employed during the work, for measuring the sediment and flow

characteristics and monitoring the sediment bed deformation during the scour process.

Furthermore, it outlines the experimental protocol of the pier scour test developed during

the thesis. It details the characteristics of the flow and the materials used during the

work. This chapter also presents the chosen experimental conditions and the various

measurements conducted.

• Chapter III dedicates to the assessment of the validity of a 3D Laser Scanner Technique

for continuous monitoring of local scour around a pier. The chapter provides a detailed

presentation of the proposed data processing methodology, including the used software.

Following this, the chapter presents the results of preliminary flume tests on local scour,

conducted by using medium sand in clear water, which serves as a benchmark test. The

repeatability of these tests is also examined. Finally, the chapter explores the influence

of the glass plate placed on the water surface during the pier scour measurement and the

water evacuation on the topography of the scouring hole.

• Chapter IV documents the experimental investigation of pier scour on cohesive beds. It

focuses on the temporal evolution of local scour hole shape around the pier with increasing

the clay/silt ratio content. It presents the erosive properties of the investigated tested soils.

This chapter explores the dynamic propagation of the scour process, the scour patterns,
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profiles, scour hole horizontal plane dimensions and volumes. The study also compares

the deepest scour depth measured to the predicted one by available empirical relationships

(including the SRICOS-EFA method).

• "General Conclusion and Perspectives" summarizes the main conclusions by emphasizing

the key findings. It gives also suggestions for future research in this topic.



Chapter I :

State of art

I N T RO D U C T I O N

This chapter aims to review the basic concepts of scouring, flow pattern around a circular pier,

instrumentation used for pier scour monitoring mainly in laboratory, the impact of ice cover

on pier scour, studies on pier scour founded in cohesionless and cohesive sediments as well as

empirical methods for estimating the maximum scour depth. Finally, a discussion of the literature

results presents the knowledge available to date in relation to the present PhD work, in order to

clarify the objectives of this thesis.

I.1 B AC K G RO U N D O N S C O U R I N G

I.1.1 Definition of scour

Scour refers to the process of erosion or removal of sediment material from the surface of a

bed, such as a riverbed, streambed, or coastal area. It can result in the deepening or widening

of channels, the formation of depressions, and changes in the landscape or underwater features.

Scour can have significant impacts on the stability of infrastructure, such as bridges, and is an

important consideration in engineering.

I.1.2 Type of scour

According to Wang 2004 [258], in the vicinity of a bridge support, different scouring processes

sometimes overlap.

Figure I.1 shows the different types of scour identified:

5



I.1 B AC K G RO U N D O N S C O U R I N G 6

• Generalized scour: This type corresponds to an overall decrease in the elevation of a

stream bed. It results from a change in the flow regime caused by natural phenomena

(flooding, climate change) or human activity (construction of a dam or reservoir). The

degradation of the sedimentary bottom can occur rapidly (short term) or gradually over a

period of several years (long term) [70]. This phenomenon is independent of the presence

of a structure.

• Contraction scour: This type concerns the erosion of the area where there is a narrowing

of the stream width, either natural or due to the presence of a structure. As the watercourse

narrows, the flow velocity increases, resulting in a stronger erosive force. This causes the

sediment in the contraction zone to be carried away, leading to a localized lowering of the

riverbed.

• Local scour: This type deals with the erosion in the immediate vicinity of an obstacle

(abutments or piers) in the flow. It results from the interaction between the fluid, the

sediments and the structure. Since pier local scour is a key focus of this study, it will be

discussed in more detail in the following sections.

Figure I.1: Sketch of the various types of scour in a bridge cross-section; Wang 2004 [258]

It was be noted that the total scour depth at the pier is only equal to the sum of the pier scour

depth and the contraction scour depth, but the total scour depth at the abutment is equal to the

abutment scour depth (Figure I.1).
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I.1.3 Regime of pier scour

Two distinct regimes of pier local scour have been defined, Clear water scour and Live bed

scour [63, 97, 167], whether the bed sediment transport occurs usptream of the pier. This can be

determined depending on the ratio of approaching water flow velocity (V) to the critical flow

velocity that initiate the sediment motions (Vcr) (Figure I.2 (a)).

• Clear water scour: If, V/Vcr ≤ 1, erosion is limited to the immediate vicinity of the obstacle,

while sediments located further away from the obstacle remain undisturbed.

• Live bed scour : If V /Vcr ≻ 1, erosion occurs throughout the entire bed and intensified

near the obstacle. There is a continuous supply of sediment from upstream to downstream

in the form of bed load.

Figure I.2: Scour depth function (a) of flow velocity and (b) of time in sand bed; V* refers to the critical
velocity Vcr, Vo is the flow velocity, dse and dse* corresponds to the equilibrium scour depth
in live bed regime and clear water regime respectively; Ettema et al. 2006 [97]

The scouring regime has a direct influence on the scouring depth and the time required to

reach it, as shown in Figure I.2 (b). In clear water scour, scour depth increases initially slowly till

reaching an equilibrium value dse* (equilibrium scour depth). In contrast, for live bed scour, the

maximum scour depth initially increases rapidly, then fluctuates around an equilibrium value dse,
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which is due to the interaction between sediments supplied from upstream and those removed by

erosion in the scour hole [35]. The amplitude of the fluctuation is less than half of the height

of the bed form [225]. This dse value ( for live bed regime) is 10% lower than the dse* value

(for clear water regime) [14, 97] (Figure I.2 (a)). For non-uniform sediment, [169] identified an

armor velocity Va instead of Vc, which is larger than Vc, for the transition from clear water scour

to live bed scour. In cohesive bed, clear water scour is always occurring because once particles

are eroded, they remain in suspension [97, 173].

The scouring mechanism in clear water scour was decomposed into three steps [78, 94, 183].

An initial stage, characterized by a rapid scouring rate, a development stage and finally a stage

corresponding to the equilibrium state. Several researchers (e.g. [181, 209]) have conducted

their experiments within a limited time frame because achieving equilibrium scour can be a

time-consuming process. [167, 171, 230] stated that equilibrium state was attained when the

scour depth increases by no more than 5% of the pier diameter (D) within a 24-hour period. The

experiment was stopped when the scour depth remained below 1 mm for a continuous period of

3 hours by [137] and 4 hours by [94]. [157] stopped the experiment when scour rate was less

than the median diameter d50 of tested sand per hour. [33, 125] reported that a scouring period

of 2 hours was found to be sufficient for reaching the equilibrium state. Conversely, [5] observed

that data collected over a shorter duration, such as 10 hours, could underestimate the scour depth

by up to 50% compared to the equilibrium scour depth. Nevertheless, many researchers [61, 146,

192, 233] believed that equilibrium should be determined on the basis of fitted curves.

I.2 F L O W F I E L D S A RO U N D A V E RT I C A L C I R C U L A R P I E R

The presence of an obstacle disturbs the current streamlines and results in an entirely three-

dimensional flow. Figure I.3 shows the case of a emmerged vertical circular pier, which is

characterized by the following main flow patterns: Down flow at the front of the pier, surface

roller ahead of the pier, horseshoe vortex system at the upstream of the pier, and wake vortex

shedding downstream of the pier.

When the flow interacts with the pier, it creates a pressure gradient [113]. Unger and Hager.

2007 [253] observed a stagnant point on the upstream face of the cylinder dividing the water

flow into two parts: one ascending and the other descending. Guo. 2012 [113] observed that

the stagnation point was at 10% of the flow depth from the bottom. The descending flow acts

as a vertical jet on the sedimentary bed, causing the formation of a new stagnant point, which

is the origin of a weak micro horseshoe vortex that initiates erosion at the base of the cylinder
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[253]. On the other hand, at the free water surface, a continuous presence of surface roller with a

rotational sense opposite to the primary horseshoe vortices is created [253].

Figure I.3: Schematic sketch of flow patterns around a vertical emmerged circular pier; Choi and Choi
2016 [72]

The formation of the horseshoe vortex system is due to the separation of the incoming boundary

layer induced by adverse pressure gradients. The system appears as a collection of U-shaped

necklace vortices (Figure I.4) [88, 129, 272]. Dargahi. 1989 [77] studied the vortical patterns

surrounding a circular cylinder with a flat bottom. The number of vortices in front of the cylinder

was discovered to be dependent on the cylinder Reynolds number, Reb = V b/ν , where V is the

flow velocity, b is the pier diameter and ν is the kinematic viscosity of the water.

Figure I.4: Numerical simulation showing necklace vortices inside the scour hole for live bed scour
regime (Reb=46000); JV: Joint Vortex, PV: Primary Vortex, BAV: Bottom-Attached Vortex,
SV: Secondary Vortex; Zhang et al. 2020 [272]
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The flow in the vicinity of the cylinder accelerates at the sides and detaches downstream.

This results in the formation of periodic vertical-axis vortices, widely recognized since the early

20th century, known as Bénard Von Kàrmàn vortices [22, 23, 255]. The classification of [105]

gave the different wake regimes depending on the pier Reynolds number (Reb) (Figure I.5). The

frequency of emission (or detachment) of these vortices (f) was characterized by the Strouhal

number (St = f b/V ) [240]. Based on several experiments in different regimes, the Strouhal

number St was related to the pier Reynolds number Reb [93].

Studies of the flow around a cylinder were carried out within scour hole at the equilibrium state,

e.g. [79, 88, 110, 129] and others in a scour hole during its development, e.g. [18, 78, 111, 178,

272]. Some of them were experimental [88, 111, 129, 178] while others were numerical [18, 129,

272]. Kirkil et al. 2008 [129] identified bimodal chaotic oscillations inside the HV (horseshoe

vortex) systems and uplift events and strong ejection in the wake region of a cylinder. Dey and

Raikar. 2007 [88] observed an increase in the horseshoe vortex with an increase in the scour, and

a decrease in the circulation zone of the vortex with an increase in the azimuthal angle relative to

its origin being in the flow direction. In their experiments the maximum downflow in the scour

hole do not exceed 0.6 times the approach flow velocity. Dargahi. 1990 [78] and Niedoroda and

Dalton. 1982 [183] noted that the scouring mechanism was mainly due to the horseshoe vortex.

Baykal et al. 2015 [18] observed that the effect of wake vortex shedding were only present during

the very early stages of the scouring process. Figure I.6 provides a schematic sketch of clear

water scour hole developed by the system of horseshoe vortex [78]. The sediment was mainly

eroded by the primary vortices (V2, V4). The position of vortex V1 is almost constant over time,

whereas vortices V2, V3, V4, and V5 oscillate back and forth in the horizontal plane of symmetry.

As a result, the erosion holes and deposition zones vary spatially over the time. The V1 and V2

vortices then merge (Figures I.6 f and g). The depressions beneath vortices V2 and V4 form two

tiny slopes (Figure I.6 h) and the system tends to a single erosion hole with two different slopes of

comparable length as time passes (Figure I.6 k). Zhang et al. 2020 [272] simulated the evolution

of the horseshoe vortex HV system and the wake vortex in live bed regime. They observed that

at the initial stage the HV structure is unstable, then grows in size as the scour hole forms, but

loses strength until it reaches a state of equilibrium and becomes more stable. Some authors have

observed experimentally [15, 38, 220] and numerically [198, 272], the existence of a secondary

vortex with a horizontal-axis in the wake zone. Ahmed and Rajaratnam. 1998 [4] observed the

impact of the bed roughness with and without scour hole. Their findings showed that the down

flow and the shear stress at the cylinder base increased with the bed roughness and the scour depth.
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Figure I.5: Classification of the wake regime around a cylinder depending on the pier Reynolds number;
Sumer and Fredsoe 2006 [105]
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Figure I.6: Schematic sketch of clear-water scour hole formed by the horseshoe vortex (Reb=39000);
Dargaghi et al. 1990 [78]

If the circular pier was immersed in water, the flow pattern was different [126, 134, 194,

197, 245, 246]. At the free end of the obstacle, the development of boundary layers lead to the

formation of small-sized vortices known as tip vortex. Another, observed modification was the

absence of alternating shedding of von Kármán vortices and the presence of an arched vortex

structure behind the obstacle.



I.3 L A B O R AT O RY T E C H N I Q U E S F O R P I E R S C O U R M E A S U R E M E N T 13

I.3 L A B O R AT O RY T E C H N I Q U E S F O R P I E R S C O U R M E A S U R E M E N T

In the last two decades, significant progress has been made in the research of bridge scour in

the laboratory in order to better understand the physical mechanisms and to investigate under

controlled conditions the impact of different factors on the scour development. In addition, it

enables formulas for estimating scour depth to be developed or evaluated, and methods for scour

mitigation to be developed. To effectively monitor the pier scour during laboratory tests, it is

crucial to employ an appropriate measurement technique. Consequently, the literature reports the

use of a wide variety of instruments for this purpose. We will present some of them, highlighting

their benefits and drawbacks.

The simplest approach for studying the development of a scour hole was the use of gauges

[99, 136, 147, 191]; or scales attached or marked on pier models [64, 80, 98, 162, 171, 203, 266].

The later can be monitored visually or by cameras set-up that were placed inside transparent pier

models. The scour depth was measured using micro-cameras under clear water scour by [64]

and using endoscopic camera under live bed conditions by [98] through an image processing

technique. In [65–67, 80, 82] studies on soil mixtures containing clay, the authors used a camera

connected to a computer mounted on a carriage unit having vertical and rotational degrees of

freedom to record the time variation of scour depth with respect to the position of the attached

scales (Figure I.7 (a) and (b)). After siphoning off the water, they further used a point gauge with a

graduated traverse arrangement in the three coordinate directions to acquire the precise geometry

of the scour hole at equilibrium (scour depth, lateral extension, and longitudinal extension).

The acoustic signal detection technology was based on identifying the interface between the

water and the bed. A dense array of fixed ultrasonic sensors which allowed simultaneous and

continuous measurements [37, 76, 165, 205] and a strip of ultrasonic sensors mounted on an

automated trolley that moves at a constant speed on a rail [16, 68, 193] (Figure I.7 (c)), were

widely used to measure the bed geometry around a pier. The latter method does not ensure a

proper synchronization of the measures particularly in the early stage when the rate of erosion

was quite high. Consequently, measurements were done only at the end of the test, considered as

the equilibrium state by [16]. Another acoustic technique was based on the use of echo sounders

(sonar) [52, 101, 203, 216, 229, 230]. Sheppard. 2003 (a), (b) [226, 227] used an acoustic

transducer and two video cameras in order to obtain the 3D data of the scour hole in clear water

and in live bed regime for a large-scale experiments in sand bed (Figure I.7 (d)). All the acoustic
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measurement techniques should be submerged in the water which could cause disturbances in

the flow field, and then alter the natural behavior of the phenomenon.

Figure I.7: Experimental technique for pier scour measurement (a) Side view, (b) Top view of a camera
inside a pier with attached scale; Chaudhari et al. 2013 [65]; (c): strip of ultasonic sensors;
Auzerais 2017 [15], (d): diagram of local scour measuring (Acoustic Transponders and video
cameras); Sheppard 2003 (a),(b) [226, 227]

There are several efforts employed in the application of photogrammetry in a variety of set-ups

to monitor the evolution of pier scour bed topography [17, 31, 203, 243, 252]. The concept

of this approach involves identifying the precise location of any point detectable by analyzing

two images captured by one or more cameras at different positions. The method reported in

[203, 252] required the flow to be stopped and the model to be drained during photo acquisition.

This method can become quite laborious and time-consuming if the bed is measured at multiple

instances. Additionally, this water interruption may cause disruptions that affect the erosional

processes. Also, measuring the bed elevation intermittently assumes that the behavior of the bed

during the intervening periods can be estimated through interpolation. However, this assumption

may not always be accurate, as the rate of scour may vary over time and at different locations.

Summer et al. 2013 [243] and Baglio et al. 2001 [17] have used a common stereovision approach

with a laser or a light projector to create a grid with dot nodes on the surface of the bed (Figure I.8

(a)). The dots are the target points where the temporal erosion evolution was tracked. According

to [103], utilizing a grid lens on a sand surface was not appropriate and could lead to a reduction
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of accuracy. Furthermore, results from [17] were less accurate since they didn’t take into account

lens distortions and light refraction via air, glass, and water interfaces. Summer et al. 2013

[243] did account for lens aberrations but still did not replicate refraction through the flume wall

properly. Bouratsis et al. 2013 [31] introduced a stereo vision technique for the three-dimensional

characterization of the bed morphology continuously and at high resolution. The method is based

on the use of two calibrated and partially submerged cameras that capture the sediment bed

changes over time. This approach takes into account the sediment bed texture and eliminates

the need for targets or structured light. To ensure accurate surface reconstruction, a series of

computer-vision and image-processing algorithms were developed. The effectiveness of this

technique was also demonstrated in [32] study, where it was used to quantify the spatio-temporal

characterization of the scouring at the base of a circular pier.

Figure I.8: Experimental techniques for pier scour measurement (a) Stereo-vision measuring scheme
adopted by Summer et al. 2013 [243]; (b): Laser Distance Sensor (LDS) system for square
pier; Diab 2011 [90]; (c): Profilometer Laser Technique scheme adopted by LaChaussée 2018
[142] ; (d): Laser scanner scheme adopted by Ma et al. 2018 [162]

Link et al. 2008 [157] used a Laser Distance Sensor (LDS), placed inside a plexiglass pier

founded in sand, to measure scour hole radius at different depths (Figure I.8 (b)). The device was

oriented horizontally in radial direction to avoid refraction caused by the cylinder wall during

measurement. The sensor was driven in the vertical and azimuthal directions by a stepper-motor

with an accuracy of ±1/50 mm and ±1/100◦ respectively. This allows the distance sensor to
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turn around in the scour hole and take various vertical profiles in different azimuthal half-planes.

In this way, the scour hole geometry beneath the initial flatbed is automatically measured, with

an accuracy of ±0.4 mm. This LDS worked well in live bed condition with a flow intensity

(V/Vc) of 2. The flow intensity is defined as the ratio between the flow velocity (V) and the

velocity of incipient motion (Vc). Measurements in gravel by [89] and sand-clay mixture by

[156] were conducted using the same methodology. However, it was expected that the accuracy

of LDS measurements was affected by high turbidity or suspended fine sediment, which may

limit its usefulness under certain supercritical flow conditions.

An et al. 2017 [9] used a Contact Image Sensor (CIS), an optical sensor that detects the

temporal evolution of the interface between water and sand by measuring the difference in the

reflectivity of the light from the two different media. The CIS should be buried in the bed and

make only punctual measurements at distinct points in space. The CIS, which had a spatial

resolution of 0.086 mm, did not need to be calibrated for every test. It was founded that the

sensor was not sensitive to water temperature in the range of 2-30°C. However, a concentration

of suspended sediment higher than 40 kg/m3 affected the accuracy of sensor readings. Since the

CIS camera was not resistant to ambient light, it was reported that the entire test region should

be completely covered with opaque polystyrene sheets. The sensor was found to successfully

measure the local scour development around a vertical pier in laboratory under steady current

covering three regimes of scour (clear water scour, rippled bed scour, and scour in sheet flow

conditions) and under tidal current condition.

Scour experiments conducted by [142, 143, 202, 217, 248] were recorded using a laser with

receiver, such as a camera. Poggi and Kurdyavtseva. 2019 [202] conducted continuous measure-

ments of the scour pit depth over time. However, their data was limited to 2D information and did

not capture the entire formation process of the scour pit. Lachaussée et al. 2018 [143] used a pro-

filometer laser technique consisting of a laser sheet and a receptor cell which was mounted on a

carriage translation plate (Figure I.8 (c)). A horizontal glass plate was placed on the water surface

to minimize signal noise caused by fluctuations. The laser sheet was emitted perpendicularly to

the bed surface. A systematic corrective factor of 1.3 to the measured elevation values was used to

compensate refraction error [141]. This monitoring technology allowed for the automatic tracking

of erosion development without the need to interrupt flow. Limitations included an unresolved

blind zone in the vicinity of the obstacle that prevents access to erosion topography in that region.

This technique was applied in similar laboratory studies, including continuous evolving breach

geometries of non-cohesive fluvial dikes by [214], morphology changes bed resulting from tur-



I.3 L A B O R AT O RY T E C H N I Q U E S F O R P I E R S C O U R M E A S U R E M E N T 17

bulent wall jets with a planar configuration by [269] and sand waves that were migrating by [121].

Kinect device is composed of three main components: an infrared projector, an infrared camera,

and a digital camera [73]. The infrared projector emits a speckle pattern which is then reflected

on the surface of the object being scanned. The infrared camera captures the pattern and sends

the information to a computer for processing. The digital camera provides color information

that can be superimposed onto the 3D image generated by the system. Chourasiya et al. 2017

[73] conducted research on the use of the Kinect sensor for the purpose of measuring 3-D bed

profiles in a continuous manner. The study found that the method was non-intrusive, and a viable

option for continuous 3-D bed profiling without the need for expensive cameras or complex

image analysis. However, the method is limited by the fact that it can operate over small areas (

≤ 100 cm x 75 cm) and is susceptible to errors caused by rough water surfaces, high turbidity,

illuminance, and reflections from the target surface. Bento et al. 2022 [26] reported that Kinect

sensor was shown to be just as accurate as close-range photogrammetry while being simpler,

faster, and cheaper for studying pier scour topography.

Nagarajan and Arockiasamy. 2020 (a), (b) [179, 180], and Raju et al. 2022 [207] tested the

feasibility of a terrestrial scanner green laser in a pool with pier and fabricated scour hole,

under water and in static conditions. Kaolinite powder was added progressively to the water,

resulting in turbidity levels ranging from 1.2 to 20.8 NTU (Nephelometric Turbidity Units). The

findings indicated that the bed topography were clearly visible at turbidity levels below 6.4 NTU.

However, at higher turbidity levels, the bed topography remained invisible even with a reduced

water depth. The most well-known advantage and disadvantage reported by various authors

related to the use of the laser scanner [27, 162, 234, 254, 264] was the high level of accuracy

and the requirement of the water drainage prior measurement respectively. Ma et al. 2018 [162],

Sirianni et al. 2022 [234] and Valela et al. 2021 [254] used laser scanner at different stations. The

scans were then combined using reference coordinates from fixed markers that could be seen

in all scans to produce the 3D point cloud model (Figure I.8 (d)). Xing et al. 2021 [161] used

an underwater laser 3D scanner to measure the scour bed morphology around a monopier. The

presence of the scanner in the water may affect significantly the scour process.
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I.4 E F F E C T O F I C E C OV E R O N P I E R S C O U R

In our tests, in the vicinity of the pier, the flow is influenced by surface waves that diffracted the

laser scanner beams. To mitigate this phenomenon, a plexiglass plate is required to be used on

the water surface during measurements (see in chapter II, Figure II.18). The presence of this

plate simulates the extreme cases of local scour near bridge piers which are most commonly

observed in regions with cold climates, where the flow surface is covered by ice.

The ice cover gradually thickens and develops a smooth surface in contact with the water

when it forms naturally under cold temperatures and mild flow conditions [271]. When the

ice cover is created mechanically, such as by shoving during freeze-up or break-up periods, it

typically consists of many broken fragments that come together to form a rough surface [3, 19].

Zare et al. 2016 [3] conducted a study aiming to quantify the roughness characteristics of the

Manning’s coefficient under an ice cover. To achieve this, they employed a bottom-mounted

Acoustic Doppler Current Profiler (ADCP) that continuously monitored velocity profiles for

several months. By fitting the time-averaged velocity profiles to the log-law, [3] determined

that the Manning roughness coefficient at the bottom of the ice cover ranged from nearly zero

to as high as 0.08. Consequently, the underside of an ice cover can exhibit either a smooth or

considerably rough surface. The ice was modelled experimentally using various materials. For

example, Polyvinyl Chloride (PVC) and Polypropylene plate by [25], a sheet of Styrofoam

by [182, 263], plywood that possesses sanded faces for smooth bottom surface and with PVC

acoustic wall panels of 0.02 m maximum elevation that cover the smooth bottom to create the

appropriate roughness of 0.013m estimated using logarithmic law of the wall by [234, 254],

natural ice cover, plywood cover and plywood covered with "Mactac" by [135] and a hollow

Plexiglas acrylic block with a rounded leading edge by [8]. The presence of ice cover significantly

complicates the interactions between the ice cover, fluid flow and channel geometry in a river.

These interactions can have a significant impact on the sediment transport process [117].

The velocity profile changes when an ice cover forms at the surface of the water in a river.

Some studies made measurements of the flow field around pier under ice covered conditions e.g.

[74, 123, 176, 234, 254, 259, 271]. The velocity profile acts like in a pipe flow, with velocity

decreasing at the top and bottom borders and peaking in the center of the flow depth [152,

254, 263] (Figure I.9). The upper portion of the flow was primarily influenced by the ice cover

resistance while the lower portion of the flow was affected by the channel bed resistance [123].

The position of the maximum flow velocity beneath ice cover varied based on the ratio between
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Figure I.9: Velocity profiles for open, floating, and various depth of submerged attached conditions under
(a) smooth ice cover and (b): rough ice cover; Valela et al. 2021 [254]

the ice resistance coefficient (related to the roughness) and the bed resistance coefficient [74].

As the ice resistance coefficient increases, it was expected that the maximum flow velocity will

shift closer to the channel bed, causing the near bed velocity to increase [254, 259, 263] (Figure

I.9). The measured maximum velocity under smooth cover was approximately situated at 0.8

y1, whereas the maximum velocity under rough cover was approximately at 0.6 y1 by [176],

where y1 is the approach flow depth ( as indicated in Figure I.9). In addition to the roughness

of the ice cover, whether or not the ice cover is attached to the banks of the flume, can also

have an impact on the velocity profile and the amount of scour. The ice cover can adjust its

elevation to account for changes in water levels when it is floated on the water surface [8]. The

ice cover cannot respond to rises in water level when it is attached to the banks, which can lead

to pressured flow conditions beneath the ice cover [271]. When comparing the velocity profiles

between the floating and submerged (fixed) ice covers, the disparity observed is minimal, apart

from the influence of submersion depth (Figure I.9). Valela et al. 2021 [254] investigated pier

scour under progressively increasing submergence of the ice cover. As submergence increased
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under the ice cover, there is an observed increase in the maximum velocity, accompanied by a

downward shift in the location of the maximum velocity [254] (Figure I.9).

Figure I.10: Scour bathymetry: open channel scour (A), growing ice cover scour (B) where the upstream
lengths are 0, 0.63, 1.33, 2.66 and 5.32 m for B1, B2, B3, B4 and B5 respectively and local
jamming scour (C); Sirianni et al. 2022 [234]

The existence of an ice covering surrounding the bridge pier was found to amplify pier scour

by various authors [234, 254, 263]. Sirianni et al. 2022 [234] examined pier scour from a circular

localized cover, simulating jam initialisation and various channel-spanning ice cover lengths,

simulating several stages of ice cover development. Five upstream lengths were tested ranging

from 0 m to 5.32 m, all with cover downstream of the pier. The local cover had a diameter three

times larger than the pier in the upstream part. For the growing ice cover, the 2.66 m length, case

B4 Figure I.10, causes the most scour and near bed Reynolds stress with larger scour depth and

volume by 46.9% and 238% respectively, compared to free-surface flow condition . However, the

local cover, case C Figure I.10, provided the least scour depth and volume increase by 4.94 % and

14.8 % respectively, compared to free-surface flow condition. Other studies considered a fully

developed ice cover [254, 263]. As the flow depth increased, the effect of ice cover decreases

[254, 263]. A rough ice cover resulted in greater scour depths compared to a smooth ice cover
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for each level of submersion [254]. Under both open channel and ice-covered flow conditions,

empirical equations of scour depth and radius were established as function of the relative bed

coarseness, flow shallowness, and pier Froude number by [263]. Ackermann et al. 2002 [2]

observed that for equivalent averaged flow velocities, the presence of an ice cover could raise

the local scour depth scour by 25% to 35% from the free surface condition. In live bed scour

state where the flow velocity, V, is 1.5 to 2 times the critical velocity for bed movement,Vcr, the

difference was the greatest. The scour action observed in [270] diminished when the ice sheet

transitioned from attached into a state of free-floating. Hains. 2004 [117] found similar depths of

equilibrium scour for fixed and floating covers during clear-water conditions, up to 21% higher

than those observed in free water surface.

I.5 E RO D I B I L I T Y O F S E D I M E N T S

The skeleton of sand grains is a dominant factor in the mechanical behavior of a soil below a

specific level of fine particle content (fcm (%)). The mechanical behavior is dominated by fines

particles when the fines content exceeds this threshold value, and the sand grains taken into

account as void [21] (Figure I.11 (a)). The transition from a non-cohesive bed to a cohesive

bed happens for small proportion mud content in the sediment mixture in the range of 3 to 15

% by weight, depending on the clay mineral type and the compaction level applied [172]. The

mud refers to clay and silt particles which are less than 63 µm in size according to British Soil

Classification System. Cohesive sediment erosion mechanisms are very different from those

of non-cohesive sediments [84]. The erodibility behavior in cohesive soils is controlled by the

complex interaction of physical, geochemical and biological properties [109]. Winterwerp and

van Kesteren 2004 [262] suggest that elevated pH levels can heighten sediment erodibility. This

is due to the reduction of H+ ions, leading to expanded double layer thicknesses and intensi-

fied repulsive forces. Kohyari and Jain. 2008 [132] point out the existence of three modes of

erosion for cohesive sediment mixtures, particle or floc erosion, surface erosion and mass erosion.

There are various forces exerted on a grain subjected to a flow. The destabilizing force of the

flow, which corresponds to the combination of two forces, the lift force FL, directed normally

to the flow, which tends to move the grain upwards, and the drag force FD, parallel to the flow

direction, tending to move the grain downstream. The stabilizing force is the particle’s weight

(W) in the case of a non-cohesive soil. On the other hand, in the case of a cohesive soil, an

additional stabilizing effect is added due to the bound between particules which is governed by
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electro-chemical attractive forces (Fc) such as Van der Waals forces [262] (Figure I.11 (b)). The

result is a higher resistance to erosion in cohesive soils than in non-cohesive soil.

Figure I.11: Schemes of (a): structure configurations of mixtures containing sand and fines; Benahmed et
al. 2015 [21], (b): forces exerted on a grain in a cohesive soil; Debnath and Chaudhuri 2010
(c) [81]

The Shields number θ [231] establishs the non-dimensional relationship between the destabi-

lizing forces and the stabilizing forces.

For non-cohesive bed, the Shields number θ is given by the equation I.1.

θ =
u∗2

(s−1)gd50
=

τ0

ρ f (s−1)gd50
(I.1)

Where, u∗(m/s) is the bottom friction velocity, g(m/s2) is the acceleration of gravity, s = ρs/ρw

with s, ρs(kg/m3) and ρw(kg/m3) are the relative density of the sediment, the volumetric mass

of the sediment and the volumetric mass of the water respectively, τ0(N/m2) is the basal shear

stress and d50(m) is the median diameter of the grain.

The critical threshold of movement θcr beyond which sediments move is given by the equation

I.1 with the corresponding critical bottom friction velocity u∗cr or the critical basale shear stress

τ0cr.

Soulsby. 1997 [236] proposed a formula for directly calculating the critical threshold θcr from

the dimensionless sedimentological diameter D∗ (equation I.2).

θc =
0,3

1+ 1,2D∗
+ 0,055 [1− exp (−0,02D∗)] (I.2)

Where,

D∗ =

[
g(s−1)

ν2

]1/3

d50 (I.3)
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Where ν is the kinematic viscosity of the water

For cohesive soil sediments, It is hard to predict the incipient flow condition. Some authors

reported that erosion threshold did not exist for cohesive sediments [151, 195]. Rijn. 2020 [215]

proposed simple equations for critical shear stress for eroding particles of the sand and mud

fraction which were in good agreement for those of soils at low to medium density, but with

an underestimate for the critical shear stress for soils at medium to high density beds. General

expression for the Shields number assuming that cohesion was proportional to the yield strength,

quantified by tensile tests at which there will be particle detachment, was proposed by [58].

This expression is valid only for weakly cohesive granular materials. Ternat et al. 2008 [247]

proposed a model that related the critical Shields number of saturated natural cohesive sediments

(θc) to the particle Reynolds number (Re∗) including the electrostatic surface forces. The particle

Reynolds number (Re∗) is defined by u∗ks/ν , where ks = 2.5d50 is the roughness length of the

bed and d50 is the mean size of the sediment.

The simplest general way to determine the erodibility properties, in particular the incipient

velocity or shear stress for cohesive soils is by taking measurements using erosion tests, such as

the EFA test (Erosion Function Apparatus) [24, 50, 55], or the HET test (Hole Erosion Test) [20,

30, 60], or the JET test (Jet Erosion Test) [7, 104, 127]. The erosion parameters obtained from

an erosion curve defined by [54, 222, 224] are the following : the critical erosion velocity vcr,

the critical erosion stress τcr, the initial slope in the curve of erosion velocity Ev, the initial slope

in the curve of shear stress Eτ and the erosion category EC.

