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ABSTRACT 

 

A better understanding of the bridge pier scour caused by flood waves is expected to allow a 

different design approach based on the expected scour depth caused by one hydrological event in 

combination with appropriate monitoring and maintenance of pier foundations, having risk levels 

of comparable magnitude to the current approach, which considers a worst case scenario 

represented by the hundred years recurrence discharge over a theoretically infinite duration.  

 

The present Thesis aims at investigating the effects of different flow and sediment regimes 

(regulated and unregulated discharges with or without excess sediment supply) on local scour at a 

bridge pier. Concurrent field measurements of maximum scour depth, flow depth, and flow 

velocity were performed during six days at the Rapel bridge, over the Rapel river, located in 

Central Chile. During the measurements, river discharge was regulated by the operation of a 

hydropower plant, with hydropeaking. A model of scour and deposition is proposed, and field 

measurements are used to estimate optimal model parameters and to evaluate model performance. 

The model was applied to pre and post-dam scenarios to compare expected scour caused by a 

natural flow regime and by hydropeaking considering different excess sediment supply. 

 

Results show that a single measurement of scour evolution during one flood was enough for 

estimation of optimal model parameters. The calibrated model reproduced measured scour and 

deposition in a verification case with high precision. The model application showed that scour 

and deposition are very sensitive to the excess sediment supply: after two years, scour resulted 

higher in the pre-dam scenario than in the post-dam scenario when no sediment deposition or 

equilibrium conditions occurred, while it was lower in case of excess sediment supply. However, 

in the pre-dam scenario with excess sediment supply the highest scour depths were of comparable 

magnitude as those after the two years, and occurred only briefly around the peak discharges 

before sediment deposition, illustrating the complex interactions between flow and sediment in 

time, with important consequences for monitoring of bridge pier scour in the field and for 

forensic analyses. 

 



 iii 

 

ACKNOWLEDGEMENTS 

 

This work was funded by the Chilean research council CONICYT through project Fondecyt 

1150997 Bridge pier scour under flood waves. The team at the Hydraulic Engineering Laboratory 

is greatly acknowledged for the support and collaborative work performed during the last two 

years. Especial thanks go to Mr. René Iribarren. 



Contents iv 

  

CONTENTS 

 

ABSTRACT .................................................................................................................................... ii 

LIST OF TABLES ......................................................................................................................... vi 

LIST OF FIGURES ....................................................................................................................... vii 

CHAPTER 1 INTRODUCTION ................................................................................................. 1 

1.1 Motivation ......................................................................................................................... 1 

1.2 Hypothesis ........................................................................................................................ 2 

1.3 Objectives ......................................................................................................................... 2 

1.3.1 General objective ....................................................................................................... 2 

1.3.2 Specific objectives ..................................................................................................... 2 

1.4 Methodology ..................................................................................................................... 3 

1.5 Structure of the thesis ....................................................................................................... 3 

CHAPTER 2 STATE OF THE ART REVIEW ........................................................................... 4 

2.1 Introduction ....................................................................................................................... 4 

2.2 Scour depth estimation ...................................................................................................... 4 

2.3 Field measurements of bridge scour depth during floods ................................................. 4 

2.4 Conclusion ........................................................................................................................ 5 

CHAPTER 3 MATERIALS AND METHODS ........................................................................... 6 

3.1 Introduction ....................................................................................................................... 6 

3.2 Study site ........................................................................................................................... 6 

3.3 Measuring techniques ....................................................................................................... 8 

3.3.1 Streamflow ................................................................................................................ 8 

3.3.2 Scouring ................................................................................................................... 10 

3.4 Model framework ........................................................................................................... 11 

3.4.1 Bridge pier scour ..................................................................................................... 11 

3.4.2 Sediment deposition at bridge piers ........................................................................ 12 



Contents v 

  

3.5 Estimation of model parameters and performance ......................................................... 14 

3.6 Model application for scour and deposition analysis at bridge piers .............................. 15 

3.7 Conclusion ...................................................................................................................... 16 

CHAPTER 4 RESULTS ............................................................................................................ 17 

4.1 Introduction ..................................................................................................................... 17 

