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ABSTRACT

EXPERIMENTAL INVESTIGATION OF LOCAL SCOUR AROUND INCLINED 

DUAL BRIDGE PIERS

Çeşme, Murat

M.S., Department of Civil Engineering 

Supervisor: Assoc. Prof. Dr. Zafer Bozkuş

September 2005, 115 pages

      For a bridge engineer, it is very important to estimate the maximum scour depth 

around the  piers  as  accurately  as  possible,  in  order  to  design the  footing safely. 

Many experimental studies have been performed by several investigators until now, 

in  order  to  obtain  information  about  scouring  mechanism.  The  aim  of  this 

experimental study is to examine the effect of inclination of the dual bridge piers on 

scour  depth.  The  experiments  have  been conducted with  dual  pier  models  under 

clear-water  conditions,  for  various  uniform  flow  depths.  Scour  depths  had  been 

measured at four different points around the piers; namely upstream and downstream 

faces  of  both  piers.  Dimensional  and  non-dimensional  scour  curves  have  been 

developed and presented to show the temporal variation of scour depth. The depths 

of local scour around inclined piers have been observed to be smaller than the scour 

depths around vertical piers. 

Key Words:   Scour depth, inclined dual bridge piers, clear water condition.   
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ÖZ

EĞİMLİ İKİLİ KÖPRÜ AYAKLARININ ETRAFINDAKİ YEREL 

OYULMALARIN DENEYSEL İNCELENMESİ

Çeşme,Murat

Yüksek Lisans, İnşaat Mühendisliği Bölümü

Tez Yöneticisi: Doç. Dr. Zafer Bozkuş

Eylül 2005, 115 Sayfa

      Köprü  ayak  temellerinin  güvenli  bir  şekilde  tasarlanabilmesi  için,  köprü 

mühendisinin ayaklar etrafındaki maksimum oyulma derinliğini olabildiğince doğru 

tahmin etmesi çok önemlidir. Oyulma mekanizması hakkında bilgi edinebilmek için, 

bir  çok  farklı  araştırmacı  tarafından,  şu  ana  kadar  çok  sayıda  deneysel  çalışma 

gerçekleştirilmiştir. Bu deneysel çalışmanın amacı, ikili köprü ayaklarının eğikliğinin 

oyulma  derinliği  üzerindeki  etkisini  incelemektir.  Deneyler,  temiz  su  oyulması 

koşullarında,  farklı  üniform  akım  derinlikleri  için,  kanal  eksenine  yerleştirilmiş 

düşeyde eğimli iki  ayak konumu için gerçekleştirilmiştir.  Oyulma derinlikleri; iki 

ayağın  ön  ve  arka  yüzlerinde  olmak  üzere  dört  farklı  noktada  ölçülmüştür. 

Oyulmanın  zamana  bağlı  değişimini  göstermek  için  boyutlu  ve  boyutsuz  eğriler 

geliştirilmiş  ve  sunulmuştur.  Düşeyle  eğim  yapacak  şekilde  yerleştirilen  köprü 

ayakları  etrafındaki  oyulma  derinliğinin,  dik  yerleştirilmiş  ayaklar  etrafındaki 

oyulma derinliklerinden daha düşük olduğu gözlemlenmiştir. 

Anahtar Kelimeler:  Oyulma derinliği, eğik ikili köprü ayağı, temiz su koşulları.
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CHAPTER 1

INTRODUCTION

1.1 General Information

   
      Scouring is a natural phenomenon caused by flow of water in rivers or streams. 

Scouring phenomenon has been widely studied by many investigators until now; and 

lots  of empirical  solutions  have been obtained.  But  these investigations are  most 

pronounced for vertical bridge piers. So, the aim of the present study is to investigate 

the local scour depths that occur around inclined dual piers, by performing sets of 

experiments.

      Until today, experiments and field observations all showed that scouring can 

progressively undermine the foundation of a bridge pier. For a safe design of bridge 

pier footing, it is important to estimate the maximum depth of scour as accurately as 

possible. In the designing procedure, the designer must pay serious attention to the 

depth of scour around the piers, in order to decide the level of footing. The deeper 

and the wider the footing is, the more expensive the construction will be. 

      Despite  much study,  the  principles  of  scouring  phenomenon are  not  well 

established yet; and the results and conclusions obtained by different researchers tend 

to differ from each other.   

1.2 Types of Scour

      The  scour  that  occurs  at  a  structure  can  be  examined in  three  categories: 

(Yanmaz,2002).

• General Scour

• Constriction Scour

• Local Scour
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      The total scour mechanism around a bridge pier occurs by the total effect of all 

the three types of scour.

      General scour occurs in a river or stream as a result of natural processes in that 

region.  It  can  be  seen  both  in  short  and  long time  intervals.  The  morphological 

regime of the river can take role in this process, and continuous scouring occurs at 

the  river  bends.  Since  it  is  a  matter  of  natural  processes,  general  scour  is  not 

considered in experimental studies.

      Constriction scour occurs when the river or stream cross-section is narrowed, due 

to a structure or a natural  contraction at that region. Especially in case of bridge 

openings, scouring may occur due to the narrowing in the cross-section. When this 

narrowing  is  overwhelming,  the  velocities  in  the  narrowing  section  and 

corresponding shear  stresses  become excessively high.  These  high  velocities  and 

high shear stresses may cause excessive erosion in the river bed. The value of scour 

is a function of the contracted section width and main channel width. A descriptive 

sketch for this type of scour is presented in Figures 1.1a and 1.1b 

Figure 1.1a Constriction scour plan view (Yanmaz, 2002). 
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Figure 1.1b Constriction scour profile (Yanmaz, 2002).

     

      The third type of scour, local scour, shown in Figure 1.2 is the most important 

type of scour among others. It  results directly from the existence of a man-made 

structure in the flow area, such as bridge piers and abutments. The scour depth in this 

case  depends  on  many  parameters,  such  as  parameters  characterizing  the  flow, 

parameters characterizing the fluid, parameters characterizing the bridge pier,  bed 

material  and  channel  properties.  The  detailed  explanation  of  these  parameters  is 

present in ‘Dimensional Analysis’ section of the present study, in Chapter 4. 

      In the past, many bridges have collapsed due to the excessive scours around the 

bridge piers. Scouring can undermine the foundation, causing the bridges to collapse; 

so foundations  should be placed deeply enough,  in  order  to  protect  the  structure 

against the scouring effect. However, too deep foundations, which mean over-design, 

may increase the cost of the construction excessively. To minimize the cost without 

ignoring  the  structural  safety,  an  optimization  is  necessary.  Therefore,  river  and 

bridge engineers should work on scouring phenomenon to obtain ways to predict the 

maximum scour depth as accurately as possible.
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Figure 1.2 Local scour profile

      For nearly fifty years, bridge engineers have been working on the ways to predict 

the  maximum  scour  depth  under  different  flow  and  field  conditions.  However, 

because of the difficult and complex mechanism of scour, there is no single way of 

forecasting the local  scour.  Despite  numerous investigations that  have been done 

previously, the complexity of the problem under the interaction of the many affecting 

parameters  still  continues.  Nearly all  knowledge comes from both field  data  and 

experimental studies, which yields a dependence of the solutions on the experimental 

and field conditions. The validity of all empirical formulations is restricted with the 

conditions of the investigation and assumptions made during the study. (Yanmaz, 

2002).     

      The objective of this study is to investigate the local scour around vertically 

inclined circular dual bridge piers, by performing sets of experiments, under clear-

water conditions, and it is a follow up study of the work by Yıldız, 2001. Yıldız 

(2001), has performed a series of experiments on an inclined single pier, while in the 

present study, inclined dual bridge piers are used. Figure 1.3 below is a definition 
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sketch of Yıldız’s study. In that figure, β represents the pier inclination angle with 

the vertical axis, in degrees.

Figure 1.3 Definition sketch of pier inclination (Yıldız, 2001).

      Yıldız (2001) investigated the effect of pier inclination on scour depths, by 

performing sets of experiments. In that study, he worked with circular pier models 

with diameters of 5 and 10 cm for four different pier inclination angles. Performing 

the experiments for various approach flow depths and various Froude number values; 

he obtained curves showing the effect of pier inclination on scour depth. Analyzing 

the data obtained from the experiments, he concluded that scour depths decrease by a 

considerable amount as the pier inclination angle increases.   

       Among numerous investigations on scouring that have been previously made, 

studies on vertically inclined bridge piers are very rare. Therefore, the work of Yıldız 

(2001) is an important and valuable study that should be treated seriously. Yıldız’s 

study later was improved by Bozkuş (2004). The studies made by Yıldız and Bozkuş 

are aimed to be improved in this thesis, including the group effect of the piers on 

scour depths, besides the effect of inclination of the piers with the vertical.
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      Figure 1.4 gives a descriptive sketch of the vertically inclined dual bridge piers, 

used in the present study; where β is the pier inclination angle with the vertical for 

both piers, and b is the pier diameter. In the present study, identical piers have been 

used, in order to make a healthy comparison of the scour depths.

Figure 1.4 Definition sketch for vertically inclined dual bridge piers

1.3 Scour in Different Conditions of Transport

      Local scour around bridge piers can occur in two different types, according to the 

conditions of sediment transport:  Live bed scour and clear-water scour. In a study 

about local scour, one must differentiate the two different formations of scour, clear-

water scour and live bed scour, because both show different development trends of 

the scour hole with time, and both require different ways of analysis. (Breusers and 

Raudkivi, 1991). Time dependent development of scour varies upon the type of scour 
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observed. Consequently, the equations found in the literature are classified according 

to the conditions on which they are based.

1.3.1 Clear Water Scour

      Clear-water scour occurs if there is no bed material transport from the upstream. 

If the flow conditions create bed shear stresses lower than the critical shear stress 

value, which is the value to initiate the particle motion ( cτ > 0τ ), then there is no bed 

load transport from the upstream. The same comparison can also be made for the 

velocities. In case of clear-water conditions, the mean approach velocity of the flow 

is less than the critical velocity value. Yanmaz states that, “The amount of scour in 

clear-water case, depends on the flow properties in the scour hole. The flow in the 

scour hole is affected by the pier geometry and the inertia of the flow.” (Yanmaz, 

2002).  

      Yıldız (2001) states that; according to Shen et. al, (1969), clear-water scour starts 

at a velocity almost equal to the 50 % of the critical shear velocity,  cV* . However, 

different investigators suggest different values at this point. For example, Raudkivi 

(1986) say that the scour at the pier nose begins when cVV / ≥  0.5; while in a recent 

study Chiew (1995) recommends, scouring first commences at  cVV ** / ≥  0.3. (Mia 

and Nago, 2003). 

      The critical shear velocity value can be determined from the Shield’s Diagram. A 

simplified form of this diagram is presented in Figure 1.5.  From Shield’s Diagram, it 

can be seen that the critical value of shear velocity is only dependent on the mean 

particle size of the bed material.      
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Figure 1.5 Determination of Critical Shear Velocity as a Function of Medium 

Particle Size (Melville and Sutherland, 1988).      

      Variation of scour depth with time under clear-water conditions is shown in 

Figure 1.6; in which d se  represents the equilibrium scour depth occurring around the 

pier. In general, in clear-water case, scour depth increases gradually with time, and 

then reaches asymptotically to a value, which is known as “equilibrium scour depth”, 

at a time value known as, “equilibrium time”. In clear-water scour, nearly 50-60 % of 

equilibrium scour depth value is reached at a time, nearly 10-20 % of the equilibrium 

time of scour. (Yanmaz, 2002).

1.3.2 Live Bed Scour

      Live bed scour, also known as the scour with bed material transport, occurs when 

the flow induces a general movement of the bed material (Breusers and Raudkivi, 

1991). In live bed case, the bed shear stresses are greater than the critical value of 

shear  stress  required,  to  initiate  the  particle  motion  ( 0τ > cτ ).  Therefore,  there  is 
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considerable amount of bed material transport from the upstream in the direction of 

flow. In this case, the time development of scour hole depends not only on the flow 

properties in the scour hole; but also on the flow conditions in the upstream. 

      For the case of live bed scour, equilibrium scour depths are reached when the 

amount of material removed from the scour hole equals the amount of bed material 

supplied from upstream. 

      Variation of  scour  depth with time for live bed scour case is  presented in 

Figure 1.7. In general, for the live bed case, the scour increases rapidly with time and 

then fluctuates about a mean value, known as equilibrium scour depth, sed .     

Figure 1.6 Variation of scour depth with time, clear-water conditions 

(Yanmaz, 2002).

      Figure 1.8 shows the variation of scour depth as a function of approach flow 

velocity, in clear-water and live bed conditions. It can be seen from the figure that 

maximum value of the scour depth is obtained, when the approach flow velocity is 

equal to the critical velocity.
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Figure 1.7 Variation of scour depth under live bed conditions (Yanmaz, 2002).

      

Figure 1.8 Variation of scour depth with approach flow velocity (Yanmaz, 2002).
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CHAPTER 2

LOCAL SCOUR MECHANISM AROUND BRIDGE PIERS

2.1 Introduction

       As  stated  in  Chapter  1,  the  total  scour  around  the  bridge  piers  is  the 

superposition of the three types of scour: General scour, constriction scour and the 

local scour. Local scour is the scour formed directly as a result of presence of a 

structure in the flow area. 

      Due to the presence of a structure in the flow area such as bridge piers, the 

channel  width  decreases,  causing  the  mean  velocities  to  increase.  So,  sediment 

transport capacity increases. Besides, due to the vortices around the piers, scouring 

starts.  

2.2 Velocity and Pressure Expressions Around Bridge Piers

       In the present study the velocity and flow profiles around the piers are assumed 

to obey the potential flow theory. As shown in Figure 2.1, if two different sections 

are taken in the flow field as section (0) and section (1), the radial and tangential 

components  of  the  velocity  vector  can  be  written  as  follows,  according  to  the 

potential flow theory:
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      where,  ru  is the radial component of velocity and θu is the tangential component 

of the velocity vector; and 0u is the mean velocity at the upstream. (Yanmaz, 2002). 
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Figure 2.1 Velocity Profile Around a Cylindrical Pier (Yanmaz, 2002).