Figure I.12 shows the procedure used to determine τcr, Eτ and EC. The τcr is the shear stress

corresponding to threshold erosion. It is associated to an arbitrary low erosion rate 0.1 mm/hr

according to EFA measurements (Figure I.12 (a)). The Eτ represents the slope of the erosion

curve when erosion is initiated. It indicates the rate at which the soil erodes at the critical shear

stress (Figure I.12 (a)). The same procedure is used to determine vcr and Ev in the erosion rate

versus velocity erosion chart. The erosion category (EC) of soils illustrated by linear limits on

the logarithmic plots of erosion rate function of shear stress or flow velocity was defined by [40,

50]. The position of the median point of the erosion curve on the established limits in erosion

rate against shear stress in the logarithmic chart is used to determine the representative value for

EC (Figure I.12 (b)).



I.5 E RO D I B I L I T Y O F S E D I M E N T S 24

Figure I.12: Example of determination from the erosion curve of (a) : the critical erosion stress τcr and the
initial soil erosion rate Eτ , (b) : the erosion category EC; Shaffi et al. 2023 [224], Where from
the erosion categories (EC), the soils are classified as follows, I(1) : Very High Erodibility, II
(2): High Erodibility, III(3): Medium Erodibility, IV (4): Low Erodibility, V (5): Very Low
Erodibility and VI (6) : Non Erosive

Figure I.13: Correlation between mean particle size D50 and (a) : the critical velocity vcr, (b) : the critical
shear stress τcr; Shaffi et al. 2023 [224]



I.6 S E D I M E N T T R A N S P O RT L AW S 25

An extensive study on the development of theoretical correlation equations to predict the

aforementioned erosion elements from the basic geotechnical properties of a soil, without the

need for costly multiple erosion tests are presented in [54, 222, 224]. Using the median diameter

d50 to define critical erosion values for purely or partially cohesive sediments raises a number

of difficulties (see Figure I.13 above). Shaffii et al. 2023 [224] addressed these challenges by

finding equations to predict aforementioned erosive parameters based on a range of geotechnical

parameters, not solely reliant on d50.

I.6 S E D I M E N T T R A N S P O RT L AW S

A classic way of quantifying sediment load transport is as a function of the excess of bottom

stress over threshold stress.

For cohesionless soil, the Einstein parameter 1950 (Φ) is used to switch from dimensional to

adimensional transport (Equation I.4) [91].

Φ =
Qs√

(s−1)gd3
50

(I.4)

Where, Qs is the erosion flux (m2/s), s is the relative density of the sediment, g is the acceleration

of gravity (m/s2) and d50 is the median diameter of the grain (m).

The formulation proposed by Meyer-Peter and Müller 1948 [170] (Equation I.5) is commonly

used with different values for coefficients m and n depending on the value of the Shields number

(θ ) (Table I.1). The additional stress induced by sedimentary structures is not taken into account

in this case.

Φ = m (θ −θc)
n (I.5)

where m and n are dimensionless coefficients (Table I.1) and θc is the critical Shields number.

Reference m n Validity domain
Meyer-Peter and Muller 1948 [170] 8 3/2 θ <0.2

Fernandez Luque and van Beek 1976 [100] 5.7 3/2 θ <0.1

Nnadi and Wilson 1992 [185] 12 3/2 θ >1

Ribberink 1998 [212] 11 1.65 0.03 < θ <7.7

Table I.1: Values of coefficients m and n defined by some authors for Equation I.5
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For cohesive soil, the most common transport law is that of Partheniades et al. 1965 [196]

given by the following (Equation I.6):

E =

M
(

τ

τc
−1

)
If τ > τc

0 else
(I.6)

Where E is the Erosion flux (kg/m2/s), M is the Erosion rate (kg/m2/s), τ is the bottom shear

stress (Pa) and τc is the critical shear stress (Pa).

I.7 P I E R S C O U R I N C O H E S I O N L E S S B E D

In last decades, numerous laboratory studies on pier scour in cohesionless soil have been carried

out [39, 86, 150, 166, 211, 230, 266]. The upstream part of the scour hole was commonly

described by an inverted cone frustum [150, 160, 166, 168, 171, 252]. Yanmaz and Altinbilek.

1991 [266] utilized the inverted cone model to approximately determine the scour hole volume.

They discovered through experimentations that the sizes of the scour holes in each of the

three coordinate axes were linearly correlated. Liu et al. 2019 [158] observed that the different

dimensions of geometric parameters (depth, width, upstream extent, plan area, and volume) in

the scour hole follow a logarithmic law with a corresponding power law rate of change. The

plane shape of the upstream section of the scour hole is characterized by following an ellipse

(Figure I.14). There is a region within the scour hole where the bed slope angle surpasses the

angle of soil repose and the remaining area of the scour hole far away from the pier had lower

slopes.

Figure I.14: Elliptical plane shape of the upstream part of the scour hole; Liu et al. 2019 [158]
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Some studies observed at the upstream longitudinal section the presence of various inclinations

[78, 157, 252] (Figure I.6 and Figure I.15(a)). In the longitudinal section, the upstream slope

of the scour hole is steeper than the downstream slope ( Figure I.15(a)) [244]. The longitudinal

upstream angle exceeds the natural angle of repose of bed sediment, also termed friction angle

[6]. The slope of the scour hole at the downstream of the pier was around the half of the angle

of repose of the sediment ± 2◦ [118]. However, in other studies, the observed side slopes were

approximately equal to the sediment angle of repose [150, 273] ( Figure I.15(b)). McGovern

et al. 2014 [165] observed reduced mean slope angles (11–12◦) from their tidal scour studies

compared to unidirectional flow, implying larger overall scour extents. Bouratsis et al. 2017 [32]

reported that the average slope of the scour hole function of azimuth angle can be approximated

by a sine function.

Figure I.15: Scour hole profile in cohesionless bed (a): longitudinal section; (b): transversal section;
Umeda et al. 2008 [252]
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Figure I.16: Dynamic evolution of the scour hole morphology in sand bed, (a):contour plot of the scour
hole topography, (b): Scour depth function of azimuth angle; Link et al. 2008 [157]

Temporal pier scour experiment in clear water were conducted in gravel (d50= 3.25 mm) by

[89], medium sand (d50 = 0.26 mm) by [157] and fine sand (d50= 0.139 mm) by [252]. These

studies revealed that the scour initiates at the side of the pier, then propagates upstream of the

pier (Figure I.16). The maximum final scour depth was observed at the front of the pier (Figure

I.16). The non dimensional scoured volume and the non-dimensional maximum scour depth at

the azimuthal half-plane at the front is correlated following a parabola [89, 157]. The shape of

the mound is similar to a crescent [252] (Figure I.17 (a)).

The classical scour pattern was principally formed by a scour hole (erosion zone), and a single

mound (deposition zone) (Figure I.17 (a)). [143] identified a scour pattern rabbit ear in the

vicinity of an submerged cylinder in clear water condition (Figure I.17 (b)). This pattern was

characterized by two side-by-side symmetrical elongated holes without a mound behind the

cylinder. They were formed due to wake vortices at lower velocities and with longer duration

of formation than the classic scour pattern induced by horseshoe vortex. An extended zone of

pits and mounds of sediment forming downstream of the cylinder were observed by [219] for

immersed cylinder (Figure I.17 (c)) and by [16] for emerged cylinder (Figure I.17 (d)). [251]

distinguished a number of scour regimes based on the observed scour hole and ripple pattern

around a cylinder exposed to waves.
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Figure I.17: Scour hole pattern; (a): classical scour hole pattern; Umeda et al. 2008 [252], (b): rabbit ear
pattern; Lachausée et al. 2018 [143], (c): Succession of sedimentary patterns downstream of
a cylinder; Sarkar et al. 2016 [219], (d): Scour hole pattern in live bed scour; Zhao et al. 2010
[273]

A widely used formula I.7 for the maximum scour depth evolution in literature was proposed

by [242]. This equation has an exponential form and has been used by various researchers e.g.[16,

119, 199].

St = S0

(
1− e−t/T

)
(I.7)

Where, S0(m) is the equilibrium scour depth, T is the time-scale of scour.

T =
b2(

g(s−1)d3
50

)1/2 T ∗ (I.8)

Where, T ∗ is non dimensional time scale of scour.

T ∗ =
1

2000
δ

b
θ
−2,2 (I.9)

Where, δ is the boundary layer thickness, θ is the Shields number, b is the pier diameter, s is the

relative density of the sediment grain (2.65), g is the acceleration of gravity 9.81 m/s2, d50 is the

medium sand diameter.
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Figure I.18: Exponential law for scour depth over time with determination of the time scale; Petersen et
al., 2012 [199]

Relatively few authors used the hyperbolic law defined later (equation IV.2 in section I.9) for

cohesionless bed [56, 274]. Zhao et al. 2012 [274] concluded that the hyperbolic law fitted better

the experimental data than the exponential law for live bed scour experiments around square pier

in sand bed.

I.8 P I E R S C O U R I N C O H E S I V E B E D

Compared to cohesionless beds, few studies have been devoted to local scour in cohesive beds.

The difficulties come from the complexity of preparing and handling this particular type of

sediment. Cohesive soils have stickiness and require attention to additional parameters. Some

researchers investigated the impact of sediment cohesion on local scour around piers. They

conducted studies under steady currents [13, 66, 80, 82, 122, 128, 133, 173, 221], waves [85],

and varying sequential flow events [163]. Typically, non-cohesive soil, mainly sand, was used,

excepted [122, 133] studies which used fine gravel or a mixture of fine gravel and fine sand in

similar proportions. The cohesive soil content varied among the studies, including a combination

of sand, silt, and clay particles [66, 80, 82, 87, 173], and cohesive soil with a similar fraction of

silt and clay particles [128]. Some authors focused on cohesive materials (clayey soil), without

doing mixtures, which was either collected from the field [156, 163, 173, 181, 209] or com-

mercially available [56, 112, 153, 249]. A summary of the most relevant studies is presented here.

Molinas and Hosny. 1999 [173] investigated the local scour around a vertical cylindrical pier

founded in a mixture of non-cohesive and cohesive soils (4% ≤ Pc ≤ 40%), unsaturated and
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saturated cohesive soils. The cohesive soil used in this study was a natural cohesive soil with

medium plasticity with montmorillonite as dominant clay mineral. They found that increasing

cohesive soil content in a mixture, reduced the scour depth, the scour volume and the deposition

in the wake region of the pier and increased the side scour slope. Increasing the percentage

of cohesive soil in the montmorillonite combinations up to 30% can minimize scour by up to

40%. When the clay content exceeds 30%, other factors such as initial water content, degree of

saturation and compaction start influencing the pier scour.

Figure I.19: Transversal scour hole profiles (a) : effect of clay content in cohesive mixtures at Fr= 0.307-
0.33, initial water content (IWC) = 10-12% at the same energy of compaction; (b): effect of
initial water content (IWC) in saturated cohesive soils at Fr=0.367-0.445, Comp=86-95%;
(c): effect of degree of compaction (Comp) in unsaturated cohesive soils at Fr=0.336-0.369,
IWC=20%; where Fr is the froude number; Molinas and Honsy 1999 [173]

Figure I.19 shows examples of results where PA, PB and PC are three pier three widely

separated piers prepared in three separated recess areas at different initial conditions. Scour

holes were found to be conical in shape for mixtures soils and unsaturated cohesive soil at low

compactions. However, the shape of the scour hole was more likely to be cylindrical with steeper

side slopes in saturated cohesive soil with low water content and unsaturated cohesive soil with

high degree of compaction.
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Flume tests were conducted at Texas A & M University, USA, on local pier scour for cohesive

soils by [112, 138, 153, 249]. The experiments were made on two types of sand (d50= 0.6

and 0.14 mm) and three types of cohesive soil beds: low plasticity porcelain (25% clay, 75%

silt), high plasticity bentonite (65% clay, 35% silt) and medium plasticity armstone (45% clay,

30% silt, 25% sand). These series of flume tests constitute a very significant effort over many

years, because installing the clay beds would take approximately 1 month and each experiment

lasted at least one another month. Gudavalli. 1997 [112] and Ting et al. 2001 [249] presented

results of tests carried out on single cylindrical pier with various diameters in steady current

at deep water conditions. Ting et al. 2001 [249] observed that the maximum scour depth and

the shape of the scour hole mainly depend on pier reynolds number Re (Figure I.20). The

scour depths on the nose and the wake regions of the pier were similar at lower Re values;

nevertheless, scour depths on the wake region were greater than noise region at higher Re

values. Under the same flow and structure geometry conditions, they observed much slower

scouring rate in clay compared to that of sand. A comparison between the equilibrium scour

depths calculated using the HEC-18 (H
¯

ydraulic E
¯
ngineering C

¯
ircular) empirical equation which

assessed for sand bed and those derived by fitting a hyperbola to the experimental data was

shown in Figure I.21. This figure demonstrates that, similar maximum equilibrium scour depths

in clay were typically within 30% of scour in sand that contradict Molinas and Hosny 1999

[173] finding that cohesive material in sandy soil reduces the scour depth. This explains their

proposition of an empirical equation for maximum local scour depth that does not consider the

geotechnical properties (see equation in Table I.2). Kwak. 2000 [138] studied the effects of

multi-floods and layered soils. Li. 2002 [153] studied the effect of water depth, pier spacing, pier

shape and attack angle. Oh. 2009 [190] collected and re-analyzed all flume results conducted

in Texas A & M University from 1997 to 2002. He applied dimensional analysis and proposed

an empirical equation to estimate maximum equilibrium scour depth including the soil properties.

Ansari et al. 2002 [13] conducted flume experiments with a mixture of sand and clay (10% ≤
Pc ≤ 60%). The clay used had the illite as dominant clay mineral. It was observed that the scour

started always at the sides of the pier. For Pc ≤ 40%, in unsaturated condition, the final deepest

scour depth was located at the upstream of the pier. Nevertheless, in saturated condition, the

final maximum scour depth was at the side of the pier. For Pc ≥ 50%, the final maximum scour

depth was observed at the side of the pier with negligible scour depth upstream of the pier. They

found lower or even higher maximum scour depths for cohesive soils compared to non-cohesive

soils depending on the initial moisture content, as shown in Figure I.22. Ansari. 2003 [11] made

a discussion on [249] findings based on the results of the experimental program provided by
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Figure I.20: Longitudinal Profiles of the final scour holes in Porcelain Clay for different pier diameters (a)
b=25 mm, (b) b=75 mm, (c) b=150 mm and (d) b=210 mm, where Re is the pier reynolds
number; Ting et al. 2001 [249]

Figure I.21: Comparison between extrapolated equilibrium scour depth and the HEC-18 prediction in
clay; Ting et al. 2001 [249]

[10, 12, 13]). They emphasised that other parameters, including clay content added in cohesive

sediments, the plasticity index, initial moisture content, dry density, etc., also affect the shape

of the scour hole in addition to the pier Reynolds number ReD. Figure I.23 illustrates different

shapes of scour around a circular pier in cohesive sediments. In Figure I.23 legend, ReD is the

pier Reynolds number, b is the width of the pier, V is the mean velocity approach flow, h is the
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water depth, Pc is the clay content in cohesive mixture, PI is the plasticity index, W is the initial

moisture content, W∗ is the initial moisture content at saturation, which found approximately

equal to liquid limit LL, γd is the dry unit weight of sediment, γw is the unit weight of water. It

was clear that all of these factors have a considerable impact on the geometry of the scour hole

for a constant pier Reynolds number ReD. Regarding [249] conclusion that clay exhibits lower

scour rate than sand, Ansari [11] points out that in the case of cohesive sediments, depending on

the initial moisture conditions, the rate of scour around a pier can be slower or faster than that

occurring around the same pier if it was founded in cohesionless sediments for the same flow

conditions (Figure I.22).

Figure I.22: Temporal evolution of scour depth around circular pier; Ansari 2002 [13]

Rambabu et al. 2003 [209] conducted laboratory testing program on piers in field normally

consolidated soft silty clay soil of medium plasticity (9% sand, 47% silt, 44% clay) having

consisteny index 0.27 in saturated condition. Similar study accomplished by [181] using three

types of site cohesive soils having also sand, silt and clay particles in different proportions (type

1: 21% sand, 27% silt, 52% clay; type 2: 30% sand, 29% silt, 41% clay; type 3: 41% sand, 25%

silt, 34% clay) with a consistency index between 0.19 and 0.3 in unsaturated condition. In [181,

209] researches, the ultimate scour depths were estimated using the theoretical hyperbolic fitting

model as suggested by [56, 249]), based on the measurements over a short period (4 hours).[209]

Rambabu et al. 2003 suggested formula between the maximum scour depth and non-dimensional

parameters that combine the Froude number, Reynolds number, and soil strength parameter

(critical shear stress and undrained shear strength) (see Table I.2). Najafzadeh and Barani. 2014

[181] proposed relationship between the ultimate scour depth and Froude number, flow depth,
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Figure I.23: Photographs of scour patterns examples around a circular pier in cohesive sediments for
ReD= 50625, b= 0.1125 m, V=0.45 m/s and h=0.15 m; (a): Pc = 20%, PI=Non Plastic,
W/W∗=1.1, γd/γw=1.62; (b): Pc=40%, PI=7% , W/W∗=0.61, γd/γw=1.76; (c) : Pc=50%,
PI=9%, W/W∗=0.75, γd/γw=1.71; (d) :Pc=60%, PI=13%, W/W∗=0.25, γd/γw=1.66; Ansari
2003 [11]

clay content, undrained shear strength and unit weight of soil (see Table I.2).

Kho et al. 2004 [128] investigated scour depth around a cylinder using a mixture of three

types of soils: synthetic-supreme kaolinite (silt), Grade E kaolinite (clay) and fine sand. In all

experiments, the silt and clay content were equal. Each one of this content varied from 0% to

50% in order to construct soils with Pc=0% (100% sand) to 100% (50% silt+50%clay). The

minimum flow velocity chosen was higher than the threshold velocity of the sand. They indicated

an increase in equilibrium scour depth with the increase in clay content. This might be due to

the scour hole being filled with sand during the high-flow live bed scour. They reported that

the increase of the cohesive content results in an increase in the side slope, a reduction in the

width and volume of the scour hole upstream of the pier. The critical percentage of cohesive soil

at which the erosion behavior change was Pc=20%. From this value, the final maximum scour

depth was observed to be the same on both sides and even in the wake’s of the pier.
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Data on local scour around pier for clay–sand mixed cohesive sediment beds were reported by

[65–67, 80, 82, 83] at Bengal Engineering and Science University, Shibpur, India. The cohesive

clay materials used in the experiments were primary artificial kaolinite clay. Some tests were

also made using river cohesive clay sediment.

Debnath and Chaudhuri. 2010 a [82] presented results on mixtures with clay content in the

range of 20-100% and water content in the range of 20-45.92%. They addressed the obvious

question on the inconsistent observations from previous research on the impact of cohesion on the

maximum scour depth reported by [13, 128, 173]. They suggested that for initial water content

less than 24%, the maximum scour depth decreased as the clay percentage increased. From an

initial water content greater than 27%, the scouring depth curve as function of clay percentage

exhibits an inflection point with scour depth decreasing up to Pc 50-70% and then increasing.

The initial water content in the clay-sand mixture affects the percentage of clay that corresponds

to the point of inflection. They also argued the validity of [249] observations on the dependency

of the scour hole shape on the Reynolds number ReD. They identified that the combination

of the resistance bed shear stress and the bed shear stress caused by the flow has the strong

influence in describing the shape of the scour hole and whether the upstream or downstream part

of the pier has more scour depth. The scouring process began at the sides of the cylinder and

then gradually moved downstream for all studied cases. For relatively low flow bed shear stress,

scouring occurred upstream of the pier at a much slower rate compared to downstream, and the

maximum equilibrium scour depth at the upstream was less than that of the downstream. For

relatively intermediate range of the flow bed shear stress, scouring occurred simultaneously at

the upstream and downstream at comparable rates, and the maximum equilibrium scour depth at

the upstream was similar to that of the downstream. For relatively high range of the flow bed

shear stress, the scouring rate at the upstream of the pier was faster than downstream, and the

maximum equilibrium scour depth was greater at the upstream compared to the downstream.

In addition, the transverse profiles were compared at different clay contents for velocity range

78.98–82.73 cm/s. It was observed that sharp cones were formed for clay contents between 50%

and 85% (Figures I.24 b, c, and d), while the profiles were not sharply conical for 35% and 100%

clay contents (Figures I.24 a and e), showing some curvature instead.
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Figure I.24: Transversal Profile of the equilibrium scour hole for runs in a velocity range 78.98–82.73
cm/s, for different clay content and initial water content; Debnath and Chaudhuri 2010 a [82]

Debnath and Chaudhuri. 2012 [83] discussed the mechanism of scouring and the time varia-

tion for round-nosed, square and rectangular pier shapes compared to circular. They introduced

the "characteristic heart shape" for the scour hole at equilibrium in the case of the square and

rectangular pier at low velocity range. Similar observation of scour depth function of clay content

for initial water content greater than 27 % as reported in [82] for circular pier is founded in case

of square, rectangular and round-nosed pier shape (Figure I.25). Furthermore, the variation of

scour in the longitudinal extend and in the transversal extent as function of the clay content

shows similar trend of variation than the scour depth as function of the clay content for square,

rectangular, round-nosed and circular pier (Figure I.26).

Chaudhuri and Debnath. 2013 [65] reported observations on the initiation and temporal develop-

ment of the scouring process around circular and square piers. The photographs in Figure I.27

depict the profiles of the scour hole surfaces, which were captured from various angles using a

camera placed within the pier during the experimental runs. The images reveal that the surface

of the scour hole is rough and present undulation in all directions for both the square and circular

pier.

Chaudhuri et al. 2018 [67] documented the impact of contraction ratio within a contracted

channel on the scour around circular and square pier embedded in the mixed bed of cohesive

sediment.

Chaudhuri et al. 2022 [66] observed for circular pier that best-fit exponential curves satisfactory

present the variation of the dimensionless scour volume function of the clay content for three

range of threshold dimensionless velocity (0.99-1.1, 0.87-0.92 and 0.78-0.85) (Figure I.28 (a),(b)
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Figure I.25: Comparison of scour depth versus pier diameter (ŷs) as a function of kaolinite clay percentage
in clay–sand (C) for different initial water content (Wc) and flow velocity (V) for Wc ≥ 27.9%;
Debnath and Chaudhuri 2012 [83]

and (c)). The dimensional scour volume function of the dimensional equilibrium scour depth was

similarly shown to have a single exponential equation (Figure I.28 (d)). The proposed equations

were satisfactorily consistent with the experimental data provided by [173] (Figure I.28 (a),(b),

(c) and (e)). They also found that the increase in the grain size of the sand used in the cohesive

mixture results in greater reduction of the equilibrium scour hole volume as function of cohesive

content Pc.

Muzzammil et al. 2015 [177] utilized the gene express programming (GEP), an evolving

artificial intelligence (AI) tool, to develop a predictive equation for scour depth at a pier located

in cohesive soil. The researchers employed laboratory data from [80] for their analysis. The

findings revealed that GEP outperformed a nonlinear regression-based formula in accurately

predicting scour depth at piers situated in cohesive beds.
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Figure I.26: Comparison of scour longitudinal extend versus pier diameter (x̂L) and scour transversal
extend versus pier diameter (x̂B) as a function of kaolinite clay percentage in clay–sand (C)
for different initial water content (Wc) and flow velocity (V) for Wc ≥ 27.9%; Debnath and
Chaudhuri 2012 [83]

Figure I.27: Evolution of bed surface (a),(b) : around rectangular pier and (c),(d): circular pier, as captured
by a camera at the locations of maximum scouring 4 hours after initiation; Chaudhuri et al.
2013 [65]

Dey et al. 2011 [87] studied the scouring process around vertical piers under waves using

various clay-sand mixture ratios as the bed sediments. They stated that the depth of scouring

decreased as the clay content in the clay-sand mixture bed increased. An interesting observation

from the study is that the reduction in scour depth is nearly the same for clay proportion Pc in

the sand-clay mixture equal to 30% and 100%. This suggests that the sand-clay mixture behaves
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Figure I.28: Dimensionless equilibrium scour volume ∀̃ function of the percentage of cohesive content Cp
in the mixture for three different threshold dimensionless velocity ranges: (a) V̂ =0.99-1.10,
(b) V̂ =0.87-0.92, and (c) V̂ =0.78-0.85, Dimensionless equilibrium scour volume ∀̃ function
of dimensionless scour depth d̂s (d) Chaudhari et al. 2022 [66] data , (e): Molinas and Hosny
1999 [173] data; Chaudhari et al. 2022 [66]

like a clay alone in terms of scour depth when the clay proportion reaches 30%.

Link et al. 2013 [156] investigated the effect of bed compaction around circular pier on natural

cohesive bed containing 72% sand. They observed that within a range of compaction energy

applied (E=0-2.713 J/cm3), the maximum scour depth was found to be between 10% to 58% of

that which occurred in sand, with maximum scour depth occurring in the wake zone. Figure I.29

illustrates how the ratio of the maximum depth of scouring in cohesive soil to the maximum depth

of scouring in sand (Z (cohesive bed)/Z (sand)) changes with respect to the ratio of the initial

water content to the optimal water content for molding (W/Wop), at different levels of applied

compaction energy to the optimum proctor energy (E/Eop). For a given compaction energy, the

maximum depth of scouring decreases as the water content increases up to (W/Wop=2.5). This is

because the clay particles tend to form fluffy masses that gradually disperse as the water content

rises. when the water content (Wc) exceeds a value of 2.5 times the optimal water content (Wop),

the maximum scour depth starts to increase again. At this point, the sediment matrix behaves

like a fluid mud and gradually transforms into a liquid state.
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Figure I.29: Variation of the scour depth ratio (Z (cohesive bed)/Z (sand)) with dimensionless compaction
energy (E/Eop) and molding water content (W/Wop); Link et al. 2013 [156]

Schindler et al. 2016 [221] focused to see how clay’s physical cohesiveness within a cohesion-

less matrix affects scour development. The following six substrata were investigated: sand and

five combinations of sand-Polywhite E clay (Pc ranging from 2.5 to 15%). The flow condition

chosen were the nearest threshold velocity for sand alone. The results reveal that physical cohe-

sion reduces the overall rate, extent and maximum depth of scour around monopiers. The scour

morphology became increasingly irregular due to modification in erosion mode with an increase

in slope steepness. A clay fraction of 10% was enough to reduce the equilibrium scour depth to

the half and the excavated area by 75%.

Kothyari et al. 2014 [133] and Jain et al. 2021 [122] carried out laboratory experiments on

scour in cohesive soils containing gravel. Two types of sediment mixtures were used: fine gravel

was mixed with varied proportions of clay (Pc) and fine gravel and fine sand present in equal

proportion by weight were mixed with varied proportions of clay (Pc). Kothyari et al. 2014 [133]

focused on measuring the depth of scour only in the wake region of bridge piers. They used

mobile beds with clay content (Pc) ranging from 20% to 60%. Experimental runs conducted

using cohesive sediments ranged in duration from 3.42 hours to 15.67 hours. Jain et al. 2021

[122] aimed to evaluate the scour depth changes over time at both the wake and sides regions,

over runs lasting 16 to 40 hours. The range of clay content (Pc) used in their study was from
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10% to 50%. The results of [122, 133] revealed that a significant different scour hole shape from

those in cohesionless soil was observed for a clay fraction ≥20 %. In cohesionless sediments,

maximum scour depth occurs nearly always at the upstream of the pier, whereas mainly scour

occurred in the wake zone of piers in cohesive sediments. Furthermore, a low to nul depth was

recorded at the upstream of the pier in some cohesive sediment’s situations (Figure I.30 (b)).

Kothyari et al. 2014 [133] mentioned that for certain sediment’s combinations, the scoured zone

stretched downstream of the pier in the shape of a narrow but long strip (Figure I.30 (a)). Jain et

al. 2021 [122] observed that the initiation of the scour in the case of cohesionless sediment from

the sides of the pier immediately after starting the run. The scour hole then gradually extended to

the noise of the pier where the maximum equilibrium scour depth was observed. The scour in the

trials with cohesive sediment combinations initiated at the sides of the pier where flow separation

occurred and typically continued there until it reached its maximum depth at the equilibrium

stage. From experiments done by [122, 133]), a significant influence on the scour depth by the

unconfined compressive strength and the clay fraction is noticed. As the unconfined compressive

strength and clay fraction rise, the depth of scour decreased.

Figure I.30: Scour pattern (a): in Clay-Gravel mixture Kothyari et al. 2014 [133], (b): in Clay-Sand-
Gravel mixture Jain et al. 2021 [122]; (c): in natural cohesive soil, U= 0.801 m/s, IWC=38%
Malhader et al. 2021 [163]

Mahalder et al. 2021 [163] explored scour hole development around cylinder in natural

cohesive sediment (3% sand, 72% silt, 25% clay) subjected to multiple flow events using different

flow sequences. For all experiments, the flow shear strength and the Reynold number ReD were

high. The observed scour hole in the wake zone had a larger lateral and transverse extent than

other sides of the cylinder (Figure I.30 (c)). Rather than deepening at the same location, scour

holes were seen down-cutting and spreading over time. The finding of this investigation regarding

the scour hole propagation differed from those published by [82] and were more coherent with

observations made by [249]. However, the scour depths at the pier’s nose were greater than scour
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depths at the wake zone with maximum scour depth at the sides of the pier. Depending on the

soil bulk density, the maximum scour depths for the Low-Medium- High and High-Medium-Low

flow sequences were similar. Scour rates were shown to be influenced by the bulk density and

the initial flow velocity.

I.9 E M P I R I C A L E Q UAT I O N S F O R S C O U R D E P T H P R E D I C T I O N

When designing a bridge, accurately prediction of the maximum depth of scour in advance is

crucial. This prediction helps determine the appropriate depth of the foundations and prevents

instability of the structure. To achieve this, since the 1950s researchers have developed several

empirical equations based on data obtained from model flumes or on-site structures. These

equations consider three types of parameters (geotechnical, hydraulic, and structural) in different

ways.

The general form of these equations can be described as follows:

Zs = f


hydraulic parameters (ρw,V ,h,g,ν) ,

geotechnical parameters (d50,σg,ρs,Vcr) ,

structural parameters (b,Ki) , time(t).

 (I.10)

Where ρw representing the density of water (kg/m³), V the approaching velocity (m/s), h the

water depth (m), g the gravitational constant (9.81 m/s²), ν the fluid viscosity (Pa·s), d50 the

mean diameter of grains (m), σg the grain dispersion (-), ρs the sediment density (kg/m³), Vc

the critical velocity (m/s), b the pier diameter (m), Ki the shape and angle of attack correction

factors (-), and t the time (s).