4.2 Parameters estimation and model performance .............................................................. 17 

4.2.1 Cornelia bridge ........................................................................................................ 17 

4.2.2 Rapel bridge ............................................................................................................. 18 

4.3 Scour and deposition at bridge piers during floods ........................................................ 20 

4.4 Conclusion ...................................................................................................................... 22 

CHAPTER 5 CONCLUSIONS ................................................................................................. 23 

REFERENCES .............................................................................................................................. 25 

 



List of tables vi 

LIST OF TABLES 

 

Table 3.1 Properties of the bridge and study site ............................................................................ 7 

Table 4.1 Computed maximum, average, and final scour depth at Pier#3 for both scenarios, under 

the different sediment regimes ...................................................................................................... 20 

 



List of figures vii 

LIST OF FIGURES 

 

Figure 3.1 Location of Rapel watershed, river and bridge (top) and scheme of the bridge cross 

section (bottom). .............................................................................................................................. 7 

Figure 3.2 Grain size distribution of the riverbed sediments at Rapel bridge cross section ........... 8 

Figure 3.3 Rating curves at the bridge site ...................................................................................... 9 

Figure 3.4 Pre (1941-1943) and post-dam (2016-2018) hydrographs ........................................... 10 

Figure 3.5 Rapel bridge during low flow (a), high flow (b), scour sensor at the front of Pier #3 

(c), RiverSurveyor M9 ADCP mounted to a hydroboard (d), and bed-load sampling with Helley-

Smith from the bridge deck (e) ...................................................................................................... 11 

Figure 4.1 Scour depth over time during a flood measured at the front of Pier #1 of Cornelia 

bridge over the Chattahoochee river. The solid black line corresponds to the computed scour 

without deposition. The grey band around the calibrated model provides a sensitivity of the 

computed scour depth to   ............................................................................................................ 18 

Figure 4.2 Scour depth over time during 6 days with daily hydropeaking measured at the front of 

Pier #3 of Rapel bridge. The grey band around the calibrated model provides a sensitivity of the 

computed scour depth to   ............................................................................................................ 19 

Figure 4.3 Computed scour depth over two years in a) the pre and b) the post-dam scenarios, 

without sediment deposition ( * *

s sg g  , black line), with sediment supply equal transport 

capacity ( 1.00  , grey line), and with sediment supply excess of 20% ( 1.20  , red line) and 

500% ( 5.00  , blue line) ............................................................................................................ 21 

 



Chapter 1: Introduction 1 

CHAPTER 1     INTRODUCTION 

 

1.1       Motivation 

 

The problem to be investigated within this Thesis deals with the scour caused by flood waves at 

bridge. It is relevant because bridges represent a significant part of the Chilean public investment 

in infrastructure, and are part of the so-called lifelines systems. Worldwide scour is the number 

one cause of bridge failure and it occurs mostly during high water events, due to the action of 

flood waves. In Chile, there is no systematic information to state if scour is the main cause of 

bridge failures or not. However, in recent years some collapses attributed to scour occurred in 

Chile, like e.g. the Loncomilla bridge on November 18, 2004. During the winter of 2006, in June, 

several rivers and streams located in the Biobío Region of Chile presented extreme flood events 

with associated return periods about 70 to 150 years, depending on the specific site. The extreme 

high water event caused severe scour around many bridge foundations. During the flood, an 

important number of minor bridges failed. Thus, many of them have been replaced. As in many 

rivers around the world, those located in the Central-South part of Chile exhibit floods with 

durations significantly shorter than the time required to achieve the maximum scour depth. A 

preliminary estimation shows that time to reach equilibrium scour in a sand bedstream is in the 

order of 10 days, while floods durations in the VIII region of Chile rarely exceed 2 days. 

 

Because of its relevance, bridge scour is a mainstream research theme in hydraulic engineering. 

Since the top-cited state-of-the-art paper by Breusers et al. (1977) the specialized literature offers 

a large number of papers on the topic. In recent years, scour research has focused on coherent 

structures dynamics and sediment motion at the scour hole, following experimental 

measurements and advanced numerical simulations, time-dependent scour prediction, scour of 

cohesive sediments, and countermeasures. Even when scour depth is a controlling design 

parameter of bridge piers, scour has been studied previously almost always in the laboratory, 

using sand as sediment material, and imposing steady state hydraulics, i.e., a constant discharge. 