      Equations  2.1  and  2.2  can be  rearranged and simplified,  using  the  energy 

equation ignoring the head losses between sections (0) and (1):

                                   0
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                                              (2.3)

      Combining Equations 2.1, 2.2 and 2.3 and rewriting them, the final equation can 

be formed as:

                                          =1P
2

2
0

0
uP ρ

+                                                              (2.4)

      

      As stated in Equation 2.4, pressure on the upstream face of the bridge pier is 

greater than the pressure on Section (0) at the upstream. In this equation,  1P  is the 

stagnation pressure and the term
2

2
0uρ , called as dynamic pressure, is the difference 

between the pressures at section (0) and section (1). 
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2.3 Flow Pattern Around Cylindrical Piers

      For a better understanding of the local scour mechanism, the flow pattern around 

the piers must be carefully examined. The flow pattern around a pier in the flow 

section is really complex, and the development of the scour hole around the pier 

increases this complexity. Until now, to overcome this complexity, and to understand 

the flow mechanism and the formation of the scour hole,  many detailed physical 

studies  have  been made by  several  investigators;  such as  Breusers  and Raudkivi 

(1991),  Melville  (1997),  Melville  and  Sutherland  (1988),  Başak  et  al.  (1977), 

Yanmaz (1989) and several other authors. All studies cover different flow conditions, 

but still giving a general mind of the concept. A brief summary of the major previous 

studies is given in Chapter 3, “Review of Previous Investigations”.     

      A bridge pier placed in the flow section will automatically decreases the net flow 

area at that section, increasing the mean velocity. This high velocity values increase 

the sediment carrying capacity at the contracted section. Since scour is a result of 

erosion in the channel bed, scouring starts. Moreover, scouring starts also due to the 

vortices around the piers, which will be described in detail in this chapter. In order to 

gain a better understanding of the flow mechanisms which lead to the formation of 

the scour hole, a detailed study of these flow patterns was carried out by Melville 

(Breusers and Raudkivi, 1991). Breusers and Raudkivi (1991) state that the results of 

Melville’s studies of flow pattern at a cylindrical pier have been reported by Hjorth 

(1975),  Melville (1975), and Melville and Raudkivi (1977). Additional work was 

done by Ettema (1980). After all these investigations and studies, the flow pattern 

around a cylindrical pier is separated into the following components: (Breusers and 

Raudkivi, 1991)

• Downflow in front of the pier

• Horseshoe vortex

• Wake vortices

• Bow wave
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      These components are shown in Figure 2.2. 

 

Figure 2.2 Diagrammatic Representation of Flow Pattern Adjacent to a Cylindrical 

Pier (Breusers and Raudkivi, 1991).

2.3.1 Downflow in Front of the Pier

      In the direction of flow, the flow comes to rest at the upstream face of the pier, 

causing a rise in the flow depth. According to Yanmaz (2002), the amount of rise in 

the flow depth depends on the approach flow velocity and the pier geometry. Since 

the flow comes to rest, a stagnation plane forms at this face of the pier. As stated in 

Equation 2.4,  the difference between pressures is  formulated as  
2

2
0uρ .  Since the 
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velocity,  0u ,  decreases from the surface downwards,  the stagnation pressure also 

decreases from the surface downwards. This means a downward pressure gradient. 

According to Breusers and Raudkivi (1991), the strength of the downflow in front of 

the pier reaches a maximum just below the bed level when a scour hole is present. 

Breusers and Raudkivi (1991) also state that the maximum value of the downflow 

reaches 0.8 times the mean approach flow velocity and occurs in the scour hole at 

about one pier diameter below the bed level. 

      Figure 2.3 below also gives a better understanding for the principal features of 

flow and local scour around a circular pier. 

Figure 2.3 Principal Features of Flow and Local Scour Around a Circular Pier 

(Ettema, Melville and Barkdoll, 1998).
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2.3.2 Horseshoe Vortex

      The downflow formed due to the pressure gradient from the water surface to 

downwards  interacts  with  the  approach  flow,  forming  the  so-called  horseshoe 

vortices at  the upstream face of the pier.  These vortices are called the horseshoe 

vortices, since they form a scour zone looking like a horseshoe in plan. It develops as 

a  result  of  separation  of  flow,  at  the  upstream of  the  scour  hole.  According  to 

Breusers and Raudkivi (1991), the horseshoe vortex is the consequence of the scour, 

not the cause of it, although it becomes effective in transporting the material away 

from  the  scour  hole.  The  horseshoe  vortex  extends  downstream  for  a  few  pier 

diameters,  before losing its intensity,  and becoming a part  of general  turbulence. 

(Breusers and Raudkivi, 1991). 

      The scour in the loose bed starts as a result of downflow at the upstream side of 

the pier.  The eroded particles from the bed are transported to downstream by the 

horseshoe  vortices  that  work  in  the  scour  hole.  Yanmaz  (2002)  states  that,  the 

intensity  of  these  vortices  depends  on  the  pier  geometry  and  the  approach  flow 

velocity. Therefore, by selecting suitable pier geometry, the effect of the horseshoe 

vortex can be lowered. 

2.3.3 Wake Vortices

      Wake vortices form due to shear stress gradients in separated negative-pressure 

zone  around a  bridge  pier.  The  flow separates  at  the  sides  of  the  pier,  and  this 

separation surfaces enclose the wake downstream of the pier. The separation creates 

a surface with a discontinuity in the velocity profile and leads to the development of 

the wake vortices.   

      The strength of the wake vortex is again a function of pier geometry and the 

approach flow velocity. (Breusers and Raudkivi, 1991). Since horseshoe vortices are 

stronger than wake vortices, maximum scour depths normally occur at the upstream 

face of the pier.  
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2.3.4 Bow Wave 

      The flow comes to rest just at the upstream face of the pier, forming a stagnation 

plane at the upstream face where a stagnation pressure occurs.    

      Equation  2.4  is  a  simplified  form  of  Bernoulli  Equation  written  along  a 

streamline between a point upstream of the pier and a point on the stagnation plane. 

From this equation, it can be seen that the pressure on the stagnation plane is higher 

than the pressure in the upstream. This pressure difference creates a rise in the water 

level,  just  at  the  upstream  surface  of  the  bridge  pier.  This  increase  leads  to  a 

development of the bow wave (Breusers and Raudkivi, 1991).  Bow wave can be 

seen in Figure 2.2.                                             
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CHAPTER 3

REVIEW OF PREVIOUS INVESTIGATIONS

      Local scour phenomenon has been widely studied for almost fifty years by many 

investigators,  and  numerous  methods  of  calculations  and  solutions  have  been 

obtained until now. Since the local scour mechanism is rather complex, and since it 

is controlled by a great many parameters, the effect of each parameter should be 

considered (Yıldız, 2001). All these parameters, which will also be considered in 

dimensional analysis in the next chapter, will be reviewed according to the subject 

matter, using the studies of the previous researchers. 

3.1 Effect of Approach Flow Depth

      As explained in Chapter 2 in detail, a downflow and a horseshoe vortex form on 

the bed, defining the local scour mechanism. The horseshoe vortex forms due to the 

interference of the approach flow with the downflow that forms due to the pressure 

gradient.  Moreover,  due to the presence of  the piers  in  the flow section,  a local 

vortex (bow wave) forms in the upstream, because of the rise in water depth. This 

interference of the vortices determines the dependence of the scour on the approach 

flow depth. In shallow flows, i.e. if the approach flow depth is relatively small, the 

interference of these two vortices becomes considerable, increasing the scour depth. 

However, as the approach flow depth increases, this interference loses its intensity; 

so  scouring  becomes  independent  of  the  approach  flow  depth.  (Breusers  and 

Raudkivi, 1991). Therefore, the influence of the flow depth can be neglected after a 

certain point. 

      Melville and Sutherland (1988), depending on the data of their experimental 

studies, defined the limit of approach flow depth as follows:

      For fine sediments, scour depths become independent of the approach flow for 

bd /0  ≥ 2.6 and for coarse sediments, scour depths become independent of flow for 

bd /0  ≥ 6.0, where 0d  is the approach flow depth and b is the pier diameter.  
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     In literature, there are many studies performed for different flow conditions, 

showing the effect of  bd /0  value on relative scour depths with pier diameters, (

bd s / ).  Breusers  and  Raudkivi  (1991)  state  that  Neill  (1964)  used  the  data  of 

Laursen and Toch, and for a constant discharge, showed the depth of local scour as a 

function of flow depth:

 

                                             
7.0

00

5.1 





=

d
b

d
d s                                                          (3.1)

      where sd  is the local scour depth, 0d  is the approach flow depth and b is the pier 

diameter. Melville and Chiew (1999) stated again that flow shallowness influenced 

the local scour depth, presenting Figure 3.1, to show the effect of  bd /0  on scour 

depths.

Figure 3.1 Effect of bd /0 on relative scour depth bd s /  (Melville and Chiew, 1999).
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      This finding is not something new for bridge piers; studies resulting with nearly 

the  same  solutions  had  been  made  earlier  by  Ettema  (1980),  Chiew (1984)  and 

Melville and Sutherland (1988), and so on.

      Melville (1997) defined a correction factor for approach flow depth as ybK , and 

explained the factor as follows: 

                      ybK = 2.4                          for 0/ db  < 0.7                                          (3.2)

                      ybK = bd02                   for  5/7.0 0 ≤≤ db                                    (3.3)

                      ybK = 4.5 0d                      for 0/ db  > 5                                            (3.4)

      Melville and Sutherland (1988) suggest the maximum possible scour depth 

around the cylindrical piers as 2.4b, where b is the pier diameter. 

      Figure 3.2 represents the correlation between bd s /  and bd /0 according to the 

data of many investigators, made by Melville and Sutherland (1988).

Figure 3.2 Influence of Flow Depth on Scour Depth (Melville and Sutherland, 1988).
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3.2 Effect of Velocity 

      To investigate the effect of flow velocity on the scour depth, the condition of 

transport of the flow should be identified first. Clear-water scour and live bed scour 

conditions give different trends for the effect of approach flow velocity.

      For clear-water scour case, scour depths increase up to the critical velocity value, 

cV , which starts the bed motion. It can be seen from Figure 1.8 that scour depth has 

its maximum value, when the approach flow velocity is equal to the critical velocity. 

In  case of live bed scour,  maximum scour  depths are  less than the scour  depths 

occurring at  the critical velocity. (See Figure 1.7). According to Yanmaz (2002), 

scour depths get their minimum values when  V / cV  is approximately equal to 1.5-

2.0. In fact, this is the case that the bed forms have their maximum effect. 

      Melville (1988) defines the term flow intensity to check for the effect of the flow 

velocity.  Flow  intensity  is  measured  by  V / cV ,  where  V  is  the  approach  flow 

velocity, and cV  is the critical velocity at which the particle bed motion starts. For V

/ cV  < 1.0, no sediment motion is observed, so clear-water scour conditions occur. For 

V / cV  >1.0,  live  bed  scour  occurs.   In  this  case,  the  critical  velocity  value cV  is 

determined from the following equation, suggested by Melville (1997):

                                    
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      where, 0d  is the approach flow depth, and 50d  is the median sediment size. In 

this equation the cV*  term is found from the Shields diagram for a given 50d . 

      In practice, instead of a dimensional parameter such as approach flow velocity, it 

is much more practical and convenient to investigate the effect of Froude number on 

scour depth; since Froude number not only considers the flow velocity, but also the 

flow depth.  (Yanmaz, 2002).
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3.3 Effect of Sediment Grading

      Yanmaz (2002) say that; according to the studies of Raudkivi and Ettema (1983), 

sediment grading has a considerable effect on scour depth. The geometric standard 

deviation, gσ , determines this effect on the scour depths. When gσ value increases, 

an armoring effect occurs, as the coarse particles cover the fine ones on the bed. 

Armoring of the bed causes the scour depths to decrease. (Yanmaz, 2002). Yanmaz, 

using the data of Raudkivi (1986), has obtained the following regression equation:

1179.1007.50864.44066.12232.0013462.0 2345 −+−+−= gggggK σσσσσσ

                                                                                                                                 (3.6)

      where, σK is the correction factor for the sediment gradation. Using the Equation 

3.6 , it can be observed that, scour depths decrease by a considerable amount, in case 

of well-graded (non-uniform) sediments, which means high gradation.

      According to Raudkivi and Ettema (1977), grading affects the maximum value of 

bd s / , but not the time taken to reach to the equilibrium. 

      Breusers and Raudkivi (1991) suggest the following formulation for the effect of 

sediment gradation, taken into consideration: 
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      where sed  is the equilibrium scour depth in uniform sediment, i.e. gσ ≈ 1.0.  The 

σK  value, as a function of gσ , depends on whether the sediment is ripple forming or 

not. Figure 3.3 shows the values of  σK ,  for sediments which do or do not form 

ripples.  
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Figure 3.3 Coefficient σK as a Function of the Standard Deviation of the Particle 

Size Distribution (Breusers and Raudkivi, 1991).

      Melville and Sutherland (1988) state that work by Ettema (1976) shows that 

scour  depths  reduce  dramatically  as  gσ increases,  under  clear-water  conditions; 

while  studies  of  Baker  (1986),  under  live  bed  conditions,  have  shown  that  the 

reductions in scour depth are not so dramatic. 

      A more recent study by Chang, Lai and Chin-Lien Yen (2004), focuses on scour 

depth at  circular bridge piers  for both steady and unsteady flow. They define an 

adjustment factor,  σK , related to  gσ , using the experimental data. They state that, 

“knowing the scour depth in uniform sediment, one can obtain the scour in non-

uniform sediment under the same hydraulic conditions by employing the factor, σK

.” The calibrated σK  values are presented in Figure 3.4 as a function of gσ .
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Figure 3.4 Adjustment Factor, σK  as a Function of gσ  (Chang, Lai and Yen, 2004).

3.4 Effect of Pier and Sediment Sizes

      Ettema (1980) has worked on the effect of relative pier size, b/ 50d ,  on the 

development  of  local  scour  depth.  For  high  values  of  b/ 50d ,  scour  depth  is  not 

influenced by the sediment size. For relatively small values of  b/ 50d , grains are very 

large  compared  to  the  hole  excavated  by  the  downflow,  so  erosion  process  is 

impeded.(Breusers and Raudkivi, 1991). At this case, the downflow at the upstream 

face  of  the  pier  reduces  its  strength and loses  its  energy,  so  scouring  decreases. 

Raudkivi says that, according to the studies of Ettema, the maximum value of clear-

water scour depth is unaffected by particle size, as long as the value of b/ 50d  is 

greater than about 25.   

      Melville and Sutherland (1988) recommend the following equation for dK , the 

sediment size factor, depending on the b/ 50d  value:
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                                    dK = 1.0 if b/ 50d  > 25.                                                        (3.8)

                    dK = 0.57 log (2.24 b/ 50d )        if b/ 50d  < 25.                                    (3.9)

      

       Figure 3.5 represents the graphical mean of this equation, in which D is the pier 

diameter. 