Prediction methods in uniform and non-uniform cohesionless soils under clear water and

live bed regimes were founded in several studies [14, 39, 94, 106, 168, 225, 229, 230]. These

formulas were proposed based on laboratory data or/and site data in the colorado State University

(CSU), an empirical formulation was recommended in the Hydraulic Engineering Circular 18

(HEC-18) manuel [14]. It was given by the following equation:

Zs = 2K1K2K3K4KwhFr0,43
(

b
h

)0,65

(I.11)

Where, K1, K2, K3, K4, Kw are the correction factor for pier nose, angle of attack of flow, bed

condition, size of bed material and shallow water respectively. Fr is the Froude number directly

upstream of the pier (V /(gh)1/2).
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Reference Empirical Relationship Limitation

[173]

Zcs
b = 18.9

( Fr
1+Pc

)2

θs = 1.422+ 0.06×Pc

B = 2×b+ 2×αs ×Zcs

For mixture soils

Fr = 0.18-0.33; Pc≤ 31%

Zcs
b = 0.9(IWC)−

2
3 Fr3/2( Comp. )−2

For cohesive soils

IWC=0.15-0.5; Fr=0.18-0.51;

Comp.= 0.58-1

[112] Zcs = 0.00018Re0.635
b _

[249] Zcs = 0.00012Re0.682
b _

[13]
Zcs
Zs

= 1.51
(

IWC
IWC∗

)0.35(C∗
/0∗

)0.2
PI=0

Zcs
Zs

=
6.02−10.82( IWC

IWC∗ )+5.41( IWC
IWC∗ )

2

(C∗
/0∗ )

0.2 PI ≥ 4

[209] ZcS
b = 0.124(Fr×Reb×

(
τcr
VS

)
)0.236

Fr=0.08-0.18;

Reb=104 −3.6×104;

τcr/V S=0.026-0.104

[128]
Zcs = 0.0044Re1.0234

b (1+Pc/100)0.5

θs = 0.3205C+ 30.84

B = Zcs/ tanθs

For mixture soils

[82]

Zcs
b = 2.05Fr(pier)

1.72Pc−1.29VS−0.37 IWC =20%-23.22%;

Pc=20%-85%

Zcs
b = 3.64Fr0.22

(pier)Pc−1.01VS−0.69 IWC =27.95%-33.55%;

Pc=20%-50%

Zcs
b = 20.52Fr1.28

(pier)P
0.19VS−0.89 IWC =27.95%-33.55%;

Pc=50%-100%

ZcS
b = 3.32Fr0.72

(pier)Pc−0.62IWC0.36VS−0.29 IWC =33.60%-45.92%;

Pc=20%-70%

ZcS
b = 8Fr0.62

(pier)Pc0.58IWC1.24VS−0.19 IWC =33.60%-45.92%;

Pc=70%-100%

[80]
Zcs
b = 8.2Fr0.79

(pier)Pc−0.28IWC0.15VS−0.38

B
b = 22.77Fr0.57Pc−0.19IWC0.2VS−0.26

IWC≤ 40%; Pc≤ 40%;

V/Vcr(sand)=0.78-1.65

[181] ZcS
h = 55565.05

(
V S

γs×h

)0.83
Pc−2.179Fr2.306 _

[177] Zcs
b = 0.656+ 2Fr(pier)−3Pc+ IWC+ 1

V S
IWC≤ 40%; Pc≤ 40%;

V/Vcr(sand)=0.78-1.65

[133]
Zcs(wake)

Zs = 1
[(1+PC)5.24][(1+UCS∗)

0.42](t−0.24
∗ )

For clay-gravel mixtures

Pc=20%-60%

Zcs(wake)
Zs = 1

[(1+PC)5.98][(1+UCS∗)
0.69](t−0.42

∗ )
For clay-sand-gravel mixtures

Pc=20%-60%

[122]

Zcs(side)
Zs = 0.0102

[
(1+Pc)−9.7657 (1+UCS∗)

−0.0914 (t∗)
0.3385

]
Zcs(wake)

Zs = 0.004
[
(1+Pc)−3.577 (1+UCS∗)

−0.238 (t∗)
0.342

] For clay-gravel mixtures

and clay-sand-gravel mixtures

Pc=10%-20%
Zcs(side)

Zs = 0.0003
[
(1+Pc)−9.5363 (1+UCS∗)

−0.3789 (t∗)
0.6566

]
Zcs(wake)

Zs = 0.00001
[
(1+Pc)−8.715 (1+UCS∗)

−0.232 (t∗)
0.7513

] For clay-gravel mixtures

and clay-sand-gravel mixtures

Pc=30%-50%

Table I.2: Equilibrium pier scour predictive equations for Cohesive Sediment (see the nomenclature list
page xx, xxi); In [13] empirical equations : C∗ =

Pc×Cu
(γs−γw)d50

and /0∗ =
Pc tan( /0c)+(1−Pc) tan( /0s)

tan( /0s) ;

In [133] and [122] empirical equations : UCS∗ = UCS
(γS−γW )d50

and t∗ = t
(

Vcr
d50

)
; The Vcr was

estimated using the expression given by [124] in [209] equation and given by [107] in [133]
and [122] equations
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In some countries (such as France and Germany), predicting the scour depth in cohesive soil is

still a problem in bridge foundation design [42]. In engineering companies, scour depth estima-

tion methods used are those proposed for cohesionless bed, such the CSU equation. Concerning

the proposed equation for cohesive bed, some researchers didn’t take into account the significance

of the properties of the cohesive bed [112, 249], while some others related it to cohesive soil

properties [13, 80, 82, 122, 128, 132, 173, 177, 181, 190, 209]. Former predictions align with

non-cohesive soil equations, while latter predictions decrease with higher clay percentage. Table

I.2 above provides some of existing predictive equations of equilibrium scour depth in cohesive

soil. Some equation for the prediction of side slope and the width of the scour hole were also

presented. Particular attention was paid to the range of validity of the equations.

Briaud et al (1999 and 2005) [47, 56] developed a procedure known as the SRICOS (Scour

Rate In COhesive Soils) method, recently introduced in HEC-18, for predicting scour in cohesive

soils. It takes account of time-dependent scour in silts and clays, and requires EFA erosion tests

on soil samples. This method generally results in shallower scour depths, which can translate into

savings in bridge construction. This prediction method retains the essential variables introduced

in previous methods and adds the crucial influence of soil erosion characteristics. keeps these

essential variables while also adding the crucial influence of soil erosion characteristics. This

prediction approach was relevant to the three types of scour: pier scour, contraction scour and

abutment scour.

For a uniform soil layer and a constant flow velocity, the curve describing the scour depth Z

versus time t used was well approximated by a hyperbola [41, 45, 55, 56, 112, 249] (Figure I.31).

Zmax(t) =
t

1
Żi
+ t

Zeq

(I.12)

Zmax(t) is the deepest scour depth observed at time t; Zmax is the deepest final scour depth

reached at the end of an experiment which is run during a specific duration; Żi is the initial scour

rate, or the slope of the tangent line at the origin of the hyperbolic curve (Figure I.31); Zeq is the

asymptotic value of the hyperbola or the deepest scour depth at the equilibrium state reached

when a constant velocity is applied for infinite time (Figure I.31).

This method predict the equilibrium scour depth Zeq as well as the final scour depth Zmax.

In the NCHRP report 24-15, the SRICOS-EFA method was extended to the case of complex

piers [48]. Complex piers refers to piers with different shapes, flow attack angles, side spacings
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between piers and at any water depth. In the following, the predictive equations applicable in

case of complex piers scour founded in uniform layer of soil and subjected to a constant velocity

were presented in details.

Figure I.31: Scour depth function of time curve for an example of abutment and contraction scour
experiment (Briaud et al. 2015 (a) [41])

For the prediction of Zmax, the initial erosion rate Żi is required. This represents the initial rate

of erosion at the beginning of the scour hole development. The Żi was determined by reading

the erosion rate that corresponds to the calculated maximum initial shear stress τmax(pier) in

the erosion rate Żi function of shear stress τ curve obtained using the EFA test. The τmax (pier)

represents the initial maximum shear stress caused by the flow around a cylinder at the water-soil

interface during the early stage of scour hole formation.

An equation to estimate the value of τmax (pier) was given by [189] as follows:

τmax(pier) = kw× ksh× ksk× ksp×0.094×ρw ×V2 ×
(

1
log(Reb)

− 1
10

)
(I.13)

Where, kw, ksh, ksk and ksp are the influence factor for water depth, pier shape, attack angle

and pier spacing respectively; ρw is the unit weight of water; V is the mean-depth velocity at the

location of the pier if the pier was not there; Reb is the pier Reynolds number based on the width

of the pier b (Reb = V b/ν), ν is the kinematic water viscosity (ν = 10−6 at temperature 20◦C).

The expression on the right side of the equation, without considering the influencing factors,

was derived for a circular pier in deep water h/b′ > 1.43 by Wei et al. 1997 [260], where h is

the water depth and b’ is the projected width of the pier in the direction perpendicular to the

flow direction. They conducted numerical simulations using CHEN4D (C
¯

omputerized H
¯

ydraulic
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E
¯
N
¯

gineering in 4
¯
D
¯

imensions) software, which was developed by [69], for varying values of pier

diameter and water velocity. Figure I.32 (a) presents the visualization of the location where the

maximum shear stress was observed. The results of the simulations illustrating the relationship

between the normalized maximum shear stress and Reynolds number were presented on Figure

I.32 (b). If the maximum shear stress τmax exceeds the critical shear stress of the tested soil τcr,

it leads to the initiation of scour. The shear stress at the bottom of the hole τbot decreases as

the scour hole deepens around the cylindrical pier. Figure I.32 (c) illustrates the profile of the

shear stress at the bottom of the scour hole τbot as a function of the depth of the scour hole. The

soil stops scouring and the scour hole reaches the final depth Zmax when τbot equals τcr. Using a

parametric study through the basis of CHEN4D simulations by [189].

Figure I.32: Maximum shear stress around cylindrical pier τmax(pier); Briaud et al. 1999 [56] (data
from Wei et al. 1997 [260]) (a) Contour plot showing the distribution of shear stress; (b)
Relationship between the maximum shear stress and Reynolds Number; (c) variation in shear
stress at the scour hole’s bottom function of its depth

The equation I.14 of Zeq(pier) was developed on the basis of 47 large-scale laboratory flume

tests performed on three types of clay and two types of sand by [112, 138, 153], followed by a

dimensional analysis done by [190].

Zeq(pier)
b′

= 2.2×Kw×Ksh×Ka×Ksp× (2.6×Fr(pier)−Frc( pier ))0.7 (I.14)

Fr(pier) =
V√
gb′

; Frc(pier) =
Vcr√
gb′

; b′ = b
(

cosθ +
L
b
· sinθ

)
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The influence factors for water depth, pier shape, aspect ratio of a rectangular pier and pier

spacing were Kw, Ksh, Ka and Ksp respectively. Using the projected width b’ instead of b, the

aspect ratio influence factor Ka was eliminated. In the formula of b’, L corresponds to the length

of the pier (m) and θ is the attack angle, the angle between the flow direction and the longitudinal

axis of the pier. The critical velocity Vc, characterizing the resistance of the soil, in the equation

I.14 was measured using the Erosion Function Apparatus (EFA) [55]. The suitability of equation

I.14 for various soil types, including sands, can be implicated from the use of the Vcr reflecting

the soil parameters [40, 190].

Notes that the equations of τmax and Zeq for contraction and abutment scour in case of constant

velocity and uniform soil layer were differents than pier scour and were presented in [41, 42].

This method was extended by creating robust algorithms to accumulate the scour depths of

a sequence of flood velocities and a layered soils system by [45]. These contributions enable

the engineer to make the predictions of the maximum scour depth in any complexes scenari in

laboratories and field. A distinction between S-SRICOS (Simplified-SRICOS) and E-SRICOS

(Extended-SRICOS) was identified. The simplified version of this method required only manual

calculations and can be used for preliminary design purposes, as it is fast. This method used

an equivalent time te for a constant design velocity vmax history. The equivalent time te is the

time needed for the design velocity in the hydrograph to produce the same scour depth as that

produced by the full hydrograph. The expression of te was function of the hydrograph duration

thydro, design hydrograph velocity vmax and initial erosion rate Zi. The design velocity was

selected usually from the 100 year flood or the 500 year flood. In addition, the simplified method

was based on the creation of a single equivalent erosion function which was the average erosion

functions over the anticipated scour depth. On the other hand, the extend version required the

use of the complete hydrograph using a computer program, SRICOS-EFA ,or, TAMU-scour

(which was software in the window environment). This program was developed to automate

all the calculations for all types of scour in addition to the sum of various types of scour [46,

140]. The output of the program is the scour depth versus time curve over the period of the

hydrograph. Erodibility data involved in the soil stratigraphy was needed. Soil sample, which

was collected in shelby tube from the site, should be tested in the EFA. In addition, the flow

hydrograph recorded from nearby gauge station or from the internet, such as USGS website,

should be transformed to velocity hydrograph (velocity function of time) using the HEC-RAS

program [59]. This transformation was performed with knowledge of the cross section geometry
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of the river, channel slope and roughness (Manning coefficient).

Figure I.33: Prediction versus flume measurement for circular pier scour in deep water condition; a is the
pier diameter D, ys(pier) is the equilibrium scour depth Zeq(pier), y is the approach water
depth flow hw; Oh 2009 [190]

This predictive method of the scour depths was evaluated by comparison with laboratory flume

tests [120, 190] and field pier scour observations [106, 115, 139, 148, 239, 250]. Figure I.33

compares the results of the flume tests at TAMU with the prediction equation I.14 for circular

pier in deep water condition, without the infuence factors and where b’ in the equation is the

diameter of the pier b. All experiment findings are almost in agreement with the prediction

method affected by a factor of safety of 1.5 [190]. Hassan et al. 2020 [120] compared flume

measurements of scour depths around two-in line (tandem) circular piers founded in a clay-sand

bed with TAMU-scour method. They observed that the predictive method overestimates the

depths of scour at both the upstream and downstream piers. The overestimation of the scour

depths may be attributed for the following reasons. In the critical pier Froude number, the

critical velocity for sand fraction thresholds in the clay-sand bed soil was used, and was not

the value measured on a mixture sample using the EFA test. In addition the value of spacing

used was the spacing in the line parallel to the flow, and was not the side by side spacing. The

field measurements databases available in [106, 148] were used to evaluate the accuracy of this

method. These databases were primarily associated with coarse-grained soils. The majority of

the measured field data was kept on the safe side when the prediction values were multiplied by a

factor of 1.5, effectively converting the prediction approach into a design method. The predicted
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versus measured plots show that there was larger scatter for full-scale observations compared to

laboratory investigations. Some of the explanations suggested for this increased scatter include

the lack of site-specific information on soil erodibility and the unreliability of the velocity linked

to the scour depth readings. This method was also used for evaluating the scour depths in field

studies in cohesive soils by various authors [45, 115, 139, 239, 250].

In addition, a framework for the probabilistic design and risk assessment of scour-exposed

bridge foundations was provided by this approach. It allowed the development of a curve for

the probability of exceedance of the predicted scour depth [29, 35, 43]. It allowed to make

modification on the resistance factors in the probabilistic formulation LRFD bridge design

specifications using AASHTO [1] guidelines [49]. This was done to provide the same target

reliability index and probability of failure while accounting for the scour depth, its bias,and its

uncertainty. In 2012, this method was incorporated in the HEC-18 manual (5th edition) [14] and

was called HEC-18 Clay [28, 49, 51, 267].

S Y N T H E S I S

In last decades, significant efforts have been achieved in laboratory-based bridge scour research,

aiming to comprehend its physical mechanisms and control factors. Flume studies has been

conducted extensively on the scour around circular bridge pier on cohesionless bed e.g. [16,

86, 167, 211, 230]. However, many natural alluvial channels consist of cohesive materials or a

mixture of cohesionless and cohesive sediments [132]. Comparatively, limited researches on

local scour around cylinder on cohesive beds have been reported.

Previous studies either investigated the influence of cohesion on local scour around piers

using cohesive (clayey) soil [155, 163, 181, 209, 249] or non-cohesive and cohesive sediment

mixture [13, 66, 122, 173]. Non-cohesive soil, mainly sand, was commonly used, excepted [122,

133], who included gravel. Cohesive soil, a clay composed of sand, silt, and clay particles, was

used by [66, 87, 173]. The cohesive soil used in the prior flume tests was collected from field

[155, 163, 173, 181, 209] or was commercially available [56, 249]. Molinas and Hosny. 1999

[173] reported high local scour resistance in saturated cohesive soil with low water content and

in unsaturated cohesive soil with high compaction. Ting et al. 2001 [249] observed that scour

depths in the nose and wake regions of the pier were similar when pier Reynolds number ReD

was low (10000-15200); nevertheless, scour depths in the wake region were greater than in the

nose zone when ReD values were higher (15300-84840). Debnath et al. 2010 a [82] argued that
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the findings of [249] may not be universally applicable. They identified that the combination of

bed shear stress caused by flow and bed shear stress strength determines whether the upstream or

downstream portion of the pier has a greater scour depth. Recently, Mahalder et al. 2021 [163]

deviated from the statement of [82] and were more consistent with [249]. To cover the spectrum

of cohesive sediment sizes and sediment combinations found in river bed, it is important to

examine the scouring phenomenon and measure the geometric characteristics of holes formed

around bridge piers in soil beds with varying mixtures of sand and fines. This study maintains

consistent proportions of these components while altering the specific type of fines. The primary

focus of this thesis is to assess how changes in the type of fines content influence both the

geometry of the scour hole and the temporal progression of scour processes around circular piers,

a question not addressed in previous studies.

In certain countries, as France and Germany, there remains a challenge in predicting scour

depth for bridge foundation design, especially in cohesive soil conditions [42]. In engineering

companies, scour depth estimation methods primarily rely on equations designed for non-

cohesive beds, such as the CSU equation. This can lead to an overestimated depth causing

unnecessary increase in construction costs. Based on flume studies of pier scour in cohesive

sediments e.g. [122, 173, 181], various empirical formulas were proposed to estimate the max-

imum scour depth as a function of sediment properties, flow parameters and pier shape. The

more general one was the SRICOS-EFA method (also known as TAMU-SCOUR) developed by

Briaud [41, 42, 56]. It has the advantage compared to others of being time dependent and takes

into consideration the soil erosion characteristics measured by the erodimeter “Erosion Function

Apparatus” (EFA). Oh. 2009 [190] suggested that the SRICOS method should be affected by a

factor of safety 1.5. In this study, the maximum scour depth over time obtained experimentally is

compared to the SRICOS-EFA prediction approach.

A wide range of measurement techniques has been used for the monitoring of pier scour in

laboratory scale. These include traditional methods like gauges [147, 191] or scales [82, 266],

as well as more advanced approaches like acoustic sensors [16, 216], photogrammetry [17, 31],

laser technology (laser distance sensors [90, 156], profilometer laser technique [143] and scanner

laser [162, 234]). The scanner in previous studies e.g. [162, 234] was commonly used after

the drainage of the water in the flume. In this thesis, we investigate the potential of using 3D

Laser Scanner to capture the dynamic topographic bed deformation induced by the pier scouring

process continuously in a laboratory flume experiment.
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Chapter II :

Experimental set-ups and methods

I N T RO D U C T I O N

The aim of this chapter is to present the experimental set-ups as well as the different measure-

ment methods used in our study.

The sediments and their main geotechnical properties are presented. The experimental flume

test model design, set-up choices, assessments, modifications and protocols are described. The

measurement methods implemented to obtain information about the hydraulic conditions and

those applied to monitor the soil bed during the scour process are described. The erosion function

apparatus (EFA) used to quantify the erodibility of all tested soils is presented.

II.1 M AT E R I A L S

During the scour experiments, the test section of the flume was filled with soil modeling the

river bed. Different types of soils were used, exhibiting different geotechnical characteristics.

The different types of sediments used are summarized in Figure II.1 : medium sand (Hostun

Sand HN 1/2.5), fine sand (Fontainebleau Sand NE34), natural Silt and Kaolinite Proclay Clay.

The Fontainebleau Sand NE34 was provided by Sibelco. The silt was collected from the top

layer of the eastern area of Paris (France). The Kaolinite Proclay Clay was provided by IMERYS

Ceramics.

The typical medium sand having a well known behaviour in clear water scouring regime around

a circular pier, according to the literature, is used during the first flume tests. These tests were

performed in order to validate the performance of the developed topographic measurement

method developed for this concern.

Then, to better understand the effect of cohesive soil type on local scour around a pier, an issue

not addressed in previous studies, two types of cohesive soil (silt, Kaolinite clay) were mixed
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with 85% fine sand. The cohesive soil mixed with 85% sand was composed successively of 15%

silt, 10% silt and 5% clay, 7.5% silt and 7.5% clay, 5% silt and 10% clay and finally 15% clay.

Figure II.1: Original sediments used, (a): Hostun Sand HN1/2.5, (b): Fontainebleau Sand NE34, (c):
Natural Silt, (d): Kaolinite Proclay

A multistage procedure was carried out to transform the silt collected from field into fine

sieved laboratory soil ((Figure II.2)).

1. The original silt is passed through the sieve #40 (400 µm opening). Then, the fraction of

silt obtained is re-passed by the sieve #170 (80 µm opening) using the wet method sieving.

After passing the silt through each sieve, the silt is rested for 24 hours to settle and then

the excess of water is removed. This step takes in total 4 days to be accomplished.

2. The silt is dried in the oven at 105 ◦C for 24 h. The dry silt was in form of large thick plate.

3. Finally, the silt goes through two stages of crushing with different opening sizes (2 mm

then 0.4 mm) in a jaw crusher.

Figure II.2: Different steps of silt preparation
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II.2 G E OT E C H N I C A L P RO P E RT I E S O F T E S T E D S O I L S

Figure II.3 shows the different devices used to study the geotechnical properties of the soils

used, according to the experimental procedures described by the French Standards Association

(AFNOR).

Figure II.3: Geotechnical characterization devices, (a): sieve apparatus, (b): laser diffraction device, (c):
cone penetrometer, (d): standard normal Proctor test and (e): direct shear test

The particle size distribution curves of the medium sand, the two cohesive materials and the

fine sand with the five made mixtures are presented in Figure II.4. The sieve method (Figure

II.3(a)) was used for the granular medium sand HN 1/2.5 and laser diffraction method (Figure

II.3(b)) for the fine soils. The main characteristic parameters obtained from the particle size

distribution curves are summarized in Table II.1. The di is the sediment diameter for which i%

of the sediment material is finer by weight. The median d50 gives an indication of the average

coarseness of the sediment. The σg which represents the geometric standard deviation of Soulsby

[236] is a dispersion index which is widely used in the sedimentology. If σ2
g < 2 the granulometry

is considered as well sorted and as widely dispersed if σ2
g > 16. The granulometry of the two

pure sands are thus considered as well sorted and of other soils includes a dispersion. In particular

the 85% fine sand mixed to 15% clay has a widely dispersed granulometry.
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Figure II.4: Particle size distribution curves, (a): medium sand, (b): cohesive soils used, (c): the fine sand
with the made mixture

Sand
HN1/2.5

Sand
NE34

Silt Clay M1 M2 M3 M4 M5

Sand particle
d > 63 µm (%)

100 100 2 0 73 69 65,3 59,5 53

Silt particle
2 µm < d < 63 µm (%)

0 0 73 50 18 17 18,7 20,5 19

Clay particle
d < 2 µm (%)

0 0 25 50 9 14 16 20 28

Medium diameter
d50(µm)

1700 210 12 2 195 180 175 150 120

Geometric standard deviation

σg=(
d84

d16
)0,5

1.2 1.3 6.7 2.6 4.9 9.4 10.5 14.1 22.4

Table II.1: Parameters determined from the particle size distribution curves where M1: 85% Sand +15%
Silt, M2: 85% Sand +10% Silt +5% Clay, M3: 85% Sand +7.5% Silt +7.5% Clay, M4: 85%
Sand +5% Silt +10% Clay and M5: 85% Sand +15% Clay

Concerning the Atterberg limits tests, soil samples should consist of material passing the sieve

# 40 (400 µm opening). The liquid limit (WL) was measured by the cone penetrometer method

(Figure II.3 (c)) and the plastic limit (WP) by the roller method. According to the plasticity

chart of Casagrande, the soil can be classified as function of the plasticity index (IP) and the

liquid limit (WL). The results displayed in the Table II.2 below indicated that the clay has high

plasticity, the silt has low plasticity and the other soils are non-plastic.

Standard normal Proctor tests (Figure II.3 (d)) were performed on all the mixture soils tested

in the flume. The results indicated that the optimum dry unit weight and the optimum water
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Liquid Limit
WL(%)

Plastic Limit
WP(%)

Plasticity Index
IP (%)

Clay 55 31 24

Silt 34.9 23.7 11.2

100 % Sand 6.0 NP NP

85 % Sand +15 % Silt 19.0 NP NP

85 % Sand +10 % Silt+5 % Clay 19.5 NP NP

85 % Sand +7.5 % Silt+7.5 % Clay 20 NP NP

85 % Sand +5 % Silt+10 % Clay 21.5 NP NP

85 % Sand +15 % Clay 23.0 NP NP

Table II.2: Atterberg Limits test results. NP: Non-Plastic

content for the mixture soils is around 1890-1980 kg/m3 and 8.5-10% respectively (Figure II.5).

In literature, [156, 173] noted that as compaction levels increase, scour depth tends to decrease.

Furthermore, studies by [80, 82, 181] observed a reduction in scour depth as the initial water

content of the cohesive bed rises. In our experiments, the compaction level and the initial water

content were fixed. The initial water content was fixed to 5% (±1%) which was sufficient to

slightly humidify all soils matrix. The 5% (±1%) water content gives a minimum dry volumetric

mass equals to 95% the optimum dry volumetric mass of the tested soil according to the Proctor

tests results. When applying the proposed methodology of soil preparation in the flume, which

will be described in section II.3.5.3, it was not possible to have higher water content value

because the soil, having some cohesion in presence of high percentage of water, sticks to the

plate used for compaction purpose. In order to confirm the uniformity of compaction, for all

tested fine soils at three different location in the flume test section, the dry density was measured

using core cutter method. The range of average values obtained was 1650-1800 kg/m3, which

correspond to a relative constant degree of compaction in the range of 83-95% of the optimum

Proctor of all tested mixture soils (Figure II.5). The range of average values of the dry densities

chosen was close to the values that can be found on real sites being in the order of magnitude

(1300-2040 kg/m3) [45]. The bed was reconstructed at these areas before the experiment began.

Direct shear tests (Figure II.3 (e)) in Drained Consolidated conditions were achieved in order

to provide the shear strength parameters for all tested soils. A 6 cm diameter circular metal box

is used for the tests. Firstly, the sample is prepared under geotechnical conditions similar to those

of the flume test. After placing the specimen in the shear box, it was saturated during 1 hour.

The consolidation of the sample was maintained 1 h which was sufficient to ensure that no more

vertical settlement is observed. Samples were tested through several vertical stresses from 100 to
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Figure II.5: Standard Proctor test results

300 kPa with an increment of 50 kPa. After the consolidation step, the soil sample is sheared with

a control strain rate of 0.01 mm/min. This low strain rate is chosen to achieve the best reliable

results with a high precision. The applied lateral load (shear stress) is continuously recorded

during the test with a rate of 1 measurement each 10 seconds. The shear test was stopped when

the horizontal displacement reached i.e. 12% of the diameter of the specimen, 7.2 mm for a total

duration of 12 hours.

Figure II.6 illustrates the results obtained for all fine soils of maximum shear stress as function

of the normal stress.

According to Mohr-Coulomb failure criterion, the line that represents the failure envelop can be

expressed as follow:

τ =C+ tan(Φ)σ (II.1)

Where τ , σ , C and Φ are the shear stress, normal stress, cohesion and internal friction angle

respectively.

The linear fitting of Mohr-Coulomb curve is plotted to derive the values of cohesion and internal

friction angle for all the soils.

Table II.3 provides a summary of cohesion and internal friction angles obtained for all tested

soils.

The findings indicate that as the fines content is increased, the soil will have more cohesion

whereas the friction angle is reduced. It can be noted that Kaolinite exhibits a more pronounced

cohesive effect than silt. The pure sands (medium and fine) have non-cohesion with high internal

friction angle.
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Figure II.6: Mohr-Coulomb Failure envelop for the fine soils

Sand HN1/2.5 Sand NE34 M1 M2 M3 M4 M5
Cohesion (kPa) 0 0 2.8 8.2 15.9 21.4 25.5

Angle of internal friction (°) 35 31.7 30.8 28.5 22.8 23.8 22.5

Table II.3: Cohesion and angle of internal friction results, where M1: 85% Sand +15% Silt, M2: 85%
Sand +10% Silt +5% Clay, M3: 85% Sand +7.5% Silt +7.5% Clay, M4: 85% Sand +5% Silt
+10% Clay and M5: 85% Sand +15% Clay

II.3 H Y D R AU L I C F L U M E

II.3.1 Description

In research, the hydraulic flume was used largely to observe and analyze the scour phenomenon

at the laboratory scale [80, 156, 181]. In this study, the main experiments are conducted in the

recirculating rectangular hydraulic flume of ESTP whose 3D view is illustrated on Figure II.7.

Water flows from the entrance element through a flow rectifier consisting of two perforated sheet

metal plates. The rectifier reduces the turbulence and creates a more linear flow [175]. Above

this rectifier, a damping plate floats on the surface of the water preventing water from spraying

upwards. The central section element where the measurements occurred, consists of several plate

elements installed next to each other. The flow measuring section is rectangular with 410 mm

wide, 500 mm deep with a central useful length of 10 m. The total length of the flume is 13 m.

There is a system to adjust the inclination of the flume in a range of -0.5% and +2.5% with a

graduation of 0.1%. The walls of the flume are made of glass in order to allow the visualization

of the experiments carried out by using optical sensors. The horizontal position of the accessories
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installed may be read on horizontal graduated scales above and below the glass wall. Threaded

bores are located at the bottom of the central section of the flume, spaced by 0.25 m apart. In

the outlet element, a rotate tail gate is installed to regulate the water level by a hand wheel. It

consists of two plates: the top plate is removed and the bottom one is installed. The water must

rise above the crest height of the gate. A sediment trap is located at 1.6 m from the gate in the

opposite direction of the water flow. The centrifugal pump with three-phase motor is fixed to

the ground by means of a base plate. A shut-off valve is installed on the back flow side of the

pump. The flow rate is automatically regulated by a frequency converter for the flow velocity

control. It can provide a minimum flow rate of 15 m3/h and a maximum of 130 m3/h. A flow

meter is installed at the level of the re-circulation pipe between the water pump and the inlet

element. The measured flow rate is displayed on the control panel as the real flow rate value

and can be adjusted by the operator to the desired target value. Float switches are placed in the

intlet and outlet elements. When the water level reaches a height of 450 mm, the power supply is

interrupted to prevent water overflow. In the 3D view above, only two water tanks are illustrated

to simplify the representation but, in the reality, there are five water tanks in the used flume

which are connected to each other. Being connected to each other, the filling/evacuation of one

tank (generally the primary tank) with water allows the filling/evacuation of all five tanks with

water in a homogeneous way. Each tank has a length of 2 m, a width of 1 m and a height of 0.79

m and a capacity of water volume around 1 100 L. A metallic walkway gallery is located on the

side of the flume to facilitate the achievement of experiments.

Figure II.7: A 3D view of the Hydraulic Flume of the ESTP Paris (not at scale), the direction of the flow
is indicated by blue arrows
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II.3.2 Physical scour model implemented

A simplified overview of the physical scour model implemented in the flume is illustrated in

Figure II.8. A recess area extending 1 m in length and 0.062 m in depth was installed at 6.6 m

from the entrance of the flume. To contain the soil, a false bottom floor made of PVC (Poly Vinyl

Chloride), with the same height of the recess area, was installed upstream and downstream. The

false bottom allows a uniform small roughness along the whole flume corresponding to hydraulic

smooth condition. The upstream part measured 5 m in length (1 m per plate) with the first plate

including a slope of 20°. The downstream part is formed by two plates, the first plate of 0.6 m

length is adjacent to the soil sample and the second one of 2 m length containing a gradual slope

of (2%)°. The various plates of false bottom are put next to each other and are screwed to the

stainless-steel bottom of the flume. Silicones are put along the connection between the different

plates of false bottom and between the plates of false bottom and the flume wall to avoid any

leakage (Figure II.9 (b)).

Concerning the choice of the pier, it was observed by [241] that hydro-dynamically smooth

external surface of the pier has a beneficial effect on the scouring process. PVC piers are fairly

smooth and have therefore been used as model piers in current scour studies. A hollow PVC

cylinder with chamfer at the bottom was firstly tested. The installation after the preparation of

the soil of this type of cylinder had a significant impact on the initial soil’s surface in contact

with the pier and it was difficult to maintain the cylinder’s verticality (Figure II.9 (a)). This led

us to use a filled cylindrical PVC pier which was positioned vertically at the center of the soil

section before the soil preparation. A threaded rod is added at the bottom of this pier and is used

to screwing it to the bottom of the flume. The Figure II.9 (b) shows a zoom in of this cylinder

configuration chosen. Two plastic wires are used to connect this cylinder to the right and left

sides of the flume to prevent its vibration. This cylinder, used to model the pier of the bridge, was

0.032 m in diameter, 1 m in length. The model’s pier diameter to flume width ratio (0.078) was

below the limit of 1/6 to prevent the effect of flow constriction [261]. For circular piers section,

the reported extent of scour depth is 1 to 2.5 times the diameter [95, 244]. In our tests, for the

experimental conditions considered, the depth of the pit where the soil was placed, around 2

times the diameter of the pier, was observed to be sufficient to allow the full development of the

maximum scour depth observed. A significant rise in erosion thresholds over a salinity gradient

has been reported by [237]. In our case, the water used is tap water with a relatively low salinity,

and is therefore considered to have a negligible effect.
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In the following sections, we will discuss in details all the measuring instruments (Level

Gauge, Vectrino and 3D Scanner) that were purchased, developed and used for the first time in

ESTP laboratory.

Figure II.8: Flume set-up scheme (not at scale), the direction of the flow is indicated by blue arrows

Figure II.9: Photograph of the physical scour model (a): test on hollow cylinder, (b): filled cylinder and
false bottom installation

II.3.3 Water depth measurement: Manual Level Gauge

A manual level gauge is used to measure the depth of the flow with an uncertainty of measurement

around ±0.5 mm in the flume (Figure II.10). It consists of a rod ending by a contact point. The

rod can be moved vertically. The contact point is designed in such a way that when it touches

the water surface, it forms a meniscus. A depth flow display scale is located on the top of the

level gauge, with a range from 0 to 500 mm and a 1 mm graduation. The position of the zero

scale is set before taking the measurements. It is adjusted to have a zero displayed depth value

when the point of the rod is in contact with the false bottom of the flume. It’s mounted on a
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mobile support and can be used over the entire length and width of the test section. The water

depth measurement was done always at 1.5 m from the upstream edge of the soil section in the

opposite direction of the flow, where the water flow was undisturbed. The flow depth is always

maintained constant during the entire duration of the test.