According to design manuals expected scour is calculated for the maximum discharge associated 

to the one hundred year recurrence flood, assuming that peak flood discharge acts over a time as 

long as that required to achieve the complete development of the scour hole, called equilibrium 
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time. The following concerns might explain the important discrepancies that have been found 

between predicted and observed scour: (1) Available scour formulas were deduced from 

experiments with sediments that up-scaled to the real-scenario represent piers in very coarse 

sediment. (2) The flow-causing scour is assumed to be constant and long lasting, while peak 

flows during real floods last only a limited amount of time. (3) Velocities during the experiments 

are kept close to the critical velocity for initiation of sediment motion, while during real floods 

the critical velocity can easily be exceeded by 20 times or more leading to significant entrainment 

into suspension. 

 

Recognizing that floods are characterized at least by their peak discharge, duration, and 

hydrograph shape, with all of these parameters obviously influencing scouring, the present Thesis 

will study scour under conditions closer to real cases than performed before in hydraulic 

engineering. 

 

 

1.2       Hypothesis 

 

The research hypothesis was sediment deposition during the falling limb of a flood diminish the 

local scour depth at bridge piers. 

 

 

1.3       Objectives 

 

1.3.1 General objective 

 

The general objective is to investigate the effects of different flow and sediment regimes 

(regulated and unregulated discharges with or without excess sediment supply) on local scour at a 

bridge pier. 

 

1.3.2 Specific objectives 
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Perform concurrent field measurements of scour and flow during floods at a real bridge pier. 

 

Extend an existing time-dependent scour model to include the potential effects of sedimentation 

on the scour depth at bridge piers.  

 

Analyze the scour evolution at bridge piers in rivers with different flow and sediment regimes 

(regulated and unregulated discharges with or without excess sediment supply). 

 

 

1.4       Methodology 

 

Scour and flow were measured at the Rapel bridge during six days in which six flood waves were 

produced by the operation of the Rapel hydropower plant. A mathematical model proposed by 

Link et al. (2017) was extended to include the effects of sedimentation on scour depth. Scour 

evolution at bridge piers in rivers was analyzed through computation of scenarios of 2-years 

duration, namely a pre and a post-dam scenario. 

 

 

1.5       Structure of the thesis 

 

Chapter 1 presents the general problem to be investigated, working hypothesis, and general and 

specific goals, as well as an outline of the methodology. Chapter 2 present a review of the main 

theories and techniques related to the analysis of field scour and floods at bridge piers. Chapter 3 

describes the materials and methods, in particular the study site, measuring techniques and 

mathematical formulation of the proposed model extension. Chapter 4 present the main results of 

the investigation, including the analysis of scenarios of two years duration for a pre and a post 

dam case at Rapel bridge. Finally, Chapter 5 concludes with final remarks on the obtained results 

and ways to proceed forward. 
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CHAPTER 2     STATE OF THE ART REVIEW 

 

2.1       Introduction 

 

This Chapter presents a brief literature review on the field measurements and modelling of scour 

and deposition at bridge piers. 

 

 

2.2       Scour depth estimation 

 

Hydraulic design of bridges includes the estimation of expected scour at its foundations, i.e. piers 

and abutments, typically considering the maximum equilibrium scour depth. Bridge scour 

formulas are believed to be conservative (Sheppard et al. 2014; Qi et al. 2016), however scour is 

responsible for more than 50% of the bridge failures over the world (Brandimarte et al. 2012; 

Proske 2018). Uncertainty is in part attributed to the fact that scour formulas have been derived 

from laboratory experiments, introducing simplifications such as idealized channel and pier 

geometries, constant discharge, clearwater conditions, and uniform sediments (e.g.: Melville and 

Chiew 1999; Oliveto and Hager 2002; Tubaldi et al. 2017), which lead to important scale effects 

(Ettema et al. 1998, 2006; Heller 2011 2017; Link et al. 2018). 