Figure 3.5 Influence of sediment size on scour depth 

(Melville and Sutherland, 1988). 

      Breusers and Raudkivi (1991) claim that, “The effect of pier size on depth of 

local scour is of major interest when laboratory data are interpreted for field use”. 

According  to  them,  the  volume  of  the  scour  hole  formed  around  the  pier  is 

proportional  to  the projected width of the pier diameter.  The larger the pier,  the 

larger the scour volume and the longer is the time required for the scour to develop at 
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a given shear stress ratio. Yanmaz and Altınbilek (1991) also state that, in case of 

larger piers, equilibrium scour depths are larger; and the time to reach to equilibrium 

scour depth increases. Yanmaz suggests that in order to avoid scouring problems, the 

smallest  pier  size  that  will  not  cause  structural  problems  should  be  chosen  for 

hydraulic safety. 

3.5 Time Effect 

      In case of clear water scour, it takes a quite long time to reach to the equilibrium 

scour  depth.  Yanmaz  (1989)  has  examined  the  time  development  of  local  scour 

around cylindrical piers in clear-water conditions. Figure 3.6 shows the graph drawn 

to  the  data  points  obtained  from the  experiments  performed by  Yanmaz  (2002), 

showing the time effect on equilibrium scour depth in clear-water conditions. 

      

Figure 3.6 Temporal Variation of Clear-Water Scour Around Circular Bridge Piers 

(Yanmaz ,2002).
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      Yanmaz (1989) obtained the following equation by regression analysis of the 

data he obtained from the experiments he had performed:  
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      where et  and sed  represent the equilibrium time and the equilibrium scour depth 

respectively. 

      A similar equation had been obtained by Melville and Chiew (1999), for clear-

water scour, for cylindrical piers.
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      Since, in clear-water conditions, scour depth is reached asymptotically with time, 

the scour experiments can take a very long time to reach the equilibrium scour depth. 

Therefore, it is necessary to decide where to stop the experiments, i.e. how to define 

the  time  required  for  the  development  of  equilibrium scour  depth.  Melville  and 

Chiew (1999) used a new definition to overcome this difficulty. They defined et , as 

the time at which the scour depth reaches to a depth at which the rate of increase of 

the scour depth does not exceed %5 of the pier diameter in the succeeding 24 hour 

period, i.e.

                                         
( )

h
b

dt
dd se

24
05.0≤                                                             (3.12)

      From Equation 3.12, Melville and Chiew (1999) concluded that in an experiment 

with a pier diameter, b, of 100 mm; equilibrium is assumed to have been reached if 

the increase of the scour depth is less than 5 mm in 24 hours.    
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      A recent study made by Mia and Nago (2003) in clear-water conditions for scour 

around a circular vertical pier, gives a different way of understanding of the time 

effect. They stopped their experiments, at a stage when there was less than 1 mm 

scour by 1 hour, or no scour at all. According to these investigators, that was the 

point for the equilibrium time. 

3.6 Effect of Shape of Bridge Pier

      The effect of pier shape can be accounted for by a shape factor, sK . In literature, 

sK  is equal to 1.0, for piers of circular cross section. Because of the large variety of 

pier shapes, numerous investigators had worked on this subject, trying to obtain the 

effect of various pier shapes on scour depth. 

      Breusers and Raudkivi (1991) give the following table, Table 3.1, for the pier 

shape factor, sK ,  taken by the study of Dietz (1972) in terms of width to overall 

length ratio, b/l, and pier shape.

      The terms b, b’, l and l’ in Table 3.1 are represented in Figure 3.7 below.

Figure 3.7 Rectangular pier with wedge-shaped nose (Breusers and Raudkivi, 1991)
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Table 3.1 Pier shape coefficients for various pier shapes

(Breusers and Raudkivi, 1991).

 Pier Shape b / l b’ / l’ sK
Cylindrical 1.0

Rectangular

1:1

1:3

1:5

1.22

1.08

0.99
Rectangular with semi-circular 

nose

1:3 0.90

Rectangular with chamfered 

corners

1:4 1.01

Rectangular with wedge-

shaped nose

1:3 1:2

1:4

0.76

0.65

Elliptic

1:2

1:3

1:5

0.83

0.80

0.61

Lenticular
1:2

1:3

0.80

0.70

      When sK  decreases, the expected scour value also decreases. However, while 

choosing the pier shape, it is also important to check for the structural needs and the 

availability of the construction. As can be seen from the table, scour depth decreases 

as the geometry of the pier shape tends to a streamlined body. (Yanmaz, 2002). 

       Yıldız (2001) gives the table of Başak et. al (1977), giving the form coefficients 

defined by many investigators, showing the effect of shape of bridge pier relative to 

the cylindrical pier.   

Table 3.2 Form coefficients as a function of pier shapes (Başak et. al, 1977).
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    Form Coefficients

Pier Form L / b L’/ b’

La
ur

se
n

C
ha

be
rt

T
is

on

Es
ca

nd
e

La
rr

as

D
ie

tz

A
lv

ar
ez

Su
gg

es
te

d 
V

al
ue

s

Cylindrical 1 1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Rectangular

0.25

1

2

3

4

5

6

8

9

10

0

0

0

0

0

0

0

0

0

0

1.11

1.11

1.11

1.11

1.11

1.11

1.11

1.11

1.11

1.11

1.40

1.40

1.40

1.20

1.11

1.11

1.11

1.11

1.11

1.08

 

1.20

Rectangular

With semi-

circular nose

2

3

4

5

9

1

1

1

1

1

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

0.90

0.85

0.85

0.85

0.85

0.85

1.00

Semi circular 

nose with wedge-

shaped tail

2

4

4

5

5

1

1

1

1

1

0.66

0.76

0.76 0.76

0.86

0.80

0.86

0.80

0.76

0.76

0.76

0.86
Wedge shaped 

nose with semi 

circular tail

5 9 0.41 0.41

Wedge shaped 

nose with 

rectangular tail

3

5

2

4

0.76

0.65

0.76

0.65

Elliptic 2

3

4

5

2

3

1

5

0.89

0.83

0.92 0.86

0.91

0.83

0.92

0.83

0.80

0.61

0.90

0.83

0.90

Lenticular 2

3

4

7

2

3

4

7

0.89

0.83

0.73 0.70

0.41

0.67

0.91

0.76

0.76

0.90

0.85

0.73

0.41

     

 The definition of the parameters in Table 3.2 can be seen in Figure 3.8.
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Figure 3.8 Bridge Pier Shapes in Table 3.2 (Başak et. al, 1977)

3.7 Effect of Pier Alignment

      Pier alignment with the direction of flow also has a deep influence on the 

development  of  the  scour  depth  for  all  shapes  of  pier,  except  cylindrical  piers. 

Therefore, the pier axis should be placed vertically with the approach flow. In case of 

piers, placed with an alignment with the approach flow, the projected area increases, 

increasing  the  zone  of  effect  of  the  vortices.  Since  scour  depth  is  a  function  of 

projected area, scour depth also increases. (Breusers and Raudkivi, 1991). Yanmaz 

(2002) defines the angle α, as the horizontal angle of attack of the approach flow 

with the pier axis. In this case, the projected length becomes:

                                          

                                          αα sincos pt Lbb +=                                                 (3.13) 

      where pL  is the length of the pier, b is the width of the pier. Figure 3.9 shows the 

parameters used in Equation 3.13. 
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Figure 3.9 Horizontal angle of attack of approach flow with the pier axis

(Yanmaz, 2002).

      

      

      Yanmaz also suggests the equation of Richardson and Davis, 2001, to introduce 

the alignment correction factor, αK .

                            αK  = 
65.0

sincos 





+ αα

b
L

b p                                                    (3.14)

 

      where, α is the horizontal angle of attack, in degrees. From this equation, in case 

of no alignment with the horizontal, i.e, α = 0 degrees, αK =1.0.

      Yıldız (2001) gives the data from the studies of Laursen and Toch (1956), to 

describe the correction factor for alignment,  αK .  Their studies on pier alignment 

with rectangular pier are shown diagrammatically in Figure 3.10. 
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Figure 3.10 Alignment Factor αK  for Rectangular Piers (Laursen and Toch, 1956).

3.8 Effect of Vertical Angle of Attack

      Although scour depth is influenced by the vertical inclination of the piers, there 

are almost no studies on this subject in literature. In fact, the aim of the present study 

is to investigate the effect of vertical inclination on scour depth in detail.  

      Breusers and Raudkivi (1991) have investigated the effect of vertical inclination; 

using laboratory data. Laboratory results for piers tapered as shown in Figure 3.11 

are compared with a cylindrical pier of the same diameter as the thickness of the 

tapered piers (b = 45mm) in the same sand bed ( 50d = 0.60, gσ  = 2.0) and same flow 

conditions  in  Table  3.3. They  show an  increase  in  scour  depth  for  an  upwards 

broadening pier and a decrease for an upwards narrowing pier.
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Figure 3.11 Scour at piers tapered in elevation (Breusers and Raudkivi, 1991).

Table 3.3 Shape factor βK  for tapered piers (Breusers and Raudkivi, 1991).

Pier Shape Velocity (m/sec) bds / βK

Cylindrical 0.67 1.69
0.81 1.71 1.0

Upwards 

Broadening

0.67 2.03
0.81 2.06 1.20

Upwards 

Narrowing

0.67 1.31 0.78
0.81 1.26 0.64

      

      A detailed and recent study on this subject has been performed by Yıldız (2001), 

and later by Bozkuş and Yıldız, (2004). Yıldız investigated the scour around inclined 

bridge piers, by performing some sets of experiments. Using two pier diameters of 5 

cm and 10 cm, and checking for various flow depths and corresponding discharge 

values; he concluded that as the vertical inclination angle increases, the scour depths 
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decrease. He performed the experiments for vertical inclination angles of 2, 5, 10 and 

15 degrees. Using the equations of some early investigators valid for vertical piers; 

he made a comparison of the results of the scour depths with vertically inclined piers, 

and vertically mounted piers.  In all  cases,  vertical  inclination of the bridge piers 

resulted in a decrease in scour depth, by a considerable amount.

      Bozkuş and Yıldız (2004) proposed empirical scour equations for inclined bridge 

piers, depending on the vertical inclination angle, β; where β is equal to 2, 5, 10, and 

15 degrees.  After  the  regression analysis  of  the experimental  data,  the  following 

equations for different β angles were developed: 

• 02=β ,   ( ) 745.3
154.0

0182.14 Fr
b
d

b
d s 





=                                                    (3.15)

• 05=β ,    ( ) 838.1
223.0

0769.3 Fr
b
d

b
d s 





=                                                     (3.16)

• 010=β ,   ( ) 620.2
189.0

0743.5 Fr
b
d

b
d s 





=                                                    (3.17)

• 015=β ,   ( ) 212.3
163.0

0544.7 Fr
b
d

b
d s 





=                                                    (3.18)

      In general;

                                  




= β,,0 Fr

b
df

b
d s                                                              (3.19)

3.9 Effect of Group of Bridge Piers

      In case of structural priorities, sometimes it can be preferred to construct a group 

of piers, instead of single piers. This may result in an interference of the flow around 

the piers, and may cause some problems concerning the scour. The strength and the 

conditions of this interference depend on the distance between piers, and depend on 
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the  direction  and  position  of  the  piers.  Yıldız  (2001)  states  that,  in  general  a 

reduction in scouring is obtained when a solid pier is divided into small piers, the 

reduction depending on the spacing between them. 

      One of the major studies on the group effect of bridge piers is made by Başak et 

al., in DSİ, 1975. Başak et al. divides the scouring around pier groups into three main 

categories:

• If the distance between the piers is very small, and if the approach flow is 

parallel  to  the  axis  of  pier  groups;  a  large  and  single  scour  hole  forms, 

covering  all  the  piers.  Figure  3.12  shows  this  type  of  pier  groups 

schematically, for three piers located on the same axis. In this example, as 

seen from the figure, the distance between the piers, represented as “a”, is 

equal to the pier diameter, “b”.   (Case I).

• If  the distance between the piers  is  not so large,  i.e.  a  < 40b, and,  if  the 

approach flow is parallel to the pier axis, separate but interfered scour holes 

develop. This is a transition type, from the first, to the third types. Figure 3.13 

gives a better understanding for this type of pier group scouring. (Case II).

• If  the  distance  between the  piers  are  very  large,  i.e.  a  >  40b,  and  if  the 

approach flow is parallel to the axis of pier groups, the third type occurs, in 

which around each pier, a separate and independent scour hole develops. In 

this type, the group effect of the piers are ignored, this means that scouring 

around each pier is treated as the scouring around single piers. Figure 3.14, 

shows the scouring hole in this case.  (Başak et al., 1975).  (Case III).

      In case of the present study, the piers are placed at a distance of 30 cm apart, for 

vertical  piers, 00=β .  (a  =  30  cm).  Since  the  pier  diameters  used  during  the 

experiments are 5 and 7 cm respectively, a < 40b in all sets of experiments. 

      According to Başak et al. (1975), in these types of pier groups, separate but 

interfered scour holes form, which he calls as a transition type. As can be seen from 

Figure C.7 in Appendix C, the scour holes formed in the experiments performed in 

the present study turn out to be as what Başak claims. 
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Figure 3.12 Common Scour Hole of the Pier Groups, Case (I), a = b 

(Başak et al., 1975).
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Figure 3.13 Scour Hole of the Pier Groups, Case (II), a < 40b (Başak et al., 1975).

           Figure 3.14 Separate Scour Holes, Case (III), a > 40b (Başak et al., 1975).
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CHAPTER 4

DIMENSIONAL ANALYSIS

4.1 Development of Main Scouring Parameters

      Scouring is a complex phenomenon, affected by many parameters. According to 

Yanmaz (2002), the difficulty of the problem is because of the combined effects of:

• Complex turbulent boundary layer.

• Time-dependent flow pattern.

• Sediment transport mechanism in the scour hole.