Figure II.10: Manual Level Gauge

II.3.4 Velocity measurement: Acoustic Doppler Velocimetry

II.3.4.1 Description

The velocity profiles over the false bottom were measured using an Acoustic Doppler Velocity

Profiler (ADVP) called Nortek Vectrino Profiler. The vectrino profiler is a profiling version of a

vectrino which was primarily developed for laboratory measurement.

Figure II.11 gives an overview of the main components of this device. It is composed of a

pressure housing, probe and measuring head. The measuring head comprises central transmitter

surrounded by four receivers which inclined 30°towards the center. It is a bistatic system as the

emitter and the receiver are physically separated. These mechanical components were combined

with an acquisition software “Multi-Instrument Data Acquisition System (MIDAS)” which is

used to configure the instrument, collect, display in real time and save data [186].

The processing of the device is based on pulse-coherent technique [187]. In fact, the central

transmitter sends two continuous pulses with a time lag which propagate and are backscattered
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by the seed particle in suspension. The doppler effect induces a phase shift which is recorded

by each receiver. A temperature sensor is embedded in the probe so the speed of sound can

be correctly determined. The Vectrino Profiler uses this phase shifts and the speed of sound to

estimate the velocity of beam receiver, as shown below (Equation II.2).

V beam =
∆φC

4π f ∆t
(II.2)

Where, ∆φ , C, f and ∆t are phase difference, speed of sound, transmitted frequency and time

difference between two consecutive pulses.

Figure II.11: Nortek Vectrino Profiler, (a): Installation of the Vectrino on the flume, (b): notation and
sampling volume after [187], the direction of the flow is indicated by blue arrows

The manufacturer performs a calibration of the probe geometry, which is used to determine

the transformation coefficient from beam coordinates to XYZ coordinates. Receivers 1 and 3 are

used to estimate the horizontal component in the x direction, u, and the first vertical component

in the z direction, w1. Receivers 2 and 4 are used to estimate the horizontal component in the y

direction, v, and the second vertical component in the z direction, w2.

The accuracy of the velocity measurement provided by the manufacturer is "± 0.5% of the

measured value ± 1 mm s−1" [188]. The vertical spatial resolution of the device can be adjusted

between 1 and 4 mm. The velocity data acquisition frequency can be chosen between 1 and 100
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Hz.

The elevation of the bottom floor relative to the central transmitter (df) is also obtained by

the recording of a simple echo. When the transmited pulse hits the bottom, a strong echo is

produced. The bottom check data are sampled and can be taken at a rate between 1 and 10 Hz.

The measurements of velocity and bottom floor position are performed simultaneously. The

ADVP provides up to 30 mm length of the velocity profile between 40 and 70 mm from the

transmitter.

The constant transformation matrix determined by the manufacturer is ineffective when ap-

plied to the entire velocity profile. Indeed, the geometry of the probe causes a decrease in signal

quality (signal-to-noise ratio, amplitude and signal correlation) on either side of the point of

maximum quality, located 50 mm from the transmitter and following a parabolic profile shape. At

50 mm, the 4 beams show a maximum overlap, creating an area called the "sweet-spot" (Figure

II.11). Within a range of 10 mm around this maximum beam correlation point, the mean velocity

values indicated no variation compared with other measurement technique such as the standard

acoustic doppler velocimetry (ADV) [34] and the particle image velocimetry (PIV) [141, 218].

Above and below this area, the doppler noise and signal decorrelation increase, resulting in a

bias with an underestimation of the mean velocity up to 10% [34]. [213] recently proposed a

new data acquisition methodology that reduces measurement uncertainty. They obtained 25 mm

of vertical velocity profile by tracking five 10 mm profiles corresponding to the best range in the

sweet spot region with an overlapping portion of around 5 mm between the profiles.

In our measurement, the support used was proposed and designed to allow vertical and

horizontal displacement of the vectrino by means of screw-nut system (Figure II.11). The screws

have 10 mm diameter with 2mm pitch which means that a turn of the screw corresponds to a

displacement of 2mm horizontally and vertically. A crank and a counter were provided on each

axis to permit the displacement and the visualization of the displacement value simultaneously.

The instrument was oriented vertically so that the leg with a red ribbon referring to beam

1 was oriented in the same direction as the water flow. The head of the instrument must be

completely immersed in water during measurements. The head of the instrument is too sensitive.

It was necessary to handle the Vectrino Profiler with great care avoiding shocks. A very small

modification in the orientation of one of the receivers distorted the results. The results were

expressed assuming that the bottom corresponds to the zero altitude (Z=0 m).
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II.3.4.2 Experimental procedure and methodology for data acquisition

First, the flow was seeded with hollow glass microspheres (Spherical 110P8), recommended

by the manufacturer. The microspheres have a median diameter of 10 µm and a density of

(1.10± 0.05) gcm−3 very close to that of water. The Vectrino Profiler was configured with the

maximum frequency of the velocity measurement (100 Hz) and the maximum frequency of

bottom elevation (10 Hz) coupled with the optimum spatial resolution (1 mm). The chosen

algorithm is the maximum ping algorithm, since smooth hydraulic conditions are respected. The

parameters are chosen based on standards in the instrument manual. We check that the seeding

is enough by making Vectrino measurement in the flume while we add the seeding material.

The signal to noise ratio (SNR) and signal correlation increase with the addition of seeding

material. We add seedings until, for all instantaneous data, the signal to noise ratio (SNR) of

each receiver is greater than 20 dB along the profile and the signal correlation for each beam is

also greater than 90%. These values were used according to the standards recommended by the

manufacturer. Water quality plays a very important role in the measurements. It was observed

during measurements that the presence of limestone in the water can greatly reduce the amount

of seeding required.Our measurements were made along a 30 mm elevation while lowering the

instrument around 15 mm towards the bottom. This allowed to have an overlapping of around 50

% in the common elevation zones. Finally, the data was processed using Matlab and the velocity

value at each altitude in the velocity profile is time averaged.

Figure II.12 shows an example of results obtained in the axial direction, noted 1, for the

vectrino profiler at an axial distance from the initial slope of the false bottom dx equal to 4.8

m at a flow rate Q = 65 m3/h and a water depth h = 14.8 cm. Each color in the Figures II.12

(a),(b),(c),(d) and (e) corresponds to one measurement at a specific elevation of the bottom floor

relative to the central transmitter (df) with a recording duration of 1 minute, corresponding to the

average of 6 000 instantaneous measurements.

The results show that the parameters describing the quality of the signal (amplitude, signal-to-

noise ratio and correlation) have in most cases the same parabolic shapes with a maximum at

the sweet spot 50 mm from the transducer. The corresponding standard deviation has also a

parabolic shape with inverted curvature. This means that the best quality of the signal depends

on the distance from the transducer head and was located in the zone of maximum amplitude,

signal-to-noise ratio and correlation, which was at 50 mm from the transducer. Above and below

this sweet area, the doppler noise and signal decorrelation increase due to the decreasing overlap

of the individual beams.



II.3 H Y D R AU L I C F L U M E 67

Figure II.12: Vertical profiles in the axial direction of the : (a) amplitude, (b) signal to noise ratio, (c)
correlation, (d) standard deviation and (e) velocity before filtration in arithmetic scale, (f)
: velocity after filtration in semi-logarithmic scale, at an axial distance with respect to the
initial slope of the false bottom dx equal to 4.8 m at a flow discharge Q 65 m3/h and a water
depth h 14.8 cm.

Some anomalies appear in the measurements, creating aberrant points especially for the pro-

files at the extremities, the closest to the false bottom (in red) and closest to the free water surface

(in magenta and yellow). We noticed that these aberrant points correspond to a discrepancy in

the quality of the signal, visualized as a discontinuity in the parabolic shape. Concerning the

closest profile to the false bottom, these anomalies may be due to the acoustic interference. This

phenomenon can occur if the current pulse is interfered with by reflections from the previous

pulse(s), creating an area called “weak spot”. The interference region depends on the type of

material in contact with the water interface and is estimated to be between 1.7 and 5 mm (±

0.5mm) above the bottom by [130]. On the other hand, concerning the profiles closest to the free

surface of the water, these anomalies may be explained by the higher influence of the probe on

the flow close to the free surface, affecting the measurement flow velocity zone.

To reduce the number of outliers in the measurements, a filtration of data has been performed.

This filtering consists in removing all the measurements having a standard deviation higher

than 20% of the measured value. Figure II.12 (f) shows the final result after grouping all the

data of the six average flow velocity measurements at the different elevations from the bottom

and filtering them in a semi-logarithmic scale. All measurements leading to the final profile are

performed under the same hydraulic conditions.

Due to instrument displacement uncertainty (±0.1 mm), points in the overlap area had slightly
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different elevations. The velocity measurement uncertainty in the Vectrino Profiler varied with

transmitter position, which caused minor oscillations in the profile. In smooth flow, the profile

consists of a millimetric viscous layer near the sediment-water interface, followed by a centi-

metric turbulent layer with a logarithmic velocity profile. Despite the measurement disturbances

related to the displacement of the instrument, these results provided a satisfactory velocity profile.

In the following, all the results shown are realized by following this acquisition methodology.

A general tendency to a continuity in the measured vertical profiles of axial velocity is clearly

observed in all the obtained results.

II.3.4.3 Hydraulic conditions of the performed scour flume tests

The hydraulic conditions of the performed scour flume tests are summarized in Table II.4 which

give the main values of the dimensional and adimensional parameters.

Hydraulic
condition

Soil type
Q

m3/h

h
cm

V
m/s

Vc
m/s Re Fr ReD V/Vc

Theoretical Flume
experiment

Erodimeter
experiment

1 Medium sand 65 15 0.29 0.48 0.41 (± 0.005) _ 42920 0.24 9280 0.7

2

Fine sand

65 17 0.26

0.27 0.22 (± 0.008) 0.24

44200 0.20 8320

1.08

M1 - - 0.25 1.04

M2 - - 0.4 0.65

M3 - - 0.45 0.57

M4 - - 0.5 0.52

M5 - - 0.62 0.42

Table II.4: Hydraulic conditions of the performed scour flume tests; Where M1: 85% Sand +15% Silt,
M2: 85% Sand +10% Silt +5% Clay, M3: 85% Sand +7.5% Silt +7.5% Clay, M4: 85% Sand
+5% Silt +10% Clay and M5: 85% Sand +15% Clay

The conditions 1 and 2 describe the hydraulic conditions for tests on medium sand and fine soils

respectively. The water discharge Q, the water depth h and the depth averaged flow velocity V are

maintained at a constant values during the experiments. The flow regime of performed tests was

turbulent since the Reynold’s number values based on water depth were Re=42920 and Re=44200

respectively [235]. The Froude number Fr values of 0.24 and 0.2 indicate subcritical hydraulic

conditions. The Reynold number based on the diameter of the cylinder ReD= 9280 and ReD=

8320 point out a laminar boundary layer separation and a completely turbulent wake region [105].

The average critical velocity of the initiation of the bed movement was determined using three

methods : theoretical, carrying out flume tests without piers and erodimeter tests under the same
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geotechnical conditions as those described above. The erodimeter results on the fine soils and

the methodology used to determine the critical velocity Vc were detailed in Chapter IV.

The theoretical method which is based in the following equations has a limitation, being only

applicable for the pure sandy soils. [236] proposed the relation II.3 to determine the critical

Shields number (θcr) for the incipient motion from the dimensionless sedimentological diameter

(D∗).

θc =
0,3

1+ 1,2D∗
+ 0,055 [1− exp (−0,02D∗)] (II.3)

Where,

D∗ =

[
g(s−1)

ν2

]1/3

d50 (II.4)

where, g is the acceleration of gravity, ν is the kinematic viscosity of water, s=ρs/ρw with, s,

ρs and ρw are the relative density of the sediment, the volumetric mass of the sediment and the

volumetric mass of the water respectively.

The Shields parameter θ is defined by the relation II.5 :

θ =
τ0

ρw(s−1)gd50
(II.5)

Where, τ0 is the bed shear stress.

Using the equations II.3 and II.5, for the present tests on sand, it is possible to estimate the

critical Shields number θc = 0.037 (medium sand) and θc= 0.046 (fine sand), the critical value

of shear velocity at the bed u∗c =
√

τ0c/ρw, u∗c= 0.032 (medium sand) and u∗c= 0.0125 (fine

sand) and the corresponding critical bed shear stress τ0c = 1.029 Pa (medium sand) and τ0c =

0.157 Pa (fine sand).

The value of the Reynolds number is defined by Re∗ = u∗ks/ν , where ks = 2.5d50 is the

roughness length of the bed [184], where d50 is the mean size of sediment. The Re∗= 136.39 for

medium sand lies in the hydraulically rough since Re∗ > 70 [235]. The Re∗ = 6.58 for fine sand

is in the transition region since 5 < Re∗ < 70 [235].

In the hydraulic rough regime, the length scale z0 in the log-law velocity distribution can be

estimated by the equation II.6 [235] and the flow velocity (V) is given by the equation II.7 [235]:

z0 =
ks

30
(II.6)

V = 2.5u∗ ln
(

11h
30z0

)
(II.7)
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In the transition hydraulic regime, the length scale z0 in the log-law velocity distribution can be

estimated by the equation II.8[235] and the flow velocity (V) is given by II.9 [235]:

z0 =
ks

30

[
1− exp

(
−u∗ks

27v

)]
+

v
9u∗

(II.8)

V = 2.5u∗ ln
(

h
2.72z0

)
(II.9)

Using equations II.3, II.6 and II.7, the depth-average velocity for incipient motion is estimated to

0.48 m/s for the medium sand. Using equations II.3, II.8 and II.9, the depth-average velocity for

incipient motion is estimated to 0.27 m/s for fine sand.

The flume experiments without pier were carried for pure sandy soils (medium and fine sand).

For this type of experiment, we start by preparing a flat bed and saturate it by applying the

methodology described in section II.3.5.3. For the bed compaction, a plate without a hole in the

middle is used. At the beginning of the experiments, a low flow velocity (0.1 m/s) is set. We

opted to measure the threshold visually, by gradually increasing flow velocity in steps of 8 mm/s

until at least three grains were observed to move around one minute, as previously done by [143].

A stronger mobilization of the grains are observed by slightly increasing the approach velocity

from threshold value. The test without flume on medium sand and fine sand were repeated three

times. The average values of the critical velocity from the three tests is 0.41 m/s for the medium

sand and 0.22 m/s for the fine sand.

The values obtained by the three methods in the case of pure sand are very close showing

the validity of the three methods, with a standard deviation of 0.02 m/s. This justifies the fact

that one of these methods can be done alone to determine the value of the threshold value. The

measurements recorded with the EFA erodimeter, which will later be used for the scour depth

estimation method (in Chapter IV), were selected for the campaign on fine soils.

For pier scour tests, a flow intensity V/Vcr greater than 1 indicates a live bed water scour

condition for fine sand and for the mixture 1 (85% fine sand + 15% silt). A V/Vcr intensity below

1 indicates a clear water scour condition for all other soil configurations. The critical velocity

values used in the computation of the flow intensity come from flume non-pier measurements for

medium sandy soils and from EFA testing for all other configurations of soil.
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II.3.4.4 Results

In order to characterize the flow in the experimental flume, various measurements of the velocity

profiles far from the pier are performed for the two hydraulic configurations of the scouring tests

performed during my thesis work. The measurements are taken in the presence of the pier, by

putting a smooth surface plate made of PVC flush with the false bottom, instead of the soil bed

in the recess area. The position of the measurements of the different profiles are far enough from

the cylinder pier to avoid the disturbance as shown in Figure II.13. Lateral profiles at E and F

are performed 10 cm from the center width of the flume at an axial distance with respect to the

initial slope of the false bottom dx 4.8 m. The other profiles A, B ,C and D are performed at

the longitudinal axis of channel (center width of the flume) at an axial distance from the initial

slope of the false bottom dx = 2 m, 3.3 m, 4.3 m and 4.8 m respectively (Figure II.13). The flow

direction is in the direction from A to D.

Figure II.13: Top view flume scheme showing the position of the indexes from A to F

Evolution of the velocity profiles as function of the axial distance

Figure II.14 shows the evolution of the mean velocity profiles in the longitudinal axis of

the flume as a function of the distance to the initial slope of the false bottom (dx) for the two

hydraulic configurations. The dotted lines represent the best logarithmic fit with the experimental

data between an elevation (Z) 0.005 m and 0.05 m.

The average velocity profiles reach a state of near-constant coefficient in the logarithmic

variation zone at a distance downstream of the initial slope of the false bottom. For the two

hydraulic conditions considered, this distance is approximately 4.3 meters.

The velocity profile in turbulent flow can be written as a logarithmic law as stated by [235] :

V (z)
u∗

=
1
K

ln
(

z
z0

)
(II.10)
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Where V is the horizontal component of flow velocity, u∗ the friction velocity at the bottom, K

the von karman constant, usually believed to be constant (0.4) and z0 is a Nikuradse roughness

length scale. It is important to note that the water turbidity may affect the Von Karman constant.

Figure II.14: Evolution of the mean velocity profiles in the longitudinal axis of the flume as a function of
the axial distance with respect to the initial slope of the false bottom (dx), (a) : hydraulic
condition 1 (with medium sand) (b) : hydraulic condition 2 (with fine soils)



II.3 H Y D R AU L I C F L U M E 73

According to [102], the determination of the affine fit equation of the velocity profile in

the logarithmic variation zone, in a semi-logarithmic graph, enables the values of u∗ and z0 to

be estimated. The slope of this linear relationship, represented by u∗/K provides the value of

u∗. Additionally, z0, which is the null velocity elevation, is determined as the point where the

log-layer intersects the z-axis. This intersection point corresponds to the elevation (Z) that returns

a zero velocity value in the fitting linear relationship.

The thickness of the sub-viscous layer δv just above the bottom is estimated by [159]:

δv = 11,6
ν

u∗
(II.11)

Where ν is the kinematic viscosity of the water.

Frictional forces are represented by the shear stress at the bottom.

τ∗ = ρu2
∗ (II.12)

Where, ρ is the volumetric mass density of the water (1000 kg/m3).

Table II.5 summarizes the values obtained for the flow parameters (u∗, z0, δv and τ∗) from

measurements at the different positions and for the two hydraulic tested configurations while

using the equations II.10, II.11 and II.12.

Measurements were made on top of a PVC plate with a smooth surface, which justifies the

existence of a hydraulic smooth flow condition.

Under hydraulic smooth flow condition, the average depth flow velocity across the water depth

can be expressed as:

V =
u∗
K

ln
(

3.31
u∗h
ν

)
(II.13)

In the case of an average depth flow velocity V = 0.29 m/s and a water depth h = 0.15 m, the

friction velocity u∗ is approximately 0.0337 m/s using the equation II.13, which is close to

the value obtained from measurement (u∗ = 0.0352 m/s). Similarly, for an average depth flow

velocity V = 0.26 m/s and a water depth h = 0.17 m, the friction velocity u∗ is approximately

0.0301 m/s using the equation II.13, which is close to the value obtained from measurement (u∗
= 0.0348 m/s).
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Hydraulic conditionPosition Flow parameter
1 (with medium sand) 2 (with fine soils)

u∗(m/s) 0.0228 0.0192

Z0(mm) 0.00019 0.00012

δv(mm) 0.5 0.6
A

τ∗(Pa) 0.520 0.369

u∗(m/s) 0.0300 0.0244

Z0(mm) 0.0031 0.0013

δv(mm) 0.4 0.5
B

τ∗(Pa) 0.900 0.595

u∗(m/s) 0.0384 0.0364

Z0(mm) 0.0283 0.0350

δv(mm) 0.3 0.318
C

τ∗(Pa) 1.475 1.325

u∗(m/s) 0.0352 0.0348

Z0(mm) 0.0152 0.0288

δv(mm) 0.3 0.3
D

τ∗(Pa) 1.239 1.211

Table II.5: Flow parameters estimated at different locations in the axial distance along the flume for
the tested hydraulic configurations; u∗, Z0, δ and τ∗ represent the friction velocity at the
bottom, length scale, thickness of the subviscous layer and friction shear stress at the bottom
respectively

The established velocity profile, measured at position D in the two hydraulic configurations,

are discretized at 1 mm intervals along the Z-axis after removing outliers from the measurements.

The discretization process assumes that there is a velocity of 0 m/s at Z=0 m and a constant

velocity between Z=0.011 m and the elevation corresponding to the surface of the water. To

calculate the average velocity over a the water depth, the data within that interval is used, which

yields a value of 0.29 m/s and 0.26 m/s for condition 1 and 2 respectively. These velocities are

equal to the calculated values from the imposed flow rate by the pump divided by the measured

water depth.

Effect of the Plexiglas plate

Velocity measurements at the downstream distance from the initial slope of the false bottom dx=

4.8 m are taken in the presence and absence of the Plexiglas plate on the water surface under

the recess area as shown in Figures II.8 and II.18 (b), once upstream and again downstream of

the pier. These measurements are carried out for hydraulic condition 2 at the center of the flume
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(position D) and results are illustrated in Figure II.15. The comparison of the three profiles shows

no significant differences, indicating that the influence of Plexiglas plate on the flow is negligible.

Thus, in the presence of the plate in the upstream and downstream positions of the pier, the flow

is well established with always the same logarithmic layer for the profile.

Figure II.15: Effect of the Plexiglas plate on the vertical profile of the mean velocity measured at position
D with the hydraulic condition 2 (with fine soils)

Effect of the flume edge

The effect of the flume edge was studied at dx=4.8 m. The results are shown in the Figure

II.16. The points at left and right of the flume are defined with respect to the flow direction. It

is important to note that we found that there is an asymmetry in the flow. Indeed, we observed

a higher velocity on the left side by about 20% and 13% than the right velocity values for

conditions 1 and 2 respectively. This was unexpected and may be the reason of some unexpected

asymmetry in the scour hole topography measurement.
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Figure II.16: Effect of the flume edge on the vertical profile of the mean velocity (a): hydraulic condition
1 (with medium sand), (b): hydraulic condition 2 (with fine soils)

II.3.5 Bed topography measurement: 3D Scanner Laser

II.3.5.1 Description

The photoneo scanner, type Phoxi 3D scanner size S, involves a camera and a laser class 3R

pattern projector with a signal wavelength in the red spectrum (about 639 nm) (Figure II.17

(a)). The scanning volume has trapezoidal shape located at a range distance from the device of

384-520 mm with an optimum scanning distance at 442 mm (Figure II.17 (b)). The scanning

area at focus distance is 360 × 286 mm. The scanning time provided by the device is in the

range 250-2250 ms. According to the manufacturer, this technique’s key advantages are its

capacity to attain a high level of spatial accuracy (0.05 mm) and temporal accuracy (250 ms).

The coordinate system is located at the center projection pinhole of the camera. The measuring
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principle is based on sophisticated 3D surface imaging technology using structured light (Figure

II.17 (c)). Multiple light planes were emitted by the projector to cover the complete scanned

scene in form of patterns. The surface’s geometric shape distorts structural light pattern. A unique

intensity code is assigned to every projection column. Using various structural light principles

and algorithms, a correspondence between this intensity and the camera pixel was determined.

The 3D dimensional coordinates are then computed for the corresponding point on the scene

using the triangulation plane theory, knowing the distance between the laser source and the

camera (230 mm) allowing the automatic reconstruction of the 3D object shape.

Figure II.17: PhoXi 3D Scanner S, (a): main components, (b): Scanning volume, (c): Structural light 3D
imaging principle [114]

II.3.5.2 3D scanner Installation

Preliminary tests at various orientations of the scanner positioned on the side of the glass wall

flume were carried out. The results revealed that in this scanner position it was not possible to

access the topography of the scour area. The scour hole appears as an empty data region. The

presence of this blind area may be explained by the fact that in this position the incident pattern

cannot have a high inclination with respect to the normal at the glass wall. As a consequence, the

flat bed surface hides from the laser scanner the scour hole as seen in the (Figure II.18 (a)). The

incident pattern sheet may be blocked by the presence of a transition in the depth zone preventing

the visibility of scour hole data by the scanner. The size of this region depends strongly on the

slope of the scour hole and the scour depth on the side of the pier, the greater the slope and

the depth, the more difficult it is to detect this zone. The clouds illustrated in this figure were

obtained when the pier had a white outer surface.
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Figure II.18: 3D scanner positioning, (a): scanner located at the side of the flume, (b): scanner located
above the water surface

To solve this problem, the scanner position was modified and positioned above the water

surface (Figure II.18 (b)). As the laser sheet illuminated a scan area that measured around 360 by

286 mm, the single complete underwater test was composed of two similar separated experiments,

focusing the scanner to the upstream and downstream of the pier respectively while placing a

Plexiglas plate at the water surface. At these locations, the incident pattern can have high slope

with respect to the normal at the Plexiglas plate preventing the blind area to appear. The Plexiglas

plate has 1 cm thickness, 0.5 m in the length and span the entire width of the flume. It was fixed
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to a metallic frame support which was placed on the banks of the flume, by four threaded rods.

On each of these threaded rods, there are nuts on both sides of the metal support. These nuts are

used to adjust the vertical position of the Plexiglas plate so that its internal interface coincides

with the water surface desired. The plate is attached to the flume banks, hence, cannot respond

to water level change, and pressured condition exist beneath the plate. Two 30◦ chamfer were

at either end of the plate to aid in directing flow underneath and prevent the flow over top. The

shadow is lessened at these two stations, and the laser reflection caused by the pier is stopped

by coloring it by black permanent marker, and the pier is not appeared in the input scanner data

which facilitates the data treatment. The acquisition of a full half-plane (180◦ view per test) of

the scour hole with the presence of the highest number of cloud points surrounding the pier

is then made feasible by the 3D scanner. The data acquisition methodology developed and its

validation will be presented in chapter III.

II.3.5.3 Soil and flume setting before test running

Preparation of bed sample

Figure II.19 shows the steps of the mixture preparation. Powdered fine sand and fines con-

tent (silt or/and clay) were thoroughly mixed by hand in dry weight then with the water content

using accurate proportions. The sediments were mixed thoroughly again in a concrete mixer

machine for a sufficient time (around 30 min) to ensure homogeneity. To prepare the required 50

kg of soil mixture for a single test, we individually prepared 10 kg of material five times. The

mixture then was then placed in buckets, with closed covers, to rest during minimum three days.

Figure II.19: Mixture preparation
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The prepared mixture was then filled in the test section, where the cylinder has been fixed

centrally and vertically. Regarding the method of compaction of cohesive soils in flume tests,

various methods are reported in the literature. Dynamic compaction for sediments having hard,

semisolid and plastic consistencies using cylindrical roller was done by [122, 132] and using

hammer while controlling the number of blows by [13]. Kneading method using tamper was

made on delivered block of soft clay by [112, 153]. The applied method in our tests is described

as follow. The sediment is compacted in the test section in three different layers each having

approximate thickness of 2 cm. Each layer is compacted using a standard Proctor hammer which

has a 2.45 kg weight and from a drop height of 30.5 cm, with the presence of a grid plate placed

at the soil surface. The plate is 0.5 m long and 0.4 m wide. It has a semicircular hole at one of

its central edges. Two plates are required in order to fit into the total soil section area (shown

in Figure II.20). Each plate is divided to identical rectangular portions to form a grid. Before

proceeding with the experiments, preliminary tests were carried out by changing the order of

blows between the grids on the plate, before finally proposing an order that would maintain a

horizontal ground surface. Approximately eighty blows evenly distributed over the entire surface

of the plate are applied in each layer. Each layer’s top surface is roughened in order to ensure

that the various layers would bound to one another. Furthermore, using a wooden template, the

bed surface is planned from the working section’s upstream to its downstream end. Figure II.20

illustrate photographs of the procedure described previously in the case of the fine sand.

Figure II.20: Procedure for placing the soil in the flume
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Water filling procedure

To avoid initial scour not desired, some precautions are proposed and taken while filling the

flume. For the first tests done on the medium sand, the methodology applied is described in

Figure II.21. After placing the medium sand in the flume test section, the two plates used for

the compaction purpose are placed on the soil surface. Weights are placed along the surface of

the plates with symmetrical longitudinal and transversal distribution around the cylinder. The

flume is then filled with water at a very low flow rate, 15 m3/h, in presence of the plates and the

weights until the initial water depth reaches the desired value. Then the weights and plates are

gently removed consecutively without disturbing the surface of the bed. The bed was kept under

water initially during 1h before running the test. Owing to the medium size distribution of this

soil, 1 h was sufficient to saturate the bed.

Figure II.21: Water filling procedure for medium sand, (a): photograph taken during the water filling step,
(b): Illustration of the applied methodology

Unfortunately, this procedure is not applicable in the case of fine cohesive soils since they stick

to the surface of the plates in the presence of water. For this reason, another type of procedure is

applied (Figure II.22 (a)).

First, two inflatable balloons are used to plug the outlet of the hydraulic flume which is inclined

by +2.5%. In parallel to this, the pipe of the flume on the back flow side of the pump must be
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closed by means of the shut-off valve plugging the inlet of the flume.

After that, the filling of clear and clean water is done through a garden hose connected to an

exterior tap and set down in the outlet element of the flume. The use of the garden hose and the

inclination of the flume help slowing down the water velocity during the water filling step.

Once the surface of water arrives and attains around 5 cm of depth at the flume entrance, the

flume is gently reclined in the opposite direction by around - 0.1% every 15 minutes until the

slope of the zero flume is reached. This step must be done slowly in order to avoid generating

waves that could disturb the initial soil surface.

To ensure a good flow initiation at the beginning of the experiment, the level of water in the

flume, prior running the test, should be fixed to the initial water depth of the experiment and the

amount of water in the tanks must be evacuated to around 5 cm below the medium height of each

tank. The evacuation is done by placing a submersible drainage pump at the bottom of the tank

and connecting to an exit hose. Failing to evacuate a significant amount of water from the tanks

will cause them to overflow.

Following this, all fine soils were kept under water overnight 12-16 hours, allowing the saturation

phase of the bed. The non-cohesive and cohesive matrices acquired then cohesive bounding that

was closer to the field conditions [84].

The next day, the pump started with a very low flow rate of 15 m3/h at the beginning of the test,

the channel pipe is opened and the balloons are successively deflated. With a water height of

about 17 cm, this very low flow rate does not cause any erosion for all the soils used.

Figure II.22 (b) illustrates a photograph of the fine sand surface in its initial condition before

running the test and after following the water filling procedure described previously.
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Figure II.22: Water filling procedure for all fine soils, (a): explanation of the methodology applied, (b):
the surface of the sand NE34 after water filling and before running the test

II.3.6 Experimental program for flume tests

Table II.6 presents a summary of the experimental program for flume tests carried out during this

PhD research. In total, there are 18 flume tests: 5 preliminary tests on medium sand and 13 tests

on fine soils. The pier scour tests (in presence of the pier) were conducted during 360 min. Two

similar tests were always carried out, one dedicated to the upstream side of the pier and the other

to the downstream side.
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Test Pier Plate
Medium

Sand
(%)

Fine
Sand
(%)

Silt
(%)

Clay
(%)

Pier Side
scanned

V
(m/s)

h
(m)

1* X
O

100 _ _ _

_ _ _

2*

O

Upstream

0.29 0.15
3* Downstream

4
X

Upstream

5 Downstream

6* X

O _

100 0 0
_ _ _

7

O

Upstream

0.26 0.17

8 Downstream

9

85

15 0
Upstream

10 Downstream

11
10 5

Upstream

12 Downstream

13
7.5 7.5

Upstream

14 Downstream

15
5 10

Upstream

16 Downstream

17
0 15

Upstream

18 Downstream

Table II.6: Summary of the experimental flume test program, where ’X’ indicates absence, ’O’ indicates
presence, and ’*’ indicates tests that were repeated three times, V is the flow velocity and h is
the water depth

Five preliminary tests were conducted on medium sand to validate the measurement technique

of the 3D Scanner Laser. The first test, corresponds to non-pier flume test (Test 1 in Table II.6).

This test aimed to determine the critical velocity of the sand (Vc). The subsequent four tests,

named Tests 2, 3, 4, and 5 in Table II.6, were carried out with a pier in clear water scour regime

(V/Vc=0.7), with a flow velocity V (0.29 m/s) and a water depth h (0.15 m). Tests 2 and 3

involved continuous monitoring over a 360 min, which was possible in presence of the Plexiglas

plate. These tests were repeated three times to demonstrate the repeatability of results. Tests 4

and 5, conducted without the Plexiglas plate, aimed to show whether the presence of the Plexiglas

plate had any influence on the topography of pier scour.

Thirteen tests on pier scour on fine soils were conducted. We started by carrying out a flume

test on fine sand without pier (Test 6 in Table II.6) to determine the critical erosion velocity for

the reference fine sand (Vc). Then, 12 pier scour tests were performed on the different tested

fine soils. We maintained consistent flow velocity V of 0.26 m/s and water depth h of 0.17 m for
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all these tests. To establish a reference test for comparison, we carried out Test 7 and Test 8 in

Table II.6 on pure sand. Following these initial tests, we focused on the effect of progressively

increasing the percentage of clay compared to silt within the percentage of fines in the soil

mixtures on the scour process. This investigation spanned from Test 9 to Test 18 in Table II.6.

