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Abstract (English) 

 

The major damage to bridges at river crossings occurs during floods. Damage is caused by 

various reasons, one of the main ones being riverbed scour at bridge foundations (piers and 

abutments). The damage can range from minor erosion to complete failure of the bridge structure 

or its road approach. Complete failure results in severe disruption to local traffic flows.  

The localized scour phenomenon and specifically scour at bridge piers has been the subject 

of extensive investigations by many researchers and vast literature exists on the topic. In spite of 

this big research effort, comprehensive design approaches are still missing due to a general 

inability of predictive equations to fit data from different authors. In this thesis, a relatively large 

amount of local scour data (516 experiments) has been collected from literature works on clear-

water scour at cylindrical piers. A great deal of work has been devoted to selecting experiments 

that were not evidently flawed by some irregularity that could be due to any problem occurred 

during performance of the tests.  

An appropriate dimensionless framework has been introduced to steer the following analysis 

of literature scour values. It was recognized that different authors made different choices 

performing their experiments, therefore one of the most important actions undertaken here has 

been making all the tests homogeneous. The treatment of flow velocity was evidently a crucial 

factor, thus it was considered with highest attention. In this context, an analysis of threshold 

condition has been conducted to find a suitable criterion for defining a threshold for sediment 

movement and the one proposed by Melville & Coleman (2000) was finally chosen as the most 

suitable one among the other available criteria in literature. In this way the critical velocity for 

sediment motion of all the experiments was computed by a unique criterion. On the other hand, 

all the measured upstream flow velocities were unified by converting all the declared values by 

the different authors to depth-averaged velocity at the channel axis. Thanks to these strategies, all 

the experiments could be used as a unique, homogeneous database. 

The dimensionless scour depth (the ratio between the scour depth and the pier diameter) was 

investigated in terms of its dependence on flow intensity, sediment coarseness and 

nondimensional time. A formula has been proposed for prediction of the scour depth. The 

equation consists of an exponential factor for considering the effect of sediment coarseness and a 

3
rd

 order polynomial for the effect of flow intensity; a multiplicative constant accounts for 

different times. The proposed model is valid for a vast range of flow intensities (0.48 Ò U Ò 1.39) 

and sediment coarseness ratios (2 Ò D50 Ò 325). Finally, the predictive capability of the present 

formula has been shown to be better than those of existing literature approaches. 

 

Author keywords: Bridge piers; Local scour; Scour prediction; Flow intensity; Sediment 

coarseness; Temporal evolution. 
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Abstract (Italian)  

 

Durante gli eventi alluvionali i ponti fluviali possono essere significativamente danneggiati, o 

anche distrutti, dai fenomeni di erosione localizzata alla base delle strutture in alveo (pile e 

spalle), con evidenti conseguenze negative sul sistema viabilistico. I processi erosivi 

rappresentano una delle cause di maggior rilievo di vulnerabilità dei ponti.  

I processi erosive localizzati sono stati oggetto di una vasta ricerca negli ultimi decenni; 

sfortunatamente, nonostante i notevoli sforzi profusi nello studio, gli strumenti per la previsione 

della profondità di scavo ancora non consentono di condurre stime affidabili, stante la non 

capacità delle formule proposte di rappresentare correttamente i dati dei vari autori. In questa tesi 

sono stati considerati parecchi dati di letteratura (provenienti da 516 prove di laboratorio) relativi 

allôerosione alle pile circolari in condizioni di acque chiare. La prima importante parte del lavoro 

ha riguardato unôattenta selezione delle prove che potessero essere in qualche modo inficiate da 

problematiche occorse durante lôesperimento, risultando in andamenti evidentemente irregolari. 

Per lôanalisi dei dati sperimentali ¯ stato messo a punto un adeguato inquadramento 

adimensionale. Riconoscendo che i diversi autori hanno svolto i propri esperimenti a partire da 

scelte differenti, uno sforzo significativo è stato fatto per rendere i dati confrontabili tra loro. Un 

aspetto cruciale è stato identificato nella maniera di trattare la velocità del flusso. È stata fatta in 

primo luogo unôanalisi della stima delle condizioni di incipiente movimento, a seguito della 

quale si è deciso di considerare il criterio proposto da Melville & Coleman (2000) applicandolo a 

tutti gli esperimenti. In secondo luogo, la velocità del flusso è stata sempre espressa in termini di 

valore relativo allôasse del canale e mediato sulla verticale, effettuando le opportune conversioni 

dalla velocità media sulla sezione quando necessario. In questa maniera è stato possibile 

omogeneizzare i dati in maniera significativa. 

È stata analizzata la dipendenza della profondità di scavo (adimensionalizzata sulla 

dimensione della pila) rispetto alla velocità del flusso, alla dimensione dei sedimenti e al tempo, 

arrivando a proporre una formula interpolare. Lôequazione ¯ composta da un contributo 

esponenziale per la dimensione dei sedimenti, da un polinomio di terzo grado per lôeffetto della 

velocità del flusso, e da una costante moltiplicativa che tiene conto del tempo. La formula 

proposta, che si ¯ dimostrata avere unôaffidabilit¨ maggiore di quelle delle formule di letteratura 

attualmente disponibili, è valida in un range i condizioni relativamente ampio (0.48 Ò U Ò 1.39; 2 

Ò D50 Ò 325). 

 

Author keywords: Pila di ponte; Erosione localizzata; Previsione dellôerosione; Intensità di 

trasporto; Sedimenti; Evoluzione temporale. 
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Abstract (Persian) 

 

¡½wÆ· āºúÝ wĄö~ Ăz ā¹½vÿ ćwăI )º¤åv Ĉù çwæ£v ôĊÅ ÛĀéÿ ÷wòþă ½¹  ć¹ºÞ¤ù ôĉđ¹ Ăí I¹½v¹ ¹Ā«ÿ ¡v½wÆ· üĉv ¿ÿ¾z ćv¾z

Ĉò¤ÆÊzj   ĂĊ³wý ½¹ Ăýw·¹ÿ½ ¾¤ÆzĈ~ $wă Ăĉw~ ô~ ć ā½vĀĉ¹ÿ # ¿v  āºúÝ  wĄýj üĉ¾£ºĉj Ĉù ½wúÉ Ăz )¡ºÉ ½wÆ·ćwă ¡ ā¹½vÿ ºývĀ£ Ĉù 

¿v Ĉò¤ÆÊzj  ĈtÀ«ÞÑĀù ÿ Ĉ w£yĉ¾¸£ ô~ ¢öîÅv ôùwí ¾ĊĊâ¤ù  ºÉwz¹w¬ĉv Ăz ¾¬þù ¢ĉwĄý ½¹ ÿ v½¹ óĒ¤· )¹ĀÉ ĂêÖþù  ìĊåv¾£ 

 ¹½Āù ½¹ ć¹wĉ¿ ûwêê´ù ć āºĉº~ÊzjÆĈò¤ ÞÑĀù MwÍĀÎ· ÿ ĈÊzjÆĈò¤  wĄö~ Ăĉw~ ºýv ā¹¾í èĊê´£ üĉv½¹ ĈÝĀþ¤ù ¡đwêù ÿ

 ËĀÎ·¢Åv āºĊÅ½ |w¯ Ăz) ¡wÞõwÖù ¹Ā«ÿ wz ĂþĊù¿ üĉv ½¹ ¹ºÞ¤ù ½vºêù üĊú¸£ ćv¾z āºÉ Ătv½v ¡đ¹wÞù ĈĉwývĀ£ ÷ºÝ ¢öÝ Ăz I

ÊzjÆĈò¤ Iûwêê´ù ¾òĉ¹ ÔÅĀ£ āºùj ¢Åºz ćwă ā¹v¹  ûwíwúíÇÿ½  ćv¾z ĈÞùw« Ĉ³v¾Õ Ăùwý ûwĉw~ üĉv ½¹ )¢Åv āºÊý Ătv½v ¡wÝĒÕv

 ć¹wĉ¿$0,1 #Èĉwù¿j  ¹½Āù ½¹ Ă¤É¼ñ ¡wÊĉwù¿jÿ ¡wÞõwÖù ¿vÊzjÆĈò¤ óđ¿ xj ¢õw³ ½¹ ûĀùv¾Ċ~ ćv ĂývĀ¤Åv ćwĄýĀ¤Å ¹¾ñj ć½ÿ

)¢Åv āºÉ  ûwĊù üĉv ½¹I  ¡wÊĉwù¿jwz £Ĉò¤ÆÊzj øÚþùwý Ĉýwù¿ ôùwî IĂí ºývĀ£ Ĉù ĂýwÊý ¿v ćv ÛĀéÿ ĒîÊùĈ£  ½¹ć¾Ċñ ā¿vºýv wĉ v¾«v 

ºÉwz Iºýv āºÉ ã¼³) 

ôĊö´£ ÛĀþ¤ù Üzwþù ¿v āºùj ¢Åºz ćwă¹v¹I  Ĉ{Åwþù yĊí¾£ xw¸¤ýv ìúí ĂzĂ¤å¾ñ ¡½ĀÍ ºÞz Ĉz ćwă¾¤ùv½w~ ¿v )¢Åv  Ăz Ă«Ā£ wz

ă¹v¹ Èĉwù¿j āĀ´ý ½¹ ¹Ā«Āù ćwă ãĒ¤·vv āºÉ ć½ÿj Üú« ćwÊĉwù¿j ć¿wÅ üòúă Iäö¤¸ù Üzwþù ¿ ¡w ½v¹½Ā·¾z ĈÍw· ¢Ċúăv ¿v

)¢Åv ¢öÝ Ăz £Qw§Ċ¾  ćđwzÝ¾Å¢ ûwĉ¾« wÆþòúă Ăz ćwăÂĉÿ Ă«Ā£ IĈò¤ÆÊzj āºĉº~ ½¹¿ ćv¾z IËĀÎ· üĉv ½¹ )¢Åv āºÉ ¾¤ùv½w~ üĉv ć

 Ăýw¤Åj üĊĉQw£ôú³  üĊĊÞ£ ÿ ¡wzĀÅ½Çÿ½ yÅwþù ûj üþĊú¸£ ćv¾ză½wĊÞù IºÉ ā¹v¹ ½v¾é ôĊö´£ ¹½Āù äö¤¸ù ¡đwêù ½¹ ¹Ā«Āù ćwv ā )ºý

 ÿ ôĉĀöù ÔÅĀ£ āºÉ Ătv½v ½wĊÞù ûwĊù üĉv ½¹üúõĀí $-+++#  Ä Å ÿ āºĉÀñ¾z ¡wzĀÅ½ ôú³ Ăýw¤Åj üĊú¸£ ćv¾z ¾£¾z ½wĊÞù ûvĀþÝ Ăz

āºÉ ć½ÿj Üú« ¡wÊĉwù¿j ÷wú£ Ĉýv¾´z ¢Ý¾ÅI )ºÉ ā¹½ÿj ¢Åºz ½wĊÞù üĉv ÔÅĀ£  I¾òĉ¹ ĈĉĀÅ ¿v ÷ĒÝv ûwĉ¾« ¢Ý¾Å ¾ĉ¹wêù Ĉùwú£

 wz Ă¬Ċ¤ý ½¹ )ºýºÉ ôĉº{£ ówýwí ½Ā´ù ½¹ ĈêúÝ ÔÅĀ¤ù ¢Ý¾Å Ăz Iwă ā¹v¹ ¾¤ÊĊz Ă¯ ¾ă ć¿wÅ Ă¯½w îĉ ½ĀÚþù Ăz IûwæõĀù ÔÅĀ£ āºÉ

IāºÉ »w¸£v ćwă ćÂ£v¾¤Åv Ăz Ă«Ā£ ¿v ûvĀ£ Ĉù Ăz āºÉ ć½ÿj Üú« ¡wÊĉwù¿j ûvĀþÝ  º³vÿ ā¹v¹ āwòĉw~ ìĉ ā¹wæ¤Åv¹Āúý)     

 ûwù¿ ÿ ¡wzĀÅ½ ć¾z¿ Iûwĉ¾« ¡ºÉ Ăz ûj Ĉò¤Æzvÿ ÃwÅv ¾z #ûĀ¤Å ¾Öé Ăz Ĉò¤ÆÊzj èúÝ üĊz ¢{Æý$ ºÞz ûÿºz Ĉò¤ÆÊzj èúÝ

é ĈÅ½¾z ¹½Āù ºÞz ûÿºz¢å¾ñ ½v¾  ôùwÉ Ăõ¹wÞù üĉv )ºÉ Ătv½v Ĉò¤ÆÉ xj èúÝ üĊú¸£ ćv¾z ćv Ăõ¹wÞù Ä Åÿ ½¹ ćv¾z Ĉĉwúý ĈöùwÝ

¿ ¾§v ü¤å¾ñ ¾Úýzìĉ ÿ ¡wzĀÅ½ ć¾  ûwĉ¾« ¡ºÉ ¾§v ü¤å¾ñ ¾Úý ½¹ ćv¾z ĂÅ Ă«½¹ ćv Ăöú« ºþ¯ºÉwz Ĉù J Ăz ÀĊý äö¤¸ù ćwĄýwù¿ ¾§v

 ¢zw§ yĉ¾Ñ ìĉ ìúíāºùj xwÆ³ Ăz ĊÞÅÿ ā¿wz ćv¾z āºÉ Ătv½v óºù )¢ÅvĈ  ¿v ¢{Æýûwĉ¾« ¡ºÉ ̷͈͂ ̿ 5 ̸̺͂ ̀  ć¾z¿ ÿ

¡wzĀÅ½ ̹ $υπ̺̹͉ I¢ĉwĄý ½¹ )¢Åv ç¹wÍ ĂÆĉwêù ìúí wz ½v óºù ć¾£¾z ā¹v¹ ûwÊý Üzwþù ½¹ ¹Ā«Āù ćwĄõºù Ăz yÆý āºÉ Ătv

)¢Åv āºÉ 

ò¤ÆÊzj Jô~ Ăĉw~ 5wă āÁvÿ ºĊöíĈ ÞÑĀùĈĈýwù¿ ôùwî£ J¡wzĀÅ½ ć¾z¿ Jûwĉ¾« ¡ºÉ J) 
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H: Flow shallowness (h/b); 

ȹ: Relative submerged weight of sediments; 
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T: Dimensionless time (t.u/b); 

U: Flow intensity (u/uc); and 

Ὀ: Dimensionless scour depth (ds/b). 
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Introduction 

Scour is a natural phenomenon caused by the erosive action of the flowing water on the bed 

and banks of river and channels. It is the removal of sediments around or near structures located 

in flowing water. Erosion induces lowering of the riverbed level, with a tendency to expose the 

foundations of a bridge. Such scour around pier and pile-supported structures and abutments can 

result in structural collapse and loss of life and property. The construction of bridges in river and 

channels can cause contraction in the waterway at the bridge cross section and, as a consequence, 

gives rise to significant scour at that location. As the scour continuously progresses at the site, it 

undermines the foundations of the structure leading to possible failure.  

Many bridges failed around the world because of extreme scour around piers. Failure of 

bridges due to scour at their foundations, considering both abutments and piers, is a common 

occurrence. For example, a study of the US Federal Highway Administration in 1973 concluded 

that of 383 bridge failures, 25% involved pier damage and 72% involved abutment damage. 

Prediction of local scour holes at hydraulic structures plays an important role in their design 

and especially in designing bridge structure. Excessive local scour can progressively make the 

foundation of the structure weaker and lead to failure of the whole structure. Scour-induced 

structural failure tends to occur suddenly and without prior warning. Thus, this type of bridge 

failure threatens serious damage in terms of both economic cost and human life and may 

severely disrupt traffic  flows. Because complete protection against scour is too expensive, 

generally, the maximum scour depth and the location of the hole have to be predicted to 

minimize the risk of failure by having a suitable design for facing its series consequences.  

The localized scour phenomenon has been the subject of extensive investigations and vast 

literature exists on the topic. The main aim of this thesis is to investigate and analyze the 

experimental data that are available in literature on the scour-depth evolution at circular piers. 

Based on full time series (whenever available) and isolated scour depth points obtained in 

experiments by several authors and by making them collapse in dimensionless form, an effort 

has been made to find a predictive equation for scour depth in uniform sediments under clear-

water steady flow.   

In chapter 1 some general explanation about fundamental subjects relevant to local scour 

phenomena can be found. This chapter includes some essential information about sediments 

transport mechanisms, threshold of incipient grain motion, different types of scour, local scour 

mechanism due to acceleration of flow and resulting vortices. The chapter finally states the 

general objectives of the work. 

The literature experiments, from different authors, that are used in this thesis are presented in 

chapter 2. The brief review mostly accounts for experimental procedures used, whose knowledge 

is important understand limitations in experiment unification towards a comprehensive analysis.  