      Dimensional analysis is explained as the study of the interrelationship among 

dimensionless terms involved in the phenomenon. Fundamental dimensions in the 

local  scour  phenomenon  are;  mass  (M),  length  (L),  and  time  (T).  The  physical 

variables  characterizing the  scouring phenomenon around the  bridge piers  are  as 

follows:

a)   Parameters Characterizing the Flow

                  

     

g Gravitational acceleration m / sec 2 LT 2−

0d Depth of approach flow m L
V Approach flow velocity m / sec LT 1−

*V Shear velocity m / sec LT 1−

α
Angle of approach flow to the 

pier axis
- -
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b)   Parameters Characterizing the Fluid 

      

 ρ Mass density of the fluid kg / m 3 ML 3−

ν Kinematic viscosity of the fluid m 2 / sec L 2 T 1−

   

c)   Parameters Characterizing the Flume

d) Parameters Characterizing the Bed Material

 

          

e) Time Parameters

0S Channel bed slope - -
B Channel width m L

cK Roughness effect of sidewalls m L

aK  Factor for flume alignment - -

sρ Density of the Sediment kg  / m 3 ML 3−

50d Median sediment size mm L

gσ Standard deviation of particle 

size distribution
- -

C Cohesion 2sec/ mkg M 21 −− TL

t
Time required to reach the 

equilibrium scour depth
min T
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f) Parameters Characterizing the Pier

 

      All these parameters affecting the development of scour hole around the piers 

should be studied jointly. The general relation among these parameters can be stated 

in a functional form as follows:

 

F ( sd , ρ, g, ν, 0d , V, α, V * , 0S , B, cK , aK , ρ s ,C, 50d , σ g , b, β, K r , K s , K g , t )=0. 

                                                                                                                                 (4.1)

     

      where “ sd ” represents the maximum local scour depth around the bridge pier. It 

is controlled by the above parameters. 

      Using these parameters, a dimensional analysis has been carried out, by using the 

Buckingham’s π theorem to determine the dimensionless parameters. V, ρ, and b has 

been selected as the repeating parameters, indicating the mass, flow and geometric 

variable. After rearranging the terms, and making the necessary computations, the 

following general relationship has been obtained: (Yıldız, 2001).

      
b
d s  =  f 1  ( gdo

V
, 

v
Vd50 , 

b
d0 , 

V
V* , 

B
d50 , 

ρ
ρρ −s , 

D
Vt

, 
b

K c , σ g , 2V
C

ρ , 
b

d50 , α,   

                        
b

K r , 0S ,  K g , β, K s , aK .)                                                              (4.2)

b Characteristic size of the pier m L
K

g

Factor indicating the group effect 

of piers - -

K s Factor indicating the effect of 

pier shape
- -

K r Roughness of pier surface m L
β Inclination angle of the pier with 

the vertical axis
- -
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4.2 Simplifying Assumptions (Yanmaz, 1989)

• Non-cohesive bed material is used in experiments, C = 0. Therefore,  2V
C

ρ  term can be 

ignored.

• Sediment  and fluid densities  are constant  (ρ  and ρ s ),  so  the term  
ρ

ρρ −s  is  constant 

throughout the experiment. 

• For a constant slope, the term 
V
V* is a function of

b
d0 , and considered in

b
d0 .

• For fully turbulent flows, effect of Reynolds number is negligible, i.e. the term 
υ

50Vd
 drops. 

• Circular piers are used in the experiments, so the angle of attack of flow in horizontal and 

factor indicating the shape of pier are ignored. (α, K s = 0)

• Surface roughness of the piers can be ignored. (K r = 0.) 

•  Bed material with 50d  = 1.44 mm is used with two different sizes of piers having diameters 

of 5 cm and 7 cm. Since 
50d
b

 value is greater than 25 for all sets of experiments, the effect 

of 
50d
b

on sd  can be ignored. 

• Straight flume bed with constant bed slope is used in the experiments, so 0S  and aK  can be 

ignored. 

• Roughness of the channel side walls can be ignored. ( cK  = 0).

• Time development of local scour can be ignored, since only equilibrium scour depth can be 

studied, and since sufficiently long flow duration has been taken. Therefore, the term 
D
Vt

 

drops.

• Group effect of piers is ignored since the analyses have been made only for the upstream face 

of the upstream pier. 

• The channel is wide enough. 50d  / B term is ignored.
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       Since local scour phenomenon depends on many different parameters, it is very 

difficult  to  study  it  analytically.  Many  scouring  parameters  vary  for  different 

experimental conditions. The effects of many other parameters, which can be ignored 

for  the  present  study,  can  be  seen  in  previous  studies  of  different  investigators. 

Therefore, it can be useful to work on some previous studies, to have an idea on all 

scouring parameters. However, it is obvious that, in all cases some of the parameters 

can  be  taken  as  constants  or  can  be  ignored,  according  to  the  experimental 

conditions. 

      By using the above simplifications, Equation 4.2 can be reduced to the following 

form:  

b
d s  = f 





 β,,0 Fr

b
d

                                                       (4.3)

      

     From Equation 4.3, it  can be seen that the relative scour depth ( bd s / )  is a 

function of three variables, namely bd /0 , Fr, and β. In this equation, Froude number 

term shows the effect of flow velocity on scour depth. In the present study, since the 

Froude number range is very small ( 189.0180.0 ≤≤ Fr ), instead of taking Froude 

number as a variable showing the effect of flow velocity in the scour equation; the 

term cVV /  representing the flow intensity has been considered. Detailed analyses of 

the effect of these variables on scour depth have been presented in Chapter 6.     

      Then,  Equation  4.4  is  obtained  showing the  functional  relationship  of  the 

parameters in scouring phenomenon, for the present study.    

                                              
b
d s = f 





β,,0

cV
V

b
d

                                                   (4.4)

      In literature there are many pier-scour equations obtained for different conditions. 

From all these equations, local scour depth around bridge piers can be computed, and 

then it is modified with respect to the effects of sediment grading (σ g ), group effect 
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of piers, relative sizes of sediment to the pier, pier shape and pier alignment, and 

vertical inclination of pier. In general, the modified form of the pier scour equation 

for different parameters can be stated as follows:

                       
ified

s

b
d

mod






 =  
computed

s

b
d








. βK . gK . sK . K σ . dK                          (4.5)

      Most equations in literature, for estimating the local scour depth around bridge 

piers are derived from different laboratory conditions; therefore they all have some 

validity  ranges.  Almost  all  empirical  formulations  come  from  the  results  of 

experimental studies, so each equation can only be used in real life, for the situations 

similar to the experimental conditions. The results of different methods differ widely 

from each other. The modified forms of the equations are used at the time to consider 

the effects of other parameters; which are not considered in the original form of the 

equation.  
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CHAPTER 5

EXPERIMENTAL STUDY

5.1 General

      Scouring phenomenon has been widely studied by many investigators up to now, 

and empirical  solutions depending on experimental  data have been obtained.  The 

empirical formulations presented by different investigators are generally limited by 

the  special  conditions  of  those  studies;  defining  the  flow,  sediment  and  channel 

characteristics.  Moreover,  almost  all  knowledge  on  scouring  phenomenon  comes 

from laboratory studies and the experimental data. Therefore, the empirical solutions 

obtained  from  experimental  studies  are  considered  to  be  valid  for  the  specified 

conditions in which they were derived. 

      To recover this problem, for real time projects, Yanmaz (2002) suggests using 

the relations obtained from the model studies, performed in similar conditions with 

the prototypes. Model studies must be compared with the prototype, considering the 

scale  effect.  Froude  number  similarity  can  be  used  to  relate  the  model  with  the 

prototype,  providing  an  opportunity  to  compare  the  flow,  sediment  and  flume 

characteristics of the model study with the real-time project.  

          

5.2 The Test Channel

      The experiments in the present study have been conducted in a concrete channel 

at the Hydromechanics Laboratory of Civil Engineering Department of Middle East  

Technical University, Ankara, Türkiye. The test channel consists of two combined 

channels: 

1. Main channel

2. Secondary channel
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      The plan and section views of the test channel and its components are shown in 

Figure 5.1a and 5.1b.  It consists of mainly 5 components:

1.  Inflow pipe.

2. Main channel.

3. Outflow pipe.

4. Settling pool.

5. Secondary channel. 

5.2.1 Inflow pipe

 

      The inflow pipe is the main water supply source for the system. Water is directed 

into the main channel by the help of this pipe, having an inner diameter of 150 mm. 

The inflow pipe can be seen in Figure C.11 in Appendix C. A valve of the same 

diameter is located on this pipe. The amount of discharge given to the channel is 

adjusted by this valve. In order not to disturb the bed material, the water is poured 

from the pipe, at a level close to the channel bed. Furthermore, the water directly 

taken from the inflow pipe is first met with the steel meshes of 160 cm height, which 

is placed at the entrance of the main channel to avoid turbulence of water.   

5.2.2 Main Channel

      Main channel is the channel of scouring. The scour measurements are taken in 

the main channel. The effective dimensions of the main channel are 14.00 m x 0.72 

m, with a wall height of 1 meter. The bottom of the channel is made of varnished 

concrete, the back side is of sheet iron, and the front side is made of glass. Steel 

meshes of 160 cm have been placed at the entrance of the channel, where the water is 

driven from the pump. Including the length of the meshes, the total length of the 

main channel is 15.60 meters. 

      The center of pier models is placed at 6.5 meters downstream of the end point of 

the meshes. The area between the sixth and the seventh meters from the end of the 

mesh is designated as the “test section”, which has a length of 1 meter and width of 
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0.72 meters. The piers have been installed in this zone, and necessary precautions 

have been taken to prevent the movement of piers by the effect of flow. Photos taken 

from the main channel, including the piers in the test section, from both downstream 

and upstream ends can be seen in Figures C.1 and C.2, in Appendix C. 

      The measurements in the test section are made with a mobile point gauge, which 

is connected to a wheeled tray, permitting us to take the measurements at different 

locations.  With  the  help  of  the  point  gauge,  water  heights  and  bed  levels  are 

measured.  

5.2.3 Outflow Pipe

      Outflow pipe is located at the end of the main channel. The water flowing in the 

main channel is diverted to the secondary channel through the outflow pipe. It is the 

outlet of the main channel. Outflow pipe has an inner diameter of 150 mm, and the 

end of it is connected to a valve of the same diameter.  The valve is used to adjust the 

amount of water diverted from the main channel to the secondary channel. By the 

help of the pipe, uniform flow is also maintained.  

5.2.4 Settling Pool

      A settling pool has been constructed at the entrance of the secondary channel, 

having the dimensions of 100 x 80 cm, and a wall height of 90 cm. Water spilling 

from the outflow pipe into the secondary channel first comes into rest in the settling 

pool. Hollow bricks and meshes are placed at the outlet of the settling pool, which 

provides a smooth and calm pass for the flow to the secondary channel. In fact, the 

aim of  constructing a  settling pool  is  to  prevent  the excessive  turbulence and to 

reduce  the  high velocity  of  the  flow,  while  entering into  the  secondary  channel. 

Without a settling pool, it would be difficult to obtain a uniform flow in such short 

channel lengths. 
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Figure 5.1a Plan View of the Test Channel

Figure 5.1b Section of the Test Channel
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5.2.5 Secondary Channel

      Secondary channel is also called as discharge measurement channel, since the 

discharge passing through the system is measured through this channel. Secondary 

channel has been made of reinforced concrete blocks constructed in the laboratory, 

which have the dimensions of 7 x 1.0 meters, with a wall height of 80 cm. The water 

diverted from the main channel through the outflow pipe is spilled into the settling 

pool  at  the  entrance  of  secondary  channel,  and  flows  through  it.  The  discharge 

passing through this channel is measured with a sharp-crested rectangular overflow 

weir, placed at the end of the channel. This discharge is also considered to be the 

discharge of the system. To calculate the discharge passing from the system, first the 

head on the weir is measured by a fixed point gauge. After flowing over the sharp-

crested weir, water follows a path of 3 meters and then flows down into laboratory 

sump.    

5.3   Materials Used

5.3.1 Bed Material            

      The experiments were conducted in the main channel, consisting of a 30 cm thick 

sand layer at its bottom. The bed material has been laid in the channel bed with a 

slope of 0.001 for the total length of the channel. There has been approximately 15 

mm difference between the bed level, at the beginning and end of the channel, since 

the channel length is about 15 meters. 

      According to the particle size distribution, the characteristic properties of the bed 

material have been determined as:

50d  = 1.44 mm,  90d  = 3.90 mm,   γs = 26.5 kN / 3m , 0.3=gσ
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      The geometric standard deviation, gσ ,  is a parameter characterizing the bed 

material  gradation.  According  to  Yanmaz,  if 3.1≤gσ ,  sediment  distribution  is 

considered to be uniform, and if 3.1>gσ , sediment is considered to be non-uniform. 

According to Breusers and Raudkivi (1991); gσ value can be calculated from one of 

the following equations:

5.0

9.15

1.84






=

d
d

gσ    or 
50

1.84

d
d

g =σ                                  (5.1)

      The particle size distribution of the sand used in the present study is shown below 

in Figure 5.2. 

 

Sieve Analysis for the range 0 - 3 mm 
sand sample 

0

50

100

0,1 1 10

Sieve Diameter

%
 F

in
er

Figure 5.2,  Particle Size Distribution of the Bed Material
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5.3.2 Piers

      The experiments have been conducted with piers of three different diameters; 2.5 

cm,  5  cm and 7 cm. Measurements  with various  flow depths  and corresponding 

discharge values have been taken. However, since it was almost impossible to obtain 

noticeable scour values with piers of 2.5 cm diameter, the experiments conducted 

with  this  pier  diameter  have  been  considered  as  preliminary  studies.  No  further 

analysis has been made for this pier diameter, since the scour values could not be 

accurately measured. 

      The scour measurements have been taken by a movable point gauge and written 

down at specified time intervals. The comparison of the measurements with different 

pier diameters is presented in this chapter, in later pages and in Table 5.6, “Summary 

of Experimental Results”. The graphs presented in Appendix A, also give a general 

idea for comparison of the results with different pier diameters. Some photos of the 

piers used during the experiments can be found in Appendix C.

5.4 Experimental Procedure

5.4.1 Determination of Water Depth and Discharge Relation

      Although the main purpose of the experiments is to measure the maximum scour 

depth; a water depth–discharge relation must first be settled. Therefore, preliminary 

experiments  have  been  conducted  in  the  channel,  to  obtain  a  relation  between 

uniform water depth and the corresponding discharge. 

      Before  an  amount  of  water  has  been  discharged  into  test  channel,  some 

preliminary measurements were taken. First, the bed level has been flattened; so that 

a constant slope is maintained. Using the point gauge, the initial bed level has been 

measured at 10 different locations, and further corrections have been made to obtain 

a constant initial bed level. Slope of the test channel was the only criteria for this 

correction. So as the initial bed level is noted, same measurements have been done 

near the pier models, just upstream and downstream of each pier, total of 4 locations.
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  Where;

• ids1 = Initial bed level, just at the upstream face of the upstream pier.

• ids2 = Initial bed level, just at the downstream face of the upstream pier

• ids3 = Initial bed level, just at the upstream face of the downstream pier

• ids4 = Initial bed level, just at the downstream face of the downstream 

pier.