We aimed to compare the behavior of soil starting with a 15%silt mixture (Test 9, 10) and then

gradually increasing the clay content within the sand-silt-clay mixture in subsequent tests.

II.4 E RO S I O N F U N C T I O N A P PA R AT U S ( E F A )

II.4.1 Description

The Erosion Function Apparatus (EFA) was conceived by Jean-Louis Briaud in 1991, designed

in 1992 and realized in 1993 mainly to characterize the erosive properties of all types of soils

(natural and artificial), ranging from clay to gravel, and from soft soils to soft rocks [55]. More

precisely, it measures the erosion function, which relates the hydraulic shear stress τ applied to

the water-soil interface to the soil erosion rate ż. Used in conjunction with the SRICOS (Scour

Rate In COhesive Soils) method, the EFA can provide accurate scour depth prediction [56].

Figure II.23 shows photographs of the main components and the test section of the erodimeter

and a conceptional diagram of the soil erosion sample. The erodimeter consists of a closed

rectangular cross section conduit in which a flow circulates in close cycle. A water tank at the

back with a capacity of 700 L connected to a pump supplies the erodimeter with water. The soil

sample is placed in an ASTM standard Shelby tube of external and internal diameters 76.2 mm

(3 pouces) and 73 mm respectively. The turn hand wheel is used to set the Shelby tube through a

circular opening at the bottom of the rectangular cross sectional pipe which is 101.6 mm width,

50.8 mm height, 1.22 m long and has at one end flow straightener. A pump drives the water

throught the pipe. The flow is regulated manually by means of a valve. Average water velocity

ranges from 0.1 m/s to 6 m/s. Plexiglas windows at the top and side of the flow channel provide

a visual check on the thickness of eroded soil. The device is equipped with a flow meter and

temperature sensors.

These measuring devices are connected to a computer which, through the control software,

allows to have an instantaneous reading of the flow velocity and the temperature as well as to

record them. In this way, flow velocity and temperature averages for the duration of the test are

calculated from instantaneous recording values.
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Figure II.23: Erodimeter Erosion Function Apparatus (EFA), (a): overview, (b): test section, (c): concep-
tional diagram of soil erosion sample [50], the direction of the flow is indicated by blue
arrows

Below the measuring section there is a platform with a piston allows moving up the sample.

During the test, the number of times the sample was pushed by 1 mm was indicated to obtain the

total eroded height. This is a visual inspection test that depends on the operator. For this reason,

it is better to have the same person to carry out the tests. The relative error on the erosion rate

and the shear stress parameters measured by the EFA reported by [55] is about 10%.

II.4.2 Sample preparation

The Shelby tube is used to collect soil from site as well as to prepare the sample of soil in the

laboratory. The latter case was done in our work by compacting the material inside the tube

(Figure II.24).

The Shelby tube should be well cleaned by water from the inside and outside before preparing

the soil. A cylinder was installed at the bottom part of the Shelby tube to reduce the time of
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pushing the soil sample in the erodimeter. The total length of the sample chosen for all the tests

performed was fixed to 15 cm. The soil sample was uniformly compacted in 3 layers of 5 cm

length. Blows were done until obtaining the 5 cm of length for each layer. To make sure that the

different layers would bound to each other, the top surface of each layer was roughened. In our

measurements, 7 cm of space at the top of the cylinder remains. The dry volumetric mass and

initial water content of the prepared tested soils in the Shelby tube for EFA tests were fixed to

the same values as those for flume tests.

Figure II.24: Soil sample preparation, (a): during the compaction, (b): illustration of the soil in the Shelby
tube

II.4.3 Experimental procedure

A complete test consist in considering several flow velocities and quantifying for each of these

velocities the rate of erosion produced.

The EFA general procedure test is as follow:

1. Sampling Shelby tube is installed on the piston platform.
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2. The soil sample is pushed by the piston and trimmed at the top of the sampling tube using

a thin metal plate to flush with the edge of the sampling tube.

3. The sampling tube is installed into the rectangular pipe and an initial low water velocity

(say 0.1 m/s) is achieved in the flume during 1 h to saturate the soil.

4. The pump is stopped, the tube is taken out, the surface of soil sample is trimmed to be

again flush with the edge of the sampling tube and the sampling tube is installed again into

the rectangular pipe.

5. The water flow is applied over the sample at a chosen velocity and the soil sample is

pushed into the flow by 1 mm when necessary during the erosion process to maintain its

level at the bottom of the pipe until a 50 mm height of soil is eroded or 30 min test time is

reached, whichever comes first. The erosion rate is then calculated by dividing the total

eroded soil height by the time.

6. Steps 4 and 5 are repeated with higher values of velocity (at least 6 value of velocities).

We start with low velocities and increase them progressively in order to be able to determine the

critical value that corresponds to the iniation of the erosion.

II.4.4 Data processing

Once 6 velocities have been tested, the scour rate (Ż(mm/h)) versus velocity (V (m/s)) curve is

obtained then converted to scour rate (Ż(mm/h)) versus shear stress (τ(Pa)) curve or erodibility

function.

The bottom shear stress imposed by the water on the soil (τ) is calculated from the average flow

velocity (V) in the closed channel section by applying the Darcy-Weisbach law [57] given by:

τ =
1

8
f ρV 2 (II.14)

Where, f is the friction coefficient and ρ is the volumetric mass density of the water (1000 kg/m3).

The friction coefficient (f) is obtained from Moody diagram [174] (Figure II.25). It is func-

tion of the number of Reynolds (Re) and the relative pipe roughness (ε/D) for the flow.
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Figure II.25: Moody Chart [55]

An alternative to using the Moody diagram is to solve the equations:

• For laminar flow regime: f =
64

Re

• For transition and turbulent regime (Colebrook equation):
1
√

f
=−2log10(

2.51

Re
√

f
+

ε/D

3.7
)

The parameters that should be calculated to determine the friction coefficient are listed and

defined as follow:

• The hydraulic diameter is equal to the diameter of a circular pipe when D =
4A

P
, where

A and P are the wet cross-sectional area and perimeter respectively. For a pipe with a

rectangular cross section

D =
2ab

(a+ b)
(II.15)

Where a and b represents the width and the height of the pipe respectively.

• The Reynolds number (Re) is calculated assuming that the characteristic length is the

equivalent diameter of the pipe (D).

Re =
V D

ν
(II.16)

Where ν is the kinematic viscosity of water determined as function of water temperature.
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• The relative roughness (ε/D) represents the the roughness elements’ average height on

the pipe surface (ε) on the equivalent diameter of the pipe (D). The roughness elements’

average height on the pipe surface (ε) is estimated the half of the medium particle diameter

of the soil studied (d50). The use of the factor 0.5 come from the assumption that the top

half of the particle protrudes into the flow and the bottom half is embedded in the soil

mass.

ε/D = 0.5 d50/D (II.17)

S Y N T H E S I S

This chapter covers in details the soil selection, experimental facilities, sample preparation and

testing technique.The results to better understand the geotechnical and hydraulic conditions of

the performed tests are presented. The instruments used are described, their advantages and

limitations are specified.



Chapter III :

Development of a novel 3D Scanner Laser Technique for Con-
tinuous Monitoring of Pier Scour Topography : Validation and
Preliminary tests

I N T RO D U C T I O N

This chapter focuses on the measurement validity of a 3D Scanner Laser Technique to continu-

ously monitor the local scour around a pier. First, the proposed data processing methodology was

shown in details, with all the softwares used. Next, the results of preliminary flume tests on local

scour carried out on medium sand in clear water (considered as benchmark test) were presented.

The repeatability of the tests was examined. Finally, the effect of the glass plate maintained on

the water surface and water evacuation on the scour topography were studied.

III.1 S T R AT E G Y F O R P RO C E S S I N G T H E DATA

The Phoxi 3D scanner was purchased from R&D Vision. As a part of my thesis, a systematic

strategy for the processing of data acquired by this scanner was developed. This methodology

was structured into four main steps (Figure III.1): Data acquisition, Calibration, Post-treatment

and Representation. Each of these steps was driven by dedicated software tools : Phoxi-Control,

Scilab, Cloud Compare and Matlab, respectively. The primary software used in each step was

shown in Figure III.1. In the following sections, a comprehensive details of these steps will be

provided.

91
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Figure III.1: Methodology used for data processing

III.1.1 Data acquisition

The laser scanner was connected through the data acquisition software Phoxi Control to obtain the

3D scans around the pier. Suitable acquisition parameters were chosen in our measurements.By

default, the laser power was set to 4095 µWatt, and the exposure time was configured at 20.48

milliseconds. In our measurements, these specific parameter values do not lead to overexposure

or camera saturation. The shutter multiply, number of repetitions of a pattern (1) and scan

multiply, number of repetitions of a scan (1) parameters provided a good density of original

cloud data (up to 1.3 million 3D points). As the scour in sand is a rapid process especially at

the beginning of the experiments, the frequency rate of acquisition was set to 0.5 Hz for the

first 5 minutes (1 scan per 02 seconds) and then to 0.0033 Hz (1 scan per 5 minutes) for the

rest of the experiment. An acquisition method with limited impact of ambient light was also

chosen. An automatic triggering of scans was set up with a fixed frame rate and an automatic

saving of scanned clouds in “. ply” extension. An example of 3D point cloud, bed around vertical

circular pier, obtained using the Phoxi Control software was shown in Figure III.2. In terms of

acquisition, the main advantages of this instrument are the rapid acquisition and the ability to

give a representation with millions of 3D points.
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Figure III.2: Typical 3D point cloud in the data acquisition software Phoxi Control

III.1.2 Calibration

The calibration described in the following is necessary and valid only for one position of the laser

scanner, so the operator should pay attention that the device is well fixed without any movement

(example: vibration) during the test running. These corrections were applied to all the data clouds

acquired by the instrument.
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III.1.2.1 Refraction correction

Figure III.3: Refraction correction, (a): scheme showing the consequence of refraction of light ray, (b):
scheme showing the steps of calibration, (c): application of the procedure in our measure-
ments

The refraction of light at the interface between two different materials modifies the trajectory of

light rays (Figure III.3 (a)) and therefore measured elevations. A correction algorithm in Scilab

software to account for the refraction of the light was developed by the R&D Vision and offered

with the scanner 3D. The application of this correction algorithm necessitated the determination

of the position of the interface 1 (between air and glass) and interface 2 (between glass and water)

in function of the position of the camera and the laser device (Figure III.3 (b), (c)). Clamps were

used to fix the plate at the interface 2. Two scans of a plate reference, object of known thickness at

the two different positions, should be done for each test. To prevent the formation of air bubbles,

this step was always performed in empty flume before each test. Having the point clouds from

both interfaces in ".ply" extension, the Scilab code was runned after all the data for the scour

hole topography were acquired (in ".ply" extension). This process enabled the correction of each

acquired scan, resulting in a corresponding corrected scan (in ".ply" extension).
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Figure III.4: Comparison between the three clouds resulting of scanning a white circular pier visualized
using Cloud Compare;(a): Top view visualisation; Green : Without water and glass; Blue
: With water and glass (before correction); Red : With water and glass (after correction),
(b):C2C absolute distances between the cylinder after the correction and the cylinder in the
air medium

To visualize the importance of this correction step, an application in case of the PVC smooth

cylinder obstacle (b=32mm) was done (Figure III.4). The cylinder was scanned before being

painted black (originally white) as part of our physical pier scour model test, with the scanner

positioned in the upstream section, focusing on the pier. The green, blue and red surfaces refer

respectively to scanned cylinder without water and glass, with water and glass before correction

and with water and glass after correction visualized in Cloud compare software (Figure III.4(a)).

It was observed that the surface of the cylinder scanned in the presence of water and glass before

correction was not at all a circle, which means that refraction can have the effect of modifying

completely the shape of the scanned object. The application of the correction gave back a near

cylinder even if its relative spatial placement was not exactly the same. The amount of refraction

depends mostly on the incident angle in water medium and therefore varies with the change in

position of the scanner. The refraction correction applied to the underwater scene allows us to

restore the accurate geometry without distortion, but it does not place the elements in their exact
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correct spatial position relative to reality.

The data sheet for the Photoneo sensor specifies an error margin of 0.05 mm [201]. This error is

in the air medium. The R&D Vision supplier of the 3D scanner instrumentation states that directly

evaluating the measurement error of Photoneo for an object submerged in water is challenging

due to non-linear deformations caused by refraction. Even after running the code correction in

Scilab, it’s not possible to achieve perfect correction. Therefore, to assess Photoneo’s error in a

water medium, it’s essential to calculate the relative deformation of the object after correction

in comparison to the object scanned without water. From the measurements presented for the

cylinder case, this error was quantified as follows. First, to minimize the relative positioning

error of the two point clouds, the cloud compare’s "clouds registration" tool was used. Then,

the distance of one cloud to the other was estimated using the Cloud compare’s "C2C (Cloud

to Cloud) absolute distance" tool for each point of a reference cloud (Green cloud in the air

medium (Figure III.4(a))) in relation to a second point cloud (Red cloud in the water medium

after correction (Figure III.4(a))). The definition of the "C2C tool" was shown in Appendix. The

distribution of the C2C absolute distance along the submerged length of the cylinder was shown

in Figure III.4 (b). The highest difference was observed on the edges because in this region, the

density of the cloud is the lowest. The average of the error distribution obtained was equal to

0.11 mm. It is important to note that the 0.11 mm does not correspond directly to the residual

refraction error. It was considered the mean error that corresponds to Photoneo sensor error in

water and after applying the correction code. The observed value is the range of the measurement

uncertainty given by the Photoneo, 0.1-0.2 mm. The 0.2 mm given by the Photoneo corresponds

to scanner positions too far from the scene being scanned, which was not in our case study. The

error was quantified in static water case, without flow. Some additional errors were caused by

the turbidity of the water (shown in chapter IV), the high flow velocity, the presence of waves on

the water surface and the reflection characteristics of the surface (the color of the surface) being

scanned and the presence of a light spot.

III.1.2.2 Reference change

The XYZ coordinates were used to identify the location of each point in a point cloud. Photoneo

3D Sensor was configured to generate point cloud within the camera coordinate space (R) (Figure

III.5). The origin of the reference R is the center of the camera sensor. The camera sensor is

inclined at 15.45◦ with respect to the sensor’s body [275]. In the camera space R, the X-axis

points to the device’s right side and the Y-axis points below the device [275]. The depth at which

the object was observed by the scanner was determined by the Z-axis [275]. The Z-axis aims to
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the scene perpendicular to the XY camera sensor plane [275]. The device offers the capability

to convert the point cloud into any user-defined coordinate space. However, the refraction code

was developed in the camera space coordinate system. For this reason, it was required that the

acquisition by the scanner was done using the camera’s reference, subsequently applying the

necessary of light refraction correction, and finally the step of the reference change.

An algorithm for changing the camera space coordinate system to a local space coordinate

system centered on the pier (R’) (as shown in Figure III.5) was added to the Scilab code existing

for the refraction correction. The algorithm was based on the following points:

Figure III.5: Reference change from the camera space coordinate system (R) to the local space coordinate
system centered at the pier (R’); The X-axis, Y-axis and Z-axis is red, green and blue axis
respectively; O is the origin of R being the center of the camera, O’ is the origin of R’ being
the center of the pier; The blue arrow refers to the flow direction

• The mean plane (P) of the point cloud in the reference R was established using the least

square method. The equation of the mean plane was denoted as (P): z = ax + by + c. A

function F was defined as the sum of squared differences between zi and (axi + byi + c)

for each data point Pi : F = ∑i (zi − axi −byi − c)2

The coefficients a, b and c of the plane correspond to the minimum of the function F.

This implies that the values of a, b, and c can be determined by solving a system of three

equations being the derivatives of the function F equals to zeros.


∂F
∂a = 0
∂F
∂b = 0
∂F
∂c = 0
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Developing these equations gives :


∑i x2

i ∑i xiyi ∑i xi

∑i xiyi ∑i y2
i ∑i yi

∑i xi ∑i yi ∑i 1




a

b

c

=


∑i xizi

∑i yizi

∑i zi


• Once the coefficients were determined, the coordinates of the unit normal vector on this

plane were calculated in the space coordinate system (R) as follows :

n⃗ =
(

a/
√

a2 + b2 + 1, b/
√

a2 + b2 + 1,−1/
√

a2 + b2 + 1
)

• The rotation angles γ and α for the rotation matrices around the z-axis (Rz) and the x-axis

(Rx) respectively were computed using the following formulas: γ = arctan(n(x)/n(y))

and α = arctan(nyz(y)/nyz(z)) (Figure III.6). The nyz is the component of vector n⃗ in

the (yz) plane. The rotation matrice R=Rx*Rz allows the transformation of the unit normal

vector n⃗ (n(x),n(y),n(z)) into (0,0,1).

The matrices Rx and Ry were defined by :

Rx =


1 0 0

0 cos(α) −sin(α)

0 sin(α) cos(α)

 and Rz =


cos(γ) −sin(γ) 0

sin(γ) cos(γ) 0

0 0 1


• The coordinate of the center of the cylinder O’ (xo’,yo’,zo’) was used to determine the

translation matrix T =


−xo′

−yo′

−zo′


• Once, the rotation and translation matrix were specified. The transformation of the refer-

ence was applied to the points in the cloud as follows. P′
i and Pi refer to the point in the

cloud after the reference change and before the reference change respectively.

P′
i = Pi × Rx × Rz + T

x′

y′

z′

=


1 0 0

0 cos(α) −sin(α)

0 sin(α) cos(α)




cos(γ) −sin(γ) 0

sin(γ) cos(γ) 0

0 0 1




x

y

z

+


−x′o

−y′o

−z′o
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Figure III.6: Rotation angles, γ is the angle used in the rotation matrix Rz and α is the angle used in the
rotation matrix Rx; n(x) and n(y) are the components of the unit vector n along the x and y
axes, respectively, nyz is the component of vector n in the (yz) plane, nyz(y) and nyz(z) are
the components of the vector nyz along the y and z axes, respectively

The outcomes of a practical application example within a smooth PVC flat plate configuration

(see Figure III.5) were illustrated in Figure III.7. The blue, green, and red surfaces correspond

to the initial scan, the scan post-translation, and the scan after both translation and rotation,

respectively. Despite scanning a flat plate, the resulting point cloud doesn’t form a perfect plane.

Variations from the mean plane were observed in the point cloud, reflecting the uncertainty in

the measurement of the 3D laser scanner. The maximum deviation was observed at the edges of

the acquisition zone. The presence of this slight curvature is probably due to the sphericity of the

fisheye lenses.
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Figure III.7: Results of the reference change applied to an horizontal flat plate using Scilab software, (a):
Clouds before and after the application of the translation, (b): (a): Clouds before and after
the application of the rotation, (c): Clouds after the reference change (translation + rotation)
with the corresponding mean plane (black plane)

III.1.3 Post treatment

The post treatment step including cloud cleaning and relative rasterization was performed using

Cloud Compare. This software was created by Girardeau-montaut 2006 [108]. It was selected due

to its compatibility with ".ply" file formats, its open-source nature, and its extensive utilization

in post-treatment of laser scanner acquired clouds by many authors [145, 206, 238, 265].

III.1.3.1 Cloud cleaning

The data acquired by the laser scanner always contain scatter points and noises (Figure III.8

(a)). Their presence do not allow a correct interpretation of the object details. Scatter points are

points that do not belong to the target object “bed surface”. In our model, the pier was colored in

black which permits the elimination of all the points related to the pier. The noise is the result of

the divergence of the laser beam. The cloud was cleaned manually using the Cloud Compare

software by removing all the scatter points and reducing the noise as much as possible (Figure

III.8 (b)).
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Figure III.8: Cloud cleaning step using Cloud Compare; (a): Cloud before the cleaning step, (b): Cloud
after the cleaning step

III.1.3.2 Relative rasterization

Figure III.9: Relative Rasterization; Where N1 and N2 are the number of points in initial cloud and the
cloud at time t, Zi, Zt are the matrices of the elevation for the initial cloud and the cloud at
time t, Z is the relative elevation for the cloud at time t, the index i and j refer to the column
and line in each matrix

A relative rasterization with the reference cloud, which is always the initial state of the soil, was

adapted. Figure III.9 provides a visual representation to enhance the understanding of this step.

This choice was due to several reasons:

• The number of points among the different clouds exhibits variations.
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• The point density within a single scan is non-uniform, diminishing as the distance from

the scanner increases.

• The scan of a flat plate reveals a vertical deviation from a perfectly flat plane.

Each 3D cloud was transformed into a matrix of altitude Z (in ".txt" extension), with the lines

and columns corresponding respectively to x and y coordinates. The digital elevation model was

created with a fixed horizontal grid resolution of 1×1 mm. The data at time t is the difference

between the Z matrix at time t and the Z matrix at the initial time, from the scan of the bed

before the erosion (Figure III.9). This step was manually performed for each cloud within Cloud

Compare using the "Relative rasterization" tools, specifying the parameters : center, dimensions

(width, length) and size of the grid. The previously mentioned parameters were taken constant

for every cloud in each specific test.

III.1.4 Representation

Once the Z matrices were well defined, Matlab software was used to represent the data. To

enhance result quality and achieve a precise digital elevation model, a code for linear interpolation

was written in Matlab to replace missing data points (the white area in Figure III.10 (a)) by

numbers obtained by linear interpolation (as shown in Figure III.10 (b)). The results were

presented using Matlab software in different representation forms (counter map plot, section

profiles, scour depth function of azimuth angle, etc.) as shown in following section III.2.

Figure III.10: Results of the linear interpolation applied on a 3D cloud using MATLAB, (a): Cloud points
before the interpolation, (b): Cloud points after the interpolation
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III.2 R E S U LT S A N D D I S C U S S I O N

III.2.1 Pier scour on medium sand using 3D Laser Scanner

III.2.1.1 Spatio-temporal evolution of the scouring process

Figure III.11 shows the contour maps of the relative elevation ∆Z from data collected during

both upstream and downstream tests at different time intervals, including 2 min, 3 min, 15

min, 30 min, 120 min, 240 min, and 360 min.The general pattern of the local scour observed

was distinguished by: the scour hole around the pier and a single dune. The presence of this

dune induced the formation of a small hole behind it which marked the sedimentary patterns

downstream of the cylinder (Figure III.11 (f),(g)). During the scour development, the shape of

the scour hole remained nearly constant and nearly symmetric with respect to the flow direction.

The scour pattern observed was consistent with the classical scour hole pattern observed on

cohesionless bed in clear water scour regime in the literature (e.g. [219, 252]). The artefact in the

contour maps representation was caused by the presence of the light spot near the measurement

zone. The contraction of the main flow due to the presence of the pier upstream accelerated

the flow, sweeping then ejecting the eroded sediment from the scour hole to the downstream

side. Those sediments were deposited downstream the pier and formed the dune which increased

progressively in height and reached finally a maximum value close to 0.8 times the pier diameter.

Since the scour process was in progress, the sediment in the dune was always in movement by the

wake vortices to far downstream of the pier until the equilibrium state was reached. The periodic

shedding of von Karman wake vortices made the transportation of the sediments quasi-periodic.
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Figure III.11: Contour maps of the relative elevation ∆Z (mm) at various instants during the experiments
(a):2 min, (b):3 min, (c):15 min, (d):30 min, (e):120 min, (f):240 min, (g):360 min; the blue
arrow corresponds to the flow direction being from the left to the right
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Figure III.12 illustrates the scour depth function of the azimuth angles upstream αu and

downstream αd of the pier at various instants (1 min, 2 min, 3 min, 15 min, 30 min, 120 min and

360 min). The upstream azimuth angle αu was determined by measuring the angle clockwise

from the horizontal axis in the opposite direction of the flow. The downstream azimuth angle

αd was determined by measuring the angle counterclockwise from the horizontal axis in the

direction of the flow. The scour hole started at the sides of the pier, where depressions were

formed at 01 min (Figure III.12 (a)). The scour depths at 2 min and 3 min was larger on the sides

than the front of the pier (Figure III.11 (a), (b) and Figure III.12 (a)). This was in accordance

with the initial shear stress distribution around a pier reported in the literature (e.g. [217, 260]).

Then, the scoured region enlarged to cover all the area surrounding the cylinder after 15 minutes

(Figure III.11 (c)and Figure III.12 (a)). It was observed that the maximum depth at the upstream

region was close to the maximum depth at the side of the pier at this stage. Then the scour

hole continued progressively to extend and deepen and the maximum final scour depth at the

front of the pier became deeper than that at the side region at the end of the experiment (Figure

III.11 (f),(g) and Figure III.12 (a)). Whereas, the scour at the downstream region was always

the smallest one (Figure III.11 and Figure III.12 (b)). These findings were in agreement with

previous studies in literature (e.g. [154, 252]).

Figure III.12: Temporal variation of the scour depth as function of the azimuth angle at radial coordinate
r=18 mm (2 mm from the pier surface); (a) :for the upstream part, (b): for the downstream
part; the scheme illustrates the orientation of the azimuth angle for the upstream test αu and
the downstream test αd

III.2.1.2 Temporal variation of the scour hole profile

Figures III.13 and III.14 represent the temporal variation of the longitudinal scour profiles and

the transversal scour profiles respectively. In these figures, the upstream part of the profile is on
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the left side, while the downstream part of the profile is on the right side.

In longitudinal and transversal sections, the existence of a flat bottom region near the cylin-

der was identified quantitatively using the scanner 3D and visually. Obtaining topographical

measurements in this area was hindered by the presence of the pier, which posed limitations

across various instrumentation methods. This constraint was noted in studies by [143] utilizing

profilometer laser technique, [203] employing photogrammetry and echosounder profiling, and

[154] using a laser distance sensor.

The slope of the best fit straight line for each scour hole profile without the flattened portions

was determined. The values of these slopes are almost constant during the part of test from

15 min to 360 min. From the values obtained for the various instants, the mean values were

calculated. For the longitudinal profile at the upstream part, two slopes were recognized from

15 min data record. The αl1 represents the slope of the upstream section nearest to the pier, αl2

represents the slope of the upstream section farther from the pier, and αl denotes the slope of the

entire upstream section. The presence of two slopes in the upstream of the pier suggested the

action of the system of horseshoe vortex as reported by [78]. This system has the most important

contribution in the deformation of the bed during scour mechanism in cohesionless bed. The

values obtained for the time average longitudinal slope at the upstream part are as follows: αl1=

52.66◦, αl2= 38.94◦ and αl= 41.15◦. The natural angle of repose of the sand HN 1/2.5, which is

similar to the friction angle measured by the direct shear test was shown in Table II.3 (equals

to 35◦). The observed scour slopes at the upstream part exceeds the natural angle of respose of

sediment particles which was consistent with the prior findings in various studies (e.g. [6, 85,

158]). According to [85], the average scour hole slope in this region is about 10%-15% sharper

than the natural angle of repose of sediment particles. The obtained average slope αl = 41.15◦

was around 15% sharper than the natural angle of repose of Sand HN1/2.5 particles. If the

measurement was made after water was paused or was drained out, the sediment will settle under

gravity, then in this case the slope in this region will be equal to the natural angle of repose of

the soil as obtained by [166, 266].

Therefore, at the longitudinal downstream part the time average slope of the scour hole (αl1)

reaches around 23.75◦, beside a time average slope (αl2) 17.68◦ at the dune. Sediment continu-

ously slides upward on the upper slope of the dune, and downwards on the lower slope of the

scour hole. The observed value was consistent with the observation of [118], being around half

of the angle of repose of the sediment + 2◦. The wake vortices picked the downward sliding
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sediments and transported them as bed load to the upward part. Some sediments passed through

the dune, while others fed continuously and were deposited at the mount.

Figure III.13: Temporal variation of the longitudinal scour profiles; (a): upstream of the pier, (b): down-
stream of the pier; the schemes illustrate the corresponding cross section in red color for
each cases

On the other hand, for the central transversal profiles, αsl and αsr are the side slopes at the left

of the pier with respect to the flow (for y < 0) and at the right of the pier with respect to the flow

(for y > 0). The side slope αs is the average of the time average αsl and the time average αsr.

The αs was measured around 31.83◦ for the upstream test against 32.67◦ for the downstream test.

These values were close to the friction angle of the sand HN1/2.5. This was in agreement with

the literature (e.g.[150, 273]).
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Figure III.14: Temporal variation of the transversal scour profiles; (a): upstream of the pier, (b): down-
stream of the pier; the schemes illustrate the corresponding cross section in red color for
each cases

III.2.1.3 Temporal variation of maximum scour depth

The point having the maximum depth was identified based on experimental measurements

obtained at the end of the tests, corresponding to the 360 minutes. This determination was made

for both upstream and downstream test campaigns. The point with the greatest depth value, from

either campaign, was selected. The radial coordinate (r) of this point measures 19 mm (at 3mm

from the pier face), and it was positioned at an azimuth angle upstream of the pier of αu = 7◦.

The position of the deepest scour depth in the medium sand was at the front of the pier having αu

close to 0◦. This was consistent with findings from earlier studies on cohesionless bed in clear

water scour regime [92, 96, 268].

The temporal variation of non dimensional scour depth at the point of the final maximum

scour depth previously determined was presented in Fig. III.15. In the initial stage of the scour

process, scour depth increased very rapidly. It attained above 60% of the final scour depth at the

first 30 min, then increased more slowly to reach finally at 240 min an asymptotic final state. The

final scour depth measured was 1.1 times the diameter of the pile used, in accordance with the

values reported in the literature [96, 164, 217]. The best trend curves for the exponential and
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hyperbolic laws were determined from the measured data. These two laws were selected being

commonly used in the literature [16, 56, 119, 199, 242, 249, 274] for the temporal evolution of

the maximum scour depth. The regression coefficients obtained were of the order of 0.9, showing

that these equations describe well the temporal evolution of the maximum scour depth.

Figure III.15: Temporal evolution of maximum scour depth, (x): experimental data, (-): exponential fitting
curve, (- -): hyperbolic fitting curve

III.2.1.4 Repeatability of the tests

The experimental procedure raises the issue of test repeatability, since a full geometry of the scour

hole will result from two experiments. The quantification of the error due to test repeatability

was done based on a total of six tests: three tests upstream of the pier and three tests downstream

of the pier.

For each point P within the data set, the mean depth Zp(average) and the standard deviation σp

were calculated. The punctual mean depth Zp(average) were determined by averaging the depths

Zp(i) from each of the three tests, denoted by the index (i) ranging from 1 to 3. The punctual

standard deviation for each data point was computed using the formula σP =
∑(Zp( i )−Zp( average ))

2

n−1 ,

where n equals the number of tests, which is 3.

Figure III.16 illustrates the spatial distribution of the Zp(average) and σp across the measured

zones at 15 min, 60 min, 240 min and 360 min. The figure on the left represents the results

obtained when the scanner is focused on the upstream part, while the figures on the right represent
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the results when the scanner is focused on the downstream part for each respective time. These

results show that the punctual standard deviation was less than 5 mm on the most surfaces.

Therefore, the standard deviation (σ ) was the average of all punctual standard deviations ( σp)

for data points where Zp(average) exceeds 0.11 mm or falls below -0.11 mm. Repeatability was

checked for different times (2, 5, 10, 15, 30, 45, and 60 minutes, followed by every 30 minutes

up to 360 min). The resulting value of σ was found to be within the 0.5-1.12 mm range, which

was considered acceptable.

Figure III.16: The spatial distribution of the punctual mean depth Zp(average) and the punctual standard
deviation σp from three tests upstream and three tests downstream of the pier at (a):15 min,
(b): 60 min, (c): 240 min and (d):360 min; the flow direction is from the left to the right
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III.2.1.5 Effect of Plexiglas plate on pier scour topography

Two tests were conducted without the Plexiglas plate covering the water surface. In the first

test, the scanner focused on the upstream part of the pier, while in the second test, it focused on

the downstream part of the pier. For each test, initially, the Plexiglas plate was placed on the

water surface to enable calibration and capture an initial scan before any soil erosion occurred.

Subsequently, the Plexiglas plate was removed, and the test was running for a duration of 360

minutes. At the end of the 6-hour test run, the Plexiglas plate was carefully replaced on the water

surface and the topography of the scour was scanned. These tests were conducted using Hostun

sand HN1/2.5 under a water depth of 15 cm (as indicated in Table II.6 and Table II.4). According

to [254, 263], as the water depth beneath the ice cover decreases, the maximum velocity was

increased, and its location was shifted downward simultaneously. This resulted in increasing the

effect of the ice cover on the pier scour. So, this particular condition was chosen due to its lower

water depth compared to the other test scenario performed in hydraulic condition 2 under a water

depth of 17 cm (Table II.6 and Table II.4).