In chapter 3, first the key aspects for experiments characterization are identified. A general 

comparison of different criteria provided by various authors for the purpose of introducing a 

suitable threshold of sediment movement is presented. This attempt was done based on the fact 
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that, according to the critical analysis, velocity may be one of the most problematic factors for 

unifying different experiments as one database. Thus it is necessary to define a unique criterion 

for computing the velocity for inception of sediment movement for all of the experiments that 

are going to be used in the analysis. A criterion was finally selected and applied to all the tests 

under investigation. Afterwards, a strategy which was taken for unifying the velocity 

measurement among different experiment is explained. The velocity measurement method 

differs from one experiment to the other one and may be in term of average bulk velocity or 

depth-averaged velocity. Therefore, for having an integrated database it was necessary to select a 

suitable velocity measurement method from existing ones and convert velocities which had been 

measured with a different method. Third, , the imposed restrictions and the motivation of 

considering them for selecting appropriate tests are discussed. Fourth, The path that was taken 

for deriving a predictive equation for scour depth is provided: the process of data clustering and 

curve fitting based on the effective parameters is explained. Finally, the predictive capability of 

the proposed formula is assessed in comparison with that of some of the existing ones in the 

literature. 

A summary of major outcomes and conclusions completes the work.  

A summary of the data that have been used in this study can be found in Appendix 1. In 

Appendix 2, more details are provided about the regression procedure towards the final 

predictive equation. 
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Chapter 1 

1. GENERAL DESCRIPTION & OBJECTIVES  

 Sediment transport in open channels 1.1.

 Introductio n 1.1.1.

Waters flowing in natural streams and rivers have the ability to scour channel beds, to carry 

particles (heavier than water) and to deposit materials, hence changing the bed topography. This 

phenomenon is of great economical importance specially to predict the risks of scouring of 

bridges. 

The transported material is called the sediment load. Distinction is made between the bed 

load and the suspended load. The bed load characterizes grains rolling, sliding or saltation along 

the bed while suspended load refers to grains maintained in suspension by turbulence. 

 Incipient motion of sediments 1.1.2.

 Forcing action on sediment particle 1.1.2.1.

For an open channel flow with a movable bed, the forces acting on each sediment particle are 

(Figure 1.1): 

¶ the gravity force ʍÇʉ 

¶ the buoyancy force & ʍÇʉ 

¶ the drag force #!6Ⱦς 
¶ the lift force #ʍ!6Ⱦς 
¶ the reaction forces of the surrounding grain, 

Where ’ is the volume of the particle, ὃ is a characteristic particle cross-sectional area, ὅ  

and  ὅ are the drag and lift coefficients, respectively, and V is a characteristic velocity next to 

the channel bed. The gravity force and the buoyancy force act both in the vertical direction while 

the drag force acts in the flow direction and the lift force in the direction perpendicular to the 

flow direction.  

 

Figure  1.1: Force acting on a sediment particle (inter-granular forces not shown) 
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 Threshold of sediment movement 1.1.2.2.

Incipient motion is important in the study of sediment transport, channel degradation, and 

stable channel design. Due to the stochastic nature of sediment movement along an alluvial bed, 

it is difficult to define precisely at what flow condition a sediment particle will begin to move. 

Consequently, it depends more or less on an investigator's definition of incipient motion. They 

use terms such as ñinitial motion,ò ñseveral grain moving,ò ñweak movement,ò and ñcritical 

movement!ò In spite of these differences in definition, significant progress has been made on the 

study of incipient motion, both theoretically and experimentally. Figure 1.2 shows the forces 

acting on a spherical sediment particle at the bottom of an open channel. For most natural rivers, 

the channel slopes are small enough that the component of gravitational force in the direction of 

flow can be neglected compared with other forces acting on a spherical sediment particle. The 

forces to be considered are the drag force Ὂȟ lift force Ὂȟ submerged weight ὡȟ and resistance 

force Ὂ. A sediment particle is at a state of incipient motion when one of the following 

conditions is satisfied: 

 

 

Figure  1.2: Diagram of forces acting on a sediment particle in open channel flow (Yang, 1973) 

 

 

Ὂ=ὡ                                  (1.1) 

Ὂ=Ὂ                                 (1.2) 

ὓ =ὓ                                (1.3) 

Where                 ὓ  = overturning moment due to Ὂ and Ὂ 

                                 ὓ  = resisting moment due to Ὂ and ὡ  

 



19 
 
 

 Dimensional analysis 1.1.2.3.

The relevant parameters for the analysis of sediment transport threshold are the bed shear 

stress †, the sediment density ”, the fluid density ɟ, the grain diameter Ὠ, the gravity 

acceleration g and the fluid viscosity ɛ, 

Ὢ†ȟʍȟ”ȟʈȟÇȟ Ὠ π     (1.4) 

In dimensionless terms, it yields, 

Ὢ
 
ȟȟ

 
π    (1.5) 

The ratio of the bed shear stress to fluid density is homogeneous (in units) with a velocity 

squared. Introducing the shear velocity u* defined as: 

όᶻ                                     (1.6) 

In this way we can have an equation in the form of: 

Ὢ
ᶻ

 
Ƞ Ƞʍ

 ᶻ

π          (1.7) 

The first term is a form of Froude number. The second is the relative density (also called 

specific gravity). The last term is a Reynolds number defined in terms of the grain size and shear 

velocity. It is often denoted as Re* and called the shear Reynolds number or particle Reynolds 

number. 

 Shileds diagram 1.1.2.4.

Most incipient motion criteria are derived from either a shear stress or a velocity approach. 

One of the most prominent and widely used incipient motion criteria is the Shields diagram 

(1936) based on shear stress. Shields framework is consistent with dimensional analysis in 

section 1.1.2.3. The mentioned quantitates can be grouped into two dimensionless quantities, 

namely, 

ὙὩᶻ Ὠ

Ⱦ

ᶻ                                              (1.8) 

and,  

†ᶻ ᶻ                    (1.9) 

Where: 

” ὥὲὨ ”=densities of sediment and fluid, respectively 

ɔ= specific weight of water, 
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ɜ=fluid kinematic viscosity, 

g=gravity, 

όz=shear velocity, and 

†ᶻ= stability parameter or shields parameter 

ὙὩᶻ= Shear Reynolds number 

Critical value of the stability parameter may be defined at the inception of bed motion: i.e. 

†ᶻ = †ᶻ                                                                 (1.10) 

Bed load motion occurs for:  

†ᶻ > †ᶻ                                                                  (1.11) 

 

The relationship between these two parameters is then determined experimentally. Figure 1.3 

shows the experimental data which was obtained by Shields during the experiment and Figure 

1.4 shows the experimental results obtained by Shields and other investigators at incipient 

motion. Any point in region above the curve indicates the situation of particle movement. In 

region below the curve, the flow is unable to move the particles. 

 

 

Figure  1.3: Experimental data by Shields (1936) 
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Figure  1.4: Shields diagram for incipient motion (Vanoni, 1975) 

 

Thus the critical shields parameter is: 

†ᶻ
Ȣ

                                            (1.12) 

 

And the critical grain Reynolds number is: 

         

                                  (1.13)            

                                                            

Where: ȹ= ρ                                    (1.14) 

On the Shields diagram (Fig. 1.4), the Shields parameter and the particle Reynolds number 

are both related to the shear velocity and the particle size. Some researchers proposed a modified 

diagram: †ᶻ as a function of a dimensionless particle parameter Ὠz. In this way, the above 

equation can be manipulated and alternatively written as: 

†z ὪὨz                                            (1.15)        
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Where Ὠz is the dimensionless sediment size defined as: 

Ὠz Ὑz Ὕzϳ  ὫῳὨ Ⱦ’           (1.16)             

    The second equation is usually preferred to original one because the critical shear stress 

appears only in one dimensionless parameter. 

 Sediment transport mechanism 1.1.3.

There are two types of sediment transport mechanisms. Transported sediment material that is 

maintained in suspension and sediment material transported by rolling, sliding and saltation 

motion along the bed. 

 

 Bed-load transport 1.1.3.1.

When the bed shear stress exceeds a critical value, sediments are transported in the form of 

bed load and suspended load. For bed-load transport, the basic modes of particle motion are 

rolling motion, sliding motion and saltation motion. (Figure 1.5) 

 

 
 

Figure  1.5: Bed-load motion: (a) Sketch of saltation motion (b) definition sketch of bed-load layer  

 

The sediment transport rate may be measured by weight (units: N/s), by mass (units: kg/s) or 

by volume (units: ά /s). In practice the sediment transport rate is often expressed by meter width 

and is measured either by mass or by volume. These are related by: 

 

ά ”ή                                   (1.17) 

 

Where ά  is the mass sediment flow rate per unit width, ή is the volumetric sediment discharge 

per unit width and ” is the specific mass of sediment. 
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 Bed-load transport rate 1.1.3.2.

The bed-load transport rate per unit width may be defined as: 

 

ή ὅ‏ὠ                                               (1.18) 

 

Where ὠ is the average sediment velocity in the bed-load layer (Fig.1.5 (b)). Physically the 

transport rate is related to the characteristics of the bed-load layer; its mean sediment 

concentration ὅ, its thickness s, which is equivalent to the average saltation height measured 

normal to the bed, and the average speed ὠ of sediment moving along the plane bed. 

 

 Suspended-load transport 1.1.3.3.

The other type of sediment transport mechanism is suspended-load transport. Although this 

type of sediment transport mechanism is not too relevant with the topic of this study, but it will 

be briefly discussed in this section for the sake of completeness. 

 Sediment suspension can be described as the motion of sediment particles during which the 

particles are surrounded by fluid. The grains are maintained within the mass of fluid by turbulent 

agitation without (frequent) bed contact. Sediment suspension takes place when the flow 

turbulence is strong enough to balance the particle weight. The amount of particles transported 

by suspension is called the suspended load. 

The transport of suspended matter occurs by a combination of advective turbulent diffusion 

and convection. Advective diffusion characterizes the random motion and mixing of particles 

through the water depth superimposed to the longitudinal flow motion. In a stream with particles 

heavier than water, the sediment concentration is larger next to the bottom and turbulent 

diffusion induces an upward migration of the grains to region of lower concentrations. A time-

averaged balance between settling and diffusive flux derives from the continuity equation for 

sediment matter: 

 

Ὀ ύὅ     (1.19) 

 

Where ὅ is the local sediment concentration at a distance y measured normal to the channel 

bed, Ὀ  is the sediment diffusivity and ύ  is the particle settling velocity. Sediment motion by 

convection occurs when the turbulent mixing length is large compared to the sediment 

distribution length scale. Convective transport may be described as the entrainment of sediments 

by very large scale vortices: e.g. at bed drops, in stilling basins and hydraulic jumps (Fig 1.6). 
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Figure  1.6: Suspended-sediment motion by convection and diffusion processes. 

 

 Bed formation 1.1.4.

In most practical situations, the sediments behave as a non-cohesive material (e.g. sand and 

gravel) and the fluid flow can distort the bed into various shapes. The bed form results from the 

drag force exerted by the bed on the fluid flow as well as the sediment motion induced by the 

flow onto the sediment grains. This interactive process is complex. 

The basic bed forms which may be encountered are the ripples (usually of heights less than 

0.1 m), dunes, flat bed, standing waves and antidunes. The typical bed forms are summarized in 

Figure 1.7 and Table 1.1.  

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7: Bed form is movable boundary hydraulics: (a) typical bed forms and (b) bed form 

motion. 
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Table  1.1: Basic bed forms in alluvial channels (classification by increasing flow velocities) 

 

 Scour 1.2.

 An introduction to scour 1.2.1.

Scour is the result of the erosive action of flowing water, excavating and carrying away 

material from the bed and the bank of streams and from around the piers and abutments of 

bridges. Different materials scour at different rates. Loose soils are tending to scour more rapidly 

than cohesive or cemented soils which are more scour-resistant. However ultimate scour in both 

cases can be as deep as each other. Under constant flow condition, scour will increase with 

respect to time and reach to a nearly constant maximum depth after a period of time. Under flow 

conditions typical of actual bridge crossings, several floods may be needed to attain maximum 

scour. Determining the magnitude of scour is complicated by the cyclic nature of some scour 

processes.  

The equations for estimating scour depth time history or equilibrium scour depth are based 

on laboratory experiments with limited field verification. Uncertainty in predicting scour still 

remains in all of the equations that were published in literature. But the attempt of decreasing the 

amount of uncertainty and remaining in the safe side for the estimation of scour depth during all 

of the researches can be observed.  

One of the most important factors for estimation of scour depth is whether it is clear-water or 

live-bed scour. Clear-water scour occurs where there is no transport of bed material upstream of 

crossing bridge and live-bed scour occurs where there is transport of bed material from the 

upstream reach into the crossing. A more detailed discussion is presented in the following 

sections.  
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 Contribution to  total scour 1.2.2.

Total scour at a bridge crossing considers three primary components: 

¶ Long-term degradation of the river bed; 

¶ General scour at bridge: a. Contraction scour b. Other general scour,  

¶ Local scour at the piers and abutments. 

Total scour and its components are illustrated in figure 1.8.  

 Aggradation and Degradation 1.2.2.1.

Aggradation and degradation are long-term elevation changes due to the natural or man-

induced causes which can be affect the reach of the river on which the bridge is located. 

Aggradation involves the deposition of material eroded from the channel or watershed upstream 

of the bridge; whereas, degradation involves the lowering or scouring of the streambed due to a 

lack in sediment supply from upstream. 

 General Scour (contraction scour & other general scour) 1.2.2.2.

General scour is a lowering of the streambed across the stream or waterway bed at bridge. 

This lowering may be uniform across the bed or non-uniform, that is, the depth of scour may be 

deeper in some part of the cross section. General scour may result from contraction of the flow, 

which results in removal of material from the bed across all or most of the channel width, or 

from other general scour conditions such as flow around a bend where the scour may be 

concentrated near the outside of the bend. General scour is different from long-term degradation 

in that general scour may be cyclic and/or related to the passing of a flood. 

 Local scour 1.2.2.3.

Local scour, which is the target of this study specifically among other types of scour, 

involves removal of material from around piers, abutments, spurs, and embankments. It is caused 

by an acceleration of flow and resulting vortices induced by obstruction to the flow. Local scour 

can be either clear-water or live-bed scour. Local scour may occur even where general and 

constriction scour are not present. 

 Lateral stream migration 1.2.2.4.

In addition to the types of scour mentioned above, naturally occurring lateral migration of the 

main channel of a stream within a floodplain may affect the stability of piers in a floodplain, 

erode abutments or the approach roadway, or change the total scour by changing the flow angle 

of attack at piers and abutments. Factors that affect lateral stream movement also affect the 

stability of a bridge foundation. These factors are the geomorphology of the stream, location of 

the crossing on the stream, flood characteristics, and the characteristics of the bed and bank 

materials.  
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Figure  1.8: Total scour and its components 

 

 Local scour 1.3.

The following section provides more detailed discussion of the local scour at piers which is 

the main goal of this research. 

 Local scour mechanism 1.3.1.

The basic mechanism causing local scour at piers or abutments is the formation of vortices 

(known as the horseshoe vortex) at their base (Figure 1.9). The horseshoe vortex results from the 

pileup of water on the upstream surface of the obstruction and subsequent acceleration of the 

flow around the nose of the pier or abutment.  

 

Figure  1.9: Schematic representation of scour at a cylindrical pier 
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The approach flow velocity goes to zero at the upstream face of the cylinder, in the vertical 

plane of symmetry, and since the approach flow velocity decreases from the free surface 

downward to zero at the bed, the stagnation pressure, ”όȾς, also decreases. This downward 

pressure gradient drives the downflow (Figure 1.9). The downflow, in the vertical plane of 

symmetry, has at any elevation a velocity distribution, with zero in contact with the cylinder and 

again some distance upstream of it. The so-called horseshoe vortex develops as the result of 

separation of flow at the upstream rim of the scour hole. The horseshoe vortex extends 

downstream, past of the sides of the pier, for a few pier diameters before losing its identity and 

becoming part of general turbulence. The horseshoe vortex also pushes the maximum downflow 

velocity within the scour hole closer to the pier. The action of the vortex removes bed material 

from around the base of the obstruction. The transport rate of sediment away from the base 

region is greater than the transport rate into the region, and, consequently, a scour hole develops. 

As the depth of scour increases, the strength of the horseshoe vortex is reduced, thereby reducing 

the transport rate from the base region. Eventually, for live-bed local scour, equilibrium is 

reestablished between bed material inflow and outflow and scouring ceases. For clear-water 

scour, scouring ceases when the shear stress caused by the horseshoe vortex equals the critical 

shear stress of the sediment particles at the bottom of the scour hole. 