    

      After all the preliminary bed level measurements have been completed, water 

was discharged into the channel, with the help of the motor-pump and the inflow 

valve. The inflow valve has been opened slowly, not to make a disturbance at the bed 

material. Starting from small discharges up to maximum discharge, water has been 

discharged into the channel with the help of the outflow control valve and outflow 

pipe.  The  outflow  control  valve  has  been  opened,  just  as  to  pass  the  desired 

discharge. At every discharge value, the amount of discharge passing through the 

system is measured by the help of the sharp crested weir, located at the downstream 

end of the secondary channel. When the head on the weir reaches to a uniform value, 

the discharge passing from the system is concluded to be constant. 

      From now on the discharge from the outflow pipe is constant, and it is time to 

adjust the inflow conditions. With small movements of the inflow valve, continuity is 

tried to be obtained. Using the point gage at the main test channel, the water height is 

measured  periodically.  When  the  water  height  in  the  channel  is  noticed  to  be 

constant, it can be concluded that, uniform flow condition has been obtained. At this 

stage, water height does not deviate with time, and there exists same water profile 

and velocity at all locations. 

      At specified time intervals, water heights in the channel have been measured, so 

as to secure the uniform flow conditions. At uniform flow, the continuity is obtained, 

so that;

           

outin QQ =                                                               (5.2)
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      Since the point gauge is movable by the support of the rollers, water heights can 

easily  be  measured  at  different  locations,  near  the  scouring  zone.  12  different 

measurements have been made at different points. Using the measured values of the 

point gauge, the average water height in the channel has been computed using the 

following formula:  

12/.........)( 0302010 +++= dddd                                (5.3)

   

      Once  the  uniform flow conditions  and  the  continuity  equation  have  been 

obtained,  the preliminary experiments are said to be finished.  Then one can start 

taking the scour measurements around the pier models. 

     By the help of the mobile point gauge, again the bed level is measured around the 

piers, and then scour measurements are taken at specified time intervals. The scour 

value taken at the maxt , is considered to be the maximum value of scour, maxsd . 

      After the last measurement, at t= maxt , the experiment is said to be finished, and 

the system is shut down. The water in the channel is emptied, and the pump is shut 

down, and the system has been prepared for the next experiment.

      In these experiments, the first two measurements are taken at 1t  = 15 min and 

=2t 30 min, and then at every 30 minutes, until the duration of t = 240 minutes has 

been reached.

5.4.2 Determination of V, *V , τ, cτ

      The flow parameters, such as mean flow velocity, shear velocity, shear stress and 

critical  shear  stress  must  be  known  in  order  to  characterize  the  flow.  In  this 

experimental  study,  these  parameters  were  planned  to  be  found  from  the 

experimental data, depending on some theoretical formulations.

    During  the  experiments,  the  discharge  (Q)  values  were  calculated  from the 

secondary channel; using the head on the sharp crested weir, depending on Rehbock 

Equation. Obtaining the Q value, the flow velocity is calculated from:
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A
QV =                                                                   (5.4)

      where A is the net flow area in 2m ,  and Q is in sm /3 .

      The shear velocity, *V , is calculated using the following equation:

                         0* gRSV =                                                         (5.5)

  

      where g is the gravitational acceleration, R is the hydraulic radius, and 0S  is the 

channel bottom slope.

      The shear stress,  τ  is  related to the channel  bottom slope and the channel 

geometry:

                                

                          0RSγτ =   or 2
*Vρτ =                                               (5.6)

      where γ is the specific weight of the water, and ρ is the density of the water. 

      

      Finally, the critical shear stress value, cτ , is found from the Shield’s diagram. cτ  

only  depends  on  the  median  sediment  size, 50d .  In  the  present  study,  since  an 

armoring of the bed has been seen, the critical shear stress value is obtained for the 

particle size of the armored bed, ad50 . Median particle size of the armored bed, ad50 , 

is found from the following equation:

                                                 
8.1

max
50

d
d a =                                                             (5.7)

      where  maxd is  the maximum size of  the  bed  material,  obtained from sieve 

analysis. 

      Critical shear velocity, cV* , can be calculated from the following formulation:
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ρ
τ c

cV =*                                                               (5.8)

      Critical velocity, cV , can be calculated from Equation 5.9 below, suggested by 

Melville (1997):

                                              )53.5log(75.5
50

0

* d
d

V
V

c

c =                                           (5.9)

5.4.3 Determination of Head on the Sharp Crested Weir

      Head on the sharp-crested rectangular weir having the width of 50 cm and the 

height of 17 cm is computed from the formula derived for sharp-crested weirs, stated 

by Rehbock. 

     The rectangular weir used to measure the discharge passing through the system, 

can be seen in Figure 5.3 below.

           

Figure 5.3 Sharp Crested Rectangular Weir
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      Discharge on the sharp-crested rectangular weir without side contraction can be 

calculated from the following formula:

                                  Q = 
3
2

 B g2 dC  2
3

H                                                         (5.10) 

                                dC  = 0.611 + 0.08 * 
W
H

                                                        (5.11)

      where,   Q = Discharge ( 3m /sec)

                     H = Head on the sharp-crested weir (m)

                     B = Weir width (m)

                     W = Height of the sharp-crested weir (0.17 m)

                    dC  = Discharge coefficient.

      The Rehbock Equation for the discharge coefficient, dC , is valid for the following 

condition:

H / W < 5

 5.5 Modeling Techniques and Scale of Study

      Because of its complicated nature,  scouring studies require physical  model 

studies. Generally, a small scale physical model is a much powerful tool. In these 

studies, techniques involve laws satisfying the similarity between the physical model 

and the prototype. Froude number similarity is a widely used type of similarity for 

free-surface flows, as preferred in our studies. Froude number similarity depends on 

the  equality  of  the  Froude  number,  of  the  prototype  and  the  model.  In  this 

application, a scale for the similarity has been predefined, according to the field and 

laboratory conditions. 

      The mathematical form of the Froude number similarity is as follows:
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      where the “m” indices define the mean velocity, gravitational acceleration and 

length  values  for  the  model;  and  “p”  indices  define  the  same  properties  for  the 

prototype.

      In the present study, comparisons of the discharges, pier diameters and flow 

durations for the physical model and the prototype have been made. Since the pier 

diameter, the discharge and the flow duration values have been predefined from the 

preliminary  studies  for  the  physical  model;  the  corresponding  values  for  the 

prototype  can  be  calculated  for  different  scale  values.  Examining  the  calculated 

values for different scale values, the experimental study that has been worked on was 

decided to possess a scale of 1 / 25.  In other words,  
p

m

L
L

   has been decided to be 

1/25; where mL  and pL  are the characteristic lengths of the model and the prototype 

respectively.

      Using the Froude number similarity, and making the necessary simplifications, 

the following prototype expressions have been obtained for the discharge and time 

scales:
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where, 

             pQ  = Discharge of the prototype ( sm /3 )

             mQ = Discharge of the model ( sm /3 )

             pL  = Length of the prototype (m)

             mL  = Length of the model (m)
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              pT  = Time duration for the prototype (hour)

              mT  = Time duration for the model (hour)

              pb  = Pier diameter of the prototype (m)

              mb  = Pier diameter of the model (m) 

      Here, the term 
p

m

L
L

 defines the scale, 1 / 25 for our case.  Substituting the 
p

m

L
L

 

value into the Equations 5.10, for the predefined discharge, pier diameter and time 

values of the model ( mQ , mb , mT  ), the corresponding values for the prototype ( pQ ,

pb , pT ) has been calculated. 

      Table  5.1  gives  the values  of  the  discharges,  pier  diameters  and  the  flow 

durations for both the model and the prototype comparatively, for the 1 / 25 scale. 

The bold cells show some of the values of the discharge, time and pier diameter that 

have been used in our physical model studies.
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Table 5.1 Model and Prototype Values depending on the Froude Number Similarity

Lm/Lp= 0.04 (1 / 25)

Qm( slt /
) Qp( sm /3 ) Tm(hrs) Tp(hrs)

mb  
(cm) pb (cm)

5 15.63 1 5.00 2.00 50.00
6 18.75 2 10.00 2.50 62.50
7 21.88 3 15.00 3.00 75.00
8 25.00 4 20.00 3.50 87.50
9 28.13 5 25.00 4.00 100.00

10 31.25 6 30.00 4.50 112.50
11 34.38 7 35.00 5.00 125.00
12 37.50 8 40.00 5.50 137.50
13 40.63 9 45.00 6.00 150.00
14 43.75 10 50.00 6.50 162.50
15 46.88 11 55.00 7.00 175.00
16 50.00 12 60.00
17 53.13 13 65.00
18 56.25 14 70.00
19 59.38 15 75.00
20 62.50 16 80.00
21 65.63 17 85.00
22 68.75 18 90.00
23 71.88 19 95.00
24 75.00 20 100.00
25 78.13 21 105.00
26 81.25 22 110.00
27 84.38 23 115.00
28 87.50 24 120.00
29 90.63
30 93.75
31 96.88
32 100.00
33 103.13
34 106.25
35 109.38
36 112.50
37 115.63
38 118.75
39 121.88
40 125.00
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5.6 Scope of the Experiments

      This study is an experimental  investigation,  so the obtained results and the 

conclusions  will  mainly  depend  on  the  experimental  data.  Therefore,  careful 

conduction of the experiments is of major importance. The experimental conditions 

maintained and the necessary assumptions made while carrying out the experiments 

can be summarized as follows:

• Only  clear-water  conditions  have  been  studied.  This  means  that,  no 

sediment inflow from upstream has been allowed.

• Only cylindrical bridge pier models have been used during the experiments. 

The experiments had been conducted with cylindrical piers of diameter 25, 

50 and 70 mm. To have a chance to investigate the effect of pier size in 

various flow discharges, experiments were conducted with piers of different 

sizes. However, since the scour depths around the piers of 25 mm diameter 

were so small that they were considered negligible; the measurements with 

this pier size were not be analyzed. 

• Bed  material  with  the  characteristics  of  44.150 =d mm,  =90d 3.87  mm, 

0.3=gσ  and the specific weight  =sγ 26.5 kN /  3m has been used during 

the experiments. 

• Bed material is laid with a slope of =0S 0.001 and smoothened before each 

            run. After the conduction of a set of experiment, due to the scour that 

occurs around the piers, the bed level is eroded. Therefore, before starting a 

new set, new bed material is added to the system in order to replace for the 

eroded one, and the bed level is flattened according to the slope value. A 

line was drawn, to obey the slope, and the new bed material is laid at the 

bottom  with  the  reference  of  the  slope  line.  Figures  C.8  and  C.9  in 

Appendix C show the channel bottom after a set of experiment, at which the 

channel bed has been eroded. 

• During the experiments, scour depths have been measured at four different 

locations at specified time interval. As stated before in Section 5.4.1, the 
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scour measurements were taken at the upstream face of the upstream pier, 

downstream face of the upstream pier;  upstream face of the downstream 

pier, and finally downstream side of the downstream pier; 1sd , 2sd , 3sd , and 

h, respectively. Although scour data have been taken at all these four points, 

the analysis will be made mainly for the data at the upstream face of the 

upstream pier, 1sd ; since it is expected to be the largest value of the scour. 

Figure  5.4  gives  a  better  understanding  for  the  four  different  locations, 

where the scour measurements have been taken. At downstream side of the 

downstream pier,  a  deposition  occurs  instead  of  scouring.  The  term “h” 

represents the amount of deposition at downstream side of the downstream 

pier.    

• The scour measurements have been taken relative to the initial bed level, by

              means of a point gauge. The measured scour values during the experiments 

at  specified time intervals have been used to obtain graphs showing the 

temporal development of clear-water scour. These graphs will be presented 

in the following chapters. 

• The  termination  time,  maxt ,  of  the  experiments  has  been  decided  in 

preliminary  studies,  by  working  on  the  graphs  showing  the  temporal 

development of scour.

• The experiments have been performed for vertical inclination angles, β= 00  

(vertical pier),  ,10,5 00  and 015 . The comparison of the results with these 

different inclination angles will be presented in the following chapters.

• During the experiments, uniform flow conditions were maintained.

• The pier configuration in Figure 5.4 was built for practical reasons for the 

conduction of the experiments in the scope of this study. The more feasible 

or applicable configurations would be as shown in Figure 5.5. 
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Figure 5.4 Definition of the scour depths

Figure 5.5 Recommended configurations for practical applications
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5.7 Experiments with Vertical Piers (β= 00 )

      The experimental data obtained from the vertically mounted piers have been 

listed in Table 5.2. As seen from the table, 9 experiments have been conducted at this 

pier inclination angle, 00=β , six of them were with 5 cm pier diameter and three of 

them were with 7 cm diameters. 

      In  the  study,  same discharge  values  have  been  used  for  the  two different 

diameters of the piers, corresponding to the same approach flow depths, 0d . In this 

pier inclination angle, the last column stated as “In Between” represents the data 

obtained at a location in between the two pier models. The negative sign represents 

that, an aggradation, not scour, occurs at that location. 

      During the experiments, it was observed that the maximum scour depths have 

been obtained at the upstream face of the upstream pier, 1sd . Table 5.2 shows that an 

aggradation takes place at the downstream side of the downstream pier. As expected 

from the  studies  of  previous  researchers,  it  has  been  observed  that  scour  depths 

increase as the discharge values increase. 

      For these sets of experiments, vertically mounted piers, the piers are placed at 30 

cm apart. As explained in Section 3.9, according to the classification of pier groups 

by Başak et al. (1975), experiments in the present study fall into the second category; 

a < 40b,  since the “b” values are 5 and 7 cm. 

5.8 Experiments Conducted with β = 05

      The list of the experiments conducted with pier inclination angle, β =  05  is 

shown in Table 5.3. In this case, there are 6 sets of experiments conducted with 5 cm 

pier diameters. The experiments with pier inclination of 5 degrees have not been 

conducted with the piers of 7 cm diameter. This is because the data obtained for the β 

values of 5 degrees and 10 degrees were very close for the piers of 5 cm diameter. 