 

 

2.3       Field measurements of bridge scour depth during floods 

 

A number of technologies for field monitoring of the pier scour are available (e.g. Walker and 

Hughes 2005; Yu and Yu 2010; Lueker et al. 2010; Briaud et al. 2011; Prendergast and Gavin 

2014), such as sliding magnetic collars (Yankielun and Zabilansky 1999), numbered bricks (Lu et 

al. 2008), or sonars (Sturm et al. 2004; Clubley et al. 2015). However, field measurements of 

scour during floods are practically nonexistent, due to difficulties in accessibility to bridge 

foundations during high waters, sensors performance in turbid currents, damage of sensors by 

LWD, blockage of piers and sensors by LWD, etc. Up to date, time-dependent scour formulas 

cannot be calibrated/verified for real life conditions due to the lack of adequate field data. 
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Exceptions are the outstanding field measurements conducted in Taiwan during typhoons 

reported by Lu et al. (2008), Su and Lu (2013, 2016), and Hong et al. (2016). In particular, the 

refilling of the scour-hole due to the sediment deposition associated with a disbalance in time is a 

challenging issue for monitoring of bridge piers, scour modelling, and forensic analyses. 

 

 

2.4       Conclusion 

 

The literature review evidenced a lack of antecedents for an accurate description and full 

understanding of the time evolution of scour during a sequence of river floods. 
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CHAPTER 3     MATERIALS AND METHODS 

 

3.1       Introduction 

 

This Chapter presents the materials and method for the analysis of the time dependent bridge pier 

scour during floods waves considering local scour and deposition. Therefore, the study site, 

measuring techniques and mathematical model are presented in detail. 

 

 

3.2       Study site 

 

The Rapel bridge is located in the Rapel watershed (13,700 km
2
) in central Chile (71°44’9” W, 

33°56’22” S). The bridge was built in 1954 and has six elliptical piers spaced 30 m one from 

each other. In 1956, a 350 MW hydropower plant located 24 km upstream started its construction 

and began operations in 1968. Figure 3.1 shows the location of the Rapel watershed and river, as 

well as a scheme of the bridge cross section with estimated pre-dam bed level and in-situ 

measured scour. 

 

Table 3.1 summarize the important properties of the bridge and study site, while Figure 3.2 

shows the grain size distribution of the riverbed sediments at Rapel bridge cross section. The 

riverbed is unimodal, composed of non-uniform gravels with 50d  = 33.5 mm, 90d = 81.3 mm, and 

a geometric standard deviation of the sediment grain sizes   = 2.2. 
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Figure 3.1 Location of Rapel watershed, river and bridge (top) and scheme of the bridge cross 

section (bottom). 

 

Table 3.1 Properties of the bridge and study site 

Property Quantity 

Bridge geometry elliptical footing 

Bridge length (m) 220 

Number of piers 6 

Bridge span (m) 30 

Pier width (m) 2.5 

Drainage area (km
2
) 13,700 

Channel slope ~ 0.13%  
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Figure 3.2 Grain size distribution of the riverbed sediments at Rapel bridge cross section 

 

 

3.3       Measuring techniques 

 

3.3.1 Streamflow 

 

Streamflow data are available at the gauge station Rapel (administered by the National Water 

Agency of Chile) between 1939 and 1966. After 1966 the gauge station was dismantled. For the 

post-dam scenario, streamflow was computed from rating curves that were determined from flow 

depth and velocity measurements performed since 2016. Flow depth was measured using a 

pressure sensor (HOBO, U20-001-01) with a frequency of 10 minutes and a precision of ±0.5 cm. 

Discharge was measured using an acoustic Doppler current profiler (SonTek, RiverSurveyor 

M9). Additionally, measured data were interpolated and extrapolated using simulation results 

obtained with a 1D hydraulic model of the river reach built in Hec-Ras. Figure 3.3 shows the 

rating curves for the river at Rapel bridge. 

 

For a given flow depth, the difference between rising and falling limb velocities was negligible, 

with maximum differences equal 0.06 m/s. In consequence, for scour computation flow velocity 
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was obtained from the rating curves in Figure 3.3. Figure 3.4 shows measured hydrographs 

before (April, 6th 1949 to April, 5th 1951) and after (April, 6th 2016 to April, 5th 2018) the dam 

operation. Periods were selected for analysis because they present a similar annual water volume 

8.44 x 10
9
 and 5.67 x 10

9
 m

3
, respectively. 