 

Figure  1.10: Diagrammatic Flow Pattern at Cylindrical Pier 

In addition to the horseshoe vortex around the base of a pier, there are vertical vortices 

downstream of the pier called the wake vortices (Figure 1.10). Both the horseshoe and wake 

vortices remove material from the pier base region. However, the intensity of wake vortices 

decrease rapidly as the distance downstream of the pier increases. Therefore, immediately 

downstream of a long pier there is often deposition of material. 

 Clear-water and Live-bed scour 1.3.2.

Local scour at a pier commences when the shear velocity u* or velocity u exceeds a fraction 

of the critical or threshold value for movement of the sediment. There are two conditions for 

contraction and local scour, clear-water and live-bed scour. Clear-water scour occurs when there 
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is no movement of the bed material in the flow upstream of the crossing or the bed material 

being transported in the upstream reach is transported in the suspension through the scour hole at 

the pier or abutment at less than the capacity of the flow. In clear water condition velocity is 

below the critical velocity and there is no sediment transport and no sediment supply into the 

scour hole from upstream .At the pier or abutment the acceleration of the flow vortices created 

by these obstructions cause the bed material around them to move. Live-bed scour occurs when 

there is transport of bed material around them to move.  Live-bed local scour is cyclic in nature; 

that is, the scour hole that develops during the rising stage of a flood refills during falling stage. 

Typical clear-water scour situation (1) coarse-bed material streams, (2) flat gradient streams 

during low flow, (3) local deposition of larger bed materials that are larger than the biggest 

fraction being transported by the flow (rock riprap is a special case of this situation), (4) armored 

streambeds where the only location that tractive forces are adequate to penetrate the armor layer 

are at piers and/or abutments, and (5) vegetated channel or overbank areas. 

During a flood event, bridge over streams with coarse-bed material are often subjected to 

clear-water scour at low discharge, live-bed scour at the higher discharges and clear-water scour 

at low discharges on the falling stages. Clear-water scour reaches its maximum over a longer 

period of time than live-bed scour (Figure 1.11).  In fact, local clear-water scour may not reach a 

maximum until after several floods and reach to its equilibrium asymptotically over a period of 

days. Live-bed scour develops rapidly and its depth fluctuates in response to the passage of bed 

features. (Figure 1.11(a)). This is due to the variability of the bed material sediment transport in 

the approach flow when the bed configuration of the stream is dunes. Shen et al. (1969) 

suggested that the mean value of the live-bed scour depth was about 10% less than the maximum 

clear-water scour depth (Figure 1.11(b)). 

 

Figure  1.11: (a) Time development of clear-water and live-bed scour (b) scour depth as a function of shear velocity 

(after Chabert & Engeldinger 1956) 

Critical velocity equations with the reference particle size equal to Ὠ  can be used to 

determine the velocity associated with the initiation of motion. They are used as an indicator for 

clear-water or live-bed scour conditions. If the mean velocity (u) in the upstream reach is equal 

to or less than the critical velocity (ό) of the median diameter (Ὠ ) of the bed material, then 
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contraction and local scour will be clear-water scour. If the mean velocity is greater than the 

critical velocity of the median bed material size, live-bed scour will occur. 

 The parameters of local scour at piers 1.3.3.

Factors which affect the magnitude of local scour depth at piers can be stated as a general 

function of fluid, flow, pier and sediment properties and time evolution.  

 

¶ Fluid:  In mechanics a fluid is defined by its density ɟ, kinematic viscosity ɜ, at temperature T. 

 

¶ Flow: The flow of a fluid is determined by its mean depth h, energy slope ί, and the 

acceleration due to gravity g which generates the flow. The slope ί, which produces through the 

component of gravity the shear stress, Ű, to maintain the flow, is more suitably replaced by the 

shear velocity όz ὫȢὬȢί 

Flow velocity also affects local scour depth. The greater the velocity, the deeper the scour will 

be. There is a high probability that scour is affected by whether the flow is subcritical or 

supercritical. However, most research data are for subcritical flow (i.e., flow with a Froude 

Number less than 1.0, Fr < 1). 

 

¶ Pier: The action of pier is determined by the effective blockage it presents to the flow. A 

cylindrical pier is defined by its diameter b. Other shaped piers are specified relative to b in 

terms of shape factors. Consideration also can be made by introducing some factors for the angle 

of the approach flow to the pier. As pier width increases, there is an increase in scour depth. 

There is a limit to the increase in scour depth as width increases.  

Pier length has no appreciable effect on local scour depth as long as the pier is aligned with the 

flow. When the pier is skewed to the flow, the pier length has a significant influence on scour 

depth. For example, doubling the length of the pier increases scour depth from 30 to 60 percent 

(depending on the angle of attack).  

 

¶ Sediment: A layer of uniform cohesionless bed material of specific thickness is described by 

the specific gravity and the sieve diameter of its particles. The degree of uniformity of particle 

size distribution of a sediment is defined by the value of its standard deviation, ů. The most 

common and convenient measure of standard deviation used in studies of the distribution of 

particle size of a sediment is the graphic standard deviation, which is derive by reading two 

values on the cumulative particle size curve, 

 

ʎ „= Ȣ

Ȣ

Ȣ Ȣ  
Ȣ
               (1.20) 

 

The inclusive graphic standard deviation of Folk (1968) gives a better measure of the uniformity 

of a sediment as it embraces 90 percent of distribution which is used in some of the studies: 

 

„= Ȣ

Ȣ

Ȣ Ȣ Ȣ                             (1.21) 
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According to Ettema (1980), bed material in the sand-size range has little effect on local 

scour depth. Likewise, larger size bed material that can be moved by the flow or by the vortices 

and turbulence created by the pier or abutment will not affect the maximum scour, but only the 

time it takes to attain it. Very large particles in the bed material, such as coarse gravels, cobbles 

or boulders, may armor the scour hole. Fine bed material (silts and clays) will have scour depths 

as deep as sand-bed streams. This is true even if bonded together by cohesion. The effect of 

cohesion is to influence the time it takes to reach maximum scour. With sand-bed material the 

time to reach maximum depth of scour is measured in hours and can result from a single flood 

event. With cohesive bed materials it may take much longer to reach the maximum scour depth, 

the result of many flood events. 

Bed configuration of sand-bed channels affects the magnitude of local scour. In streams with 

sand-bed material, the shape of the bed (bed configuration) may be ripples, dunes, plane bed and 

etc. The bed configuration depends on the size distribution of the sand-bed material, hydraulic 

characteristics, and fluid viscosity. The bed configuration may change from dunes to plane bed 

during an increase in flow for a single flood event. It may change back with a decrease in flow. 

The bed configuration may also change with a change in water temperature or suspended 

sediment concentration of silts and clays. The type of bed configuration and change in bed 

configuration will affect flow velocity, sediment transport, and scour. 

 

 

¶ Time: Scour is a dynamic process which seeks to establish a new equilibrium, between the 

flow of the fluid and the resistance to motion of the bed particles, by the erosion of the flow 

boundary; the local scour deepens progressively with time. 

 

In summary, the down-flow impingement on the bed, along with the wide range of 

turbulence structures present in the flow field, entrain and transport material from the scour hole. 

The details and interaction of the flow field vary with pier characteristics such as shape, angle of 

attack, and the stage of scour development between initiation and equilibrium, but the essential 

consideration is that these flow features are responsible for scour. 

 Dimensionless analysis of local Scour depth 1.3.4.

The large number of interacting parameters makes the analysis of local scour at bed sediment 

around a bridge pier very difficult. This has forced the researchers to use of dimensional 

analysis. However the dimensional analysis is only a technique for grouping of variables, and 

yields in itself no information. The relation between the depth of local scour at a bridge pier Ὠ, 

and its dependent parameters can be written: 

 ▀▼ █ ╕■▫▫▀ ╕■▫◌ⱬȟⱧȟ▐ȟ▌ȟ◊ȟ■╬ȟ║▄▀ ╢▄▀░□▄▪◄▀ ȟⱭȟⱬ▼ȟ║►░▀▌▄ ╟░▄► ╖▄▫□▄◄►◐ ╫ȟ╣░□▄◄             (1.22) 

Where, 

” ÆÌÕÉÄ ÄÅÎÓÉÔÙ; 

‘ = fluid dynamic viscosity;  

Ὤ = mean approach flow depth; 
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Ὣ=   acceleration of gravity;  

ό=   mean approach flow velocity; 

Ὠ = median size; 

„  ÇÅÏÍÅÔÒÉÃ ÓÔÁÎÄÁÒÄ ÄÅÖÉÁÔÉÏÎ ÏÆ ÔÈÅ ÓÅÄÉÍÅÎÔ ÐÁÒÔÉÃÌÅ ÓÉÚÅ ÄÉÓÔÒÉÂÕÔÉÏÎ ;  

” ÓÅÄÉÍÅÎÔ ÄÅÎÓÉÔÙ;  

ὦ ÐÉÅÒ ×ÉÄÔÈ;  

ὰ ×ÉÄÔÈ ÏÆ ÔÈÅ ÆÌÏ×; and 

ὸ  ÔÉÍÅ. 

An expression for the depth of local scour at a cylindrical pier of diameter b can be written as 

a combination of dimensionless parameters: 

 
Ὢ ȟ ȟȟȟ ȟ„ȟ ȟ                     (1.23) 

Where we can substitute these terms by consider the following definitions: 

ῳ
”ί ”

”
ÒÅÌÁÔÉÖÅ ÓÕÂÍÅÒÇÅÄ ×ÅÉÇÈ ÏÆ ÓÅÄÉÍÅÎÔÓ  

Considering Reynolds number (Re) that is being used as a criterion to distinguish between 

laminar and turbulent flow and is a measure of the ratio of the inertia force on an element of fluid 

to the viscous force on an element and is equal to: 

ὙὩ                                                                       (1.24) 

Where l is a characteristic length. Thus, particle Reynolds number can be written as: 

ὙὩ

”ί”

”
ȢÇÄυπ

                                                       (1.25) 

Froude number (Fr) is also defining as a measure of the ratio of the inertia force on an 

element of fluid to the weight of the element and it is equal to: 

Ὂὶ                                                                      (1.26) 

 As mentioned before, the Shield diagram defines a όᶻ for a given d50.  A corresponding uc 

can be found for the given flow depth, and thus the Froude number can be written, using the 

given data as u/uc. 
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Thus the equation (1.23) can be rewritten as: 

 
ὪὙὩȟȟȟ ȟ ȟ„ȟῳȟ                               (1.27) 

The density ratio is assumed constant, and the Reynolds number influences are assumed 

negligible for the highly turbulent flows envisaged. On the other hand, the effect of width of the 

flow, ὰȟ in wide flows can be neglected and also by considering uniform sediment it is possible 

to disregard the dependency to „. Therefore, the other form which can represent the scour depth 

as the function of dimensionless parameters is: 

Ὀ ὪὟȟὌȟὈ ȟὝ                                                   (1.28) 

Where:  Ὗ ȟὌ ȟὈ  ὥὲὨ Ὕ  

The functional relationships between dimensionless variables have to be obtained from 

experiments, but when the number of dimensionless numbers is large severe experimental 

problems occur. In this way the relationship between the four parameters mentioned above can 

be obtained by less effort and in a more economical manner.  

 Some existing formula for evaluation of local scour 1.3.5.

In literature, it is possible to find several empirical or semi-empirical formulas for the 

determination of the scour depth at equilibrium condition (final stage) or with respect to time 

evolution. The differences in theses formulas are mostly due to their various experimental 

conditions. Moreover, the validity range of existing formulas in literature is not similar for all of 

them. This is the consequence of the difference in selection of the under consideration range for 

dependent parameters of these studies. In addition, it is necessary to have constant values of 

different effective parameters when the dependency of two parameters on each other is under 

study.  In some cases the mentioned required stability  condition is failed and put a negative 

effect on the accuracy of the final proposed formula. This dispersion in resulting formula by 

different authors shows that scour depth determination is not clearly defined yet. 

Each formula is only valid for the limited range of the authorôs studies and cannot be 

extended to other conditions such as different pier size, river width and flow velocity outside of 

the mentioned range by the author. 

In literature there are many authors who have expressed the dimensionless Scour depth Ὀ as 

a function of multiplication of different factor in which each of them take into account the 

dependency of specific parameter. One of the most relevant combinations is as below: 

Ὀ ὑ ὝȢὑ ὟȢὑ ὌȢὑ Ὀ                             (1.29) 

Where ὑȟὑȟὑὥὲὨ ὑ define empirically through interpolation of the results usually 

independently. It should be noted that, other factors rather than those mentioned here also can be 

considered. 
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Below, they are few definitions of the mentioned factors define by various authors: 

 

¶ Franzetti et al (1994) 

 

ὑ ρ Ὡ Ȣ  

ὑ ρ ρπρ Ὗ                                                               0.67 Ò UÒ 1 

ὑ ρ Ὡ ȢȢ                                                                       HÓ 2 

ὑ σȢψφψȢὈȢ ȢὩ Ȣ Ȣ
 

 

¶ Chiew (1995) 

 

ὑ 3.77 U-1.13                                                                       0.3 Ò UÒ 1 

ὑ πȢσωψ ÌÎὈ πȢπστÌÎὈ                                1 ÒὈ Ò 50 

ὑ 1                                                                                     Ὀ  50 

ὑ πȢχψσὈ Ȣ πȢρπφ                                               0 Ὄ  3              

ὑ 1                                                                                        Ὄ  3 

 

¶ Dey et al. (1999) 

 

ὑ ςρȢςψ ὟȢ ρ Ȣ                                                       0.42 Ò U Ò 1 

   

ὑ Ὄ Ȣ  

 

 

¶ Melville and Chiew (1999) 

 

ὑ Ὗ                                                                                        U < 1 

ὑ ρ                                                                                         U > 1 

ὑ 2.4 H                                                                                   H  0.7 

ὑ ςȢὌȢ                                                                                0Ȣχ Ὄ 5 

ὑ τȢυ Ὄ                                                                                  H  5 



35 
 
 

ὑ πȢυχ ÌÏÇ ςȢςτȢὌ                                                            Ὀ 25 

ὑ 1                                                                                       Ὀ 25 

Ὠ

Ὠ
ÅØÐ πȢπσ

ό

ό
ὰὲ
ὸ

ὸ

Ȣ

 

ὸὨὥώίτψȢςφ
ὦ

ό
Ὗ πȢτ                                                        Ὄ φ 

ὸὨὥώίσπȢψω
ὦ

ό
Ὗ πȢτὌȢ                                              Ὄ φ 

 

¶ Oliveto and Hager (2002) 

 

ὑ ὧὟȢ 
 

 

¶ Sheppard (2002) 

 

ὑ ρ σȢσρ Ὗ ρ  
 

ὑ ÔÁÎÈ Ὄ Ȣ  
 

ὑ
σȢπσ

ςȢφ ὩȢ  Ȣ πȢτσ Ὡ Ȣ Ȣ
 

 

 

¶ Chang et al (2004) 

 

ὑ Ὗ πȢτ                                                                           0.4  U ρ 

ὑ πȢσωψ ÌÎ Ὀ - 0.034ÌÎ Ὀ                                  1 Ὀ υπ 

ὑ ρ                                                                                   Ὀ υπ 

ὑ πȢχψσὌ Ȣ πȢρπφ                                               π Ὄ σ 

ὑ ρ                                                                                      Ὄ σ 

ὑ= Obtain by a graph 
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¶ Sheppard et al (2004) 

 

ὑ ρ ρȢχυÌÎὟ  

 

ὑ ÔÁÎÈ Ὄ Ȣ  
 

ὑ
Ὀ

πȢτὈȢ ρπȢφὈ Ȣ  

 

 

¶ Raikar and Dey (2005) 

 

ὑ πȢςφÌÎσȢψψȢὈ                                                          Ὀ ω 

ὑ πȢπψ ÌÎ ρτπχπȢὈ                                                       9 Ὀ Ò25 

ὑ ρ                                                                                     Ὀ ςυ 

ὑ    Obtain from graph 

 

¶ Lanca et al. (2013) 

 

ὑ
Ὠ

Ὠ
ρ Ὡ Ȣ  

Where: 

ὥ ρȢςςὈ Ȣ  

ὥ πȢπωὈ Ȣ  

ὑ χȢσὈ ȢὌȢ                            φπ Ὀ υππȟὌ πȢυ 

ὑ ρȢςὌȢ                                                    Ὀ υππȟ   Ὄ πȢυ 
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 Objectives 1.4.

The objectives of this research work can be summarized as below: 

V Collection of clear-water scour data for cylindrical piers from reliable sources in 

literature; 

V Selection of long-duration, suitable and reliable data from previous research and 

experiments by imposing appropriate selection criteria; 

V Homogenization of the available data, particularly by an analysis of threshold 

conditions to choose a suitable criterion to be applied to all the experiments for 

defining the threshold for inception of bed material motion;  

V Investigation of the effect of nondimensional time, T (t.u/b), sediment coarseness, 

Ὀ (b/Ὠ ), and upstream flow intensity, U (u/ό), on the scour depth;  

V Regression-based calibration of a predictive formula; 

V Comparison of the final proposed equation with several previous ones available in 

the literature.  
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Chapter 2 

2. AVA ILAB LE DATA AND LITERATURE REVIEW  

 Introduction  2.1.