Therefore, it has been decided to omit the experiments with pier diameters of 7 cm 

for this inclination angle. 
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Table 5.2 Experiments conducted with  00=β

Exp. No
Pier 
Diameter(cm) Q(lt/s)

0d
(cm)

1sd
(mm)

2sd
(mm)

3sd
(mm)

h (mm) In 
Between

1 5 5.674 5.80 30.00 18.0 21.0 7.0 -5.0
2 5 8.459 7.50 32.60 20.0 20.0 6.5 -8.0
3 5 14.050 10.50 34.70 17.0 18.0 6.5 -9.0
4 5 18.594 12.50 35.70 22.0 24.0 8.0 -11.5
5 5 23.732 14.60 37.80 22.5 26.0 11.0 -13.0
6 5 31.209 17.50 41.30 22.5 24.0 8.5 -11.5
7 7 8.459 7.50 44.00 31.0 25.0 13.5 -15.0
8 7 18.594 12.50 49.20 34.5 34.0 14.5 -21.0
9 7 31.209 17.50 51.30 33.0 34.0 13.5 -26.0

      During the experiments, as can be seen from Table 5.3 below, it was observed 

that the scour depths obtained with this pier inclination angle are smaller than the 

scour depths obtained for vertical piers,  β= 00 . 

      From the experimental results, it was observed that the 2sd  and 3sd  values are 

close to each other. It can also be observed that an aggradation takes place at the 

downstream side of the downstream pier, independent of pier inclination angle. For 

this inclination angle, no measurement has been taken in between the piers, because 

of the limitations of the point gauge.

Table 5.3 Experiments conducted with β = 05 .

Exp. No Pier Diameter(cm) Q(lt/s) 0d (cm) 1sd (mm) 2sd (mm) 3sd (mm) h (mm)

1 5 5.674 5.80 25.80 15.0 17.0 8.0
2 5 8.459 7.50 27.90 20.0 18.0 10.0
3 5 14.050 10.50 29.00 23.0 16.5 7.0
4 5 18.594 12.50 30.60 17.0 14.5 11.0
5 5 23.732 14.60 34.00 24.0 19.0 13.0
6 5 31.209 17.50 40.50 25.0 23.0 12.0
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5.9 Experiments Conducted with β = 010

      The list of the experiments conducted with pier inclination angle, β = 010 ,  are 

shown in Table 5.4.  As can be seen form this table, 9 sets of experiments have been 

conducted at this inclination angle, six of which with the piers of 5 cm diameters, and 

three of which were with the piers of 7 cm diameters. 

      In these sets of experiments, again it was observed that maximum scour depths 

decrease  as  the  pier  inclination  angle,  β  increases.  The  1sd  values  of  this  pier 

inclination are smaller than the scour depths of both the vertical pier, 00=β , and  β=

05 . 

Table 5.4 Experiments conducted with β = 010

Exp. No Pier Diameter(cm) Q(lt/s) 0d (cm) 1sd (mm) 2sd (mm) 3sd (mm) h (mm)

1 5 5.674 5.80 22.30 13.0 14.0 6.5
2 5 8.459 7.50 23.80 14.0 11.0 7.0
3 5 14.050 10.50 25.20 16.0 15.0 9.0
4 5 18.594 12.50 26.50 16.5 17.0 8.5
5 5 23.732 14.60 30.50 20.0 24.0 11.5
6 5 31.209 17.50 32.80 24.0 22.0 9.5
7 7 8.459 7.50 32.70 23.0 18.0 13.0
8 7 18.594 12.50 36.50 26.0 26.0 14.5
9 7 31.209 17.50 37.40 32.0 25.0 16.5

      As observed from Table 5.4 above, as the scour depths decrease, the aggradation 

at the downstream side of the downstream pier also decreases. Aggradation occurs as 

the dislocated grains from upstream are transported downstream. Therefore, as the 

erosion from upstream decreases, the transportation of the grains downstream also 

decreases. 
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5.10 Experiments Conducted with β = 015

      The list of the experiments conducted with pier inclination angle, β = 015 , is 

shown in Table 5.5.  As can be seen from the table, again 9 sets of experiments have 

been  conducted  at  this  inclination  angle,  six  of  which  with  the  piers  of  5  cm 

diameter, and three of which were with the piers of 7 cm diameter. 

      During the experiments it was again observed that the scour depths decrease as 

the pier  inclination angle  increases.  The  scour  values  of  this  pier  inclination  are 

smaller than the scour depths obtained previously for 00=β , 05 and 010  as expected.

     In this case, again the decrease in scour depths are seen not only for the maximum 

scour depth, 1sd ; but also for the values of 2sd  and 3sd . As seen from the table, it can 

be  observed  that  2sd  and  3sd  values  are  very  close,  i.e.  the  scour  depth  at  the 

downstream side of the upstream pier is very close to the scour depth at the upstream 

face of the downstream pier.  

Table 5.5 Experiments conducted with β = 015 .

Exp. No Pier Diameter(cm) Q(lt/s) 0d (cm) 1sd (mm) 2sd (mm) 3sd (mm) h (mm)

1 5 5.674 5.80 15.60 6.0 6.5 4.0
2 5 8.459 7.50 18.80 11.0 12.0 5.0
3 5 14.050 10.50 20.00 11.0 12.5 5.0
4 5 18.594 12.50 21.50 15.0 14.0 6.5
5 5 23.732 14.60 23.20 16.0 17.0 4.5
6 5 31.209 17.50 25.40 16.0 18.0 6.0
7 7 8.459 7.50 26.00 19.0 12.0 8.0
8 7 18.594 12.50 29.50 22.5 15.0 10.5
9 7 31.209 17.50 30.70 24.0 17.0 12.0
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      In Table 5.6, the summary of the experimental results has been given, which is a 

combination  of  Tables  5.2  through 5.5.  From the  table,  one  can  observe  all  the 

experimental data for both pier dimensions of 5 and 7 cm. Moreover, from Table 5.6, 

a comparison of the scour data can be made for different approach flow depths and 

the corresponding discharges. In Table 5.6, scour measurements are given at all of 

the  four  locations,  represented  by  1sd , 2sd ,  3sd  and  h.  Only  for  the  vertically 

mounted piers, i.e. 00=β , a fifth measurement has been taken as the aggradation in 

between  the  piers.  For  inclined  piers,  although  there  has  been  an  amount  of 

deposition  between the  piers,  it  was  not  possible  to  take  measurements  at  those 

locations, due to the limitations of the point gauge. 

      The temporal variation of the maximum relative scour depths, 1sd /b, has been 

presented in Appendix A for different values of relative scour depths ( bd /0 ). In all 

these graphs, the vertical axis shown as “ bd s / ”; in fact represents the relative scour 

depths  for  the  maximum  values  of  scour,  i.e.  1sd .  Again  in  this  section  “ 1sd ” 

represents the scour depth at the upstream face of the upstream pier, which is proved 

to be the maximum depth of scour.    
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Table 5.6 Summary of the Experimental Results

Exp. 
No

   Pier 
Diamete
r

Q(lt/s) Froude 
number

     
β

0d
(cm)

bd /0
1sd (mm) 2sd

(mm)
3sd

(mm)
h (mm)

In 
Betwee
n

1 5 5.674 0.1801 0 5.80 1.16 30.00 18.0 21.0 -7.0 -5.0

2 5 8.459 0.1826 0 7.50 1.50 32.60 20.0 20.0 -6.5 -8.0

3 5 14.05
0

0.1831 0 10.50 2.10 34.70 17.0 18.0 -6.5 -9.0

4 5 18.59
4

0.1866 0 12.50 2.50 35.70 22.0 24.0 -8.0 -11.5

5 5 23.73
2

0.1886 0 14.60 2.92 37.80 22.5 26.0 -11.0 -13.0

6 5 31.20
9

0.1890 0 17.50 3.50 41.30 22.5 24.0 -8.5 -11.5

7 5 5.674 0.1801 5 5.80 1.16 25.80 15.0 17.0 -8.0

8 5 8.459 0.1826 5 7.50 1.50 27.90 20.0 18.0 -10.0

9 5 14.05
0

0.1831 5 10.50 2.10 29.00 23.0 16.5 -7.0

10 5 18.59
4

0.1866 5 12.50 2.50 30.60 17.0 14.5 -11.0

11 5 23.73
2

0.1886 5 14.60 2.92 34.00 24.0 19.0 -13.0

12 5 31.20
9

0.1890 5 17.50 3.50 40.50 25.0 23.0 -12.0

13 5 5.674 0.1801 10 5.80 1.16 22.30 13.0 14.0 -6.5

14 5 8.459 0.1826 10 7.50 1.50 23.80 14.0 11.0 -7.0

15 5 14.05
0

0.1831 10 10.50 2.10 25.20 16.0 15.0 -9.0

16 5 18.59
4

0.1866 10 12.50 2.50 26.50 16.5 17.0 -8.5

17 5 23.73
2

0.1886 10 14.60 2.92 30.50 20.0 24.0 -11.5

18 5 31.20
9

0.1890 10 17.50 3.50 32.80 24.0 22.0 -9.5

19 5 5.674 0.1801 15 5.80 1.16 15.60 6.0 6.5 -4.0

20 5 8.459 0.1826 15 7.50 1.50 18.80 11.0 12.0 -5.0

21 5 14.05
0

0.1831 15 10.50 2.10 20.00 11.0 12.5 -5.0

22 5 18.59
4

0.1866 15 12.50 2.50 21.50 15.0 14.0 -6.5

23 5 23.73
2

0.1886 15 14.60 2.92 23.20 16.0 17.0 -4.5

24 5 31.20
9

0.1890 15 17.50 3.50 25.40 16.0 18.0 -6.0

25 7 8.459 0.1826 0 7.50 1.07 44.00 31.0 25.0 -13.5 -15.0

26 7 18.59
4

0.1866 0 12.50 1.79 49.20 34.5 34.0 -14.5 -21.0

27 7 31.20
9

0.1890 0 17.50 2.50 51.30 33.0 34.0 -13.5 -26.0

28 7 8.459 0.1826 10 7.50 1.07 32.70 23.0 18.0 -13.0

29 7 18.59
4

0.1866 10 12.50 1.79 36.50 26.0 26.0 -14.5

30 7 31.20
9

0.1890 10 17.50 2.50 37.40 27.0 25.0 -16.5

31 7 8.459 0.1826 15 7.50 1.07 26.00 19.0 12.0 -8.0

32 7 18.59
4

0.1866 15 12.50 1.79 29.50 22.5 15.0 -10.5

33 7 31.20
9

0.1890 15 17.50 2.50 30.70 24.0 17.0 -12.0
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Figure 5.6 Variation of scour depth with respect to time for various flow depths for 

β=0 degrees, for b= 5cm.
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Figure 5.7 Variation of bd s /  with respect to max/ tt  for various flow depths for β=0 

degrees, for b= 5cm.
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Figure 5.8 Variation of scour depth with respect to time for various flow depths for 

b= 5 cm and β=5 degrees
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Figure 5.9 Variation of bd s /  with respect to max/ tt  for b= 5 cm and β= 5 degrees 
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Figure 5.10 Variation of scour depth with respect to time for various flow depths for 

b= 5 cm and β= 10 degrees
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Figure 5.11 Variation of bd s /  with respect to max/ tt  for various flow depths for b= 

5 cm and β= 10 degrees
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Figure 5.12 Variation of scour depth with respect to time for various flow depths for 

b= 5 cm and β=15 degrees
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Figure 5.13 Variation of bd s /  with respect to max/ tt  for various flow depths for b= 

5 cm and β=15 degrees
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Figure 5.14 Variation of scour depth with respect to time for different flow depths, 

b= 7 cm and β=0 degrees
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Figure 5.15 Variation of bd s /   with respect to max/ tt  for different flow depths, b= 7 

cm and β=0 degrees
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Figure 5.16 Variation of scour depth with respect to time for b= 7 cm and β=10 

degrees.
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Figure 5.17 Variation of bd s /  with respect to max/ tt  for b= 7 cm and β=10 degrees.
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Figure 5.18 Variation of scour depth with respect to time for b=7 cm and β=15 
degrees
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Figure 5.19 Variation of bd s /  with respect to max/ tt  for b=7 cm and β=15 degrees
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CHAPTER 6

ANALYSIS AND DISCUSSION OF EXPERIMENTAL RESULTS

      The results of the experimental study in the scope of this thesis will be examined 

in detail in this chapter comparing them with previous ones. 

      Although scour depths around the piers have been measured at four different 

major points, all analyses have been performed for the maximum value of the scour 

depth, i.e. scour depth at the upstream face of the upstream pier. 

      Observations made during the conduction of the experiments will be presented in 

this chapter in detail, and discussion of the results will be done. 

6.1 Observations Made During the Experiments

      Throughout the conduction of the experiments some important observations 

related with the pier-scour phenomenon have been made. 

1. As the pier diameters increase, the scour depths at all three locations and the 

amount  of  aggradation  downstream  of  the  downstream  pier  increase 

considerably as can be seen in Table 5.6. But as the pier size increases, not 

only the depths of scour, but also the volume of scour zone increases. The 

scoured  area  expands  in  all  directions,  and  the  radius  of  the  scour  hole 

increases. 

2. As explained in Chapter 5, an aggradation takes place at the downstream side 

of  the  downstream  pier.  The  height  of  this  transported  material,  “h”,  is 

proportional to the scour that occurs at upstream of the upstream pier. As the 

pier  inclination  angle  increases,  the  erosion  of  particles  from  upstream 

vanishes. Consequently, since the strength of the vortices that transport the 

particles downstream decreases, the amount of aggradation also decreases. 

This  aggradation  occurs  at  points  almost  between  “b-2b”  distances 

downstream of the downstream pier. 

76



3. As  the  pier  inclination  angle,  β,  increases;  the  scour  depths  decrease. 

However,  geometrically,  as  the  inclination  angle  increases,  the  distance 

between the piers gets larger; since the lengths of the pier models have been 

kept constant throughout the experiments. When there is a considerable gap 

between the  upstream and downstream piers,  some amount  of  transported 

particles gather in between the piers. This accumulation may cause problems 

at later times. 

4. The aggradation that occurs at the downstream side of the downstream pier 

considerably decreases for  015=β  and for 00=β . This may be because of 

the spacing of the piers. The eroded particles from the upstream accumulates 

in between the piers, since the pier spacing is very large, and only a small 

portion of the transported material can reach  downstream side. 

5. The rate of scour hole development is higher in the earlier stages of each run, 

and  then  decreases  as  time  passes  and  approaches  asymptotically  to  an 

equilibrium value. 

6.2 Results of the Present Study

      The graphs showing the temporal development of scour depths ( sd  vs t) are 

presented in Chapter 5, in Figures 5.6 through 5.19, plotted at the end of each set up, 

during  the  conduction  of  the  experiments.  Graphs  presented  in  Appendix  A  are 

plotted for each relative approach flow depth value, ( bd /0 ); giving a comparison for 

the pier inclination angles. 

      The graphs presented in Chapter 5, in Figures 5.6 through 5.19, also give the 

relations between relative scour depths and relative time values ( sd /b versus t/ maxt ).  