 

 

Figure 3.3 Rating curves at the bridge site 
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Figure 3.4 Pre (1941-1943) and post-dam (2016-2018) hydrographs 

 

The pre-dam scenario represents an unregulated flow regime with discharges between 18 and 

1230 m
3
/s and marked seasonality, with low flows between October – March, and high flows 

between June and September. The post-dam scenario with daily hydropeaking represents a 

regulated flow regime with discharges varying between 20 and 660 m
3
/s. Even when there are no 

sediment measurements available for these scenarios, the pre-dam case is presumed to have flood 

events with excess of sediment supply rate respect to the transport capacity as they are still 

common upstream the dam (Encina et al. 2006; Iribarren Anacona et al. 2015), while following 

Kondolf (1997), the post-dam scenario is presumed to have a sediment supply less or equal the 

transport capacity at a given instant. 

 

 

3.3.2 Scouring 

 

Scour at the front of Pier #3 of the Rapel bridge was measured with an ultrasonic scour sensor 

(Airmar, Echo Range SS510) having a frequency of 10 minutes and a precision of ±1 cm, which 

is equivalent to 0.3 times 50d . Figure 3.5 shows the Rapel bridge during low (a) and high (b) 
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flow, the installed scour sensor (c), the ADCP for velocity measurements (d), and the Helley-

Smith measurements (e). 

 

 

Figure 3.5 Rapel bridge during low flow (a), high flow (b), scour sensor at the front of Pier #3 

(c), RiverSurveyor M9 ADCP mounted to a hydroboard (d), and bed-load sampling with Helley-

Smith from the bridge deck (e) 

 

 

3.4       Model framework 

 

3.4.1 Bridge pier scour 

 

The bridge pier scour in time was estimated with the DFW model, following Pizarro et al. (2017) 

and Link et al. (2017): 

3*
2*

1(1 )
c

c W
Z c e


            (3.1) 
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where *  rZ z z , z is the dimensional scour depth, 2 2r sz D d  is a reference length, D  is the 

pier diameter, and sd  is the representative sediment particle diameter, 1c , 2c , and 3c  are model 

parameters, and W* is the dimensionless effective flow work: 

3

*

0

1endt

ef

c r

u
W dt

t u


 
  

 
          (3.2) 

with 

0 0.5
1 0.5

cs

c

u u
u u





           (3.3) 

where  is the section averaged flow velocity, csu  is the critical velocity for incipient scour, 

ef csu u u   is the effective flow velocity, cu  is the critical velocity for the initiation of sediment 

motion, 'r su gd  is the reference velocity,  ' s      is the relative sediment density, 

s  is the sediment density,   is the fluid density,  2 2c s eft D d u  is the characteristic time, endt  

is the considered time (e.g. hydrograph duration), The critical velocity for incipient sediment 

motion was computed with the Hjulström curve, approximated by Zanke’s (1977) equation: 

1.4( ' 10.5 )
sdc su gd  

         (3.4) 

where g  is the acceleration of gravity and   is the kinematic viscosity. Since the measurements 

are discrete on time, *W  was computed in a discrete, approximate form as 

4

*

3
0




 
n

ef

i r r

u
W t

u z
          (3.5) 

with endn t t  , and t  the measuring interval of the unsteady discharge. t  was chosen as 

small as to allow a good resolution of the time variation of the variables in Eq. (3.5). 

 

 

3.4.2 Sediment deposition at bridge piers  

 

The sediment deposition, Dep , was computed following Foster and Huggins (1977) and Lu et al. 

(2008): 
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*

0

1
( )

(1 )

endt

s
s s

s

w
Dep g g dt

p q
 


 

        (3.6) 

where   is a constant (= 0.5 according to Foster 1982 and Lu et al. 2008), sw  is the sediment 

falling velocity (m/s) which was computed with the formula by Cheng (1997), q  is the specific 

discharge per unit width (m
3
/m/s), p  is the riverbed porosity, sg  is the sediment supply rate 

(kg/m/s), and *

sg  is the sediment transport capacity (kg/m/s).   is a correction factor introduced 

by Lu et al. (2008) which for the river Cho-Shui diminished with discharge from 8 to 2.5, as the 

Cho-Shui river presented a high sediment load, especially during typhoons. Note that Eq. (3.6) 

neglect the effects of discharge unsteadiness on sediment deposition, as the only contribution to 

deposition occur when the sediment supply exceeds the transport capacity at a given instant. 