Relatively large quantities of local scour data have been used for the purpose of the analysis. 

The sources and quantities of these data are listed in table 2.1 and 2.2. Laboratory data are 

derived from experiments that were carefully performed and all the dependent parameters are 

given by the author.  

A total number of 516 experiments were used in this study. The data that have been 

employed can be divided into two general categories: 

1.  Full trend scour depth data (324 experiments); which are the experiments where the full 

scour depths evolution from the beginning of the experiments until the experiments stops, with 

respect to time, were reported by authors. (Table2.1) 

2. Isolated scour depth points (192 experiments); which are the data where only final or 

maximum scour depth is provided by the authors and the time history of the scour holes 

evolution were not reported or measured. (Table 2.2) 

Main characteristics of data sources are given in the following section. 

 

 

Table  2.1: Full trend data sources and number for each source. 

Sources number of data

Ettema (1980) 105

Sheppard et al. (2002) 14

Oliveto and Hager (2002) 88

Lanca et al. (2013) 46

 Chang et al. (2004) 10

Yanmaz and Altinbilek (1991) 18

Raikar and Dey (2005) 16

Chabert and Engeldinger (1952) 12

Mignosa (1979/1980) 13

Franzetti (1989) 1

Azzaroli (1983) 1

Total number of series 324

Full trend scour depth data
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Table  2.2: Isolated points sources and number for each source. 

 Data Characteristics  2.2.

In this section a brief summary about the experiments done by the various authors and the 

aim and an achievement of their study is provided to have a better understanding about the data 

that are going to be used in this study. For employing different experiment results from various 

sources it is necessary to understand the assumptions which have been made. In this way, it is 

possible to use these experiments as a unique database and attempt to make all of them 

homogenous via analysis. It should be remembered that, all the collected experiments are in 

clear-water condition according to authors report. 

 Full trend scour depth data 2.2.1.

 Ettema (1980) 2.2.1.1.

¶ Introduction  and objectives 

The aim of this project was to investigate experimentally the development of local scour in 

uniform and non-uniform sediments as well as in beds formed of layers of uniform sediments. It 

was hoped that each set of experiments would lead to recommendation for design of bridge piers. 

Three main series of experiments were augmented.  

In all the experiments cylindrical piers were used. The approach flow was steady for all 

experiments. 

Sources number of data

Yanmaz, Altinbilek (1991) 15

Melville and Chiew (1992) 27

Chiew (1995) 13

Chiew (1984) from NCHRP 4

Graf from Melville and Chiew (1999) 3

Melville and Chiew (1999) 51

Melville and Chiew (1999) from NCHRP 17

Dey et al (1995) 18

Ettema, RAUD 1

Ettema (1980) from NCHRP 2

Ettema, Kirkil and Muste (2006) 6

Sheppard and Miller (2006) 24

Raikar and Dey (2005) 4

Lee and Sturm (2009) 4

Ettema (1980) 3

Total number of points 192

Isolated scour depth points
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For the purpose of this study the experiments related to local scour of uniform sediment 

around a pier were used. The stage of particle motion, expressed in terms of shear velocity 

parameter όᶻ/όᶻ, was set on that all the experiments were performed at clear water local scour. 

The experimental study was conducted in two parts: 

The first part investigated the temporal development of local scour for a range of bed particle 

sizes and cylindrical pier diameter, at similar values of the shear velocity parameter όᶻ/όᶻ with 

different value of 0.95, 0.9, 0.75 or 0.5 at the center line of the approach flow. Two different 

flumes were used in this study. The greater part of the study was performed in a 1.52 m wide re-

circulating flume for which the approach flow depth was kept constant at 0.6 m. Additional 

experiments were conducted in a 0.46 m wide flume with flow provided by an outlet pipe from 

the ring-main system of the laboratory with constant approach flow equal to 0.2 m for these 

experiments. 

The second parts was concerned with the influence of the approach flow depth, h ώ by 

Ettema notation), on the development of local scour at a cylindrical pier found in uniform 

sediment. Shear velocity parameter was held constant at όᶻ/όᶻ= 0.9, at the center line of the 

approach flow to the pier. The experiments were carried out in the 1.52 m wide flume. Three 

piers sizes and three uniform bed sediments were used to investigate the influences of flow 

depth, as well as that of pier and particle sizes, on the development of local scour. 

¶ Hydraulic Models 

Most of the experiments on the temporal development of local scour were carried out in a 

1.52 m wide, 1.22 m deep, glass-sided flume of approximately 45 m length (Figure 2.1). The 

flow through the flume was re-circulated by two variable speed axial flow pumps driven by 

thyristor controlled electric motors. In all experiments the flume slope was adjusted to ensure 

that the depth of the flow was constant over the full length of the working section. 

 

Figure  2.1: Cross-section of the working section of 1.52 m wide, flow recirculating, flume by Ettema (1980) 
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The working section of the flume commenced at 20 m from the upstream end of the flume. It 

consisted of an 8 m length false floor, upstream of 1.5 m wide and 3 m long sediment recess, in 

which the pier was placed. 

The approach bed roughness was simulated with the use of roughened sheet metal covers 

which were fixed to the false floor. A selection of roughened sheets was made to cover the range 

of sediment sizes used in the study. 

An additional series of experiments was performed in a smaller glass-sided flume 0.456 m 

wide, 0.44 m deep and approximately 19 m in length, served with water circulation system of the 

laboratory. The water level in the flume was controlled by a tail gate. The roughness of the 

approach bed was simulated in a similar manner to that described for the approach bed in 1.52 m 

wide flume (Figure 2.2). 

 

Figure  2.2: Cross-section of the working section of the 0.46 m wide flume by Ettema (1980) 

 

¶ The bed sediments 

Sediment properties used in this experiment are listed in Table (2.3) where Ὠ  is mean 

particle size of uniform sediments, „ and „ are two measurements of standard deviation of 

particle size distribution of each bed sediments („<1.5 may be considered as being virtually of a 

uniform particle size. All of the eight bed sediment that used in this experiments fulfill this limit 

so they can be considered as uniform sediments.), Ὓ is specific gravity, όᶻ is critical shear 

velocity and computed by using shields function. S.F is particle shape factor which has a 

negligible influence of όᶻ, ὡ  is fall velocity of the mean particle size determined by Rouse 

(1937) and Ŭ is the angle of static particle response. 
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Table  2.3: Sediment properties used in Ettema (1980) experiment 

 

¶ Piers and scour depth  

The sizes of the cylindrical piers used in the experiments are given in table (2.4) below: 

 

Table  2.4: Pier size used in Ettema (1980) experiment 

 

Several techniques were adopted to measure the depth of the local scour. Scour depths could 

be read to within ±1 mm. It is worthy to mention that the value of B/D is provided as 10.6 

instead of 10.16 for the last row of table (2.4) in the authors report. 

¶ Appr oach flows and flow measurement 

The approach flow for each experiment was initially set so that the experiments were run for 

similar values of the shear velocity ratio, όᶻ/όᶻ, for all the sediment sizes. For each flow and 

sediment size, the channel slope, Ὓ, was adjusted so that the flow had a uniform depth over the 

working section. Required value of the slope, Ὓ were estimated from: 

ί ᶻ                                   (2.1) 
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The magnitudes of Ὠ  and όᶻ  for corresponding value of Ὠ  is provided by author in table 

(2.5). 

 

Table  2.5: Ettema (1980) critical shear velocity definition 

                                

The mean approach flow velocity, u, of the center line velocity profile was determined from 

equation: 

ό όz υȢχυ ὰέὫ φ                                                    (2.2) 

Similarly for critical approach flow velocity: 

ό όᶻυȢχυὰέὫ φ                                                    (2.3) 

It can be concluded form equation (2.2) and (2.3): 

 
ᶻ ᶻᴼ  

ᶻ
ᶻᴼ ό

ᶻ
ᶻȢό                                  (2.4) 

The approach flow velocity profiles were measured with two mini-propeller flow meters. 

¶ Results and procedure 

Following observations were made for each experiment: 

ǒ The temporal development of the scour hole. The frequency of scour depth 

measurement decreased as the rate scouring decrease. The experiment was 

stopped when no change occurred to the maximum depth of scour hole over a 

minimum period of four hours. 

ǒ The mechanisms of local scour. A visual record of the important feature 

distinguishing the development of local scour around a cylindrical pier kept with 

aid of photographs. 

ǒ Water temperature. 
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ǒ Scour hole profile. At the completion of each experiment the profile of the scour 

hole, in the plane of symmetry of the pier and parallel to the flow direction was 

recorded with 3 mm diameter pointer gauge. 

It is assumed that the following relationship can be stated for the depth of local scour at a 

pier: 

 
Ὢ ȟ ȟȟ

ᶻ

 z                                      (2.5) 

The curve formed by the collapse of the data is defined by four straight-line segments which 

approximate the different local scour development. The principal erosion phase is approximated 

by two straight-line segments. Each segment is of the form: 

 
ὯÌÎ Ȣ

ᶻ

Ȣz
Ȣ

ὰὲὯ                    (2.6) 

Where Ὧ and Ὧ are constants defined for each phase segments. 

¶ Deriving data 

Most of the data from the Ettema (1980) reports was obtained by techniques of digitization 

and converting the graphs to spreadsheets of data. In this manner the quantities related to scour 

depth with respect to time can be defined. This procedure was done by Matlab function. A 

sample of the process of digitization is provided below (Figure 2.3).  

 

Figure  2.3: Digitization of Ettema (1980) sample 
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 Sheppard, et al. (2002) 2.2.1.2.

¶ Introduction and objectives 

This bridge scour research program at the University of Florida was directed at increasing the 

understanding of scour processes and improving the accuracy of design scour depth prediction 

through large-scale experiments. 

All of the experiments were conducted in large, flow-through type flume. Three circular 

cylinder diameters (0.915 m, 0.305 m and 0.114 m), three different sediment grain sizes 

(Ὠ  equal to 0.22 mm, 0.80 mm and 2.9 mm) and a range of water depths were investigated. 

This study covers the clear-water scour range of velocities (i.e., 0.45Òu/όÒ1). 

Normalized equilibrium local scour depths was described in terms of three dimensionless 

parameters, Ὤ/b, u/ό, and b/Ὠ  where according to the author notation are: 

Ὤ= water depth, 

b= structure diameter/width, 

u= the depth averaged Velocity, 

ό= the depth averaged Critical Velocity, 

Ὠ = the median sediment grain diameter. 

In this experiments indicated a trend in the data with increasing values of b/Ὠ . Thus, one of 

the objectives of his research was to obtain local scour data for larger values of b/Ὠ . 

The rate at which local scour occurs and the dependence of this rate on the sediment, flow 

and structure parameters is another object of this experiment. 

¶ Hydraulic models 

All of the tests were conducted in a large 6.1 m wide, 6.4 m deep, and 38.4 m long flow 

through type flume. Schematic drawings of the flumes used in this research are shown in figure 

2.4 and 2.5. 

 

Figure  2.4: Schematic drawing of flume used for Sheppard et al.ôs (2002) research 
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Figure  2.5: Isometric drawing of the flume 

The test section was the width of the flume, 9.8 m long and started 24.4 m downstream of the 

entrance. The sediment in the test area was 1.83 m deep. Water for the flume was supplied from 

hydroelectric power plant reservoir adjacent to building housing the flume. Water flowed from 

the reservoir, through the flume, and discharged into river downstream of control structure. The 

flow discharge and depth-averaged velocity was controlled with a weir located at the 

downstream end of the flume. 

The instrumentation used in this research can be divided into two categories: 1) That which 

measures the flow parameters, and 2) That which measures scour depth. The flow parameters 

monitored were flow discharge, velocity at specific locations, water depth, and temperature. The 

scour hole depth was monitored with internal and (on some occasions) external video cameras 

and with arrays of acoustic transponders.  

¶ Bed sediment 

Three different sediment grain sizes with Ὠ =0.22 mm, 0.80 mm and 2.9 mm where used in 

this experiment and the value of their standard deviation, ů, are 1.51, 1.29 and 1.21 respectively. 

In table 2.6 the value of  Ὠ  and ů correspond to each test are listed.  

¶ Pier and scour depth 

Three circular cylinder piers with 0.915 m, 0.305 m and 0.114 m diameter were used. 

Quantitative scour depth measurements were obtained by video cameras mounted on a platform 

that traversed vertically and the length scales were attached to the inside of the cylinders in view 

of the cameras. Miniature video cameras were also mounted in streamline waterproof housing for 

viewing scour hole from outside the structure. 

Three arrays of acoustic transponders were attached to the cylinder just below the water 

surface. This system provided scour hole depth measurement at the 12 locations along three 

radial lines throughout the experiments. 
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Pier and scour depth measurement summary of all tests are provided in table 2.6. 

¶ Appr oach flows and flow measurement 

Flow velocities were measured at two locations, 2 m upstream and 1 m to the side of the 

center of the test structure with electromagnetic flow meters. The vertical position of the meters 

was set at 40 % of the water depth from the bed. The velocity at this location was considered 

approximately equal to the depth-averaged velocity for the fully developed logarithmic velocity 

profile.  

A commercial water level instrument, which used a near bottom mounted pressure transducer 

measured water depth at a location between the test structure and the weir. The water 

temperature was measured just downstream of the structure. The value of flow depth and 

velocity for each test is provided in table 2.6. 

 

Table  2.6: Flow, sediment and structure parameters summary 

 

¶ Procedure and results 

The procedure used in performing the local sediment scour experiments is outlined below. 

ü Pre-experiment 

1. Compact and level the bed in the flume. 

2. Fill the flume slowly and allow standing for approximately 12 hours or until all the air 

trapped in the sediment has escaped. Drain the flume and re-compact the bed. 

3. Take pre-experiment photographs. 

4. Fill the flume slowly and allow trapped air to escape (approximately six hours). 
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5. Start and check all instrumentation 

ü During experiment 

1. Measure the scour depth as a function of time with acoustic transponders and video 

cameras. 

2. Measure the velocity, water depth, and temperature. Observe water clarity as an 

indicator of suspended sediment. 

ü Post-experiment 

1. Take post-experiment photographs. 

2. Observe and note bed condition throughout the flume (presence of bed forms, etc.) 

3. Survey the scour hole with a point gauge. 

4. Reduce and analyze the data. 

A significant amount of local sediment scour data and information were gathered during this 

research program. A brief summary of the results is given in tables 2.7. Two different scour 

depths are given in this table, the measured values at the end of the experiment and the estimated 

equilibrium depth. Most of the experiments conducted as part of this work were long in duration 

and thus the scour depths were near equilibrium at the end of the test. During some of the test 

there was an increase in suspended sediment in the water from the reservoir and this proved to 

impact the equilibrium scour depth. 

 

 

Table  2.7: The local scour results summary 
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Equilibrium depths were estimated by extrapolating a curve fit to the data. The function used 

to fit the data was first used by J. Sterling Jones and is: 

Ὠ ὥρ ὧρ                                                                    (2.7)                                                            

 

The resulting Sheppardôs equation is:  

ὑὑ Ὢ Ὢ Ὢ                                                                                               (2.8) 

 

Ks= shape factor (1 for circular piles) 

ὑ = Peak values of normalized Clearwater scour depth= 2.5 in these equations. 

For ὑ =2.5 we are going to have:                       
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 Oliveto and Hager (2002) 2.2.1.3.

¶ Introduction  

This work presents new research on bridge pier and abutment scour based on a large data set 

collected at ETH Zurich, Switzerland. In total six different sediments were tested, of which three 

were uniform. Also a large variety of scour elements were considered, from 1 to 60% of the 

channel width, and flow depths ranging from 1 to about 40% of the channel width. 

¶ Hydraulic models 

The experiments were conducted in two rectangular channels, one having a width ὰ=1.00 m, 

the other ὰ=0.50 m. The 1 m channel had a total length of 11 m, with a working section of about 

5 m, a glass wall on the left side, and a smooth steel wall on the right side. The sediment was 

placed horizontally, and the free surface measured along the flow. The determining approach 

flow depth Ὤ was taken at (ὰ-b)/2 upstream from the scour element face, with b as the pier 

diameter. All experiments were run essentially under plane bed conditions. The sediment surface 

was measured with a so-called shoe gauge having a 4 mm by 2 mm wide horizontal plate at its 

base, whereas the water surface was read with a conventional point gauge, typically to 0.5ï1 

mm, depending on the local surface turbulence. 