Figure III.17: Contour maps of the scour topography at 360 min for upstream and downstream tests,
(a),(b): with the Plexiglas plate Z(average) from three tests, (c),(d): without the Plexiglas
plate; where (a),(c):from upstream test and (b),(d): from downstream test, the flow direction
is from the left to the right
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Figure III.17 above shows a comparison of the contour maps of the scour topography at the

end of tests (360 min) for tests with and without the Plexiglas plate. The figures at the left side

refers to the results from the upstream tests and those on the right refers to results from the

downstream tests. For tests with the Plexiglas plate, the values taken are those of the average

relative elevation Zp(average) from the three tests as previously described in the section III.2.1.4.

The contours with and without plate obtained were similar.

For a better view of the results, Figure III.18 presents a comparison of longitudinal and

transversal profiles with and without the Plexiglas plate. The figures on the left pertain to the

results obtained from the upstream tests, while those on the right side correspond to the results

derived from the downstream tests. The red curve represents the punctual average scour depth

Zp(average), which is the result of three tests. The corresponding error bar indicates the corre-

sponding punctual standard deviation σp. The longitudinal and transverse profiles without the

plate lie within the error bar zone determined for the test with the plate.

These results confirm that the Plexiglas plate has negligible effect on the topography of the

scour hole. The observed results contradicts the observations reported by [234, 254, 263] that the

presence of an ice cover surrounding the bridge pier amplify the pier scour. The Froude number

in our study, which is less than 0.24, explain why the plate did not influence pier scour [143].
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Figure III.18: Comparison of the scour hole profiles with and without the Plexiglas plate at 360 min;
(a),(b):for the longitudinal section and (c),(d): for the transversal section; where (a),(c):
from upstream test and (b),(d): from downstream test; The blue arrows refers to the flow
direction

III.2.2 Effect of water evacuation on pier scour topography

Acquiring scans under water requires a calibration process specific to the laser scanner’s posi-

tion. Given the constraint of only one scanner device available, obtaining a complete scan of

the entire scour hole area under water was not feasible. A practical solution involves draining

water, conducting scans on each side, and then merging the two scan portions. The effect of

water evacuation on the geometric shape of the scour pit was studied for this purpose. To make

evacuation as slow as possible, we’ve tilted the channel by (-0.5%) and kept the tail gate located

at the exit element of the channel vertical during the draining.

Figure III.19 compares longitudinal and transversal scour profiles before and after water

evacuation at the end of the upstream test (at 360 min). This comparison was conducted for

two mixtures: 85% sand+15% clay and 85% sand+10% clay+5% Silt. These two mixtures were

selected from our tested soils based on their erosion resistance. The mixture 85% sand+15% clay,
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demonstrated the highest critical shear stress and critical velocity, followed by the mixture 85%

sand+10% clay+5% Silt (as shown in Table II.4). Despite the precautions taken to slow down the

water evacuation, the results show that the evacuation has an effect on the scour hole geometry

(Figure III.19). Water drainage leads to sediment deposition in the scour hole, reducing scour

depths. This effect was more significant in the 85% sand+10% clay+5% Silt mixture, compared

to the 85% sand+15% clay mixture. This was expected because the mixture 85% sand + 15%

clay is more resistant to erosion than 85% sand+ 10% clay+ 5% Silt. This clarifies the reason

that in our tests collecting data post-water evacuation was not an appropriate method. Therefore,

it was not feasible to capture the complete scour hole using the 3D scanner for a single test. It

is important to note that likely the procedure already described will be feasible for soils more

resistant to erosion than our tested beds.

Figure III.19: Comparison of scour profiles at the end of the upstream test (at 360 min) before and after
water evacuation; on (a),(b): 85% sand+15% clay and (c),(d):85% sand+10% clay+5% Silt;
where (a),(c): longitudinal profile, (b),(d): transversal profile
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S Y N T H E S I S

The capability of a terrestrial laser scanner to dynamically measure the bed elevation change

during the physical scour mechanism in laboratory setups was demonstrated. A suitable procedure

was presented as a set of actions for calibrate, treat the acquired data in order to make operational

the device and obtain a correct 3D digital elevation data of the shaped scour hole with the

highest spatial accuracy. All observed preliminary results on medium sand are in agreement with

previous studies. Repeatability tests showed a temporal standard deviation within accepted range

0.5-1.12 mm. The presented work provides an experimental database for numerical simulation

of medium granular sediment scour models. Such measurement approach provides appreciated

advancements in monitoring the development of the scour hole around a pier. The discussed

methodology is rapid, automatic and allows temporal scour measurement with high level of

spatial accuracy. In addition, it allows the measurement without the necessity to drain the water.

However, limitations were related to the crucial position choice due to the shadow formed by

the presence of object and the limited dimensions of acquisition zone. Some environmental

(turbidity, waves) can also affect the original data acquisition and then can prevent the possibility

of measurement. It was observed that the Plexiglas plate maintained on the water surface has

negligible effect on the recorded topography of the scour hole. However, a deformation of the

scour hole topography was caused by the water evacuation. From that observation, measurements

were achieved in water presence in the flume.
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Chapter IV :

Experimental Investigation of Pier Scour in Cohesive Soils

I N T RO D U C T I O N

This chapter presents the results from experimental investigation of the pier scour in cohesive

soils. The erosive parameters of the investigated soils are first determined. Then, the flume tests

measurements on the scouring process are presented. They focus mainly on the effect of changing

the type of fines content on the geometry of the scour hole and the temporal propagation of

scour process. In addition, the study compares the maximum scour depth over time obtained

experimentally to the SRICOS-EFA prediction approach. Other empirical relationships are also

evaluated. Further, the temporal variation of the plane scour hole dimensions and volumes is

reported.

IV.1 E RO S I O N F U N C T I O N A P PA R AT U S M E S U R E M E N T S : Q UA N T I F I C AT I O N O F

S O I L’ S E RO D I B I L I T Y

The erosion properties of the tested soils are obtained using the Erosion Function Apparatus

(EFA). Tests results for scour rate (Ż) function of shear stress (τ) and also scour rate (Ż) function

of flow velocity (V ) are shown in Figure IV.1 in linear scales and in Figure IV.2 in logarithmic

scale. The relative error of measurement of the erosion rate, shear stress and flow velocity in our

results is taken 10% as previously reported by [55]. This relative error is represented by error bars

for each measurement point on the figures IV.1 and IV.2. The values of the erosive parameters

like, the critical shear stress τc, the critical velocity Vc, the initial slope of erosion rate vs shear

stress curve Siτ , the initial slope of erosion rate vs velocity curve SiV and the Erosion Category

EC for the tested soils are summarized in Table IV.1.

The method used to determine these erosive parameters is described below.
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• Data for erosion rate vs shear stress and erosion rate vs velocity are fitted to best curves

taking all points providing an erosion rate greater than 0.1 mm/h [54]. The choice of an

arbitrarily low erosion rate of 0.1 mm/h is justified by the fact that 0.1 mm/h is practically

the same as 0 mm/h. Fitting curves from measurements for all tested soils are observed to

be linear (Figure IV.1). The linear fitting was observed in previous studies using the erosion

function apparatus [55], as well as using other erosion tests such as the hole erosion test

[20, 116].

• The critical shear stress and the critical velocity represent the threshold values at which

erosion is initiated and correspond to the extrapolation of the linear erosion function trend

to the horizontal axis as previously reported by [24, 256]. An example of the position of

critical shear stress for mixture M5 (green curve) is illustrated in Figure IV.1 (a).

• Using results from different soils, [44] established the erosion category (EC) of soils

presented by linear limits on the logarithmic scale chart plots of erosion rate versus shear

stress or flow velocity. The representative value for EC is determined as the location of

median point of the erosion curve on the defined boundaries in erosion rate versus shear

stress in the logarithmic chart [54], as shown in Figure I.12 (b) in Chapter I.

• The initial erodibility (Si) is represented by the slope of the erosion curve when erosion

is initiated [54]. It indicates the rate at which the soil erodes at the critical shear stress or

critical flow velocity. When the curve is linear, Si is its slope. For each tested soil, the Si is

calculated separately for the shear stress plot, named Siτ , and for the flow velocity plot,

named SiV [54].

As depicted in Figure IV.2, the erosion characteristics of fine sand and the M1 mixture (85%

sand and 15% silt) fall within the classification of "Very High Erodibility I". The erosion category

of the M2 mixture (85% sand, 10% silt, and 5% clay), M3 (85% sand + 7.5 % silt + 7.5 % clay) ,

M4 (85% sand + 5 % silt + 10 % clay) and M5 (85% sand + 15 % clay) are classified as "High

Erodibility II". It is observed that adding cohesive fines to fine sand results on an increase of

critical shear stress τc, critical velocity Vc and an improvement of erosion category EC (Table

IV.1). Simultaneously, it causes a decrease in the initial slope of the erosion curve Siτ and SiV
(Table IV.1). Furthermore, it is observed that the clay has a greater influence than silt on the

erodibility behaviour of the soil. These observations are consistent with previous studies on fine

grained soils that indicated that a decrease in the d50 parameter makes the soil more resistant

to erosion [75, 223]. The erosion properties observed for a natural sand tested at the Erosion

Function Apparatus (EFA) by Briaud are as follow: Critical shear stress τcr = 0.22 Pa, Initial

slope (shear plot) Siτ = 1163.22 mm/h/N/m2, Critical velocity Vc=0.25 m/s, Initial slope
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(velocity plot) SiV = 2480.40 mm/h/m/s and Erosion Category EC=1 [53]. It is noted that the

values of erosion parameters observed for our sand exhibit a similar order of magnitude.

The flow intensity values are presented in the Table IV.2. The flow intensity was defined as the

ratio between the flow velocity V (0.26 m/s) and the critical velocity Vc for each soil.

Figure IV.1: EFA results for the different soils using linear scales, (a) erosion rate as a function of shear
stress, (b) erosion rate as a function of flow velocity
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Figure IV.2: EFA results for the different soils using logarithmic scales, (a) erosion rate as a function of
shear stress, (b) erosion rate as a function of flow velocity
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Sand M1 M2 M3 M4 M5

Critical shear stress

τc (Pa)
0.24 0.28 0.56 0.66 0.86 0.91

Initial slope (shear plot)

Siτ (mm/h/N/m2)
1594.90 1267.75 687.57 534.27 325.48 163.28

Critical Velocity

Vc (m/s)
0.24 0.25 0.40 0.45 0.50 0.62

Initial slope (velocity plot)

SiV (mm/h/m/s)
3200.94 2615.84 1854.13 1668.94 1063.44 737.50

Erosion Category

EC
1.25 1.30 1.50 1.60 1.70 1.80

Erosion Classification Very High Erodibility I High Erodibility II

Table IV.1: Erosive characterization of tested soils, where M1: 85% Sand +15% Silt, M2: 85% Sand +10%
Silt +5% Clay, M3: 85% Sand +7.5% Silt +7.5% Clay, M4: 85% Sand +5% Silt +10% Clay
and M5: 85% Sand +15% Clay

Sand M1 M2 M3 M4 M5

Flow intensity V
Vcr

1.08 1.04 0.65 0.57 0.52 0.42

Table IV.2: Flow intensity for the conducted flume tests on the different soils, V is the flow velocity 0.26
m/s and Vcr is the critical velocity determined by the Erosion Function Apparatus„ where M1:
85% Sand +15% Silt, M2: 85% Sand +10% Silt +5% Clay, M3: 85% Sand +7.5% Silt +7.5%
Clay, M4: 85% Sand +5% Silt +10% Clay and M5: 85% Sand +15% Clay

The critical bottom velocity (u∗) and critical Shields number (θc) were determined based on

the critical shear stress values (τc) for the different tested soils (Table IV.3).

Sand M1 M2 M3 M4 M5

Critical bottom friction velocity u∗c (m/s) 0.015 0.017 0.024 0.026 0.029 0.030

Critical Shields number θc 0.046* 0.03** 0.025** 0.022** 0.024** 0.027**

Table IV.3: Critical bottom friction velocity u∗c and critical shields number θc for the different tested
soils; * : using equation of Soulsby 1997 [236]; ** : using the diagram θc as function of Re∗
proposed by Ternat et al. 2008 [247] considering that the porosity n is equal to 0.62-0.67
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IV.2 F L U M E T E S T S : S C O U R I N G P RO C E S S M E A S U R E M E N T

IV.2.1 Scour evolve and deposition pattern

IV.2.1.1 Quantitative approach: data processing using Scanner 3D

Figure IV.3 illustrates a visual representation of the changes in the scour and deposition patterns

with time around the circular pier founded in the different tested soils. The results obtained

from upstream and downstream campaign tests are shown at the left and right sides respectively

and are displayed by contour plots. The plots present the results of the tests at only six specific

intervals, 4, 10, 30, 45, 240 and 360 minutes.

For mixture M1 (85% Sand +15% silt), because of involved turbidity, the scanner is unable

to identify the soil bed from 120 min for the upstream test and 45 min for the downstream test,

hence, the 240 and 360 min cloud data are not accessible (Figure IV.3 (b)). The presence of a

relatively large amount of silt makes the water turbid, preventing data acquisition by the 3D

scanner used.

Live bed scour regime is observed for pure sand and M1 soil mixture, with erosion far from

the circular pier after 30 to 45 minutes (Figure IV.3 (a), (b)). It is noted that ripples develop

and move in the direction of flow. When the ripple reaches the front edge of the scour hole, it

crumbles and falls down into the scour hole. However, the other soil mixtures transitioned to a

clear water scour regime (Figure IV.3 (c), (d), (e), (f)). These observations are consistent with

the flow intensity values obtained in Table IV.2.

Once the scouring process is initiated around a pier, a single dune forms behind the hole and

gradually moves downstream over time. The size of the dune varies with the soil type, decreasing

as the soil becomes more cohesive. For the M5 mixture (85% sand +15% clay), this dune is

almost non visible downstream of the pier (Figure IV.3 (f)).

In addition, it is also observed that there is a significant decrease in the size of the scour hole as

the soil cohesion increases. This finding aligns with the outcomes in reviewed literature [66, 80,

173]. This reduction depends on the type of the cohesive material content.

It is clear from the observed results that Kaolinite Proclay clay has stronger effect than silt.

The silt particles (mainly made of quartz) are larger and have less specific surface area than clay

particles, so they are less likely to stick together and form cohesive bonds. The specific surface

area of a soil particle refers to the total surface area per unit mass of that particle. It is often

expressed in square meters per gram (m²/g).



IV.2 F L U M E T E S T S : S C O U R I N G P RO C E S S M E A S U R E M E N T 123

t=
4

 m
in

(a
)

(b
)

(d
)

t=
 4

5
 m

in
t=

 3
0

 m
in

t=
 3

6
0

 m
in

t=
 2

4
0

 m
in

t=
 1

0
 m

in

R
e

la
�

ve
 e

le
va

�
o

n
 ∆

Z 
(m

m
)

(c
)

(f
)

(e
)

Fi
gu

re
IV

.3
:T

em
po

ra
le

vo
lu

tio
n

of
th

e
sc

ou
ra

nd
de

po
si

tio
n

to
po

gr
ap

hy
(a

):
10

0%
sa

nd
,(

b)
:8

5%
sa

nd
+1

5%
si

lt,
(c

):
85

%
sa

nd
+1

0%
si

lt
+5

%
cl

ay
,(

d)
:

85
%

sa
nd

+7
.5

%
si

lt
+7

.5
%

cl
ay

,(
e)

:8
5%

sa
nd

+5
%

si
lt

+1
0%

cl
ay

an
d

(f
):

85
%

sa
nd

+1
5%

cl
ay

,t
he

di
re

ct
io

n
of

th
e

flo
w

is
fr

om
le

ft
to

rig
ht



IV.2 F L U M E T E S T S : S C O U R I N G P RO C E S S M E A S U R E M E N T 124

IV.2.1.2 Qualitative approach : visual observation

Photographs capturing the scour pit during both upstream and downstream tests are presented in

Figures IV.4 and IV.5 respectively.

It is noticed that a trend to change in the scouring behavior of the soil is observed from a

clay percentage between 7.5 and 10. Indeed, the shape of scour hole changes from 7.5% clay

(mixture M3) in the upstream campaign test (Figure IV.4 (c)-(d)) against 10% clay (mixture M4)

in the downstream campaign test (Figure IV.5 (d)-(e)). This may be related to the shear strength

of a mixture of clay, silt, and sand that depends on the proportion of each component in the

network structure [172]. The results obtained from the direct shear tests conducted on tested used

soils, including friction angle φ and cohesion C, are presented in Table II.3 in Chapter II. These

findings demonstrate that the addition of cohesive particles to sand sediment produces a drop

in the angle of internal friction and a rapid increase in cohesion. This observation suggests that

some of the added clay and silt is trapped between sand particles. As the cohesive fines content

increases, the cohesion also increases, reflecting an increase in compactness and degree of void

filling.

The main characteristics of the scour hole shape identified visually and assigned to cohesive

soils are:

i) A flattened area upstream of the pier.

ii) A pier wake zone where scour hole propagation is most pronounced. Compared to the other

sides of the circular pier, the lateral and transverse sides extent and the depth are larger.

The above characteristics are noticed in all mixtures with a clay content greater or equal to 7.5%

for upstream campaign tests (Figure IV.4 (d),(e) and (f)) and 10% for downstream campaign

tests (Figure IV.5 (e) and (f)).

In the results from scanner data, like those presented in Figure IV.3, characteristic ii) for

the scour hole shape assigned to cohesive bed for mixtures M4 (85% sand + 5 % silt + 10 %

clay) and M5 (85% sand + 15 % clay) are unclear and cannot be reliably identified due to the

non perfect repeatability between the trials done on the same soil with similar experimental

conditions, focusing the scanner once on the upstream part and a second time on the downstream

part. Test repeatability is difficult to achieve in the case of cohesive soils due to the complexities

involved in the manual compaction procedure not ensuring that the density of the prepared soils

is perfectly uniform and constant. Despite the efforts made to minimize the error, we observe an

influence of this parameter on the scouring process.
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Figure IV.4: Photographs (not at the same scale) showing the transition in the scour behaviour from non
cohesive to cohesive soil for upstream campaign tests; the dashed lines refer to pier walls and
the blue arrows to the flow direction; It should be noted that the photographs are taken from
different positions and are not at the same scale
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Figure IV.5: Photographs showing the transition in the scour behaviour from non cohesive to cohesive soil
for downstream campaign tests; the dashed lines refer to pier walls and the blue arrows to the
flow direction; It should be noted that the photographs are taken from different positions and
are not at the same scale

Table IV.4 shows a comparison of observed scour propagation around circular pier from

present study, Ting et al. 2001 [249], Debnath and Chaudhuri. 2010 (a) [82] and Mahalder et

al. 2021 [163]. For each study, the type of tested soil, the Pier Reynolds number Reb and the

maximum bed shear stress τmax are provided. Reb is the Reynolds number based on the diameter

of the pier b, Reb = V b/ν , where V is the average depth velocity and ν is the kinematic water

viscosity. τmax represents the maximum bed shear stress induced by the flow around a circular

pier at the beginning of the test, prior to the development of the scour hole. The location, where

τmax was observed, is illustrated in Figure I.32 (a) in Chapter I. The values of τmax in Table IV.4

are estimated using equation IV.1, given by [260], as previously done by Debnath and Chaudhuri.

2010 [82] and Mahalder et al. 2021 [163].

τmax( pier) = 0.094×ρ ×V2 ×
(

1
log(Reb)

− 1
10

)
(IV.1)

Where, ρ is the unit weight of water; V is the average depth velocity at the location of the pier if

the pier was not there; Reb is the pier Reynolds number based on the diameter of the cylinder b,

as follows Reb = V b/ν , ν is the kinematic water viscosity.

According to Ting et al. 2001 [249], at lower pier Reynolds number Reb values (Reb= 10 000 -

15 200), the scour on the upstream and the downstream sides of the pier were similar; however, at
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higher pier Reynolds number Reb values (Reb= 15 300 - 84 840), the scour on the upstream side

was less than the scour on the downstream side (Table IV.4). However, Debnath and Chaudhuri.

2010 (a) [82] raised concerns regarding the validity of Ting et al. 2001 [249] observation on the

scour propagation. They argued that the differences in scour on the upstream and downstream

sides of a pier may not be attributed to pier Reynolds number Reb values, as suggested by Ting

et al. 2001 [249]. They attributed the change in the scour propagation in cohesive beds to the

value of τmax (Table IV.4): Low range of τmax (2.54-3.03 N/m2) lead to less upstream scouring,

potentially with no scouring observed upstream in extreme cases. In the intermediate range of

τmax (3.29-5.09 N/m2), similar scour was observed at the upstream and downstream sides of

the pier. In cases of high τmax values (5.91-6.44 N/m2), scour progresses at the front of the pier

more than at the wake region of the pier. It is important to note, that for different cohesive beds,

the low, intermediate, and high range of τmax quantitatively depend on the bed shear resistance.

The critical shear stress of Porcelain clay, measured by Briaud et al. 1999 [56] using the Erosion

Function Apparatus (EFA), which is also used in Ting et al. 2001 [249] study, is 0.5 N/m2. The

trend in the scour propagation in the study by Ting et al. 2001 [249] based on the values of τmax

and the bed shear resistance as suggested by Debnath and Chaudhuri. 2010 (a) [82] works also

well.

Recently, Mahalder et al. 2021 [163] findings deviated from the results reported by Debnath

and Chaudhuri 2010 (a) [82]. Mini-jet tests were performed in situ on a flume soil sample to

estimate the critical shear stress. The critical shear stress obtained are in a range of 2.1-3.86

N/m2. The calculated τmax values were high (6.38-9.76 N/m2), however, the scour were found

to propagate predominantly towards the downstream side of the circular pier (Table IV.4). The

results from this study are more in agreement with the observation of Ting et al. 2001 [249],

since the values of pier Reynolds number Reb were high being in a range of 66 000 - 98 000.

The observations from this present study are not in agreement with findings presented by Ting

et al. 2001 [249] on the influence of the pier Reynolds number Reb on the scour hole propagation.

The results are rather consistent with the outcomes reported by Debnath and Chaudhuri. 2010

(a) [82]. In this study, Reb is relatively small (8 320), but the scour propagation in the nose and

wake of the pier are not similar (Table IV.4). The τmax (0.98N/m2) is slightly higher than the

critical stress of mixtures M3 (85% Sand +7.5 % Silt +7.5 % Clay), M4 (85% Sand +5 % Silt

+10 % Clay) and M5 (85% Sand +15% Clay) measured using the EFA, which are in a range of

0.66-0.91 N/m2 (see Table IV.1). This bed shear stress τmax was thus insufficient resulting in



IV.2 F L U M E T E S T S : S C O U R I N G P RO C E S S M E A S U R E M E N T 128

scour depth at downstream side greater than upstream side.

Similar erosion pattern was observed by [249] in case of Porcelain clay at Reb = 15 300 - 36

000, by [13, 82] in case of clay-sand mixtures and by [133] in case of clay-fine sand-fine gravel

and clay-fine gravel mixtures.

Reference Soil type Reb τmax(N/m2)

Observation on scour
propagation around

circular pier

[249] Porcelain Clay
10 000-15 200 2.26-4.83 upstream side = downstream side

15 300-36 000 0.54-2.59 upstream side <downstream side

45 000-84 840 0.97-1.57
upstream side <downstream side

(No scour at upstream side)

[82] Sand-Clay Mixture

made in laboratory

15 923-17 507 2.54-3.03 upstream side <downstream side

18 339-23 289 3.29-5.09 upstream side = downstream side

25 273-26 474 5.91-6.44 upstream side >downstream side

[163] Natural cohesive soil 66 000-98 000 6.38-9.76 upstream side <downstream side

Present
Study

Mixture made

in laboratory
8 320 0.98 upstream side <downstream side

Table IV.4: Comparison of the scour propagation around a circular pier from present study and observations
from Ting et al. 2001 [249], Debnath and Chaudhuri. 2010 (a) [82] and Mahalder et al. 2021
[163]; Where, Reb is the pier Reynolds number and τmax is the maximum bed shear stress

IV.2.2 Temporal variation of the scour depth as a function of the azimuthal direction

The variation of the scour depth versus the azimuth angle upstream (αu) and downstream (αd)

the pier is presented in Figure IV.6. The upstream azimuth angle (αu) is determined by measuring

the angle from the horizontal axis in the opposite direction of the flow with positive value in the

clockwise direction. The downstream azimuth angle (αd) is determined by measuring the angle

from the horizontal axis in the direction of the flow with positive value in the counterclockwise

direction. The region of interest corresponds to all the points with radial coordinates (r) between

17 and 19 mm, located at a distance between 1 to 3 mm from the outer surface of the circular pier.

The results are shown for seven specific times (2, 4, 10, 30, 45, 240 and 360 minutes). Results

from the upstream campaign tests are displayed on the left side of Figure IV.6, while those from

the downstream campaign tests are on the right side.
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The results indicate that local scour started at the pier sides. The deepest point at 2 min is

observed around αu between 30◦ and 70◦ from both sides of the pier’s horizontal symmetry axis

for pure sand (Figure IV.6 (a)). This is consistent with the shear stress distribution caused by

the horseshoe vortex around the pier observed in rigid beds [217]. The deepest point at 2 min

is found to become at αu = ±90◦ for all mixtures with clay content ≥ 7.5% (Figure IV.6 (d),

(e), (f)). This finding is in accordance with the results of pier scour flume tests in cohesive soils

reported by previous studies [13, 80, 122, 163].

During the scour process, it is observed that the scouring propagates around the entire circum-

ference of the pier for all the soils. The scour depths in the upstream part are relatively similar

for pure sand and mixtures with clay percentage < 7.5% (Figure IV.6 (a), (b), (c)). In these cases,

the upstream portion of the scour hole has the shape most commonly described by different

researchers [160, 168, 171].This shape is an inverted cone frustum and is observed for circular

piers founded in non-cohesive bed. In sandy bed, it is observed that after the scour initiation, a

horseshoe-shaped vortex develops upstream of the pier. In the case of cohesive soil, the depths

of the scour on the upstream sides are always greater than that on the nose of the pier (Figure

IV.6 (d), (e), (f)). The results also suggest that there is a tendency from 30 min for greater scour

depth to occur in the central wake region compared to the downstream sides for cohesive soils

with clay content ≥ 10% (Figure IV.6 (e), (f)). This can be attributed to the absence of sediment

deposition in the wake zone and may be related to the von Karmanvortex behind the pier. This

vortex may act as the dominant flow component in the scour process for these cases.
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Figure IV.6: Scour depth as a function of azimuth angle upstream (αu) and downstream (αd) for points at
radial coordinate r between 17 mm and 19 mm, (a): 100% sand, (b): 85% sand+15% silt, (c):
85% sand +10% silt +5% clay, (d): 85% sand +7.5% silt +7.5% clay, (e): 85% sand +5% silt
+10% clay and (f): 85% sand +15% clay, the scheme illustrates the corresponding value of
the azimuth angle for the upstream and the downstream part
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IV.2.3 Scour hole profiles

IV.2.3.1 Scour hole function of the type of soil

Figure IV.7 shows the longitudinal and transversal cross-section views of scour hole profiles

for all tested soils after 360 minutes. The duration 360 minutes is selected according to the

predicted maximum scour depth (using SRICOS) which falls within the range of 82.90% to

99.17% of its corresponding equilibrium value (Table IV.7). The left side of the figure shows the

test results from the upstream tests campaign, while the right side shows the test results from the

downstream campaign.

This figure provides additional information on the shape and size of the scour hole. It can be

seen that the measured hole profiles do not have perfect symmetry for all soils. This may be due

to the non-perfect symmetry in the flow as previously mentioned in II.3.4.4 in Chapter II. It was

observed that the shape of the scour hole is influenced by the presence of fine particles. Some

irregularities in the scour hole shape especially upstream of the pier are observed for mixtures

M3, M4 and M5 with clay content ≥ 7.5%. These irregularities correspond to a discontinuity in

the scour hole slope due to the presence of a flattened portion of soil with undulations away from

the pier. For these tests, it was consistently observed that erosion occurs through different modes.

The scouring mechanism in cohesive soil exhibits the form of chuck and aggregate erosion mode

at the beginning of the experiment then evolves to particle erosion mode. The existence of these

modes of erosion explains the irregularity of the scour morphology observed.

To the best of our knowledge, no studies have been conducted to explore the hydrodynamics

around a pile in cohesive soil. Chaudhari et al. 2013 [65] proposed hypotheses on changes in

flow characteristics around a pier founded in a mixture of 15% fine sand and 85% kaolinite clay,

compared with pure sand. The present findings further extended the assumptions, which are

reported in the following, by considering them applicable to the case of cohesive soil mixture

containing lower proportion of fine particles. It is possible that grow and spread of flow structures

like down flow and horseshoe vortex during the formation of the scour hole do not proceed in

the order that is typically seen in a sand bed. It is probable that the rough surface do not allow to

a fully development of the horseshoe vortex system. The horseshoe vortex system is primarily

responsible of developing the maximum depth of the scour hole at the front of a pier in a sand

bed. Then, a change in this flow component probably significantly influence the resulted shape

of the scour hole. The greater scour depth at the upstream part observed at the side of the pier

compared to the nose of the pier for M3, M4 and M5 (as shown in the Figure IV.6 (d),(e) and (f))
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is probably attributed to the concentration of horseshoe flow structures responsible of eroding

bed material on the sides of the pier throughout the entire duration of the experiments.

Figure IV.7: Measured scour profiles at the end of each experiment (360 min) for the different soils, (a):
Longitudinal sections, (b): Transversal sections; the schemes illustrate the corresponding
cross section in red color for each cases

The slope of each scour hole profile is calculated by determining the slope of the best-fitting

straight line without the flattened areas. For the lateral slope, an average value is estimated

by taking the average of the left and right slopes. αlu, αsu, αld , αsd represent respectively the

upstream longitudinal slope, the average side upstream slope, the downstream longitudinal slope

and the average side downstream slope. The flattened areas for the upstream tests are considerable

for mixtures M3, M4, and M5. This results in a smaller zone that is utilized to calculate the

slopes in the upstream part of the pier. Figure IV.8 shows these different slopes of the scour hole

at the end of the tests (360 minutes) versus different types of soil.

For 100% sand, the values of the slopes obtained are as follows: αlu = 36◦, αsu = 32◦,

αld = 16◦ and αsd = 29◦. These values are consistent with the results reported by [6, 154, 244,

252, 273]. The longitudinal upstream angle exceeds the natural angle of repose of bed sediment

[6]. Link et al. 2008 [154] attributed this shape to the action of the system of horseshoe vortex.

The longitudinal downstream angle is lower than the natural angle of repose [244]. The values
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on the sides (αsu and αsd) are close to the natural angle of repose according to [273]. The natural

angle of repose of the used sand is basically equal to the internal friction angle measured by the

direct shear test (31◦).

For the pure sand and the mixture M2, the slopes decreased from the upstream to the down-

stream. The value of αlu is greater than that of αsu and αsd , which is in turn greater than αld .

For mixtures M3, M4 and M5, αlu becomes lower than αsu, however αld is always lower than

αsd except for M4 mixture. The reduction in αlu compared to αsu can likely be attributed to the

action of horseshoe-shaped flow structures. These flow structures, may be, located alongside the

piers rather than at the front (as in the case of sandy soils) at 360 minutes.

A similar variation of αlu and αsu, as well as of αld and αsd , depending on the soil type, are

observed. In fact, for αlu (Figure IV.7 (a)) and αsu (Figure IV.7 (b)), the increase of cohesion

increase the slope angles, till a mixture involving 7.5% clay (Figure IV.8). Then, from mixture

M3 (≥ 7.5%), as the clay content increases, a tendency to a decrease in their values are observed

(Figure IV.8). This reduction can be explained by the decrease in horseshoe vortex action

upstream of the pier as the percentage of clay in the soil increases. On the other hand, a tendency

to an increase in αld (Figure IV.7 (a)) and αsd (Figure IV.7 (b)) are observed as the clay content

added to the sand matrix increases (Figure IV.8). The increase in the side slopes is in accordance

with the findings reported by [13, 128, 173, 221]. A probable explanation is an increase in the

action of Bénard von-Karman structures, which can lead to an increase in slope steepness in the

downstream part of the pier.
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Figure IV.8: Slope of the scour hole at the end of the tests (360 min) as a function of the type of the
soil; αlu, αsu,αld , αsd are the longitudinal slope upstream, the average side slope upstream,
the longitudinal slope downstream and the average side slope downstream respectively and
M2,M3, M4 and M5 are 85% sand +10 % silt +5 % clay, 85% sand +7.5 % silt +7.5 % clay,
85% sand +5 % silt +10 % clay and 85% sand +15 % clay respectively

IV.2.3.2 Temporal variation of the scour hole profiles

Figures IV.9 and IV.10 present longitudinal and transverse sections obtained through measure-

ments for both upstream and downstream tests at distinct time intervals: 2, 4, 10, 30, 45, 240,

and 360 minutes, covering all soil conditions. The corresponding slope angles for these profiles

are depicted in Figure IV.11.