      The experimental results seen in Table 5.6 have been used to prepare all the 

graphs. Using the data of the experimental results, the relation between  cVV /  and 

the scour depth ( sd /b vs cVV / ) for different pier sizes and for each pier inclination 

angle has also been plotted in Appendix A. Moreover, the relative scour depths as a 

function of relative flow depths ( sd /b vs  bd /0 ) for each pier inclination angle, β, 
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have been plotted. The effect of the pier inclination angle on the relative scour depths 

( sd /b versus β) have been plotted with respect to different bd /0 values. 

      Using these graphs, one can easily make a comparison of the scour depths 

obtained  for  different  approach  flow  depth  values  and  the  two  different  pier 

diameters, (b = 5 cm and b = 7 cm). Consequently, it is possible to have an idea for 

the effect of pier inclination angles on the scour depths, for again many flow depths 

and for different cVV /  values. 

6.3 Comparison of the Present Study with the Previous One

      According to the dimensional analysis presented in Chapter 4, local scour depths 

around the piers have been proven to be a function of the relative flow depth, ( bd /0 )

, flow intensity ( cVV / ), and pier inclination angle with vertical, β. 

                                                   
b
d s  = f 
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V

b
d

                                             (4.4)

      After the regression analysis procedure explained in detail in Appendix B, the 

following formulations have been obtained with the given correlation coefficients, 

for each inclination angle:  

i)         00=β  
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iii)    010=β
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     with   r = 0.923                            (6.3)

iv) 015=β
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     with   r = 0.952                            (6.4)

      where r is the correlation coefficient for the linear regression analysis.

      Equations above can be compared for the pier-scour equations of the previous 

researchers, carried out in clear-water conditions with circular bridge piers;  but most 

of which with vertical piers. Only the equations of Yıldız (2001) represent a study for 

inclined piers. So, the most important comparison can be with his equations.

       Yıldız, (2001);
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6.4 Practical Application (1)

      Initially, it was desired to make a comparison of the scour depths expected from 

the Equations of Yıldız (2001) and the equations of the present study. In the present 

study, the analyses are made for the maximum value of the scour, 1sd ,  i.e.  scour 

depths at the upstream face of the upstream pier, same as Yıldız (2001). However, 

the physical conditions of the experiments are too different to allow such a practical 

comparison. The Froude number range of Yıldız was 0.490-0.546, while the Froude 

number range in the present study is 0.180-0.189. Therefore the equations of the 

present study considers  cVV /  term as a variable of the regression analysis, while 

Yıldız (2001) considers Froude number as a variable in his pier-scour equations. 

Besides,  Yıldız  performed the  experiments  with  uniform sediments,  while  in  the 

present  study,  non-uniform bed material  has  been  used,  with  a  gσ value  of  3.0, 

decreasing  the  scour  depths.  So  a  practical  application  is  only  logical  under  the 

validity range of the present study. The comparison is therefore can only be made for 

the present study within different inclination angles. 

      Let us take a circular pier of 1 meter diameter. The water depth is assumed to be 

1.5 meter. In order to stay in clear-water conditions close to the flow intensity range 

of the present study, the flow intensity ( cVV / ) term is taken to be 0.25.

      Scour depth values computed from the formulas of the present study are given in 

Table 6.1. 

      As can be seen from Table 6.1, maximum value of scour depths decrease when 

pier  inclination  increases.  When  considered  with  the  vertical  pier,  β= 00 ,  the 

reduction in scour depths are 13.3 %, 28.7 %, and 42.2 % for β= 05 , β= 010 , β= 015  

respectively.
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Table 6.1 Results of Practical Application (1)

Equation # Inclination Method by sd  (meter)
6.1 00 Present study 0.677
6.2 05 Present study 0.587
6.3 010 Present study 0.483
6.4 015 Present study 0.391

            Although the analyses are made only for the upstream face of upstream pier,

1sd , it can be observed from the experimental results that the scour depths at the 

other locations will have the same manner. 

6.5   Practical Application (2)

      The pier-scour equations obtained from the present study represent the behavior 

of scour, but valid only in the range of the experimental data, and the characteristics 

of the bed material of the related study. The experiments have been conducted for 

different  approach flow depths,  different  flow intensity  values  and four  different 

inclination angles of the pier; each repeated for the two pier diameters of 5 and 7 cm. 

    In the present study, the experiments have been performed with a bed material 

having the median size of 50d =1.44 mm, and the standard geometric deviation of gσ

=3.0. Hence, bed material is considered as non-uniform. Most pier-scour equations in 

literature work for uniform sediments such that a modification for the scour values is 

necessary to consider the effect of sediment gradation. In Part 3.3, a correction factor 

σK has been introduced to recover this problem.

      To make a proper comparison of the present study with the previous ones with a 

practical application, pier-scour equations valid for all cases (general scour) should 

be used.  The methods introduced by Melville  (1997),  and Richardson and Davis 
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(2001) are such types of methods; both of which are widely used. Yanmaz (2002) 

states that the method of Richardson and Davis is widely used in the US, and also 

known as the CSU equation in literature.  

      Melville (1997) proposes the following equation which depends on the detailed 

analysis of all scouring parameters;

                                               αKKKKKd sdIybs =                                                (6.5)

      where  αKKKKK sdIyb ,,,,  are  the  correction  factors  for  flow depth,  flow 

intensity, sediment size, pier shape and pier alignment respectively. 

      Richardson and Davis propose the following equation;

                                     ( ) 43.0
35.0

00.2 Fr
b
dKKKK

b
d
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s 


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
= α                                  (6.6)

      where zbs KKKK ,,, α  are the correction factors for pier shape, pier alignment, 

sediment and armoring effect. According to Melville and Coleman (2000),  zK  can 

be treated as σK , showing the effect of sediment gradation. 

      Using these two equations (Equations 6.5 and 6.6) and the equations of the 

present study (Equations 6.1 through 6.4); it is desired to determine the maximum 

scour depth in a model study, for a bridge pier model of 5 cm diameter, and a water 

depth of 12.5 cm. Using the channel characteristics of the present study, it gives a 

cVV /  value  of  0.2691 and a  velocity  of  0.1858 m /  sec.  According  to  Melville 

(1997), the correction factors in Equation 6.5 are defined as follows: 

                      ybK = 2.4                          for 0/ db  < 0.7                                         (3.2)

                      ybK = bd02                   for  5/7.0 0 ≤≤ db                                    (3.3)

                      ybK = 4.5 0d                      for 0/ db  > 5                                            (3.4)
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                          )24.2log(57.0
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bK d =           for 25/ 50 ≤db                              (6.8)

                            0.1=dK                                 for 25/ 50 >db                              (6.9)

0.1=sK   (for circular piers)

      Using these definitions for the corrections factors defined by Melville (1997), the 

following values were obtained:

12=ybK    444.0=IK   0.1=sK  75.0=dK   and 0.1=αK .

      According to Richardson and Davis (2001), correction factors in Equation 6.6 are 

defined as follows:

 

1.1=bK   for clear-water scour

0.1=sK   for circular piers

 

                                                     15.04.0 Rz uK =                                                   (6.10)

      where                                    
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      The minimum value of  zK  is suggested to be 0.4.  The velocities in Equation 

6.11 are defined as follows:
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      where                           3/16/1
019.6 xcd ddu

x
=                                                    (6.13)

      Using these definitions for the correction factors, the following values were 

obtained:

zK = 0.4  1.1=bK   0.1=sK  and .0.1=αK

      The results obtained from the three different equations are shown below in Table 

6.2.       

Table 6.2 Results of the Comparative Application

Equation # Inclination Method by ds (mm)
6.1 00 Present study 36.7
6.2 05 Present study 32.6
6.3 010 Present study 28.1
6.4 015 Present study 21.8
6.5 Vertical Melville (1997) 39.9

6.6 Vertical
Richardson and 

Davis
29.5
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions   

      The aim of the present study is to examine the effect of pier inclination on local 

scour  depths,  in case of  dual  piers  in the cross-section.  The former study of  the 

present  investigation  by  Yıldız  (2001)  aimed  to  determine  the  effect  of  pier 

inclination with vertical for a single pier. This follow up study aimed to improve the 

previous one, analysing the effect of pier inclination in case of dual symmetrical 

piers.

      The  former  investigation  studied  with  single  pier  was  only  pure  research. 

Basically, it is not practical to construct an inclined single pier at all, -although the 

scour depths decrease- for that configuration. In case of dual bridge piers, although it 

seems more feasible than a single pier in structural point of view, there still exists a 

problem  of  feasibility  for  the  constructional  purposes.  Therefore,  bridges  with 

inclined dual piers must be controlled both hydraulically and structurally in order to 

decide whether it is feasible or not.

      This experimental study is only an exercise from the hydraulic point of view. 

However,  since  bridges  are  interdisciplinary  subjects  of  hydraulic,  structural  and 

transportation engineering, it is not possible to decide the feasibility of constructing 

inclined dual piers at this stage. The conclusions of the present study only give an 

idea  for  the  effect  of  pier  inclination  on  local  scour  depth.  Therefore,  detailed 

analyses and studies involving the structural and economical considerations should 

be made before obtaining a valid general statement.           

      To examine the effect of pier inclination, experiments were performed under 

clear-water  conditions,  with  a  bed  material  of  characteristic  sediment  size  of 

44.150 =d mm, over a constant bed slope of 0S =0.001 with circular piers of 5 and 7 

cm diameters. To gain a better understanding of the parameters affecting the scour 

depth,  the  experiments  were  conducted  for  different  discharge  values.  The 
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termination time ( maxt ) of the experiments was decided by the help of preliminary 

experiments. Once it was observed that, the scour depths did not change with time at 

some point,  it  was concluded to  stop the experiment  at  that  point.  In  all  sets  of 

experiments, the termination time ( maxt ), has been taken to be 240 minutes. 

      Within the scope of the experiments, the following can be concluded:

1. When the two symmetrical piers are considered, an accumulation occurs in 

between the piers, if the piers are placed at a certain distance away. Since 

some of the transported particles may deposit between the piers, the amount 

of aggradation at the downstream face of the downstream pier decreases.

2. The vertical component of the downflow and the horseshoe vortex lose their 

strength as the pier inclination angle, β, increases. All the scour depth values 

consequently decrease.

3. When pier inclination angle, β, increases scour depths decrease. However, 

since inclination angle increases, the opening between the piers increase; and 

a problem of sand accumulation between the two piers may take place.

7.2 Recommendations

      The  following  can  be  recommended  for  future  studies  and  for  practical 

applications:

1. In the present study, the experiments were conducted for two symmetrical 

piers  in  cross-section.  (dual  piers).  In  future  studies,  the  tests  can  be 

performed using more pier models grouped together.

2. In the present study, non-uniform bed material has been used throughout the 

conduction of experiments ( 0.3≈gσ ). In future studies, experiments can be 
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performed with uniform bed materials and/or different  gσ values, such that 

gσ  will be another independent variable.

3. The experiments in the present study have been carried out with two circular 

piers, having diameters of 5 and 7 cm. It was not possible to check for larger 

pier diameters, since the channel was not wide enough. Further scour studies 

can be performed in wider channels using larger pier sizes.

4. The Froude number  range of the future studies should be increased.  The 

Froude number range of the present study is in between 0.180-0.190, and it 

was  not  possible  to  increase  it,  due  to  the  restrictions  of  the  channel 

geometry. 
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APPENDIX A

RELATED GRAPHS

      The results of the present experimental study in the scope of this thesis have been 

presented in Chapter 6. Dimensional and non-dimensional scour curves have been 

developed  and  presented  to  show  the  temporal  variation  of  scour  depth  in  this 

chapter.

      The graphs showing the variation of actual values of local scour depth with 

respect to time for various flow depths are presented in Figures A.1 through A.6 for 

piers of 5 cm diameter and in Figures A.7 and A.8 for piers of 7 cm diameter. 

      The graphs showing the variation of the ratio of the local scour depth to the pier 

diameter  ( bd s / )  with  respect  to  the  flow  intensity  ( cVV / )  for  various  pier 

inclination angles are presented in Figures A.9 and A.12 for the two pier diameters 

respectively.

       The graphs showing the variation of the ratio of the local scour depth to the pier 

diameter ( bd s / ) with respect to the ratio of approach flow depth to the pier diameter 

( bd /0 ) for various pier inclination angles are presented in Figures A.10 and A.13 for 

the two pier diameters respectively.

      The graphs showing the variation of the ratio of the local scour depth to the pier 

diameter  ( bd s / )  with  respect  to  different  pier  inclination  angles  (β)  for  various 

approach flow depths are given in Figures A.11 and A.14 for the two different pier 

diameters.

      Figures A.15 through A.17 shows the variation of bd s /  with respect to cVV /  

values for β angles of 0, 10 and 15 degrees for the pier diameters b = 5 cm and 7 cm 

comparatively.  

      Figures A.1 through A.8 showing the variation of scour depths with respect to 

time for  different  pier  inclination  angles  can  only  give  an  idea  for  the  temporal 

variation of local scour in clear-water conditions. In clear-water conditions, it takes a 

quite long time to reach to the equilibrium scour depth, sed . “In live-bed conditions, 

91



scour depth reaches its maximum value in a very short time interval. However, in 

clear-water conditions, since the flow conditions are calmer than the flow conditions 

of  live-bed  case;  the temporal  variation of  the  scour  depth develops  much more 

slowly.” (Yanmaz, 2002). In clear-water scour experiments, scour depths increase 

gradually with time, and then reaches asymptotically to a value, which is known as 

equilibrium scour depth, sed ,at a time value known as equilibrium time, et . Yanmaz 

(2002) state that nearly 50-60 % of equilibrium scour depth value is reached at a time 

approximately 10 % of the equilibrium time of scour. As presented in Section 3.5, 

using the data of the performed experiments, Yanmaz (1989) obtained the following 

equation after regression analysis:

                                   0.1ln12.0 +





=

ese

s

t
t

d
d

 

(3.10)  

      In the present study, the equilibrium time has been taken as 240 minutes. From 

Equation  3.10,  it  can  be  computed  that  75  % of  the  equilibrium scour  depth  is 

obtained  in  the  first  30  minutes  of  the  experiments.  From  the  results  of  the 

experiments  of  the  present  study,  it  can  be  observed  that  nearly  80  %  of  the 

equilibrium scour depths are obtained in the first 30 minutes. Therefore, in order to 

make a proper analysis of temporal variation of local scour, adequate number of data 

must  be  taken  in  the  first  minutes  of  the  flow  duration,  in  case  of  clear-water 

condition. In the first 30 minutes, only two scour measurements have been taken 

throughout the experiments in the present study. Therefore, the graphs showing the 

temporal variation of scour only give a general mind for the phenomenon.