50 
 
 

¶ The bed sediment 

Six different sediments were used, three of which were uniform with grain sizes 0.55, 3.3, 

and 4.8 mm, and three mixtures, with Ὠ = 5.3, 1.2, and 3.1 mm, and ů= (Ὠ Ὠ
Ⱦ=1.43, 1.80, 

and 2.15, respectively. The uniform sediment with Ὠ =3.3 mm had a density of ”=1.42 tȾά , 

whereas the remainder had ”=2.65 t/ά . The plastic sediment originated from a circular 

extruder, the rest was from Swiss rivers with a typical ellipsoidal shape. 

¶ Pier and scour depth 

The circular cylinders had diameters b=0.011, 0.022, 0.050, 0.064, 0.110, 0.257, 0.400, and 

0.500 m. All elements were fabricated in transparent plexi-glass to allow for visual determination 

of scour depths to 1 mm during the progress of an experiment.  

The temporal start of an experiment (t=0) was set at scour inception. Subsequent 

measurements were taken at times t=1, 3, 6, 10, (15), and 20 min up to several days and even 

several weeks in selected runs. 

The scour surface was measured at the maximum scour depth z along the element side, the 

maximum lateral and upstream scour extensions, and the aggradation maximum downstream of 

the element. Figure 2.6 shows a definition sketch with typical points of interest measured for all 

experiments. 

 

 

Figure  2.6: Definition sketch and measurement points for: (a) pier and (b) abutment. Points defining (ǒ) scour or 

aggradation depths; (+) scour or aggradation area 
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¶ Approach flow and flow measurement 

The channel had a closed-loop water system, with a pump at the upstream channel side, of 

maximum discharge Q = 0.130 ά ίϳ with an accuracy of about 1%. A submerged sill at the end 

of the working section inhibited sediment movement out of the working section. 

The flow depths measured at a certain time t always included the section 1 m downstream 

from the flow straightener, the section upstream from the pier and at a downstream section 

located between 3.3 and 3.8 m. Flow depths ranging from 1 to about 40% of the channel width. 

In table 2.8, densimetric particle Froude number  Ὂ ό ὫὨ Ⱦϳ  with  Ὣ ”
”Ⱦ”Ὣ , threshold Froude number Ὂ, and approach Reynolds number Ὑ τὬόȾ’, with 

u=upstream velocity and ’=kinematic viscosity is provided. The value for approach flow 

velocity is given as cross-sectional velocity (average bulk velocity) and in terms of Froude and 

Reynolds numbers in the table. 

¶ Results 

In total 200 scour experiments were conducted over almost 2 years. Summary of test 

condition is provided in the table 2.9 and include the mean grain size  Ὠ  , its standard 

deviations, and relative density ” ” ”Ⱦ”, test duration in days, pier width b, the ranges 

of average approach flow depth h. 

 

 

Series Ὂ Ὂ ὙȢρπ 
(-) (-) (-) (-) 

24 1.48ς3.34 0.71ς1.30 19ς290 

10 1.38ς2.79 0.54ς0.99 82ς506 

13 2.00ς3.52 0.55ς0.96 38ς298 

19 1.47ς3.68 0.55ς1.31 75ς536 

11 1.71ς2.39 0.44ς0.69 50ς257 

4 2.24ς3.86 0.59ς1.14 108ς393 

 

Table  2.8: VAW pier data- test conditions 
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Table  2.9: VAW Pier Data- summary of test conditions 

 

 Lanca, et al. (2013) 2.2.1.4.

¶ Introduction  

long-duration clear-water scour data were collected at single cylindrical piers with the 

objective of investigating the effect of sediment coarseness, b/Ὠ  (b = pier diameter; Ὠ  = 

median grain size) on the equilibrium scour depth and improving the scour depth time evolution 

modeling by making use of the exponential function suggested in the literature. Experiments 

were carried out for the flow intensity close to the threshold condition of initiation of sediment 

motion, imposing wide changes of sediment coarseness and flow shallowness, h/b (h = approach 

flow depth). 

¶ Hydraulic models 

Two flumes were used in the experimental study. One, located at the University of Beira 

Interior, is 28.00 m long, 2.00 m wide and 1.00 m deep. Discharge was measured by an 

electromagnetic flow meter with an accuracy of 0.5% of full scale. The central reach of the 

flume, starting at 14.00 m from the entrance, includes a 3.00-m-long, 2.00-m-wide, and 0.60-m-

deep recess box in the channel bed.  

The second flume, located at the University of Porto, is 33.15 m long, 1.00 m wide, and 1.0 

m deep; itôs central reach starts at 16.00 m from the entrance. The recess box is 3.20 m long, 1.0 

m wide and 0.35 m deep. The area located around the pier was covered with a thin metallic plate 

to avoid uncontrolled scour at the beginning of each experiment. The flumes were filled 

gradually, imposing a high water depth and low flow velocity. The discharge corresponding to 

the chosen approach flow velocity was then adjusted to pass through the flumes. The flow depth 

was regulated by adjusting the downstream tailgates. Once the discharge and flow depth were 

established, the metallic plates were removed and the experiments started. The characteristic of 

each experiment is provided in table 2.9. 

¶ The bed sediment 

A uniform quartz sand (”=2650 ὯὫάϳ ; Ὠ  =0.86 mm; „ =1.36) was used to fill each of 

the recess boxes of the two channels. 
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¶ Pier and scour depth 

Single vertical cylindrical piers were simulated by PVC pipes with b=50, 75, 110, 160, 200, 

250, 315, 350, 400 mm, placed at Ḑ1.0 m from the upstream boundary of the bed recess box. The 

maximum pier diameter was 200 mm, so as to minimize contraction effects. 

 The depth of scour hole was measured, to an accuracy of±1 mm, with adapted point gauges, 

approximately every 5 minutes during the first hour. Afterwards, the interval between 

measurements increased and, after the first day, only a few measurements were carried out each 

day. When the scour rate was less than approximately 2 mm (å2Ä ) in 24 hours and at least 7 

days had passed, the experiments were stopped. The sand bed approach reach located upstream 

of the piers stayed undisturbed through the entire duration of the experiments; this long-term 

stability ensured that the scour depth was not supplemented by upstream bed degradation. 

¶ Approach flow and flow measurement 

A reasonably high relative flow depth (0.050 m Ò h Ò 0.400 m; 58 < h/Ὠ  < 465) was always 

guaranteed. The average flow intensity, ό/ό, varied in the range 0.93 Ò ό/όÒ 1.04, with ό 

being calculated using the predictor of Neil (1967). The aspect ratio ὰ/h was guaranteed to be 

greater than 5.0, to avoid significant wall effects on the flow field. All of the velocities are given 

in terms of average bulk velocity. The corresponding velocity for each test is represented in table 

2.10. 

 

Table  2.10: Characteristic controlling variable of Lanca et al. (2013)ôs experiment 
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¶ Results 

It was postulated here that finite equilibrium scour depth must exist (Table 2.10). It was 

recognized that the probability of occurrence of a sufficiently strong turbulent event capable of 

entraining sediment grains from the scour hole will never be null though this probability 

decreases as scour develops, tending asymptotically to zero. Also it was assumed that the time 

needed to achieve finite equilibrium scour may be rather large, conceptually infinite. For this 

reason, scour depth records were fitted by using regression as follow: 

    
       

         

                                                                  (2.10)                 

 

Where ὴto ὴ are constants. For t=Ð it is assumed that Ὠ Ὠ ὴ ὴ ὴ . For 

practical applications, the following upper-bound predictor was suggested: 

        ὑὑ                                                                                                                 (2.11) 

       +  and  +  are defined as below: 

                      

    ὑ
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                                                                                     (2.12) 

   ὑ

ừ
Ử
Ừ

Ử
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Ȣ
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πȢυυȟ                           υππ

                                                                       (2.13)        

 

Where ὦ is pier diameter, h is approach flow average depth, Ὠ  is equilibrium scour depth, 

ὑ  is flow shallowness factor and ὑ  is sediment coarseness factor. Total numbers of 38 series 

were obtained from this experiment. The full scour depth is represented for these series by the 

author. 

Simarro, G. et al. (2011) have published five long-duration experiments on scouring at 

cylindrical piers. The data from these experiments were used for validation of the suggested 

scour time evolution model. Three experiments from Grimaldi, C. (2005) were also included in 

the analysis (Table 2.11). 
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Table  2.11: Summary of Girmaldi (2005) and Simarro et al. (2011) experiment used for validation 

 

 Change et al. (2004) 2.2.1.5.

¶ Introduction  

The main objective of this study was to investigate and analyze the experimental data on the 

scour-depth evolution at circular piers. A method was proposed based on the mixing layer 

concept for calculation of equilibrium scour depth in nonuniform sediment. Based on analysis of 

scour-rate data obtained in experiments, a model for simulating the scour-depth evolution under 

steady flow in nonuniform sediment is presented herein. In addition, a scheme for computing the 

scour-depth evolution under unsteady flow is also proposed. 

 

¶ Hydraulic models 

The experiments were conducted in a 36m long, 1 m wide, and 1.1 m deep flume with glass 

sidewalls at the Hydrotech Research Institute of National Taiwan University, Taipei, Taiwan. A 

false floor was set in the flume with a recess of 2.8 m long and 0.3 m deep where sediment was 

placed.  

¶ The bed sediment 

Uniform sediments having sizes of 1.0 and 0.71 mm, and nonuniform sediments having the 

same median sizes with ů of 2.0 and 3.0, respectively, were used for experiments. All of these 

sediments had a specific gravity of 2.65. The sediment size distribution curves were designed to 

be log-normal for nonuniform sediment (Table 2.12). 

 

Table  2.12: Sediments characteristics 

test ů d50(mm)

S1 1.20 1.00

S2 1.20 1.00

S3 2.00 1.00

S4 3.00 1.00

S5 1.20 0.71

S6 1.20 0.71

S7 2.00 0.71

S8 2.00 0.71

S9 3.00 0.71

S10 3.00 0.71
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¶ Pier and scour depth 

A hollow cylindrical pier made of transparent plexiglass with a diameter of 0.1 m was 

located at the center of the recess. The temporal variation of the bed surface profile around the 

pier was recorded using two 3 cm long charge coupled device cameras with 2 mm diameter 

lenses, placed in the hollow Plexiglas pier. 

¶ Approach flow and flow measurement 

The velocity for each test was given in terms of average depth velocity. Clear-water scour 

conditions were imposed in the experiments, in which no sediment was picked up upstream of 

the scour hole. The summary of approach flow velocities and flow depths are presented in table 

2.13. 

 

Table  2.13: Approach flow characteristics 

 

¶ Results 

Since the maximum scour depth mostly occurred at the pier nose from observations, 

experiments in the present study were focused at the pier nose. The measured scour depths at the 

pier nose plotted against time are presented in figure 2.7. 

 

Figure  2.7: Evolution of dimensionless scour depth at pier nose under steady flow (Chang et al. (2005)) 
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 Yanmaz and Altinbilek (1991)  2.2.1.6.

¶ Introduction  

The objective of this study is to develop a semi empirical method to determine the time 

variation of clear water local scour depth around single cylindrical and square bridge piers. The 

method to be presented is based on the application of the sediment continuity equation to the 

scour hole around bridge piers. 

¶ Hydraulic models 

Experiments to study the development of scour hole around bridge pier models were 

conducted in a glass flume at the Hydromechanics Laboratory of Middle East Technical 

University, Ankara, Turkey. The glass flume is an L-shaped horizontal rectangular open channel 

90 cm deep, 67 cm wide with a concrete bottom. Side walls (except the test section for visual 

observations) of the flume are made of steel (Figure 2.8). 

¶ The bed sediment 

Two different uniform bed materials (quartz sand) were used with the specific weights of 

26.4 ὯὔȾά  and 26.3 ὯὔȾά , the mean particle sizes of 1.07 mm and 0.84 mm with ů= 1.13 

and 1.28, respectively. Bed materials were placed as a 15-cm thick layer in the flume bed with a 

bed slope of 0.001. 

 

 

Figure  2.8: Test flume, plan and profile 

¶ Pier and scour depth 

Cylindrical piers with diameters of 6.7 cm, 5.7 cm, and 4.7 cm were tested. In the 

experiments, the maximum scour depths around the bridge piers Ὠ, were measured against time 
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t, relative to the initial bed level using a vertical scale attached to the interior wall of hollow 

Plexiglas pier with a stick having a small inclined mirror at its end.  

¶ Approach flow and flow measurement 

The flow rate in the flume is adjusted by a valve on the pipe. Then the corresponding head on 

the sharp-crested weir is measured. The upstream flow depth was varied between 4.5 cm to 16.5 

cm. 

 During the experiments, the upstream valve was slowly adjusted without causing any 

disturbance to the bed material until the desired discharge was given to the flume and the 

velocities are stated as average bulk velocity. Only clear water conditions with a flatbed were 

studied. No sediment inflow was allowed into the scour hole from upstream. 

¶ Results 

The time variation of local scour depth around bridge piers is investigated. Total of 38 

cylindrical pier tests were done in this study.  The maximum duration of an experiment, was 

about six hours during which the final equilibrium scour depths were not achieved although the 

rate of scour did decelerate to smaller values for all experiments. It was observed that the 

maximum scour depths occurred at the midpoint of the upstream face of cylindrical and square 

piers. 

 

 

Figure  2.9: Scour data for cylindrical pier 
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 Raikar  and Dey (2005) 2.2.1.7.

¶ Introduction  

This study aims to investigate scour depth at circular and square piers in uniform and non-

uniform gravels (fine and medium sizes, 4.10 Ò Ὠ  Ò 14.25 mm) under clear-water scour at 

limiting stability of gravels. The findings of the experiments were used to describe the effects of 

gravel size and gradation on scour depth, including time variation of scour depth. 

¶ Hydraulic models 

Experiments were conducted in a flume that has length, width, and depth of 12, 0.6, and 0.7 

m, respectively. Two types of pier models were used, namely circular and square, having 

different widths b, where only circular pier were taken into consideration for the purpose of the 

analysis. 

 

¶ The bed sediment 

The sizes and gradations of uniform gravels (fine and medium, 4.10 mm Ò Ὠ  Ò 14.25 mm) 

used in the experiments are furnished in the Table (2.10). The particle size distribution is less 

than 1.4 for uniform gravels. 

 

 
 

Figure  2.10: Uniform sediments size and gradations 

¶ Pier and scour depth 

Circular pier size with 32, 38, 60 and 77 cm were used in this experiment. The instantaneous 

scour depth at a pier was measured observing the position of the base of the scour hole by sliding 

a periscope up and down the pier. After the run was stopped, the maximum equilibrium scour 

depth Ὠ was then carefully measured by a vernier point gage. 

¶ Approach flow and flow measurement 

All experiments were run at constant upstream flow depth of 0.25 m, maintaining a clear- 

water scour condition by adjusting the upstream flow condition for a period of 18ï36 h until the 

scour equilibrium was reached. The method for measuring the upstream flow measurement is not 

reported by the author.   

 

 

d50(mm) ˋ

4.10 1.13

5.53 1.10

7.15 1.08

10.25 1.16

14.25 1.09
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¶ Results 

 

16 series of time variation of local scour depth around cylindrical piers were provided by the 

author for the purpose of this study analysis and the remaining four test results were used as 

isolated data (Total of 20 tests).   

 Chabert and Engeldinger (1956) 2.2.1.8.

¶ Introduction  

In this study, additional experimental result of Chabert, J. and Engeldinger, P. (1956) was 

used that relate to circular piers in a sandy bed. 

¶ Hydraulic models 

A rectangular channel with variable inclination was used in this study. The total length was 

equal to 21 m and the width of the channel remains constant in all of the tests and it was equal to 

0.8 m. The slope of the channel was able to change between 0 to 10%. The schematic view of the 

channel is illustrated in figure 2.11.  

 

 

Figure  2.11: Test flume from Chabert and Engeldinger (1956) 

 

ǒ The bed sediment 

Two different sediments were used with median size Ὠ  equal to 1.5 and 0.52 mm with 

constant sediment standard deviation equal to 1.39 and with density equal to 2680 ὯὫ
άσ

. 
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ǒ Pier and scour depth 

In these tests, three different circular piers with diameter equal to 0.05, 0.075, 0.1 m were 

used. The scour depth evolution was measured by point gauge around circular piers. 

ǒ Approach flow and flow measurement 

Flow depth varies between 0.1 m to 0.35 m. The approach flow velocity was reported in 

terms of average bulk velocity for all the experiments. 

ǒ Results 

Total number of 12 series was obtained from Chabert, J. and Engeldinger, P. (1956). Table 

2.14 gives the values of the fundamental physical, geometrical and kinematic quantities of these 

tests. 
 

 

 
 

Table  2.14: Chabert, J. and Engeldinger, P. (1956) test characteristic summary 

 

 Mignosa (1980) 2.2.1.9.

ǒ Introduction  

In addition to data mentioned above, 13 series were employed from experiment done by 

Mignosa, P (1980). 