For pure sand and the M1 mixture, the conical shape of the cross-sections is always constant

over time test (Fig. IV.10 (a), (b), (g), (h)). The slope angles on the sides are also quite constants

from 10 min for sand and 30 min for M1 mixture. The slopes are in the order 29◦-32◦ (Fig.

IV.11 (a),(b)), which are close to the internal friction angle measured by the direct shear test,

31◦ for sand and 30.8◦ for M1 mixture. In the upstream longitudinal sections, we observe the

emergence of two distinct slopes for the sand at around 30 minutes and for the M1 mixture

at around 4 minutes (Figure IV.9 (a), (b)). The slope closer to the pier is notably steeper than

the one farther away. The values depicted in the Figure IV.11 (a) and (b) are those across the

overall upstream lengths, considered as average upstream longitudinal slopes. A reduction in this

slope occurs at 10, 45 and 240 minutes. This decline at 10 minutes corresponds to the time just
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before the appearance of the two distinct slopes. This shift can be attributed to changes in the

horseshoe vortex system, from one single primary vortex to two primary vortexes as previously

reported by [78]. The decrease in slope value at 45 minutes and 240 minutes is associated with

the elongation of the upstream length, Lu, resulting from the merging of the scour hole with an

eroded pit situated away from the upstream pier (Figure IV.3 (a)). The recorded αlu values range

are 34−36◦ for the sand bed at 4, 30 and 360 minutes and for the M1 mixture, and 22−23◦ for

the sand bed at 10, 45 and 240 minutes (Figure IV.11). The αld value remains within the range of

30−31◦ for the sand between 10 and 45 minutes, subsequently declining to a range of 16−20◦

at 240 and 360 minutes (Figure IV.11 (a)). This reduction can be attributed to the elongation of

the downstream pit length ( Figure IV.3 (a)). In the case of the M1 mixture, the water turbidity of

the water primarily impacted the acquisition of the scanner influencing the central downstream

section, thereby the observed αld values (Figure IV.9 (h) and IV.11 (b)).

Over time, the upstream pit’s shape remained relatively consistent across different soil types.

It transitioned from a conical form to a concave shape with a distinct curvature in the case of

the M2 mixture containing 5% clay (Figure IV.9 (c)). Subsequently, for the M3, M4, and M5

mixtures, the pit’s shape evolved into a flatter configuration, featuring a prominent horizontal

segment (Figure IV.9 (d),(e) and (f)). The flattened segment is discernible from the test start and

progressively expands in magnitude as time advances. This observation indicates that upstream

erosion of the pier is predominantly oriented horizontally rather than vertically. The reasons

underlying this observation remain elusive so far. A plausible physical interpretation for this

phenomenon could be associated with a combination of factors, encompassing the dimensions,

numbers, intensity, and spatial arrangement of horseshoe vortices. It is conceivable that the

vortex present in this specific region exhibits an exceptional largeness, coupled with a reduced

strength in comparison to instances involving exclusively fine sand. This particular distinction

may contribute significantly to a marked decrease in the extent of vertical bed erosion. When

considering the longitudinal slope upstream over the entire length, the calculated values appear

remarkably low. This is primarily due to the relatively limited extent of the sloped portion in

comparison to the horizontal segment. The calculated angle, derived from the sloped section

excluding the flattened segment, demonstrates a gradual increasing as function of time for the

M3 and M4 mixtures. This progressive increase correlates with the increase in the propor-

tion of flattened bed to the overall length. For M5 mixture, the slope angle αlu is always in

the order 28-33◦ (Figure IV.11 (f)). Regarding the longitudinal and transversal sections at the

downstream parts, a notable increase in the slopes αld and αsd is observed over time, in the

cases of the M4 and M5 mixtures (Figure IV.11 (e), (f)). The shape of the scour pit on the
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downstream transversal cross-section tends to change from conical to concave with a steeper

slope as the percentage of clay gradually increases (Figure IV.10), coherent with the finding

from [173]. This increase in slope values is attributed to a more pronounced erosion rate occur-

ring vertically as opposed to horizontally. Similarly, for the αsu parameter across all mixtures

containing clay (M2, M3, M4, and M5), a prevailing trend towards an increase over time is

discernible. Mixtures contaning Kaolinite clay have cohesive properties, which means that their

particles are more likely to stick together. However, over time, continuous water flow can weaken

these cohesive bonds, leading to particle detachment. This detachment can gradually steepen

the side slopes. However, no clear trends for αld and αsd are noticed for the M2 and M3 mixtures.

To gain a more comprehensive understanding of the intricacies at the topographical level, the

prospect of conducting hydrodynamic measurements during the experiments presents itself as a

promising approach perspective. Such measurements could provide invaluable insights into the

dynamic interaction between fluid forces and bed morphology, shedding light on the mechanisms

driving the observed erosion patterns.
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Figure IV.9: Temporal evolution of longitudinal sections for upstream and downstream tests, (a): 100%
sand, (b): M1 mixture (85% sand+15% silt), (c): M2 mixture (85% sand +10% silt +5% clay),
(d): M3 mixture (85% sand +7.5% silt +7.5% clay), (e): M4 mixture (85% sand +5% silt
+10% clay) and (f): M5 mixture (85% sand +15% clay)
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Figure IV.10: Temporal evolution of longitudinal sections for upstream and downstream tests, (a): 100%
sand, (b): M1 mixture (85% sand+15% silt), (c): M2 mixture (85% sand +10% silt +5%
clay), (d): M3 mixture (85% sand +7.5% silt +7.5% clay), (e): M4 mixture (85% sand +5%
silt +10% clay) and (f): M5 mixture (85% sand +15% clay)
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Figure IV.11: Slope angles within the scour hole; (a): 100% sand, (b): M1 mixture (85% sand+15% silt),
(c): M2 mixture (85% sand +10% silt +5% clay), (d): M3 mixture (85% sand +7.5% silt
+7.5% clay), (e): M4 mixture (85% sand +5% silt +10% clay) and (f): M5 mixture (85%
sand +15% clay); αlu, αsu,αld , αsd are the longitudinal slope upstream, average side slope
upstream, longitudinal slope downstream and average side slope downstream respectively

IV.2.4 Maximum scour depth

IV.2.4.1 Comparing flume measurements and SRICOS prediction

Measurements of the temporal evolution of maximum scour depth are compared to those esti-

mated using the SRICOS-EFA method (Figure IV.12).

The main parameters in the SRICOS-EFA method are the maximum depth of the scour hole at

the equilibrium state (Zeq) and the initial scour rate (Żi). The time-scale T is defined by Zeq
Żi

. The

deepest scour depth observed at a specific time, Zmax(t), was given by the following hyperbolic

expression [249]

Zmax(t) =
t

t
Zeq +

1
Żi

= Zeq× t
t +T

(IV.2)

The maximum scour depth at the equilibrium state (Zeq) was given by the following relationship

[190]
Zeq

b
= 2.2× (2.6×Fr(pier)−Frc( pier ))0.7 (IV.3)
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Where, Fr(pier) is the pier Froude number based on flow velocity V and pier diameter b, as

follows Fr(pier) = V√
gb ; Frc(pier) is the pier Froude number based on critical velocity Vc and

pier diameter b, as follows Frc(pier) = Vc√
gb .

The choice of the Froude number in the equation of Oh 2009 [190] remains questionable. We

note that the Shields number might offer a more appropriate parameter for sediment transport, in

particular pier scour depth estimation.

In our tests, the critical velocity Vc for each soil used in the calculation is measured using the

Erosion Function Apparatus (EFA) [55] (values in Table IV.1). It was noted that there is a safety

factor of 1.5 recommended to increase the maximum scour depth predicted using equation IV.3

[190]. Hassan et al. 2020 [120] compared flume measurements of scour depths around two-in line

(tandem) circular piers founded in a clay-sand bed with the SRICOS-EFA method. In their study,

the EFA test was not performed on the tested soil. They observed that this predictive method

overestimates the depths of scour at both the upstream and downstream piers. The overestimation

of the scour depths may be attributed to the critical velocity of the sand fraction in the clay-sand

bed soil which was used in the critical pier Froude number.

The initial scour rate Żi is the scour rate corresponding to the maximum initial shear stress

τmax(pier) in the EFA curve. An example of Żi determination for the mixture M5 (green erosion

curve) is shown in Figure IV.1. τmax(pier) represents the maximum shear stress caused by the

flow around the circular pier at the beginning of the test before the scour hole formation. An

equation was proposed to estimate the value of τmax(pier), which was given by [260] (Equation

IV.1). The equations for Zeq and τmax(pier) described in this chapter are suitable for circular pier

in deep water with a constant flow velocity. These equations are used in this study, which was

conducted in deep water condition, h/b = 5.3 > 1.43, where h is the water depth and b is the pier

diameter.

On the other hand, from experimental measurements, the position of the point having the

maximum depth is determined for each type of soil at the end of the tests (at 360 minutes). This

was done where data is collected for both the upstream and downstream test campaigns. The

largest value obtained between the two test campaigns is chosen. The radial coordinates of these

points with the corresponding value of the maximum scour depth are provided in the Table

IV.5. Concerning the mixture M1, the last good acquisition is obtained at 120 minutes for the

upstream tests and 45 min for the downstream test and were assumed as the later one instead of

360 min. Since for both tests on pure sand, the upstream scour depth was visually greater than

the downstream one, we retained the position of point having the maximum value taken from

the upstream test at 120 min. The positions of maximum scour depth are not always at the pier
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surface (R=16 mm) and vary between the radial coordinate r = 16 mm and r = 25 mm. As clay

content increased, the position of deepest scour moved from the pier front, having αu near 0◦,

to the pier downstream with αd between 64◦ and 0◦. The position of the deepest scour depth in

non-cohesive soils is coherent with the previous studies in live bed scour [273] and clear water

scour [92, 96, 268].

Sand M1* M2 M3 M4 M5
Radial coordinate

r (mm)
25 17 17 23 16 16

Azimuth angle usptream
αu (◦)

- 2.29 -3.37 -6.71 _ _ _

Azimuth angle downstream
αd (◦)

_ _ _ +63.54 +7.13 +21.80

Maximum scour depth
Zmax (mm)

58.06 50.10 51.19 48.08 30.58 18.19

Table IV.5: Position of the maximum scour depth for tested soils, where M1: 85% Sand +15% Silt, M2:
85% Sand +10% Silt +5% Clay, M3: 85% Sand +7.5% Silt +7.5% Clay, M4: 85% Sand +5%
Silt +10% Clay and M5: 85% Sand +15% Clay
*: value observed at 120 min instead of 360 min

Figure IV.12 (a) shows the temporal evolution of the maximum scour depth for each soil at the

points previously determined. The best fit hyperbolic law models from the experimental data

are compared to the hyperbolic model predicted using SRICOS-EFA method. The equations

of the hyperbolic functions from measurements and SRICOS-EFA method are summarized in

Table IV.6. The hyperbolic curves obtained from experimental measurements for all the soils

exhibit a minimum regression coefficient R2 exceeding 0.9, signifying a strong degree of fit.

From the hyperbolic equations, the Żi and Zeq are determined. The values obtained are also

summarized in the Table IV.6. In the predicted hyperbolic law on M5 mixture, the definitions

of the parameters Żi and Zeq are presented. Żi is the tangent line’s initial slope, while Zeq is the

asymptote of the hyperbolic curve. The relative error on Zeq (4%) is calculated applying the

logarithmic differentiation method. The relative error of the flow velocity measurement in the

flume is considered negligible in the calculation. The relative error on Żi is considered 10%,

equal to the relative error of Erosion Function Apparatus measurement of Ż [55]. This allows

to draw the limits of the error as a filling area (Figure IV.12 (a)). A progressive decrease in the

initial scour rate with increasing soil cohesion is well observed using SRICOS-EFA method. The

results from flume tests show that the initial scour rate of soils can be classified based on the

type of the tested soils. The sand and the mixture M1 (85 % sand + 15% silt) exhibit relatively
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high value of Żi in the order 10-25.5 mm/min. On the other hand, other soil mixtures have lower

Żi values in the range of 0.3-2.5 mm/min. Hence, the two methods show that the variation in the

initial scour rate is in the same trend. The results also indicate that higher cohesion results in a

longer time required to reach equilibrium state for maximum scour depth. The time intervals

span between 1.81 and 100.11 minutes for measurements, and 3.01 to 73.74 minutes for the

SRICOS-EFA prediction method (Table IV.7). The maximum scour depth attained at 360 minutes

corresponds to a range of 78.3% to 99.50% and 82.9% to 99.17% of the equilibrium state for

measurements and the SRICOS-EFA prediction method, respectively (Table IV.7). It is also

noticeable that considerable oscillations in the function of scour depth versus time are observed

for 100% Sand and mixture M1 (Figure IV.12 (a)). This variation is believed to be caused by the

mitigation of the sand ripples within the flume. The results displayed in Figure IV.12 (b) indicate

a good comparison for the equilibrium scour depth (Zeq). The relative error between the two

approaches is estimated to be less than ± 25%. This observed value falls within the range of

± 50% as reported by [190]. As cohesion increases, the maximum equilibrium value of scour

depth decreases. This observation corroborates with results reported in prior research studies [87,

122, 173, 209]. The reduction obtained for the maximum scour depth in the cohesive mixtures

compared to the reference case (pure sand) is on the order of 8.5-68.5% for the measurement

versus 1.5-76.5% for the SRICOS prediction method (Table IV.6).
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Figure IV.12: Comparison of the maximum scour depth between measurement from flume tests and
prediction using SRICOS-EFA method, (a): temporal evolution of the maximum final scour
depth, (x): experimental data, (-): hyperbolic best fit with the experimental data, (- -):
hyperbolic law predicted using SRICOS-EFA method with error bounds as fill area, (b):
Predicted versus measured equilibrium scour depth
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Mesure SRICOS

Zmax(t)

mm

Żi

mm/min

Zeq

mm

Reduction factor Zeq

(1− Zeq
(Zeq)sand )×100

Zmax(t)

mm

Żi

mm/min

Zeq

mm

Reduction factor Zeq

(1− Zeq
(Zeq)sand )×100

Sand
t

0.0975+0.0176×t

R2 = 0.92
10.26 56.82 _ t

0.0509+0.0169×t
19.65 59.17 _

M1 *
t

0.0395+0.0218×t

R2 = 0.97
25.36 45.87 19.27 t

0.0672+0.0172×t
14.88 58.14 1.74

M2
t

1.4950+0.0193×t

R2 = 0.94
0.67 51.81 8.82 t

0.2103+0.0230×t
4.76 43.48 26.52

M3
t

0.4712+0.0224×t

R2 = 0.90
2.12 44.64 21.44 t

0.3510+0.0270×t
2.85 37.04 37.24

M4
t

2.6810+0.0270×t

R2 = 0.92
0.37 37.04 34.81 t

1.5310+0.0323×t
0.65 30.96 47.68

M5
t

1.6610+0.0557×t

R2 = 0.96
0.60 17.95 68.41 t

5.2940+0.0714×t
0.19 14.01 76.32

Table IV.6: Comparison of the maximum scour depth Zmax(t), initial scour rate Żi and equilibrium scour
depth Zeq between measurement from flume and prediction using SRICOS-EFA method, R2 is
the regression coefficient
*: extrapolation from data measurements based on an upstream test lasting 120 min and a
downstream test lasting 45 min instead of 360 min

Mesure SRICOS

Time-scale (min)

T = Zeq
Zi

Maximum scour depth

development at 360 min (%)
Zmax(360min)

Zeq ×100

Time-scale (min)

T = Zeq
Zi

Maximum scour depth

development at 360 min (%)
Zmax(360min)

Zeq ×100

Sand 5.54 98.51 3.01 99.17

M1 * 1.81 99.50 3.91 98.93

M2 77.33 82.30 9.13 97.52

M3 21.06 94.49 12.99 96.51

M4 100.11 78.37 47.63 88.36

M5 29.92 92.37 73.74 82.90

Table IV.7: Comparison of the time-scale T and the percentage of the scour depth development at 360 min
between measurement from flume tests and prediction using SRICOS-EFA method
*: extrapolation from data measurements based on an upstream test lasting 120 min and a
downstream test lasting 45 min instead of 360 min

IV.2.4.2 Comparison with other empirical relationships

A comparison of selected empirical methods of the maximum equilibrium scour depths from the

literature for the tested soils with measurements is done. The histogram in Figure IV.13 (a) shows

the values of the depths predicted and those from flume measurements, taken as the asymptotic

value of the best fit hyperbolic evolution law, as a function of the soil type. Figure IV.13 (b)

shows the predicted equilibrium scour depth by the different prediction methods selected as a
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function of the equilibrium measured scour depth for all tested soils.

With regard to the choice of the empirical methods used, the HEC-18 Sand equation (equation

I.11 in Chapter I) is chosen being widely used in the literature, while the other equations being

proposed for coherent soils, or for sand-clay mixtures. The equations by Gudavalli 1997 [112],

Ting et al. 2001 [249], Molinas and Hosny 1999 [173], Rambabu et al. 2003 [209], Debnath and

Chaudhuri. 2010 (a) [82], Debnath and Chaudhuri. 2010 (b) [80], Muzzamil et al. 2015 [177],

Najafzadeh and Barani. 2014 [181] are all given in Table I.2 in Chapter I.

In Figure IV.13, the equation Molinas and Hosny 1999 [173], noted as Equation 1, is the

first equation listed for reference [173] in Table I.2 in Chapter I intended for use in mixed

soil. The equation Molinas and Hosny 1999 [173] Equation 2 is the second equation listed for

reference [173] in Table I.2 in Chapter I designed for cohesive soil. The equation referred to as

Debnath and Chaudhuri. 2010 (a) [82] - Equation 1 is the first equation listed for reference [82]

in Table I.2 within Chapter I. The equation by Oh 2009 [190] refers to the equation IV.3 used in

SRICOS-EFA method.

In the predictive equations used, the cohesive soil percentage (Pc) in the soil mixtures in

the equations derived from the references [80, 82, 173, 177, 181], is considered equivalent to

the proportion of Kaolinite clay within the mixture. Our calculations assume that the silt has

a negligible impact on the scour depth. In the equations derived from Debnath and Chaudhuri.

2010 and Rambabu et al. 2003 references [80, 82, 209], the undrained shear strengths were

measured by field miniature vane shear tests. Muzzamil et al. 2015 [177] have used the data of

Debnath and Chaudhuri. 2010 (b) [80] study. However, Najafzadeh and Barani. 2014 [181] have

measured the undrained shear strength using direct shear tests. In our calculations, the value of

the undrained shear strength taken in the equations of [80, 82, 177, 181, 209] are those measured

by the direct shear test.

The depths computed using the HEC-18 sand by Arneson et al. 2012 [14], equation by Gu-

davalli 1997 [112], and equation by Ting et al. 2001 [249], exhibit remarkably close values. Their

equations, which do not take into consideration the soil properties, result in consistent values

regardless of variations in soil types. This differs from the observed measurements. We point out

that in some situations, these equations can overestimate the scour depth. The overestimation

observed is high for M4 and M5 mixtures with a multiplying factor to the measured values in

the order of 2-3.2. This observation contradicts the Ting et al. 2001 [249] findings on Porcelain,
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Armstone and Bentonite clays showing that the observed scour depths were in the 30% of those

predicted by the HEC-18 Sand equation (Figure I.21 in Chapter I).

The scour depths calculated by the equations of Molinas and Hosny. 1999 [173] (Equation 1

and 2), Rambabu et al. 2003 [209], Debnath and Chaudhuri. 2010 (a) [82] (Equation 1), Debnath

and Chaudhuri. 2010 (b) [80] and Muzzamil et al. 2015 [177] show for the most cases an

underestimation compared to the values observed experimentally. The factors to be multiplied by

the depth values measured for the equations of Molinas and Hosny 1999 [173] and Rambabu et

al. 2003 [209] are in the order of 0.25-0.42, those from Debnath and Chaudhuri. [80, 82] and

Muzzamil et al. [177] are in the order of 0.003-0.3. The Debnath and Chaudhuri. [80, 82] and

Muzzamil et al. [177] equations show the smallest prediction values. The empirical formula

presented by Najafzadeh and Barani. 2014 [181] yields values ranging from 565.84 to 2 417.57

mm for the mixture M2,M3, M4 and M5, which significantly differ in magnitude from our

measured values. In the interest of providing a more comprehensive representation of the results,

they are excluded from the Figure IV.13.

The formulated empirical equations are derived through regression analysis of flume results

under varying experimental conditions from our conducted tests. This can account for the ob-

served disparities. The differences in values are also due to the variability of the parameters

taken into account in the various equations as shown in Table I.2 in Chapter I, the scale effect,

the experimental conditions and set-ups which are not the same in all studies. It is important to

note that [228] compared the values derived from 22 equations proposed for sandy bed in case of

clear water scour on two types of sand and also obtained a wide dispersion of results. In addition,

[36, 257] reported that, formulas for scour depth prediction, mainly derived from experimental

laboratory tests, have a number of limitations.

The outcomes indicate that these empirical equations are not universal methods and can not

provide a right applicability across all experimental scenarios. These equations only clarify

the variability of pier scour with cohesive properties and can not be envisioned for a general

application. All the equations proposed for the cohesive soils and including the soil properties by

[80, 82, 173, 177, 209], estimated lower maximum scour depth as the HEC-18 sand Arneson et

al. 2012 [14], Gudavalli 1997 [112], Ting et al. 2001 [249] equations. Interestingly, the results

showed that the Oh 2009 [190] equation, used in the SRICOS-EFA method, provides the best

estimation values compared to all the other prediction equations evaluated for all the tested soils.
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Figure IV.13: Comparison of equilibrium maximum scour depth between measurements from flume using
the hyperbolic law and calculated using some selected empirical formulas in the literature,
(a) : histogram of maximum scour depth function of the type of the soil, (b): Predicted scour
depth function of measured scour depth, (- -) : bounds indicating 0.75 and 1.25 times the
scour depth, (-) : bounds indicating 0.5 and 1.5 times the scour depth; where M1: 85% Sand
+15% Silt, M2: 85% Sand +10% Silt +5% Clay, M3: 85% Sand +7.5% Silt +7.5% Clay,
M4: 85% Sand +5% Silt +10% Clay and M5: 85% Sand +15% Clay

IV.2.4.3 Effect of clay content on the maximum scour depth

Figure IV.14 shows the non-dimensional equilibrium scour depth Zeq/b versus the percent-

age clay in the tested soils obtained from the present data, compared to those in Debnath and

Chaudhuri. 2010 (b) [80] and Molinas and Hosny 1999 [173]. For present study, two values of

the non-dimensional equilibrium scour depth for percentage of clay Pc=0 were provided, one

obtained in pure sand and the other in the mixture M1 (85% sand +15 % silt).
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The majority of the values closely align with those reported by Debnath and Chaudhuri. 2010

[80], and they significantly surpass the values documented by Molinas and Hosny in 1999 [173]

for similar clay percentage. In our study and Debnath and Chaudhuri. 2010 [80] study, the clay

mineral is Kaolinite, whereas Molinas and Hosny. 1999 [173] used montmorillonite, which is

the primary clay mineral in Bentonite [210]. Montmorillonite has larger specific surface area and

cation exchange capacity than kaolinite, which suggests that the cohesive forces are more active

[208].

Ting et al. 2001 [249] conducted flume experiments around circular piers on various types

of clay, including Porcelain or Kaolin, Armstone, and bentonite. The non-dimensional scour

depths were similar for the same velocity on the different clay mineral. Debnath and Chaudhuri.

2010 (b) [80] found that, for similar clay percentages, the non-dimensional scour depth values

reported by Molinas and Hosny 1999 [173] were lower than those in their own study. Debnath

and Chaudhuri. 2010 (b) [80] attributed this difference to the lower initial water content IWC

(0.1) values used by Molinas and Hosny [173] compared to the IWC in their own study (0.2–0.4)

rather than to the difference in the clay mineral types. By increasing the IWC, the contact forces

between particles became weak leading to the decrease of cohesion [204].

In our study, the IWC (0.05) is lower than that used by Molinas and Hosny 1999 [173]

and Debnath and Chaudhuri. 2010 (b) [80] studies, shows scour depths close to Debnath and

Chaudhuri. 2010 (b) [80] values. The clay mineral used in our study and in Debnath and

Chaudhuri. 2010 (b) study [80] is the Kaolinite clay. The clay mineral used by Molinas and

Hosny 1999 [173] is the montmorillonite clay. The results show that the difference in the non-

dimensional scour depth values by Molinas and Hosny. 1999 [173] and Debnath et al 2010. (b)

[80] for clay percentage Pc ≤ 0.1 could be attributed to the different types of clay minerals rather

than the initial water content. For a clay proportion of 15%, the effect of initial water content

may become predominant. Conducting experiments involving increased clay proportions can

serve as a perspective to asses this item.
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Figure IV.14: Plot of non-dimensional equilibrium scour depth Zeq/b as a function of percentage of clay
Pc obtained from present data, Debnath and Chaudhuri. 2010 (b) [80] and Molinas and
Hosny 1999 [173] for V/Vcr (sand) =0.99-1.1, where Vcr (sand) is the critical velocity of
the sand used in the soil mixtures

IV.2.5 Scour hole plane dimensions

IV.2.5.1 Temporal variation of the scour hole plane dimensions

The temporal evolution of scour parameters in the horizontal plane is shown in Figure IV.15.

The longitudinal extensions in the upstream and downstream directions are presented by Lu

and Ld respectively. The transverse extensions to the right and to the left are named B1 and B2,

respectively. In the upstream and downstream test campaigns, B1 and B2 are averaged to form

Bu and Bd respectively. The figures on the left displaying Lu and Bu correspond to the upstream

tests and those on the right Ld and Bd correspond to the downstream tests. Lu, Ld, B1, and B2

are determined along the pier’s center, longitudinally or transversely. These represent the x or

y values on the horizontal plane where the elevation exceeds -2 mm. The choice of -2 mm is

a practical mean for delineating pit boundaries. For cohesive soils, the surface often remains

nearly flat with values between -1.9 mm and 0 mm over a wide area, which is disregarded due to

its very shallow depth and excluded from width or length considerations.
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For pure sand and the M1 mixture (85% sand+15% silt), fluctuations appear in the experi-

mental data (Figure IV.15, orange and purple crosses). The fluctuations are due to a competition

between erosion and deposition in the moving bed regime. This is caused by the presence and

disappearance of ripples.

The findings demonstrate that the temporal evolution of Lu, Ld, Bu, and Bd, for all the tested

soils, can be described by hyperbolic functions of the form t/(at+b) (Figure IV.15). The minimum

value of the regression coefficient R2 observed between the experimental data and the fitted

curve is of the order of 0.71. The initial rates of change are calculated from the hyperbolic curve

equations obtained, which is the value 1/b. The values at the equilibrium state are calculated

from the hyperbolic curve equation, corresponding to infinite time, which is the value 1/a in the

equation. These values are illustrated in Table IV.8.

Concerning the rate of change in scour dimensions in the horizontal plane, no clear trend is

observed with increasing percentage of fine particles in the soil mixtures. For dimensions in the

longitudinal direction, L̇u and L̇d values are in the order of 4-18.5 mm/min. Unexpectedly high

values of Ḃu and Ḃd are observed for M4 mixture (85% sand + 5% silt + 10 % clay) and M5

mixture (85% sand + 15% clay) in the order of 54-76.5 mm/min. These values can be explained

by the mode of erosion by soil chunks or aggregates and not by soil particles [156]. Soil stripping

near the pier on its sides may have occurred at the beginning of the scour process.

Additionally, a trend of decreasing pit dimensions in the horizontal plane at equilibrium with

increasing percentage of fine particles in the soil mixtures is evident. In comparison to pure sand,

the reduction factors range from 14.5-60% for (Lu)eq, 46-70% for (Bu)eq, 8-66% for (Ld)eq,

and 1.5-77.5% for (Bd)eq (Table IV.8). These results show also that clay has a greater effect than

silt in reducing the scour pit. It is important to note that among all the previous studies mentioned

in chapter I, none of them have addressed the topic of temporal laws changes in dimensions in

the horizontal plane for cohesive soils.



IV.2 F L U M E T E S T S : S C O U R I N G P RO C E S S M E A S U R E M E N T 151

Figure IV.15: Temporal evolution of the plane parameters of the scour hole, (a) : length, (b): width,
(x):experimental data, (-): hyperbolic best fit with the experimental data, the scheme il-
lustrates the corresponding value of the length L and width B for the upstream and the
downstream part
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Sand M1 * M2 M3 M4 M5
L̇u

mm/min
16.29 5.29 10.91 12.61 11.51 5.95

(Lu)eq
mm

90.91 77.52 50.51 41.15 39.84 36.76

Reduction factor (Lu)eq (%)
(1− (Lu)eq

((Lu)eq)Sand )×100
_ 14.73 44.44 54.74 56.18 59.56

Ḃu

mm/min
9.98 56.18 14.95 20.33 54.64 54.05

(Bu)eq
mm

147.08 79.37 54.35 46.29 45.25 44.05

Reduction factor (Bu)eq (%)
(1− (Bu)eq

((Bu)eq)Sand )×100
_ 46.04 63.05 68.53 69.23 70.05

L̇d

mm/min
10.95 18.28 9.98 17.79 16.78 4.67

(Ld)eq
mm

149.25 81.97 136.99 74.07 50.76 66.67

Reduction factor (Ld)eq (%)
(1− (Ld)eq

((Ld)eq)Sand )×100
_ 45.08 8.21 50.37 65.99 55.33

Ḃd

mm/min
31.35 26.59 11.92 12.58 61.73 76.34

(Bd)eq
mm

99.01 97.09 66.23 50.25 34.60 22.57

Reduction factor (Bd)eq (%)
(1− (Bd)eq

((Bd)eq)Sand )×100
_ 1.94 33.11 49.25 65.05 77.20

Table IV.8: Plane scour hole dimensions for tested soils; L̇u, Ḃu, L̇d and Ḃd are the initial rate of change in
the length upstream, width upstream, length downstream and width downstream respectively;
(Lu)eq, (Bu)eq, (Ld)eq, (Bd)eq are the values at the equilibrium state of length upstream,
width upstream, length downstream and width downstream respectively; M1: 85% Sand +15%
Silt, M2: 85 % Sand +10 % Silt +5 % Clay, M3: 85% Sand +7.5 % Silt +7.5 % Clay, M4: 85%
Sand +5% Silt +10% Clay and M5: 85% Sand +15% Clay
*: extrapolation from data measurements based on an upstream test lasting 120 min and a
downstream test lasting 45 min instead of 360 min

IV.2.5.2 Scour hole diameter function of clay percentage

Figure IV.16 presents the non-dimensional scour hole diameter B/b, where b is the pier diameter,

as a function of clay content Pc for the present data as well as for that of Debnath and Chaudhuri.

2010 (b) [80] and Molinas and Hosny. 1999 [173]. In this study, the greatest value of (Lu)eq,

(Ld)eq, (Bu)eq and (Bd)eq is taken as scour hole diameter Beq for each tested soil and Pc is the
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fraction of the clay percentage in the mixture.

This figure shows a similar trend in our study than of Molinas and Hosny. 1999 [173] and

Debnath and Chaudhuri. 2010 (b) [80] clearly a decrease in the scour hole diameter with

increasing percentage of clay in the soil mixture. The Beq/b ratios reported in our study are lower

than those of Molinas and Hosny. 1999 [173], which are themselves lower than Debnath and

Chaudhuri. 2010 (b) [80] for a similar percentage of clay. It’s difficult to find a clear explanation

for this distinction from the obtained values because of the differences in the experimental

conditions (in particular used soils) between the different studies.

Figure IV.16: Plot of non-dimensional equilibrium scour diameter Beq/b function of percentage of clay Pc
obtained from present data, Debnath and Chaudhuri. 2010 (b) [80] and Molinas and Hosny
1999 [173] for V/Vcr (sand) =0.99-1.1, where Vcr (sand) is the critical velocity of the sand
used in the soil mixture

IV.2.6 Temporal variation of the scour hole volumes

Simultaneous data acquisition both upstream and downstream is not feasible, resulting in limited

access to the entire scour hole volume. The scheme in Figure IV.17 illustrates the upstream and

downstream scour pit volumes noted Vu for the upstream test and Vd for the downstream test.

The volume is determined by summing the scour depths within the pit, delineated by its periphery.

The pit’s boundary is defined by points with depths exceeding -2 mm. For fine sand and the M1

mixture, the calculation does not include erosion occurring away from the pile. Figure IV.17
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shows the evolution of volume Vu and Vd as a function of time.

It is observed that hyperbolic fitted trend curves describe well their evolution. The regression

coefficients R2 for all the fitted curves exceed 0.84.