      The aim of the present study is to investigate the effect of pier inclination on 

scour depths, and the analyses depend on the maximum value of the scour, obtained 

at the end of the equilibrium time. Since it is not aimed to study of the temporal 

variation of scour, the absence of data in the first few minutes of the flow do not 

create problem in the scope of this thesis.  
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Figure A.1 Variation of scour depth with respect to time for b=5 cm and bd /0 =1.16

0

5

10

15

20

25

30

35

0 50 100 150 200 250

Time(min)

ds
(m

m
)

Figure A.2 Variation of scour depth with respect to time for b=5 cm and bd /0 =1.5
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Figure A.4 Variation of scour depth with respect to time for b=5 cm and bd /0 =2.5
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Figure A.5 Variation of scour depth with respect to time for b=5 cm and bd /0 =2.92
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Figure A.6 Variation of scour depth with respect to time for b=5 cm and bd /0 =3.5
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Figure A.7 Variation of scour depth with respect to time for bd /0 =1.07 and b=7 cm.
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Figure A.12 Variation of bd s /   with respect to cVV /  for different inclination angles, 

for b=7 cm.

98



0,00
0,10
0,20
0,30
0,40
0,50
0,60
0,70
0,80

1,00 1,50 2,00 2,50 3,00
do/b

ds
/b

=0 deg

=10 deg

=15 deg

Figure A.13 Variation of bd s /   with respect to bd /0  for b= 7 cm, for different 

inclination angles

0,20

0,30

0,40

0,50

0,60

0,70

0,80

0 5 10 15

β ( degree)

ds
/b

do=7.50
cm
do=12.50
cm
do=17.50
cm
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β=10 degrees. 

100



0,00

0,10

0,20

0,30

0,40

0,50

0,60

0,20 0,22 0,24 0,26 0,28 0,30 0,32

V/Vc

ds
/b b=5 cm

b=7 cm

Figure A.17 Variation of bd s /  with respect to cVV /  for the two pier diameters, for 

β=15 degrees.

101



APPENDIX B

REGRESSION ANALYSIS PROCEDURE

       After the dimensional analysis in Chapter 4, relative scour depth, bd s /  has been 

considered to be a function of the relative flow depth ( bd /0 ), flow intensity (
cV

V
) 

and the vertical inclination angle, β. 

                                          





= β,,0

c

s

V
V

b
df

b
d

                                                      (4.4)

      In literature, nearly all pier-scour equations are in the form of Equation B.1 

below:

                                        ( ) 2
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

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
=                                                       (B.1)

      where  10 ,cc  and  2c  are  the constants  to  be determined from the  multiple 

regression analysis. In the present study, since Froude number range was very small; 

instead  of  using  Froude  number  as  a  variable,  the  term  
cV

V
 showing  the  flow 

intensity has been preferred.  In our case, since the scour depths are related with the 

pier  inclination  angle,  β,  the  above  equation  has  been  generated  for  each  pier 

inclination angle, through a separate multiple regression analysis procedure.

      Equation B.2 can be derived from Equation B.1 above, by taking the natural 

logarithm of both sides:

                                
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      In order to obtain a general multiple regression analysis formula, Equation B.3 is 

obtained from Equation B.2, by replacing ln ( bd s / ) with Y, ln ( bd /0 ) with 1X  and 

ln (
cV

V
) with 2X . Then, Equation B.3 is found as follows:

                                22110 XcXccY ++=                                                               (B.3)

      In Equation B.3, there are three unknowns to be solved. So, using the following 

three equations, the constants 10 ,cc  and 2c  can be found, by using the experimental 

data. 

                           22110 XcXcncY Σ+Σ+=Σ                                              (B.4)

                           212
2

11101 XXcXcXcYX Σ+Σ+Σ=Σ                              (B.5)

                           2
2221122 XcXXcXcYX o Σ+Σ+Σ=Σ                                           (B.6)

          where n is the number of data points. 

      In order to solve the equations above, the Tables B.1 through B.4 are prepared by 

the following steps: (Yıldız, 2001)

1. Using the experimental results, bd s / ,  bd /0 , and cVV /  data are placed into 

the columns 1 through 3.

2. Then Y, 1X , and 2X  are put into columns 4 through 6 by taking the natural 

logarithm of columns 1 through 3, respectively; where Y is replaced with ln(

bd s / ), 1X  with ln( bd /0 ) and 2X  with ln( cVV / ). 

3. Then 1X Y, 2X Y, 2
2

2
1 , XX  and 1X 2X  values are placed into the succeeding 

columns, by using the previous data.
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4. The summations of the above values are taken and placed into the Equations 

B.4 through B.6

5. Then the equations are solved using the matrix algebra, and the coefficients 

10 ,cc  and 2c  are computed.

6. The antilog of the value of 0c  is computed and all the calculated values are 

placed into the Equation B.1 

7. The  above  procedure  from  step  1  to  step  6  is  applied  for  all  the  pier 

inclination angles. 

8. The correlation coefficient is computed for every equation using the average, 

computed and the experimental results of bd s /  using Equation B.7

                              2
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      where     ( bd s / ) exp   = experimental value of bd s /

                     ( bd s / ) comp  = computed value of bd s /

                     ( bd s / ) ave    = average value of bd s /

      After the above steps of regression analysis procedure have been applied, the 

following pier-scour equations that have been presented in Chapter 6 were obtained 

for each pier inclination angle:

                          i)         00=β  
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                          ii)      05=β
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                          iii)    010=β
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                          iv)    015=β
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(6.4)

      The computational  tables  showing the multiple  linear  regression procedure 

results for determination of the constants and the correlation coefficient are presented 

in Tables B.1  through B.4.
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Table B.1 Computational Table for Regression Analysis for β= 0 degrees

ds/b *(1) do/b V/Vc Y X1 X2 X1.Y X2.Y X1.X2 ds/b**(2) ds/b***(3) (1)-(2)   (4)

0.600 1.160 0.2100 -0.5108 0.1484 -1.5606 -0.0758 0.7972 0.0220 2.4356 -0.2316 0.603  -0.003
0.652 1.500 0.2279 -0.4277 0.4055 -1.4788 -0.1734 0.6325 0.1644 2.1870 -0.5996 0.642  0.010
0.694 2.100 0.2510 -0.3653 0.7419 -1.3823 -0.2710 0.5049 0.5505 1.9108 -1.0256 0.693  0.001
0.714 2.500 0.2691 -0.3369 0.9163 -1.3127 -0.3087 0.4422 0.8396 1.7231 -1.2028 0.728  -0.014
0.756 2.920 0.2850 -0.2797 1.0716 -1.2553 -0.2997 0.3511 1.1483 1.5757 -1.3451 0.759 0.701 -0.003
0.826 3.500 0.3018 -0.1912 1.2528 -1.1980 -0.2395 0.2290 1.5694 1.4352 -1.5008 0.793  0.033
0.629 1.071 0.2279 -0.4636 0.0690 -1.4788 -0.0320 0.6856 0.0048 2.1870 -0.1020 0.621  0.008
0.703 1.786 0.2691 -0.3524 0.5798 -1.3127 -0.2043 0.4626 0.3362 1.7231 -0.7611 0.705  -0.002

0.733 2.500
0.3018

-0.3106 0.9163 -1.1980 -0.2846 0.3721 0.8396 1.4352 -1.0977 0.768  -0.035

        
-3.24 6.10 -12.18 -1.89 4.48 5.47 16.61 -7.87 0.0376 0.0027

The constants co, c1 and c2 are determined as
According to the procedure antilog of co is used

co= 0.203 co= 1.226 (antilog)
c1= 0.096 ds/b* experimental data
c2= 0.464 ds/b** computed data

    ds/b*** average data
  
    r= 0.963

β= 0 degrees

2
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Table B.2 Computational Table for Regression
Analysis for β=

5 
degrees

ds/b *(1) do/b V/Vc Y X1 X2 X1.Y X2.Y   X1.X2 ds/b**(2) ds/b**(3) (1)-(2) (4)

0.516 1.160 0.2100 -0.6616 0.1484 -1.5606 -0.0982 1.0326 0.0220 2.4356 -0.2316 0.500  0.016
0.558 1.500 0.2279 -0.5834 0.4055 -1.4788 -0.2365 0.8628 0.1644 2.1870 -0.5996 0.547  0.011
0.580 2.100 0.2510 -0.5447 0.7419 -1.3823 -0.4042 0.7530 0.5505 1.9108 -1.0256 0.609  -0.029
0.612 2.500 0.2691 -0.4910 0.9163 -1.3127 -0.4499 0.6446 0.8396 1.7231 -1.2028 0.654 0.626 -0.042
0.680 2.920 0.2850 -0.3857 1.0716 -1.2553 -0.4133 0.4841 1.1483 1.5757 -1.3451 0.695  -0.015

0.810 3.500
0.3018

-0.2107 1.2528 -1.1980 -0.2640 0.2524 1.5694 1.4352 -1.5008 0.740  0.070

       
-2.88 4.54 -8.19 -1.87 4.03 4.29 11.27 -5.91 0.05581 0.00811

The constants co, c1 and c2 are determined as According to the procedure antilog of co is used

co= 0.632 co= 1.881 (antilog)
c1= 0.074 ds/b* experimental data
c2= 0.856 ds/b** computed data

    ds/b*** average data
  
  r= 0.925
    

β= 5 degrees
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Table B.3 Computational Table for Regression 
Analysis  for β= 10 degrees

ds/b 
*(1) do/b V/Vc Y X1 X2 X1.Y X2.Y   X1.X2 ds/b**(2) ds/b***(3) (1)-(2) (4)
0.446 1.160 0.2100 -0.8074 0.1484 -1.5606 -0.1198 1.2601 0.0220 2.4356 -0.2316 0.450  -0.004
0.476 1.500 0.2279 -0.7423 0.4055 -1.4788 -0.3010 1.0978 0.1644 2.1870 -0.5996 0.484  -0.008
0.504 2.100 0.2510 -0.6852 0.7419 -1.3823 -0.5084 0.9471 0.5505 1.9108 -1.0256 0.533  -0.029
0.530 2.500 0.2691 -0.6349 0.9163 -1.3127 -0.5817 0.8334 0.8396 1.7231 -1.2028 0.560  -0.030
0.610 2.920 0.2850 -0.4943 1.0716 -1.2553 -0.5297 0.6205 1.1483 1.5757 -1.3451 0.586 0.527 0.024
0.656 3.500 0.3018 -0.4216 1.2528 -1.1980 -0.5282 0.5051 1.5694 1.4352 -1.5008 0.617  0.039
0.467 1.071 0.2279 -0.7614 0.0690 -1.4788 -0.0525 1.1260 0.0048 2.1870 -0.1020 0.440  0.027
0.521 1.786 0.2691 -0.6520 0.5798 -1.3127 -0.3780 0.8559 0.3362 1.7231 -0.7611 0.509  0.012

0.534 2.500
0.3018

-0.6274 0.9163 -1.1980 -0.5748 0.7516 0.8396 1.4352 -1.0977 0.560  -0.026

       
-5.83 6.10 -12.18 -3.57 8.00 5.47 16.61 -7.87 0.03692 0.00547

The constants co, c1 and c2 are determined as According to the procedure antilog of co is used

co= -0.840 co= 0.432 (antilog)
c1= 0.285
c2= 0.0008 ds/b* experimental data

ds/b** computed data

    r= 0.923 ds/b*** average data
  
    
β= 10 degrees

YΣ 1XΣ
2XΣ YX .1Σ YX .2Σ 2

1XΣ 2
2XΣ 2.1 XXΣ

2
2X2
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001.0285.0
0432.0 
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V
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Table B.4 Computational Table for Regression Analysis For β= 15 degrees

ds/b 
*(1) do/b V/Vc Y X1 X2 X1.Y X2.Y   X1.X2 ds/b**(2) ds/b***(3) (1)-(2) (4)
0.312 1.160 0.2100 -1.1648 0.1484 -1.5606 -0.1729 1.8178 0.0220 2.4356 -0.2316 0.333  -0.021
0.376 1.500 0.2279 -0.9782 0.4055 -1.4788 -0.3966 1.4466 0.1644 2.1870 -0.5996 0.364  0.012
0.400 2.100 0.2510 -0.9163 0.7419 -1.3823 -0.6798 1.2666 0.5505 1.9108 -1.0256 0.404  -0.004
0.430 2.500 0.2691 -0.8440 0.9163 -1.3127 -0.7733 1.1079 0.8396 1.7231 -1.2028 0.433  -0.003
0.464 2.920 0.2850 -0.7679 1.0716 -1.2553 -0.8228 0.9639 1.1483 1.5757 -1.3451 0.459 0.413 0.005
0.508 3.500 0.3018 -0.6773 1.2528 -1.1980 -0.8485 0.8114 1.5694 1.4352 -1.5008 0.488  0.020
0.371 1.071 0.2279 -0.9916 0.0690 -1.4788 -0.0684 1.4664 0.0048 2.1870 -0.1020 0.350  0.021
0.421 1.786 0.2691 -0.8651 0.5798 -1.3127 -0.5016 1.1356 0.3362 1.7231 -0.7611 0.417  0.004

0.439 2.500
0.3018

-0.8233 0.9163 -1.1980 -0.7543 0.9863 0.8396 1.4352 -1.0977 0.470  -0.031

        
-8.03 6.10 -12.18 -5.02 11.00 5.47 16.61 -7.87 0.02616 0.00245

The constants co, c1 and c2 are determined as

co=
-0.008
8 According to the procedure antilog of co is used

c1= 0.112
c2= 0.709 co= 0.991 (antilog)

    
  ds/b* experimental data
  ds/b** computed data

β=
15 
degrees   r= 0.952 ds/b*** average data
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APPENDIX C

PHOTOS TAKEN DURING THE EXPERIMENTS

Figure C.1  Downstream View of Main Channel
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Figure C.2  Downstream View of Test Channel

Figure C.3  Inclined Dual Bridge Piers
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Figure C.4  Vertical Piers of 5 cm Diameter 

Figure C.5  Flow Pattern Around Vertical Piers During a Run
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Figure C.6  Upstream View of Vertical Piers and the Main Channel

Figure C.7  Bed Profile After a Run for Vertical Piers 
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Figure C.8 Aggradation Behind the Pier After a Run

Figure C.9 Scour Holes After a Run for Inclined Piers
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Figure C.10  Flow Pattern Around Inclined Piers

Figure C.11  Inflow Given to the System with an Inflow Pipe
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