ǒ Hydraulic models 

A rectangular channel was used in this experiment. The channel length and width were equal 

to 5 m and 0.495 m respectively and the slope of the channel was zero.  



62 
 
 

ǒ The bed sediment 

In this study, synthetic sediment with only one size is used with Ὠ  equal to 2.5 mm, ů equal 

to 1.39 and density equal to 1180 ὯὫ
άσ

. 

ǒ Pier and scour depth 

Two pier sizes equal to 0.0267 m and 0.048 m were used. The scour depth around piers was 

measured by point gauge. 

ǒ Approach flow and flow measurement 

In this study, a recirculating system with the capability of flow discharge up to 30 lit/s was 

used. Approach flow depth varies between 0.125 to 0.127 meter and all of the velocity quantities 

are given as average bulk velocity by the author. 

 

 

ǒ Results 

The final results and the duration of each experiment are summarized in table 2.15. 

 

 
 

Table  2.15: Mignosa, P. (1980) test characteristic summary 
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 Franzetti et al (1989) 2.2.1.10.

One series from Franzetti et al (1989) was obtained for using in analyses. 

ǒ Hydraulic models 

A rectangular channel with 7 m length and 0.495 m width was used in this study.   

ǒ The bed sediment 

The bed sediment was made by synthetic material with specific weight equal to 11571 N/m
3
 

and d50= 2.5 mm. 

ǒ Pier and scour depth 

A smooth metallic circular pier was used with b=4.8 cm. The reading of the maximum scour 

depth at upstream of the pier and also the scour evolution was carried out by using a hydrometer. 

ǒ Approach flow and flow measurement 

A recirculating system was used in this study. The upstream fellow velocity was measured in 

terms of average bulk velocity. 

ǒ Results 

The final result of this experiment is shown in figure 2.12.  

 

 

 
 

Figure  2.12:  Scour depth with respect to time trend taken from Franzetti et al.ôs (1981) experiment 

 

 Azzaroli (1983) 2.2.1.11.

Moreover one more series from Azzaroli, D. (1983) is used in this study; characteristics of 

the work were obtained through personal communication. In table 2.16 the parameters of this test 
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are provided. The velocity is given in terms of average bulk velocity. The scour depth time 

evolution is indicated in figure 2.13. 

 

 
 

Figure  2.13: Scour depth with respect to time graph taken from Azzaroli, D.ôs (1983) experiment 

 

 
 

Table  2.16: Franzetti et al (1989) and Azzaroli, D. (1983) tests characteristic summary 

 Isolated scour depth points 2.2.2.

 

In this study use has been made also of 192 isolated points that were previously collected by 

Paleari (2014). These data refer to different experiments by various authors. The Table 2.2 

provides a brief summary of the available isolated points. A precise check has been made to 

verify the validity of collected data. The full properties of these experiments are available in 

Appendix 1. 
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CHAPTER 3 

3. DATA ANALYSIS  

 

  Introduction  3.1.

After the procedure of data collection from different experiments by various authors that has 

been discussed in the previous chapter, here the process of selecting suitable data and the 

following analysis are described.  

As mentioned before, for analyzing the database, according to the fact that these data are 

collected from different experiments, it is crucial to unify them by considering similar criteria for 

computing the key parameters.  

One of the most important parameter that characterizes the evolution of scour depth is flow 

velocity, as it appears in two out of four effective dimensionless parameters (T and U). Velocity 

is typically made dimensionless by the critical velocity for inception of sediment motion. Thus, 

the first part of this chapter presents an analysis oriented to choosing an appropriate criterion (to 

be selected among those available in the literature) to estimate the value of όᶻȟ which is the 

threshold shear velocity for initiation of sediment motion.  

As mentioned before, there are several methods for expressing the upstream flow velocity. It 

can be measured in terms of cross-sectional bulk average or as a depth-averaged velocity 

according to the researcherôs choice. Thus, a formula tuned by Paleari (2014) was used for 

converting average bulk velocity to central velocity for data analysis. This formula was used to 

unify the method of velocity measurement among all the collected data, according to the idea 

that, since the pier is located at the center of the flume in all of the experiments, the central 

depth-averaged velocity is a better indicator of velocity in this region compared to average bulk 

one. 

Moreover, the procedure of selection of suitable data and criteria which are considered for 

this task are discussed. Then the final valid data and their characteristics are illustrated.  

Furthermore, the dependency of the scour depth on the relevant nondimensional parameters 

is evaluated and a method for reaching a final predictive equation is presented.   

At the end, the final interpolation results are summarized and taken into comparison with 

some of the available predictive equation in the literature. A brief conclusion brings this chapter 

to the end.  
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 Analysis of threshold conditions 3.2.

 Introduction  3.2.1.

As mentioned before, particle at the riverbed would start to move when the destabilizing 

forcing moment become larger than the stabilizing moment of the weight force. Shields (1936) 

by introducing stability parameter †z show that, if its value reaches to a specific value †ᶻ the 

initiation of bed load transport occurs. It is also worthy to note that, for sediment particles in 

water, the Shields diagram exhibits different trends corresponding to different turbulent flow 

regimes. Shields diagram is represented as a series of dispersed experimental point for defining 

†ᶻ   with respect to ὙὩᶻ and †ᶻ. Thus there is no function for finding the value of όᶻ for a given 

sediment median size, specific water and sediment density. This problem lead to the fact that 

there is no possibility for finding a unique value of όᶻ. 

 Introducing criteria under study  3.2.2.

Various authors define different criteria for computing ό, όᶻ and †ᶻ. In this section the 

proposed formula for these parameters is provided and a comparison for finding a suitable final 

formula for computing stability parameters is given. 

ǒ Chiew(1995) 

By using the Manning-Strickler equation for two dimensional flows to evaluate the critical 

mean velocity  ό from critical shear velocity όᶻ and assume bed Roughness equal to Ὠ , a 

following equation is proposed: 

ᶻ χȢφφ Ⱦ                                        (3.1) 

Thus, 

ό όᶻ χȢφφ Ⱦ                                 (3.2) 

Chiew also assume following relationship for critical mean velocity όᶻ by considering a 

constant value of 0.056 for †ᶻ, 

όᶻ = πȢπυφ Ὓ ρὫὨ                       (3.3) 

Where Ὓ  is specific gravity of sediment, h is undisturbed approach flow depth in meter, and 

Ὠ  is median grain size of sediment also in meter.  

ǒ Melville  and Coleman (2000) 

Melville and Coleman provide different formula for όᶻ for different range of Ὠ  as below: 

όᶻ πȢπρρυπȢπρςυὨȢ             πȢρ άά Ὠ ρ άά                             (3.4) 

όᶻ πȢπσπυὨȢ πȢππφυὨ       ρ άά Ὠ ρππ άά                            (3.5) 
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Based on όᶻ we have: 

ό υȢχυόᶻȢὰέὫυȢυσ                                                                             (3.6) 

ǒ Ettema (1980) 

Ettema represents a table which correlate specific value of Ὠ  and corresponding Ὠ  values 

to όᶻ  which are obtained by experiment: 

 

 

Table  3.1: Ettema (1980) critical shear velocity definition 

 

Considering logarithmic velocity profile, the mean critical approach flow velocity, ό, of the 

center line velocity profile can be evaluated from equation: 

ό όᶻυȢχυὰέὫ φ                                                                           (3.7) 

ǒ Brownlie (1981) (from report by Parker (2004)) 

Brownlie (1981) fitted a curve to the experimental points of Shields and obtained the 

following relationship: 

†ᶻ πȢςςȢὙὩȢ πȢπφȢρπȢ
Ȣ
                                                            (3.8) 

Where ὙὩ is particle Reynolds number and can be calculated as: 

ὙὩ=
ȢȢ

                                                                                                (3.9) 

Brownlie formula result a constant value of †ᶻ equal to 0.06 for high value of Reynolds 

number.  
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ǒ Parker et al. (2003) 

Based on Neil (1968) and by curve fitting to experimental line of shields same as the 

technique used by Brownlie (1981): 

†ᶻ πȢυȢπȢςςȢὙὩȢ πȢπφȢρπȢ
Ȣ

                                                                   (3.10) 

The difference from Brownlie formula is that in the limit of sufficiently large ὙὩ (fully 

rough flow), †ᶻ becomes equal to 0.03. 

ǒ Sheppard et al (2013) 

όᶻ ρφȟςȢὨ
ȟ Ȣ

Ὠ ȢσψȟχφωȟφȢÌÎὨ πȟππυ                                          (3.11) 

The value of ό is given with respect to different ranges of Reynolds number: 

ό ςȟυȢόᶻȢὰὲχσȟυȢὬȾὨ ὙὩȢςȟψυ πȟυψȢÌÎ ὙὩᶻ πȟππςȢὙὩᶻ
 ᶻ φ    υ  ὙὩᶻ χπ    (3.12) 

ό ςȟυȢόᶻȢÌÎςȟςρȢ                                                                                                         ὙὩᶻ χπ            (3.13) 

Where     ὙὩᶻ=
ᶻ

’
                                                                                                                         (3.14)                                                                                                                

For the range of ὙὩᶻ χπ Sheppard assume that there is no dependency to Reynolds value 

for the computation of critical velocity ό. 

ǒ Oliveto and Hager (2002) 

By subdividing the domain of interest into three portions, depending on the dimensionless 

grain size, Ὀᶻ, where is equal to: 

Ὀᶻ
Ȣ
ȢὨ                                                                                                                (3.15) 

The value of critical velocity for uniform granulometry and ů ρȢσ is defined in for different 

regime as, 

Viscous regime: 

ό „ȢὫȢῳȢὨ ȢςȟσσȢὈᶻ
Ȣ
Ȣ                           Ὢέὶ Ὀᶻ ρπ                           (3.16) 

Transition regime: 

ό „ȢὫȢῳȢὨ ȢρȟπψȢὈᶻ Ȣ                             Ὢέὶ ρπ Ὀᶻ ρυπ                  (3.17) 
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Fully turbulent regime: 

ό „ȢὫȢῳȢὨ Ȣρȟφυ                                       Ὢέὶ Ὀᶻ ρυπ                             (3.18) 

ǒ Neil(1967) (reported by Simarro (2007)) 

This formula is obtained from experiment done by Neil (1967): 

ό ςȟυȢ
ȟ
ȢῳȢὫȢὨ                                                                                                                     (3.19) 

This experiment is restricted to the following conditions: 

1. Straight steady uniform 2-dimensional (wide-channel) flow over a flat bed with fully-

developed velocity profile (boundary layer thickness= depth); 

2. Uniform material of regular shape exceeding 3 mm in grain-size (for normal density of           

2.65 gm/ὧά); 

3. Ratio flow depth/grain-size between 2 and 100. 

ǒ Grande (1970) (reported by Simarro (2005)) 

According to the Grande the ό is equal to: 

ό πȟυȢὰέὫ ρȟφσȢὫȢῳȢὨ                                                                                       (3.20) 

 Comparisons of different criteria 3.2.3.

In the figure 3.1 the different criteria for computing critical velocity with respect to median 

size of the sediments Ὠ  are illustrated. Parker (2003) and Brownlie (1981) do not provide any 

relationship for computing ό. Chiew (1995) and Melville and Coleman (2000) are more similar 

for all sediment ranges and on the other hand Oliveto and Hager (2002) formula have a close 

estimation to Grande (1970). 

The Ettema (1980) cannot be extended to higher value of Ὠ  due to the fact that the value of 

critical shear velocity is presented in a table rather than as a function.  

Neil (1967) formula evaluation is more conservative than the others and shows a relatively 

lower value of critical velocity than the other criteria. 

The Sheppard (2013) equation is only plotted for the value of ὙὩᶻ between 5 and 70 

according to the author. For the lower value of  ὙὩᶻ a trend change and increase in  ό can be 

seen and for high value of  ὙὩᶻ a sudden decrease occur which cause a big different of critical 

velocity with respect to other formulas. 
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Figure  3.1: Comparison of different criteria for computing uc 

 

In figure 3.2 also different formula for calculation of critical shear velocity, όᶻ, is provided. 

Same as previous graph the Sheppard (2013) formula is just plotted for the mentioned range of 

ὙὩᶻ between 5 to 70.  

Due to the fact that there is no formula for computing όᶻ for Parker (2003), Bowline (1981), 

Oliveto and Hager (2002) and Neil (1967), they are not presented in this graph.  For the Ettema 

(1980) also the experimental data is plotted.  

In this case Parker (2003) represents a lower bond in compare to the other formulas. Chiew 

(1995), Melville and Coleman (2000) and Brownlie (1981) result approximately equal for same 

grain median size and also Ettema (1980) and Sheppard (2013) in their valid range. 

 

 

Figure  3.2: Comparison of different criteria for computing uc
*  
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Figure 3.3 and 3.4 shows models proposed by different authors for computing critical shear 

stress and also the scatter data points that were derived by shields experiment. 

 

 

Figure  3.3: Comparison of different criteria for deriving shear critical stress with respect to Shields experiments with 

Re* as x axis 

 

Figure  3.4: Comparison of different criteria for deriving shear critical stress with D* as x axis 

The following notes can be inferred from graphic comparison of these different criteria: 

ǒ Ettema(1980) cannot be used as a general criteria for threshold of sediment motion cause 

there is no general formula rather than just a number of disperse data for όᶻ and as a 

result for †ᶻ. However, these points are consistence with curves.  
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ǒ Chiew (1995) indicate a constant value of 0.056 for †ᶻ and does not have any dependency 

to grain size and it is not consistent with shields graph for low and mid values of ὙὩᶻ. 
Thus this formula should not be used for ὙὩᶻ approximately less than 200.  

ǒ Sheppard (2013) shows a fairly good trend with respect to Shields experimental data up 

to shear Reynolds number equal to approximately 800. But the curve is no longer valid 

for greater values of ὙὩᶻ. On the other hand, there is a sudden intense decrease in the 

value of critical shear stress in the approximate range of ὙὩᶻ from 1 to 80. Sheppard also 

shows an underestimation of †ᶻ with respect to shields experimental data. 

ǒ Brownlie (1981) and Melville & Coleman (2000) have a similar trend with Sheppard 

(2013) without any sudden decrease in critical shear stress value. For great values of ὙὩᶻ 
they tend to have a similar approximation for †ᶻ as Chiew (1995). 

ǒ Parker (2003) shows also a similar trend as Brownlie (1981) and Melville & Coleman 

(2000) trends but an approximately 50% underestimating the value of †ᶻ in compare to 

Melville & Coleman (2000) formula. 

According to the notes mention above, it is obvious that the most suitable criteria for finding 

the value of sediment incipient motion can be Brownlie (1981) and Melville & Coleman (2000). 

At mid-range Melville shows an upper bond of shields experiments data with respect to Brownlie 

and this is the reason in which Melville & Coleman criteria have been selected for further 

analysis of the data.  

Thus in order to make all the experiments which are going to be used in the analyses 

uniform, Melville & Coleman (2000) criterion was used for computing the threshold of sediment 

motion for all the tests. Therefore, a new value of flow intensity was calculated for each 

experiment based on this criterion and U (u/uc) value provided by the author was discarded. 

 Velocity Conversion formulas 3.3.

As mentioned before in chapter 2, the analysis database consists of various sources and as a 

consequence there may be different methods for presenting a single parameter and it is 

mandatory to transform these different methods to a unique one.  

In the database they are some experiment results in which the velocity is provided in terms of 

depth-averaged velocity and on the other hand, some experiments provide the average bulk 

velocity. Thanks to previous study by Paleari (2014), a formula was proposed that is able to 

convert the average bulk velocity to depth-averaged velocity as follow and with an acceptable 

approximation (Figure 3.5): 

ρφȢτψÌÏÇ ὥȢ ὦȾὧȢ Ὠ    (3.21) 

Where ό is the depth-averaged velocity at central axis of the channel, ό is the average bulk 

velocity, ὰ is the width of the channel, ‐ is the bed roughness that assumed to be equal to Ὠ , D 

is hydraulic diameter and is equal to 4Rh where Rh is hydraulic radius of channel. a, b, c and d 

are constant values obtained by interpolation: 

a= 0.582423, b= 0.001007, c= 0.019616, d= 5.07218E-05 
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Figure  3.5: Comparison of measured and calculated values of velocity by means of conversion formula by Paleari 

(2014) 

For taking advantage of this formula, it is necessary to have a fully turbulent flow according 

to the author, unless the formula results are not reliable.  

As mentioned before, due to the fact that the pier is located at the center of the flume in all of 

the experiments, the central depth-averaged velocity is a better indicator of velocity in this region 

compare to average bulk velocity. Thus, all the velocities that were given as average bulk 

velocity by the authors and their flowôs regime were fully turbulent, were converted to depth-

averaged velocity at central axis of the channel. 

 Data selection 3.4.

 Introduction  3.4.1.