The measured eroded volume values for fine sand and M1 mixture are similar, indicating

minimal impact of silt on the scouring process. A noticeable reduction in Vu and Vd volumes

becomes evident as the clay percentage rises. Using the same method previously described in

section IV.2.5.1, the initial rate of change and the equilibrium values of volume for the upstream

and downstream parts are calculated (Table IV.9). For the equilibrium state, a decreasing in the

volume with the increase in the clay content is well observed. This observation is consistent with

previous researches, illustrating a decrease of total equilibrium scour volume with increasing

clay percentage in the bed [66, 173].

The reduction factors in volumes for all mixtures, when compared with pure fine sand, range

from 23.68% to 94.05% for Vu and from 67.65% to 98.67% for Vd (as detailed in Table IV.9).

For all tested soils, the scour hole volume in the downstream part is found greater than the scour

hole volume in the upstream part. Concerning the initial rate of change in scour hole volumes, a

decrease trend is observed with increasing percentage of clay particles in the soil mixtures. The

values of the initial rate of change and the equilibrium values obtained for M1 mixture are less

accurate compared with the others because of the limited number of values compared with the

other soils containing fines.
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Figure IV.17: Temporal evolution of the scour volume (a): for the upstream part (Vu), (b): for the down-
stream part (Vd), the scheme illustrates the corresponding value of the volume for the
upstream part Vu, and for the downstream part Vd

Sand M1 * M2 M3 M4 M5
V̇u

104mm3/min
0.97 3.09 0.07 0.03 0.06 0.11

(Vu)eq
105mm3

3.45 2.13 2.63 0.71 0.42 0.21

Reduction factor (Vu)eq (%)
(1− (Vu)eq

((Vu)eq)Sand )×100
_ 38.30 23.68 79.43 87.84 94.05

˙V d

104mm3/min
0.33 1.42 0.37 0.16 0.07 0.18

(Vd)eq
105mm3

18.18 5.26 5.88 1.69 0.42 0.24

Reduction factor (Vd)eq (%)
(1− (V d)eq

((V d)eq)Sand )×100
_ 71.05 67.65 90.68 97.67 98.67

Table IV.9: Volume of the scour hole for tested soils; V̇ u, V̇ d are the initial rate of change in the volume
upstream and downstream respectively; (Vu)eq, (Vd)eq are the values at the equilibrium state
of volume at the upstream part and downstream respectively; M1: 85% Sand +15% Silt, M2:
85 % Sand +10 % Silt +5 % Clay, M3: 85% Sand +7.5 % Silt +7.5 % Clay, M4: 85% Sand
+5% Silt +10% Clay and M5: 85% Sand +15% Clay
*: extrapolation from data measurements based on an upstream test lasting 120 min and a
downstream test lasting 45 min instead of 360 min
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S Y N T H E S I S

New experimental data on scour at circular piers embedded vertically in mixed cohesive bed

under steady current are presented. The new contribution of this work as regards to previous

existing studies, is to determine whether the relative proportion of clay mixed with silt can affect

the scour process. We compare the soil behavior from the starting mixture of 15% silt with

the increasing of clay proportion in the sand-silt-clay mixture. So, the fines content remained

constant (15%) but the clay fraction increased.

The study’s main conclusions are as follows:

1. The type of cohesive soil added to the pure sand is a significant parameter that affect the

scour process. Kaolinite clay is observed to have a greater effect than silt.

2. Soil mixture changes from cohesionless to cohesive scour behavior when the Kaolinite

clay in the sediment mixture exceeds a threshold value of about 7.5-10 % in dry weight

ratio. Cohesive scour hole topography is characterized by a flat region upstream and a

scour propagation as well as a depth greater in the wake region compared to other sides.

3. The location of the scour initiation is observed on the sides, regardless of the soil type,

oppositely to the location of maximum final scour depth.

4. With an increase in clay content, significant decrease in the amount of sediment deposi-

tion, maximum scour depth, scour hole dimensions with steeper downstream slopes are

observed.

5. The SRICOS-EFA method works quite well for predicting the temporal evolution of

the maximum scour depth measured in laboratory. The relative maximum error on the

equilibrium scour depth between the measurement and SRICOS-EFA estimation is less

than ± 25%. This value is within the ± 50 % range observed in [190]. It provides the best

estimation values compared to all the other prediction equations evaluated for all the tested

soils.

6. The temporal evolution of the measured maximum scour depth, scour hole horizontal

plane dimensions and the volume at the upstream and downstream parts can be described

by hyperbolic laws. Reduction factors compared to the sand at the equilibrium state range

are 8.5-68.5 % for Zeq, 14.5-60 % for (Lu)eq, 46-70 % for (Bu)eq, 8-66 % for (Ld)eq,

1.5-77.5 % for (Bd)eq, 23.68-94.05 % for (Vu)eq and 67.65-98.67 % for (Vd)eq.



Chapter :

General Conclusion and Perspectives

C O N T R I B U T I O N S A N D M A I N F I N D I N G S

Most studies were devoted to sand scour and few investigations were dedicated to cohesive

soils involving clay. The contributions and main findings from the present investigation are

summarized as follows.

In this thesis, a physical model of a bridge pier was implemented in a flume. The experimental

protocol for carrying out the test was developed. A Vectrino Profiler method required to charac-

terize the velocity profile was developed. The use of a 3D Laser Scanner to dynamically monitor

the bed changes during the scour mechanism in laboratory setups was shown to be possible.

An appropriate data processing approach was described to make the device operational and get

accurate 3D digital elevation data of the formed scour hole with the best possible spatial accuracy.

All preliminary results observed on medium sand in clear water scour regime (considered as

benchmark test) using the 3D Scanner Laser were found to be in agreement with previous studies

on sand using other instrumentation techniques. Repeatability tests indicated that a temporal

standard deviation within an accepted range was observed. The 3D Scanner Laser measuring

technique presents appreciated improvements in the pier scour instrumentation development in

laboratory settings. It offers advantages over other instruments commonly found in the literature

but also presents few limitations. It operates with rapid and automated procedures, ensuring

high spatial accuracy in continuous temporal scour measurements, without the need for water

drainage. However, it presents some limitations, including the selection of scanner positions due

to the formation of shadows caused by objects and the restricted dimensions of the acquisition

zone. Environmental factors, such as turbidity and waves, may affect the original data acquisition.

The Plexiglas plate kept on the water’s surface during pier scour measurement was found to have

negligible impact on the scour hole’s topography. In contrast, water evacuation was found to

induce deformation in the topography of the scour hole.
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The present study reports new experimental findings on pier scour around vertically circular

piers embedded in a mixed cohesive bed under constant current conditions. A series of flume

tests were conducted using soil mixtures including 85% fine sand and 15% fines. Silt, Kaolinite

clay, and the two type of fines in varying quantities constitues the fines content used in the soil

mixtures. The water velocity during the tests was maintained constant, slightly above the erosion

critical velocity for the fine sand used in the mixtures. The results show that the type of fines

added to the pure sand is an important factor that influences the scouring process. When the

kaolinite clay in the cohesive sediment mixture exceeds a threshold value of roughly 7.5–10%

in dry weight ratio, mixed soil is transformed from cohesionless to cohesive scour behavior.

Flat region at the upstream of the pier, drop in the depth side, scour propagation, and depth

larger in the wake region compared to other sides are the characteristics of cohesive scour hole

topography. The scour start location was observed on the sides independent of the soil type, in

contrast to the maximum final scour depth. Increase in clay content results in significant decrease

in maximum scour depths, and scour hole widths with steeper downstream slopes. Hyperbolic

laws was observed to describe well the temporal evolution of the recorded maximum scour depth,

scour hole dimensions, and the volume at the upstream and downstream sections.

Using the SRICOS-EFA method, prediction of the temporal evolution of the maximum scour

depth recorded in the laboratory has given good results. Between the measurement and the

SRICOS-EFA estimation, the relative maximum error on the equilibrium scour depth was

less than 25%. Compared to all other prediction equations considered for the tested soils, the

SRICOS-EFA method offered the best estimation results.

S U G G E S T I O N S F O R F U T U R E R E S E A R C H

This thesis provided an opportunity to investigate the phenomenon of scouring while concentrat-

ing on certain unresolved aspects. However, there are still a lot of raising questions regarding the

topic of pier scour, and the current work could be expanded in a variety of ways.

1. A constraint linked to the positioning of the 3D laser scanner necessitated the conduction of

each test twice for each bed. The purchase of an additional scanner with an extra Plexiglas

plate is recommended. By synchronizing two scanners, one upstream and one downstream,

it will become possible to scan the entire scour hole in a single flume test. To facilitate

the merging of the two scans, it is essential to establish a reference object. This reduces

the testing time required for the work carried out in this thesis by using only one available

scanner device.
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2. While our research allowed us to study the temporal progression of the topography of

the scour hole, there is still a need for a more comprehensive grasp of the underlying

hydrodynamics. A study of the hydrodynamics in the vicinity of the piers using the same

cohesive soils in this thesis can complete the present findings. This may be done using the

PIV (Particle Image Velocimetry) in the flume test or using numerical methods such as

Computational Fluid Dynamics (CFD). The objective is to establish a relationship between

the hydrodynamics and the resulting scour hole topography. In addition, it will allow an

understanding of the changes in hydrodynamics that occur when fine particles are added

to the sand.

3. The conducted study focuses on a simple configuration : an isolated circular pier, under

constant velocity and in one uniform soil layer. It holds perspectives for exploring more

configurations while making comparison with SRICOS-EFA method, such as changing

the pier’s shape, varying velocities as function of time, using different soil layers and

several piers. Additionally, this study is limited on scenarios with a 15% fines content.

However, exploring soil scour scenarios with higher fines contents which gives samples

of soils less erodible (in Erosion Categories III and IV) can provide valuable insights.

The consideration of geochemical and biological properties influencing cohesive sediment

erodibility should also be incorporated.

4. This study represents a physical model of the pier scour process. It can be expanded

by conducting numerical modeling, such as utilizing the HEC-RAS software, while

employing the same input parameters as those used in the experimental study. This

approach would enable a direct comparison between the results of the numerical modeling

and the measurements obtained from the experimental data.

5. The need for more specific research on the maximum shear stress estimation for cohesive

soils to clarify the definition of the generalized number of Shields.

6. This thesis markes the fist use of the SRICOS-EFA method in France. A comparison

between scour depths measured in the flume and those predicted by SRICOS-EFA was

carried out. However, it would be useful to extend this study by comparing scour depth

data measured in the field for bridges located in France with the scour depths obtained by

the SRICOS-EFA method. This would be in the ultimate aim of being able to integrate this

methodology, while improving it, into the bridge design practices of French companies.
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Appendix

Each point cloud has a roughness donated σ made of surface roughness and instrumented

associated noise. In the figure below, it was assumed that S1 is the reference cloud and that

Lt represents the true distance between the two clouds S1 and S2. For every point of S2, a

distance"C2C" was calculated. The C2C method was based on finding the "nearest neighbour"

point in the reference cloud S1 to each point in the cloud S2.

Figure : The "C2C (Cloud to Cloud) tools" in cloud compare software existing for calculating the distance
between two point clouds [145]
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Abstract 
  
Laboratory experiments constitute an essential part of scour investigation in the vicinity of embedded 
structures. Yet, no standard and robust instrumentation for monitoring the development of this physical 
process during laboratory tests is available. In this technical paper, a Laser Scanner has been tested to follow 
local scour around a circular pier in clear water regime in hydraulic flume, to demonstrate its efficiency. The 
results which are in good agreement with previous studies validate the performance of this technique. The
initiation of local scour occurred at the close sides of the pier. The measured maximum final scour depth was 
found to be close to the pier diameter. The greatest advantages of this technique with regards to others, are 
the data acquisition rate which can reach a frequency of 0.5 Hz, especially at the beginning of the experiment, 
and the accurate continuous spatiotemporal resolution with dense data. Limitations of this device can be 
considered as very low with respect to the others. 

Keywords Hydrodynamic; Instrumentation; Monitoring; Laser Scanner; Local Scour; Pier

1.  INTRODUCTION 

 Scour is a complex process involving the interaction between the water flow, the bridge pier structure and 
the surrounding bed sediment. In the two past decades, important advancements have been carried out on 
laboratory investigation of bridge scour to better understand the physical mechanisms, and to study in 
controlled conditions the influence of various factors on the scour development. It aimed to assess a scour 
estimation equation, and also to develop the progress in scour countermeasure methods. An appropriate 
measurement technique needs to be implemented to record the evolution of the scour hole geometry during 
laboratory tests. Therefore, a wide range of instrumentation has been reported in the literature.
 The traditional technique is based on the use of basic inexpensive tools such as a point gauge placed at 
the location of the bed's point of interest (Dey, 1999; Oliveto and Hager, 2002). They can only give a punctual 
measurement of the scour depth and are not fast enough to cover the three space dimensions of the scour 
hole topography formed instantaneously in particular at the beginning of the experiments, and thus, in this 
case, a global dynamic measurement is not possible. Alternatively, another simple method which has been 
used consists of measuring the scour depth in a calibrated pier model with a vertical scale. This model can be 
inspected visually or by using a camera installed inside a hollow transparent tube Debnath and Chaudhuri 
(2010). Due to the compared dimensions of the camera and the pile model, it is not practical to place a 
camera tool inside the pile in small scale tests. Moreover, it can provide information about the scour depth 
only at the region adjacent to the pile. Various set-up of photogrammetry technique has been applied in 
experimental studies. An illustrative example was the dynamic measurement of 3D scour hole by (Baglio et 
al., 2001; Sumer et al., 2013), through a stereo-vision approach. A grid of dots was created by lens on the soil 
bottom and two cameras were set outside of the flume to measure the variation in spatial position. However, 
in this type of system refraction through the flume wall was not taken into account. Foti et al. (2011) also 
indicate that the use of a grid lens at sand surface is inadequate, which results in a reduction of accuracy.  
Some authors have used various types of laser distance sensors to evaluate the scour depth in laboratory 
experiments. Laser profilometer (Lachaussee et al. (2017)) requires a complex mounting system, as the laser 
sheet must pass through different locations to collect the 3D shape. Since this method is fast, quasi-dynamic 
measurement can be likely done. However, there will be always a temporal gap between the profiles that 
should be regrouped in the post treatment step, then the topography measured cannot be considered 
instantaneous especially if the bottom has eroded rapidly. Another disadvantage of this technology is the 
presence of a white region close to the pile due to the shadow created when the height of the obstacle hides a 
part of sensor laser line. Auzerais et al. (2016) used an ultrasonic ranging system to obtain three-dimensional 
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(3D) bed profiles downstream a pile, only at the equilibrium state. Recently, Nagarajan and Arockiasamy 
(2020) studied the feasibility of a Terrestrial Laser Scanner to view a specific scour hole shape around a 
cylinder in presence of water at static state. They reported a high potential of the device but with reduced 
accuracy for high values of the water turbidity.  
 In light of the advantages and disadvantages of each technique, this paper investigates the potential of 
using a Terrestrial Laser Scanner (as in Nagarajan and Arockiasamy (2020)) to capture the dynamic 
topographic bed deformation induced by the pier scouring process in a laboratory flume experiment. After this 
introduction, the methodology and implementation of the laser scanner are detailed in section 2, the test 
results are discussed in section 3 and are followed by a conclusion in section 4. 

2. METHODOLOGY AND IMPLEMENTATION OF SCANNER 3D TECHNIQUE 
 
2.1 Experimental Setup and Procedure 

Figure 1. Pier scour experiments (a): scheme of the test flume set-up (not to scale), (b): photograph 
of test upstream of the pile, (c): photograph of test downstream of the pile, arrow represent the 

direction of flow
  
 The experiments were carried out in a rectangular flume with dimensions of 13 m length, 0.41 m width and 
0.5 m depth located in the Hydraulic Laboratory of ESTP Paris (Ecole Spéciale des Travaux Publics, Cachan, 
France). Water discharge in the flume was controlled by a variable speed electronic control unit, which allows 
to maintain a constant flow rate. Water height in the flume was controlled with a tail gate located at the 
downstream end of the flume. A false bottom made of PVC (Poly Vinyl Chloride) was constructed over the 
entire length of the flume. The sediment recess area, 1 m long and 0.062 m deep was located 5 m from the 
flume upstream opening.  
 A 32 mm filled PVC cylinder simulating a circular pier was firstly installed at the center of the recess area.  
The sediment used in this study was a typical medium sand, the Hostun Sand HN 1/2.5 which is uniformly 
grain distributed with a median grain size ( ), a uniformity coefficient ( ), a geometric standard 

distribution ( ), a specific gravity ( ) and a friction angle (Ф), whose values are 1.7 mm, 1.39, 1.15, 
2.65 t/m3 and respectively. The sand bed in the test section was carefully prepared and deposited. A 38 kg 
dry mass of sand was mixed homogeneously with 1.5 L of tap water in order to fix the initial density and the 
initial moisture content to 1.7  and 4%, respectively. The soil was saturated initially during 1h, in order to 
be in geotechnical conditions close to that in the field.  
 The depth averaged flow velocity U was maintained at a constant value of 0.29 m/s during the experiment.
The average critical velocity of the initiation of the sand bed movement was determined preliminarily, visually 
in a non-pile experiment using the same geotechnical conditions described previously. The hydraulic 
conditions for particle detachment initiation correspond to the critical water discharge (Qcr) and the critical 
velocity (Vcr) values of 90 m3/h and 0.41 m/s, respectively.  Therefore, for tests involving the pier, a flow 
intensity U/Ucr= 0.7 shows a clear water scour condition. The flow regime of performed tests was turbulent 
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since the Reynold’s number based on the water depth was Re= 42920 Sleath (1984). The Froude number Fr= 
0.24 indicates subcritical hydraulic conditions. The Reynold number based on the diameter of the cylinder 
ReD= 9280 points out a laminar boundary layer separation and a completely turbulent wake region Sumer 
and Fredsøe (2006). 
 The duration of the experiment was set at 6 hours to ensure a quasi-equilibrium scour geometry at the 
end of the test.  
 As mentioned before, a high-resolution Scanner laser technique was used in this study. It consists of a 
pattern projector of Laser class 3R with the signal wavelength in the red spectrum (approx. 639 nm) and a 
camera. This device relies on the principle of the triangulation plane for 3D surface Imaging allowing an 
automatic reconstruction of 3D object.  
 The scan area was around 360 × 286 mm, which was illuminated by the laser sheet. For this reason, the 
underwater test was composed of two similar separated tests, one focusing scanner to the upstream of the 
pile and another to the downstream of the pile, while putting a Plexiglas plate at the water surface. The 
Plexiglas plate used has at each longitudinal extremity a chamfer of 30 degrees to limit the generation of 
turbulence into the water surface. Using the 3D scanner at these two stations limits the occurrence of the 
shadow and coloring the pile in black by a marker avoids the reflection of the laser, which appears as an 
empty area. Then, the 3D scanner allows the capture of a complete half plane (180-degrees view per test) of 
the scour hole, with a presence of the maximum number of points of the cloud around the pile.  
 A sketch of the experimental set-up, photographs of tests acquired from the upstream and downstream of 
the pile are shown in Fig.1 (a), (b) and (c) respectively. 
 
2.2    Methodology of Data Analysis 

 
  The laser scanner was connected through the data acquisition software Phoxi Control to obtain the 3D 
scans around the pile. Suitable acquisition parameters are chosen in our measurements. The values for laser 
power (4095 μWatt) and exposure time (20.48 milliseconds) were chosen to avoid the saturation of the 
camera. The shutter multiply, number of repetitions of a pattern (1) and scan multiply, number of repetitions of 
a scan (1) parameters provided a good density of original cloud data (up to 1.3 million 3D points). As the scour 
in sand is a rapid process especially at the beginning of the experiments, the frequency rate of acquisition was 
set to 0.5 Hz for the first 5 minutes (1 scan per 02 seconds) and then to 0.0033 Hz (1 scan per 5 minute) for 
the rest of the experiment. An automatic triggering of scans was set up with a fixed framerate and an 
automatic saving in “. ply” extension. Thus, in terms of acquisition, the main advantages of this instrument 
were the rapid acquisition and the ability to give a representation with millions of 3D points.  
 The refraction of light at the interface between two different materials modifies the trajectory of light rays 
and therefore measured elevations, hence a correction algorithm in Scilab software was written. This 
correction algorithm is based on the determination of the position of the interface 1 (between air and glass) 
and interface 2 (between glass and water) in function of the position of the camera and the laser. Two scans 
of a plate reference, object of known thickness at the two different positions, are done. For facility purposes, 
this step was performed in empty flume. To visualize the importance of this correction step, an application in 
case of the cylinder obstacle (D=32mm) alone is shown in Figure 2 (b). The green, blue and red surfaces refer 
respectively to scanned cylinder without water and glass, with water and glass before correction and with 
water and glass after correction. It was observed that the surface of the cylinder scanned in the presence of 
water and glass before correction is not a circle, which means that refraction can have the effect of modifying 
completely the shape of the scanned object. The correction gives back a cylinder of the same radius even if its 
relative spatial placement is not exactly the same. The amount of refraction depends mostly on the incident 
angle of water medium and therefore varies with the change in position of the scanner.  
In addition, since the acquisition of all clouds is done in the camera spatial reference, an algorithm for 
changing the reference to a local orthonormal reference centered on the pile was also written in Scilab. This 
computing code contains a combination of translation and rotation matrices. An application in case of plate 
surface was displayed in the fig 2 (c). The blue, green and red surfaces correspond to the original scan, the 
scan after translation and the scan after translation and rotation, respectively. It is noticed the existence of 
small deviation at the corner.  
The calibration previously described is valid only for one position of the laser scanner, so the operator should 
pay attention that the device is well fixed without any movement (example: vibration) during the test. These 
corrections were applied to all the data clouds acquired by the instrument.  
  In fact, the data acquired by the laser scanner always contain scatter points and noises. An example is 
shown in Fig.2 (d). Their presence do not allow a correct interpretation of the object details. Scatter points are 
points that do not belong to the target object “bed surface”. In our model, the pile was colored in black which 
permits the elimination of the scatter points related to the pile. The noise is the result of the divergence of the 
laser beam. The cloud is cleaned by removing all the scatter points and reducing the noise as much as 
possible.  
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As the resolution of the scanner differs from one scan to another and is not homogenous within the same 
scan, decreasing while moving away from the scanner, and a small deviation exists at the corners of scans, a 
relative rasterization with the reference cloud, always being the initial state of the soil (flat bed surface) was 
done. Each 3D cloud is transformed into a matrix of altitude Z, with the lines and columns corresponding 
respectively to x and y coordinates. The digital elevation model was created with a fixed horizontal grid 
resolution of 1×1 mm. The data at time t was the difference between the Z matrix at time t and the Z matrix at
the initial time (see figure 2 (e)). The post treatment step including cloud cleaning and relative rasterization 
was performed using Cloud Compare software, created by Girardeau-montaut (2006) and which have been 
used for post-treatment of laser scanner acquired clouds by many authors (Lague et al., 2013; Strange, 
2019).  
 Finally, using MATLAB software, a linear interpolation was applied to replace the small missing data 
points referring to the shadow caused by the presence of the pile in order to obtain the best quality of the 
results, a proper and highly precise digital elevation model. Results can then be presented in different forms 
(counter map plot, section profiles, etc.). 

Figure 2. Methodology used for data processing

3. RESULTS AND DISCUSSION  
 
  The development of the scour hole topography after t=01min 36 sec,15 min and 06 h for monitored data 
upstream and downstream of the pile is shown in fig 3-4 as contour maps, longitudinal central sections (y=0) 
and transversal central sections (x=0). It was difficult to obtain results before 01 min 36 sec, the average time 
needed to set the water height with the gate in the flume to be aligned with the surface of the Plexiglas plate at 
the desired hydraulic conditions. Before this time, no depth can be monitored.
 The general pattern of the scour process was distinguished by: the scour hole around the pier and a 
single dune. In fact, the scour hole started at the close sides of the pier, where small depressions were formed 
at 01min 36 sec. Then, the scoured region enlarged to cover all the area surrounding the cylinder after 15 
minutes. It is observed that the maximum depth at the upstream region is close to the maximum depth at the 
side of the pile at this stage. Then the scour hole continued progressively to extend and deepen and the 
maximum final scour depth at the front of the pile becomes deeper than that at the side region at the end of
the experiment. Whereas, the scour at the downstream region was always the smallest one. The contraction 
of the main flow due to the presence of the pier upstream accelerated the flow, sweeping then ejecting the 
eroded sediment from the scour hole to the downstream part. Those sediments deposited downstream the 
pile and formed the dune which increased progressively in height and reached finally a maximum value close 
to 0.8 times the pier diameter. Since the scour process is in progress, the sediment in the dune was always in 
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movement by the wake vortices to far downstream of the pier until the equilibrium state was reached. The 
periodic shedding of von Karman wake vortices made the transportation of the sediments quasi-periodic. The 
presence of this dune induced the formation of a small hole behind it.  During the scour development, the 
shape of the scour hole remained nearly constant and nearly symmetric with respect to the flow direction. 
These findings are in agreement with previous studies (Umeda et al., 2008; Link et al., 2008). The artefact in 
the contour maps representation was caused by the presence of the light spot near the measurement zone. 
 
                                                          t=01 min 36 sec 

  
                                                           t=15min 

  
                                                            t=06 h 
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Figure 3. Relative elevation (ΔZ) contour maps at various instants during the experiments, t=time, 
flow direction is from left to right

a)

b)

c)

d)
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Figure 4. Profiles of scour hole at various instants during the experiments, t=time, flow direction is 

from left to right., Longitudinal: (a) upstream of the pile, (b) downstream of the pile, and transversal (c) 
upstream of the pile, (d): downstream of the pile 

In longitudinal and transversal sections, we quantitatively identified the existence of a flat bottom region close 
to the cylinder. The measure of the topography at this region was rendered difficult by various monitoring 
devices due to the presence of the pier.   
In the longitudinal section, the scour hole was steeper at upstream than downstream. At upstream, over this 
plat region, two slopes are recognized. At the final experiment state, the change in the average slope of the 
scour hole was from around 44 degrees in the middle part to around 41 degrees in the upper part 
corresponding to an average value of slope of around 40.9 degrees. As stated by LIU et al. (2019), in a region 
around the pier, the scour hole slope always exceeds the angle of repose of sediment particles. The average 
scour hole slope in this region is about 10%-15% sharper than the natural angle of repose of sediment 
particles according to Dey (1999). The differences in the slopes upstream of the pile suggested the action of 
the system of horseshoe vortex. This system has the most important contribution in the deformation of the bed 
during scour mechanism. If the measurement was made after water was paused or was drained out, the 
sediment will settle under gravity, then in this case the scour hole slopes will be equal to the natural angle of 
repose of the soil as obtained by (Melville, 1975; Yanmaz and Altmbilek, 1992), hence the scour hole will have 
the most usual described shape, an “inverted and truncated cone”.  
Therefore, at the downstream part the average slope of the scour hole reaches around 26 degrees, beside 17 
degrees at the dune. Sediment continuously slides upward on the upper slope of the dune, and downwards on 
the lower slope of the scour hole. The wake vortices picked the downward sliding sediments and transported 
them as bed load to the upward part. Some sediments passed through the dune, while others fed continuously 
and were deposited at the mount.  
On the other hand, the central transversal profiles of the scour hole were very similar to the upstream profile, 
but with a relatively shallow average slope of around 32.7 degrees. The same side section in upstream and 
downstream tests was relatively close, but not exactly similar. This is explained by the uncertainty due to the 
manual soil preparation. The small noise observed in the cross sections is caused by the medium grain size 
distribution of the soil used.   
 The temporal variation of scour depth at the point of the final maximum scour depth was presented in Fig. 
5. In the initial stage of the scour process, scour depth increased very rapidly. It attained above 60% of the 
final scour depth at the first 30 min, then increased more slowly to reach finally at 04h an asymptotic final 
state. The final scour depth measured was 1.1 times the diameter of the pile used, in accordance with the 
values reported in the literature (Roulund et al., 2005; Lachaussee et al., 2017). 
 

 
Figure 5.  Scour depth function of time at the point of maximum final scour depth 

 
4. CONCLUSIONS  
 
 The capability of a terrestrial laser scanner to dynamically measure the bed elevation change during the 
physical scour mechanism in laboratory setups is demonstrated. A suitable procedure is presented as a set of 
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actions for calibrate, treat the acquired data in order to make operational the device and obtain a correct 3D 
digital elevation data of the shaped scour hole with highest spatial accuracy. Such measurement approach 
provides appreciated advancements in monitoring the development of the scour hole around a pier. The 
discussed methodology is rapid, automatic and allows temporal scour measurement in a safe environment. In 
addition, it allows the measurement without the necessity to drain the water. However, limitations are related 
to the crucial position choice due to the shadow formed by the presence of object and the limited dimensions 
of acquisition zone. Turbidity and waves can also largely affect the original data acquisition and then can 
prevent the possibility of measurement.  
 The presented work provides an experimental database for numerical simulation of medium granular 
sediment scour models. The determination of the temporal variation of maximum scour depth position, and 
comparison of measurement with scour empirical prediction methods, could be very useful to complete this 
study.  
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Abstract 

Local scour is considered to be one of the main causes of bridge failure and collapse. Laboratory experiments are a 

crucial and important approach for the scour process investigation. Yet, there is no robust and standard 

instrumentation for tracking the evolution of this physical phenomenon in laboratory studies. There are several 

flume-based studies of scour around a circular bridge pier on cohesionless soil. However, the bed of natural alluvial 

channels often contains cohesive sediments. Comparatively, there is a limited research on local scour around circular 

pier founded in cohesive beds that has been documented. In this PhD research, a 3D Laser Scanner is used to monitor 

scour around a circular pier. The results obtained with this technique, in line with previous research, in particular 

that carried out on a sandy bed, demonstrate its effectiveness. The technique offers advantages such as continuous 

spatiotemporal monitoring, but also many limitations. In a next step, the study focused on the effect of the type and 

proportion of fines in the sediment mixture on the depth and the shape of the scour hole and the temporal propagation 

of scour process around a circular pier. Results show that increasing the clay in the fine fraction reduce significantly 

the scour. The mixture with a range around 7.5-10 % of clay fines content provides the threshold composition for 

coherent soil behavior in scouring process. In addition, scour depth prediction for bridge piers in cohesive soil is not 

yet fully developed. In engineering practice, scour depth estimation methods currently used are those proposed for 

sand bed. Many researches aimed to adress a method to optimize the design of bridge piers in the case of cohesive 

soil. Among the different methods, the one based on the use of the EFA (Erosion Function Apparatus) erodimeter 

and called SRICOS (Scour Rate In COhesive Soil) was examined as part of this work in order to predict the deepest 

scour in cohesive bed. 

Keywords: Local Scour, 3D Scanner Laser, Cohesive bed, SRICOS-EFA 

 

Résumé 

L’affouillement local autour des piles est considéré comme un des principaux risques de rupture et d’effondrement des 

ponts. Les expériences en laboratoire sont un élément crucial de l’étude du  processus d’affouillement. Pourtant, il 

n’existe pas d’instrument robuste et standard pour suivre l’évolution de ce phénomène physique dans les études de 

laboratoire. Les études expérimentales en canal sur l’affouillement autour d’une pile circulaire dans un sol non cohésif 

sont nombreuses. Cependant, le lit des canaux alluviaux naturels contient souvent des sédiments cohésifs. 

Comparativement, il existe peu de recherches sur l’affouillement local autour des piles circulaires fondés dans des 

lits cohésifs. Dans le cadre de cette recherche doctorale, un scanner laser 3D est utilisé pour suivre l’affouillement 

local autour d’une pile circulaire. Les résultats obtenus avec cette technique, en accord avec les recherches 

précédentes, notamment celles effectuées sur un lit de sable, démontrent son efficacité. Elle offre des avantages tels 

qu’une résolution spatio-temporelle continue, mais aussi de nombreuses limitations. Dans une seconde étape, l’étude 

a porté sur l’effet du type et de la proportion des fines sur la profondeur et la forme de la fosse d’affouillement et sur 

la propagation temporelle du processus d’affouillement autour du pile circulaire. Les résultats montrent que 

l’augmentation de l’argile dans la fraction fine réduit significativement l’affouillement. Le mélange avec une gamme 

d’environ 7.5-10 % de teneur en argile fournit la composition seuil pour un comportement cohérent du sol dans le 

processus d’affouillement. En outre, la prédiction de la profondeur d’affouillement dans les sols cohésifs dans la 

conception des fondations de ponts n’est pas encore complètement développée. Dans la pratique, les méthodes 

d’estimation de la profondeur d’affouillement actuellement utilisées sont celles proposées pour des sols non 

cohérents. De nombreux chercheurs ont mis au point des méthodes pour optimiser la conception des piles de pont 

dans le cas d’un sol cohésif. Parmi elles, celle basée sur l’utilisation de l’érodimètre EFA (Erosion Function 

Apparatus) et appelée  SRICOS (Scour Rate In COhesive Soil) a été examinée dans le cadre de ce travail afin de prédire 

la profondeur d’affouillement maximal dans un lit cohésif. 

Mot-clés: Affouillement local, Scanner laser 3D, lit cohésif, SRICOS-EFA 
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