For the purpose of selecting suitable experiments among the existing database various criteria 

were taken into consideration that they are going to be discussed in this section. The general goal 

for imposing these conditions is to disregard the experiments that were done in special conditions 

that can affect the final interpolation for having a scour depth time evolution model.  

As previously discussed, it is necessary to have constant values of different effective 

parameters when the dependency of two parameters on each other is under study. In database 

there would be some experiments that their results are not reliable because of failure in satisfying 

this stability condition during the experiments.  Therefore, these experiments should be neglected 

to increase the acuuracy of the analyses.     
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 Selection Criteria  3.4.2.

The criteria used for the selection of the suitable isolated points and series are described 

below: 

¶ H=(h/b) >2 

As mentioned before, in this analysis the dependency on flow shallowness (H) was 

disregarded. In order to satisfy the need to simulate a condition in which the estimation of scour 

depth only depends on the pier size (b) rather than the flow depth (h), this limitation was 

imposed. In this way the condition would be restricted to narrow piers case as shown in figure 

3.6. 

 

 

Figure  3.6: Local scour depth variations with respect to flow shallowness 

 

¶ ╛╬ (■╬/h)  

In order to avoid the wall effect the ratio of width of the flow with respect to flow depth is 

considered to be greater than 2. Lateral walls may increase the complexity of flow movements 

around the pier and change the trend of scour depth evolution.  

Thus together with choice of ὒ ς and H > 2 it can be concluded that the ratio between pier 

width and width of flow (ὦȾὰ) would restricted to be greater than 0.25. In this way the 

contraction effects for narrow flows will be controlled. From the continuity principle, a decrease 

in flow area results in an increase in average velocity and bed shear stress and as a consequence, 

more bed material is going to remove from riverbed. Thus in narrow channel the local scour will 

increase in compare to wide channel due to contraction effect and this condition should be 

avoided. 

¶ ů<1.4 

 Standard deviation of sediment particle size distribution is considered to be less than 1.4 to 

have an approximately uniform sediment distribution. For nonuniform sediments, armouring 



75 
 
 

occurs on the channel bed. Armour layer formation within the scour hole reduces the local scour 

depth. 

¶ ▀ Ȣ □□ 

For clear water scour, the sediment median size of the acceptable experiments is considered 

to be greater than 0.5 mm to avoid the effects of ripples. The formation of ripples with fine sands 

limits the scour depth observed in laboratory experiments under clear-water conditions, because 

of sub-threshold condition that would be formed by ripples. 

¶ T=t.u/b  

Time plays an important role in scour and under clear-water conditions scour evolves very 

slowly and scour depth tend to reach to its equilibrium condition after long duration. For 

interpreting the effect of dependent parameters on each other, it was decided to investigate these 

dependencies at constant dimensionless times. The investigated dimensionless durations of the 

experiment are considered to be equal to ρπ and ρπ. Dimensionless time equal to ρπ and ρπ 
are arbitrary choices. These dimensionless times are acceptably large enough to neglect the 

effects of initial conditions (for example the effect of starting procedure of an experiment) and as 

a result the measured values of scour depth tend to have less dispersion compare to the 

measurements in initial stage of an experiment. These criteria are summarized below: 

For series: 

T ρπ                                                           for T= ρπ 

T  ρπ                                                           for T=ρπ 

 

For isolated points: 

5 ρπ T υ ρπ                                   for T= ρπ 

7.35 ρπ T ρȢτςρπ                         for T=ρπ 

Measurements of scour depth at initial phases due to high rate of evolution of scour holes 

may have high level of uncertainty and by increasing time duration these errors will become less 

and it is possible to do the interpolation process with more reliability. This is the reason behind 

the choice of suitable interval for isolated points which is greater for T equal to ρπ and shorter 

for ρπ. In this way we have same amount of error as a consequence of extrapolation in both 

cases. 

¶ Trend Regularity check 

The regularity of each valid experiment (111 and 143 series for T equal ρπ and ρπ 
respectively) satisfying the mentioned criteria was then checked by taking advantage of 

experimental function provided by Franzetti et al (1982). This function was obtained by applying 
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least square method to the experimental values of a series of tests and it is an exponential 

function of dimensionless time as follow:   

Ὠ Ὠ ρ Ὡ Ȣ Ѝ                            (3.22) 

Where Ὠ is the scour depth, Ὠ  is ultimate or equilibrium scour depth and Ű is dimensionless 

time. 

By fitting this curve to result of each test, using measured scour depths points with 

dimensionless time greater than ρπ and using Ὠ  as calibrating parameter and extending the 

obtaining curve to points with lower value of dimensionless time, the regularity of each test was 

checked by comparing each test trend with fitted curve in a visual manner. An example of 

regular trend is shown in Figure 3.7. As a result, five tests from Mignosa (1980) experiments and 

one test from Ettema (1980) were disregarded due to non-regularity of their trends compared to 

the fitted curve.  These trends are shown in figure 3.8. 

 

 

Figure  3.7 : An example of test with regular trend 

 

Non-regularity in the trend of a test may be a result of error in measurements during the 

experiment, instability of parameters that should be constant during an experiment such as 

velocity or conducting and experiment in live-bed condition and having an oscillation along the 

scour depth evolution trend with respect to time and etc.    
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Figure 3.8: Disregarded test from Mignosa (1980) and Ettema (1980) due to trend non-regularity 
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The number of experimental results that remains after imposing the mentioned criteria and 

data selection procedure for dimensionless time, T, equal to ρπ and ρπ are represented in the 

following charts (Figure 3.9). 

 

Figure  3.9: Selection procedure for dimensionless time, T, equal to 10
5
 (a) and 10

6
 (b) 

 

 Flow regime verification 3.4.3.

For having an integrated database, it is necessary to compute central velocity (depth-

averaged velocity) for tests that the value of velocity is given in terms of average bulk velocity. 

As mentioned in section 3.3, for this conversion and using the existing formula by Paleari 

(2014), it is mandatory to have a fully turbulent regime. 

 Friction factor was estimated for each of the tests by Colebrook-White formula (Colebrook 

1939) as follow: 

ςȢπ ὰέὫ
Ȣ

Ȣ
                         (3.23) 

Where Ὧ is the equivalent sand roughness height that can assume to be equal to Ὠ  and Ὀ  is 

the hydraulic diameter. Equation (3.23) is a non-linear equation and it is necessary to do a 

nonlinear analysis for solving it. This task was carried out by Excel solver and the value of 

friction factor for each test was computed. 

For distinguishing whether the test are in fully turbulent condition or is in transitional 

condition, the Reynolds values were compared to Reynolds value of case Re*=70 according to 

conversion equation author. The verification procedure of the valid tests is shown in figure 3.9.  



79 
 
 

 

Figure  3.10: flow regime verification procedure 

 

According to the above chart, the final tests number which is suitable for analysis purposes is 

equal to 86 tests for T=ρπ and 78 tests for T=ρπ which are indicated by green color in figure 

3.11. These tests consist of the tests that their value is already given in terms of depth-averaged 

velocity or, they are tests with given value of average bulk velocity but they were conducted in 

fully turbulent condition and it is possible to convert their velocity to depth-averaged velocity.  

 

 

Figure  3.11: The outcomes of regime verification. (a) For T=ρπ5 (b) For T= 10
6
 

 

By inserting all of the initial valid tests (142 tests) for T=ρπ and (144 tests) for T=ρπ in 

Moody diagram (Figure 3.12 and 3.13), it can be seen, due to the fact that these tests are in the 

lower part of the diagram, their friction factors are not significantly different in compare to fully 

turbulent case. Therefore it is concluded that, all of these valid tests may be considered in 

analysis and the conversion can be imposed for unifying their velocities although some of them 

are not fully turbulent. 
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Figure  3.12: presentation of valid tests for T=10
6
 on moody diagram 

 

 

 

Figure  3.13: presentation of valid tests for T=10
5 
on moody diagram 
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 Presentation of valid data 3.5.

 Dispersion of valid data 3.5.1.

For final analysis it was decided to use only data that satisfy the regime verification (86 tests 

for T=10
5
 and 78 tests for T=10

6
) due to the fact that a sufficient number of tests remain after 

imposing all the selection criteria. In the following graphs U, Ὀ , H, Ὀ, and T are plotted with 

respect to each other for better understanding the final valid data. These graphs are presented for 

both datasets used (for analysis at dimensionless time equal to ρπ and ρπ). The total number of 

valid data include isolated points and series is equal to 86 and 78 for T=ρπand T= ρπ 
respectively as mentioned before.  

Most of the tests under consideration have Ὀ  (the ratio between width of the pier, b, and   

sediment median size, Ὠ ) less than 100. For T=ρπ about 75% of data have Ὀ  less than 50 

and for T=ρπ same condition exist (Figure 3.14). 

 

 

 

All of the test respect the criteria imposed for the ratio of the depth to pier width (H>2).The 

maximum value of H for both case is equal to 21.53 and is derived from Ettema (1980)ôs 

experiment (Figure 3.15). 

 

 

Figure 3.14: Presentation of valid data for D50 with respect to U 
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The value of Ὀȟ which is the ratio between scour depth and pier diameter, is within the range 

of 0.333 and 2.537 for T=ρπand between 0.79 and 2.537 for T=ρπ (Figure 3.16). 

 

 

 

The nondimensional time of all the accepted tests, respect the previously mentioned selection 

criteria. All of the accepted tests have T less than χȢτςτρπ except one test from Ettema 

(1980) with T greater than ρπ.  

Figure 3.16: Presentation of valid data Ds with respect to T 

Figure 3.15: Presentation of valid data for H with respect to U 
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All the above plots show that the selected control parameters (H, U, D50 and T) are not 

correlated with each other. This fact is the fundamental requirement of dimensional analysis. In 

dimensional analysis it is necessary to define a requested parameter as a function of independent 

parameters.    

By considering Melville & Coleman (2000) formulation for computing critical shear 

velocity, όᶻȟ in both T=ρπand T=ρπabout 75% of accepted series are having όᶻόᶻϳ  less than 

one and secure clear-water condition.  

 

Figure  3.18: Cumulative distribution function of u*/uc*  for valid data 

As it is indicated in figure 3.18, they are some experiments that their computed ratio 

of όᶻόᶻϳ , using Melville & Coleman (2000) equation, are greater than one. As mentioned before, 

the computed values of όᶻ depends strongly on the evaluation criterion which is going to be used 

for computation and there is no exact solution for computing a threshold for sediment motion. 

On the other hand, according to the authors of the tests with  όᶻόᶻϳ  greater than one, all of the 

mentioned tests are conducted in clear-water condition. Moreover, as it is going to be illustrated 

in next section, all these tests are still located within the region provided by Shields experiments 

for the threshold of movement. Also the trend regularity check of these experiments approves 

Figure 3.17: Presentation of valid data U with respect to T 
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clear-water condition in these tests. Thus it is possible to also employ these experiments in 

analyses. 

A cumulative distribution of nondimensional time and scour depth are also presented in 

following figures (3.19 and 3.20).  

 

 

 

Figure  3.20: Cumulative distribution function of Ds (ds/b) for valid data 

 

 Valid data in Shields diagram 3.5.2.

In the figure (3.21), valid data can be found together with experimental data by Shields 

(1936). The red points represent shields experimental results and yellow and blue points are valid 

data for analysis at T=ρπand T=ρπ respectively. It can be seen that all of these data are below 

or within the Shields region, thus a clear-water condition is predicted for these experiments. The 

black curve represents Melville & Coleman (2000) criteria for sediment incipient motion.  

 

Figure 3.19: Cumulative distribution function of dimensionless time for valid data 
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Figure  3.21: Presentation of valid data at T=10
5
 and T=10

6
 in Shield Diagram 

 

  Dependency verification 3.6.

According to section 1.3.4 the form which can represent the scour depth as the function of 

dimensionless parameters is:  

Ὀ ὪὟȟὌȟὈ ȟὝ                                                                 (3.24) 

Where:  Ὗ ȟὌ ȟὈ  ὥὲὨ Ὕ  

Thus, the dimensionless Scour depth, Ὀȟ may be defined as a function of multiplication of 

control parameters: 

Ὀ ὪὝȢὪὈ ȢὪὟȢὪὌ                                             (3.25) 

The functional relationships between dimensionless variables have to be obtained from 

experimental results and by means of interpolation. In this section, the effort has been made to 

verify the existence of possible dependency between dimensionless parameter. The procedure of 

finding a suitable equation for each of the dimensionless variables will be discussed in detail in 

the next section on the base of the initial idea which is obtained in this section.  

Thanks to the choices made in section 3.4.2 for selection of valid data, by considering H>2 

there is no need to take into account the effect of ὪὌ  and it is possible to neglect this function 

from the scour depth predictive formula. Moreover, due to the fact that, the scour depth was 

decided to be evaluated in only two constant nondimensional times equal to 10
5
 and 10

6
, the 
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ὪὝ function will be substituted by a multiplicative constant. This value is representing the 

result of ὪὝ at dimensionless time equal to 10
5
 or 10

6
. 

For calibrating a function for ὪὟ  and ὪὈ  at two different dimensionless time equal to 

T=ρπand T=ρπ, it is necessary to control the possible dependency of these parameter to each 

other and check the trend of these parameter with respect to dimensionless scour depth, ὈȢ  

For this purpose, values of Ὀ  and U of the valid tests were plotted with respect to Ὀ at 

dimensionless times, T, equal to ρπ and ρπ separately. The values of Ὀ at these 

nondimensional times were obtained by fitting a logarithmic function to scour depth evolution 

curve and interpolating the corresponding value of scour depth for the entire full trend valid tests. 

As mentioned before, the amount of dispersion of data in a regular trend is higher in initial phase 

of scour depth evolution and also there is a higher probability of experimental error in this phase. 

Therefore, for finding the values of scour depth at requested dimensionless times (ρπ or ρπ), 
only points with higher value of dimensionless time and a few numbers of points with lower 

value were employed for interpolating within a full trend. An example of finding the value of 

scour depth at T equal to ρπ for Franzetti (1989) test is shown in figure (3.21). 

 

 

Figure  3.22: Example of interpolation for finding scour depth (ds) at requested nondimensional time (T) 

 

For the accepted isolated points, which satisfied the previously defined nondimensional time 

criteria, the value of Ὀ at the end of the experiment is assumed to be equal to its value at T=ρπ 
or T=ρπ with a reasonable approximation. As an example the accepted isolated points for 

T=ρπ is provided in figure (3.23). The upper and lower bounds of the accepted interval are 

equal to υ ρπ and υ ρπ respectively for this case. 
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Figure  3.23: presentation of accepted range and valid tests for assuming that the final scour depth is equal to scour 

depth at T=10
6
 for isolated points data 

 

For plotting  Ὀ with respect to U and Ὀ  and checking the dependency of these data, the 

valid data were divided into groups with similar size. For plotting Ὀ with respect to Ὀ , the 

valid data were divided into intervals of U as represented in figure 3.24. For plotting  Ὀ with 

respect to U also four intervals were defined for Ὀ  that these groups are having same size in 

logarithmic scale (Figure 3.25).  

 

Figure  3.24: Ds with respect to D50 divided into groups of U (a) T=10
5
 (b) T=10

6
 

It is possible to investigate an increasing logarithmic trend for Ὀ with respect to Ὀ  up to an 

approximate value of 30 for both graphs with different value of nondimensional time (Figure 

3.24). Then a reverse situation occurs and the value of Ὀ decrease by increasing Ὀ . It is 

worthy to mention that, for both cases the trend seems to be similar and even the maximum value 

of Ὀ occurs in approximately same value of Ὀ .  

Figure 3.25 presents the values of U and their corresponding Ὀ for entire valid data. It can 

be seen that there is an increasing trend up to U equal to one and then the value of Ὀ decrease by 

increasing U to values greater than one. The mentioned trend becomes less noticeable for lower 

values of D50 which are illustrated by blue points in figure 3.25. Generally there is a less 
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remarkable dependency between Ὀ and U compare to Ὀ . The dispersion of the valid data and 

the irregularity of the defined classification increase in case of T equal to ρπ , compare to the 

case with T equal to ρπ. This phenomenon is due to higher value of scour depth rate in lower 

times according to logarithmic scour depth evolution with respect to time and as a consequence 

higher probability of experimental error in early stages. 

 

 

Figure  3.25: Ds with respect to U divided into groups of D50 (a) T=10
5
 (b) T=10

6 

 

 Interpolation with valid data  3.7.

 Introduction  3.7.1.

After obtaining a general view for defining a suitable function for each of the dependent 

nondimensional parameter, the process of determining a final function for nondimensional scour 

depth was done by clustering the final valid data. The clustering procedure was done in a 

stepwise manner by considering Ὀ equal to multiplication of  ὪὝȟ  ὪὈ  and Ὢ(U) as 

below: 

Ὀ ὪὝȢὪὈ Ȣ  ὪὟ                                                            (3.26) 

The effect of ὪὌ  was neglected as mentioned before. It is clear that the effect of pier size 

is taken into account in function Ὢ (tu/b) and Ὢ (b/Ὠ ).  

 Initial attempt  3.7.2.

Initial attempt for finding a suitable function for ὪὈ  was made by considering only valid 

data with U (όȾό) between 0.8 and 1.2. Thus more unified data would remain for regression. 

After imposing the mentioned filtering for data selection, 67 and 74 data remain for regression at 

T equal to ρπ and ρπ respectively. 

¶ ╓▼ Vs. ╓  

As a first choice for interpolation of function ὪὈ , by considering the logarithmic 

dependency as mentioned in previous section, an exponential function was employed with the 

following format: 
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 ὪὈ ὥȢὈ ȢÅØÐὧȢὈ                                         (3.27) 

 

Where a, b, c and d are constants and are derived by least square method. The equation that 

produced the best least squares fit to the data was used to obtain the final equation for 

nondimensional scour depth (Ὀ).  

As it is represented in figure 3.26 and already mentioned in previous section, the trend of 

data seems to be similar and there is just an upward shift of data by moving from the case with T 

equal to ρπ to ρπ. Thus it was decided to use two functions with same shape and with only 

different in their vertical position. 

 

 

 

Figure  3.26: Valid data in Ds-D50 space for both T=10
5
 and T=10

6
 

 

The first attempt yielded the following equation for ὪὈ : 

 

 ὪὈ ȟ4 ρπ τȢρφψȢὈ ȢȢÅØÐςȢφȢὈ Ȣ             For T=ρπ                       (3.28) 

 ὪὈ ȟ4 ρπ σȢςπχȢὈ ȢȢÅØÐςȢφȢὈ Ȣ             For T=ρπ                       (3.29) 

 

As it can be seen, the only difference in equation 3.28 and 3.29 is the value of constant a, 

which is a constant that define the vertical position of the curve. Thus it has a lower value at T 

equal to ρπ. The sum of the squares of the errors made in the result of every calculated points 

are equal to 5.66 and 5.48 for T equal to ρπ and ρπ and it shows that the fitted curve shape 

induce approximately same error in both case. Thus it can be concluded that the constant a can 

represent the value of ὪὝ at the corresponding T as below: 

 

Ὢ4 ρπ τȢρφψ                                                   (3.30) 

Ὢ4 ρπ σȢςπχ                                                   (3.31) 
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And general formula for  ὪὈ  is: 

 ὪὈ Ὀ ȢȢÅØÐςȢφȢὈ Ȣ                          (3.32) 

Figure 3.27 shows the difference between the calculated Ὀ for different value of Ὀ  and the 

corresponding measured values obtained by experiment in the literature for both cases. 

 

 

¶ ╓▼ Vs. U 

In the next step after finding a suitable function for ὪὈ , a function was chosen for fitting 

a reasonable curve for ὪὟ . 

Before choosing an interpolation function and doing the regression, the measured value of Ὀ 

was divided by the calculated value of Ὀ (i.e. ὪὈ Ȣ ὪὝ  which was obtained from the 

previous step. This operation would cluster the valid data and helps the process of interpolation. 

 

The first choice for interpolation of the function  ὪὟ  was a 3
rd

 order polynomial with the 

following format: 

 

 ὪὟ ὥȢὟ ὦȢὟ ὧȢὟ Ὠ                                           (3.33) 

 

Figure 3.27: First attempt for f2 (D50) at T=10
6
 (up) and T=10

5
 (down) (0.8<U<1.2) 
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Where a, b, c and d are constants to be obtained by curve fitting. Similar to previous step, the 

value of these constant are define in a way that the obtaining equation has the best least square 

fit.  The resulting equation is as below: 

 

  ὪὟ ρρυȢςσ Ὗ σςψȢφ Ὗ σρςȢσ Ὗ ωχȢωπ            (3.34) 

 

Same equations were chosen for both cases with T equal to ρπ and ρπ obtaining low and 

approximately equal amount of errors (sum of the square errors equal to 2.75 and 2.74). Figure 

3.28 represent the calculated values of Ὀ/  ὪὈ Ȣ ὪὝ  for different value of U and their 

corresponding measured values obtained by experiment. 

 

 

Figure  3.28: First attempt for f3 (U) at T= 10
6
 (up) and T= 10

5
 (down) 

 

¶ Measured Vs. Calculated 

The final calculated results in the first attempt that obtained by multiplication 

of ὪὝ, ὪὈ  and ὪὟ , as previously explained in equation (3.26), are plotted with respect 

to their measured values in figure (3.29). The red and blue lines represent 15 % error of 

calculated value with respect to its measured one. The green line shows the condition in which 

the calculated value is exactly equal to measured value and therefore the error is equal to zero .  
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Figure  3.29: Calculated Vs. measured values of Ds at T=10
6
 (left) and T=10

5
 (right) for the first attempt 

  

The obtained equations are only valid for the condition with U greater than 0.8 and less than 

1.2. The predicted equation may improve by repeating the mentioned steps and clustering the 

valid data and having more compact population of points. 

 Further attempts    3.7.3.

Further attempts were made to improve the final predictive equation as below: 

1. Another attempt with the same nondimensional velocity restriction (0.8<U<1.2) was 

made for obtaining more reliable functions for  ὪὈ ȟ  ὪὟ  and more precise 

value for Ὢ4 ρπ and Ὢ4 ρπ. Same format of equations were used for 

interpolation of  ὪὈ  and  ὪὟ  as previous attempt. Same method of data 

clustering was also used. The only difference was in interpolation of Ὀ with respect 

to Ὀ . The  ὪὟ  function, which obtained in the initial attempt, was employed as 

normalizing function in the first step for finding  ὪὈ  and therefore the curve 

fitting was done for valid points in U with respect to Ὀ / ὪὟ  plot. 

2. Then the nondimensional velocity restriction was disregarded and the total number of 

valid data increased to 78 and 86 for interpolation at T equal to ρπ and 

ρπ respectively. In this attempt also same format of equations were used as previous 

cases. Due to an increase in the number of valid data for interpolation, the amount of 

errors also become greater as it was predicted. 

The obtained formulas and the measured vs. calculated diagram in each of the above attempts 

are provided in appendix 2. 

 Final attempt 3.7.4.

The final attempt was made after the second step mentioned in section 3.7.3 by considering 

the entire valid data and without imposing any restriction for the value of nondimensional 

velocity, U.  This attempt yields to the final predictive equation for nondimensional scour depth 

and is an improvement of the previous attempt.  
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¶ ╓▼ Vs. ╓  
In this part also same form of the equations as previous attempts were used for regression of 

valid data at both nondimensional time case; ρπ and ρπ. For clustering of the valid data, the 

measured values of Ὀ were divided by their corresponding values of  ὪὟ   which were 

obtained from previous attempt. The final attempt yields in to the following equation 

for ὪὈ : 

 

 ὪὈ ȟ4 ρπ ςπȢψυυ Ὀ ȢȢÅØÐυὈ Ȣ             For T=ρπ                    (3.35) 

 ὪὈ ȟ4 ρπ ρυȢφτφ Ὀ ȢȢÅØÐυὈ Ȣ             For T=ρπ                    (3.36) 

 

Thus as mentioned before the constant a can be represent the value of ὪὝ at the 

corresponding T as below: 

 

Ὢ4 ρπ ςπȢψυυ                                                    (3.37) 

Ὢ4 ρπ ρυȢφτφ                                                    (3.38) 

And general formula for  ὪὈ  is: 

 ὪὈ  Ὀ ȢȢÅØÐυὈ Ȣ                           (3.39) 

The sum of the squares of the errors made in the result of every calculated points are equal to 

3.683 and 2.767 for T equal to ρπ and ρπ and it shows a better regression in compare to 

previous attempts.  The final plots are presented in figure 3.30. 

 

Figure  3.30: f2 (D50) obtained from final attempt at T=10
6
 (up) and T= 10

5
 (down) 
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¶ ╓▼ Vs. U 

In final attempt for finding a suitable function for ὪὟ  same procedure of clustering was 

done. Two different forms of equation were chosen to see which one yields to better regression: 

1. According to previous study by Franzetti et al. (1994) an equation with the following 

form was selected: 

 

 ὪὟ ὥ ὦὧ Ὗ                                     (3.40) 

 

Where a, b, c and d are constants and obtain by valid interpolation and least square 

method. 

2. a 3
rd

 order polynomial as previous attempts: 

 

 ὪὟ ὥȢὟ ὦȢὟ ὧȢὟ Ὠ                     (3.41) 

 

The final regression results with each mentioned equation form are as below: 

 ὪὟ ρȢςσρπρȢπυρσὟ                                                           (3.42) 

 ὪὟ υȢστω Ὗ ρρȢχωπ Ὗ φȢςφρ Ὗ ρȢρσς                          (3.43) 

The obtain curves for each nondimensional case are provided in figure 3.31. 

 

Figure  3.31: Final attempt for obtaining f3 (U) with two different equation forms for T=10
6
 (up) and T=10

5
 (down) 
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The first form yields to total squares of the errors equal to 5.16 and 5.97 for the case with 

T equal to ρπ and ρπ respectively. On the other side, the second form (3
rd

 order 

polynomial) yields to errors (4.272 and 3.967) which are less compare to resulting errors 

using first form equation for regression. Moreover the 3
rd

 order polynomial equation shows a 

better modeling for the region with U greater than 1.3, where valid data illustrate a decrease 

in value of Ὀ by increasing U. Besides, the latter form provides a more desirable regression 

in region with smaller U.  

In Figure 3.32 the proposed formula are shown along with two other formulas which are 

available in literature, one provided by Franzetti et al. (1994) and another by Sheppard et al. 

(2004).   

 

Figure  3.32: Comparison of proposed formulas with previous results in literature 

 

Thus the second equation which is a 3
rd

 order polynomial was chosen as the final equation 

for ὪὟ . It is essential to mention that, the provided formula is only valid in the range of 

available data for regression, i.e. for values of U between 0.48 and 1.39. Below this region the 

proposed equation shows an increase in value of Ὀ which is not logical according to available 

experimental results in literature.  

¶ Measured Vs. Calculated 

The calculated value of Ds for the final attempt would be obtained by multiplication 

of ὪὝ, ὪὈ  and ὪὟ  as previously explained. Once again the measured values of Ds were 

plotted versus their corresponding calculated values. The red and blue lines represent 15 % error 

of calculated value with respect to its measured one by experiment. The green line shows the 

condition in which the error is equal to zero (Figure 3.33).   
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Figure  3.33: Calculated Vs. measured values of Ds at T= 10
6
 (up) and T=10

5
 (down) for the final attempt 

The comparison of measured and calculated values shows a reasonable approximation for 

prediction of Ὀ in both cases (T equal to ρπ and ρπ). The above graphs indicate that about 

65% of the calculated values of Ὀ have less than 15% error in both cases. This value would 

increase up to 85 %, if the acceptable error rises from 15% to 25%.  
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 Summary of final results 3.7.5.

The final results obtained from the last interpolation attempt are summarized below:  

Ὀ ὪὝȢὪὈ Ȣ  ὪὟ                                                                                                (3.44) 

Where: 

Ὢ4 ρπ ςπȢψυυ                                                                                                      (3.45) 

Ὢ4 ρπ ρυȢφτφ                                                                                                      (3.46) 

ὪὈ  Ὀ ȢȢÅØÐυὈ Ȣ                                           2 Ὀ  325            (3.47) 

ὪὟ υȢστω Ὗ ρρȢχωπ Ὗ φȢςφρ Ὗ ρȢρσς               0.48  U  1.39            (3.48) 

It is worthy to mention that, valid range for each formula is according to the interval of 

available data and should be respected; otherwise unreliable values of Ds would be obtained. 

Finding a suitable function for Ὢ4 needs more known values of this function at different 

dimensionless times and also choosing a reasonable function that has the ability to model its 

trend correctly. In this stage it is not logical to do the regression due to lack of available values 

for Ὢ4  in different T (only at ρπ and ρπ). 

 Model comparison with previous studies  3.8.

According to section 1.3.5 there are several formulas for computing equilibrium local scour 

depth or its time evolution in literature. In this section the values of dimensionless scour depth, 

Ds, for valid data were computed by means of models provided by Melville & Chiew (1999), 

Lanca et al. (2013), Sheppard et al (2014) and Oliveto and Hager (2002). Thus it is possible to 

find out the ability of the proposed formula for computing Ds with acceptable precision compare 

to previous models.  

 Melville & Chiew (1999) 3.8.1.

In this model different factors were provided for each of the dependent parameters for 

estimation of scour depth as below: 

Flow intensity:  

ὑ Ὗ for U < 1 and  ὑ ρ for U > 1        (3.49) 

 

Flow depth-pier width:  

ὑ 2.4 H  for H  0.7     (3.50) 

 ὑ ςȢὌȢ for 0Ȣχ Ὄ 5    (3.51)          

ὑ τȢυ Ὄ for H  5 
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Particle size: 

ὑ πȢυχ ÌÏÇ ςȢςτȢὌ   for Ὀ 25  (3.52) 

ὑ 1    for Ὀ 25  (3.53) 

Time factor: 

ὑ ÅØÐ πȢπσ ὰὲ
Ȣ

   (3.54) 

For computing time factor Kt, it is necessary to compute the value of te which is the time to 

develop equilibrium scour depth. According to the author, te can be calculated by means of 

following relation: 

ὸὨὥώίτψȢςφ Ὗ πȢτ                                                        Ὄ φ  (3.55) 

ὸὨὥώίσπȢψω Ὗ πȢτὌȢ                                              Ὄ φ  (3.56) 

Thus the value of scour depth can be computed by: 

Ὠ ὑȢὑȢὑ Ȣὑ        (3.57) 

 

 

Figure  3.34: Calculated Vs. measured values of Ds at T= 10
6
 (up) and T=10

5
 (down) using Melville & Chiew (1999) 

 



99 
 
 

This model is capable to evaluate the value of Ds for T=10
6
 with relatively low amount of 

error with respect to its measured value (Figure 3.24). 43% of points in figure 3.24, which are 

mostly related to test with U greater than one, are out of the acceptable range. Unfortunately this 

model does not show enough accuracy for evaluation of Ds at lower values of dimensionless 

time. In case with T equal to 10
5
, the formula overestimates the measured scour depths, with 

67% of points having relative error greater than 15% of their corresponding measured values of 

Ds.  

 Lanca et al. (2013) 3.8.2.

Lanca also provides the following relation for computing equilibrium scour depth: 

χȢσὈ ȢὌȢ             Ὢέὶ φπ Ὀ υπ

ρȢςὌȢ                  Ὢέὶ Ὀ υππ
   (3.58) 

 

For evaluating the value of scour depth at time T, following equation can be used: 

ρ ὩὼὴὥὝ       (3.59) 

Where a1 and a2 are defined as: 

ὥ ρȢςςὈ Ȣ       (3.60) 

ὥ πȢπωὈ Ȣ       (3.61) 

In this model it is assumed that the flow intensity, u/uc is near to one so as to maximize the 

scour depth. As a consequence no factor was defined for flow intensity. On the other hand, the 

proposed relationship is only valid for tests with D50 greater than 60.  

According to above restrictions, the mentioned equation provided by Lanca et al. (2013), is 

only valid for 18 tests out of 86 available test for the case T=10
5
 and 15 tests out of 78 for the 

case T=10
6
. 

The measured values of scour depth at dimensionless time equal to 10
5
 and 10

6
 have been 

plotted versus their corresponding calculated values by using Lanca et.al (2013)ôs formula in 

figure (3.35). It can be seen that 28% of points for T=10
5
 and 33% for T=10

6 
are not in the 

acceptable error margin. It is obvious that, Lanca et.al (2013)ôs formula shows a bigger amount 

of relative error for computing the scour depth in cases with low values of flow intensity as a 

result of disregarding the effect of flow intensity in its prediction.  
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Figure  3.35: Calculated Vs. measured values of Ds at T= 10
6
 (up) and T=10

5
 (down) using Lanca, et al. (2013) 

 Sheppard et al. (2014) 3.8.3.

The Sheppard and Miller (2006) and Melville (1997) equations were slightly modified to 

form a new equation: 

ςȢυȢὪὌȢὪὟȢὪὈ     for 0.4ÒU<1    (3.62) 

Ὢ ςȢς ςȢυὪ   for 1ÒU Ò    (3.63) 

ςȢςὪὌ       for   U>     (3.64) 

Where: 

ὪὌ ÔÁÎÈ ὌȢ          (3.65) 

ὪὟ ρ ρȢςÌÎ Ὗ              (3.66) 

ὪὈ
Ȣ Ȣ Ȣ Ȣ         (3.67) 

ό υό          (3.68) 

ό πȢφὫȢὬ          (3.69) 




















