 

In this study, the sediment transport capacity was estimated through the fractional transport 

formulation by Dey (2014). The Meyer-Peter and Müller (1948) formula was used for 

computation of the bed-load capacity because it performs well for the Rapel river (Benitez, 

1983), and thus 1  . The sediment supply rate was computed as *

s sg g  with an excess 

sediment supply coefficient, [1, [   . Deposition occur (a) if the sediment supply rate is equal 

or greater than the transport capacity, i.e. when 1  , which is expected to occur in unregulated 

rivers with flows caused by storms that typically produce an important sediment supply to the 

river through landslides and hillslope runoff, but also (b) if the sediment load exceeds the 

transport capacity due to a reduction of the latter in time, e.g. during the falling limb of the 

hydrograph, i.e. when * *t t t

s sg g   , where t  is the time instant, and ( )t t  is a previous instant. 

To consider both deposition causes at Rapel bridge, sediment deposition over a time interval t  

was computed as: 

* *

* *
* *

0 ,

,
(1 )

t t t

s s

t t t
t t ts s s

s st

s

g g

Dep w g g
t g g

p q



 









 


  
 

   

   (3.7) 
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3.5       Estimation of model parameters and performance 

 

The first parameter of the scour model, 1c , corresponds by definition to the equilibrium scour 

depth. It was computed with the scour formula proposed by Sheppard et al. (2014): 

*

1 2

2
 

 
   

 

s
eq eq

d
c Z Z

D
          (3.8) 

1
1 2 3*

2.5             0.4 1.0
eq

c

Z u
f f f for

a u
          (3.9) 

.4

1 *

0

tanh
  

      

f
h

a
          (3.10) 

2

1
2 1 1.2 ln

c

u
f

u

    
    

    

         (3.11) 

*

3 1.2 0.13
* *

0.4 10.6

s

s s

a

d
f

a a

d d



  
  
    

    
    

    

        (3.12) 

 

where 
eqZ  is the equilibrium scour depth, *

eq
Z  is the dimensionless equilibrium scour depth, ds is 

the sediment size, D is the pier diameter, * s pa K a  is the effective diameter of the pier, h  is the 

flow depth, sK  is the shape factor, 
pa  is the projected width of the pier, 1u  is average velocity in 

upstream main channel. 

 

The parameters 2c  and 3c  
 
were determined fitting the DFW model, i.e. Eq. (3.1), to concurrent 

measurements of discharge and scour depth, computing the dimensionless effective flow work 

*W  and the relative scour depth *Z  applying the Levenberg-Marquardt algorithm in Matlab®. 

*

0W  and   were obtained applying the genetic algorithm in Matlab® optimizing  the root mean 

square error (RMSE). The quality of the model performance was determined through the RMSE 

and the Nash-Sutcliffe efficiency (NSE): 
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 
2

1

1 n
cal obs

i i

i

RMSE Z Z
n 

          (3.13) 

 

 

2

2

1

1

obs caln
i i

obs mean
i

i i

Z Z
NSE

Z Z

 
  
 
 

         (3.14) 

where cal

iZ  is the ith calculated value of scour, obs

iZ  is the ith observed value of scour, n  is the 

number of observations, and meanZ  is the mean value of the observed data. 

 

Model parameters were estimated for two case studies with the aim to test the proposed 

formulation under different field conditions. Field data at Cornelia bridge over the Chattahoochee 

River were available for one flood occurred in July 1-2, 2003 documented by Sturm et al. (2004). 

An initial scour depth of 1.07 m was reported before beginning of the field measurements. 

Sediment deposition occurred after the peak discharge. Additionally, model parameters were 

estimated for the Rapel bridge using a single clear-water flood occurred in December, 7th 2017, 

and model performance was evaluated for estimation of scour evolution during five successive 

flood waves occurred in December, 8-12th 2017. Before field measurements the riverbed was 

flattened. Refilling of the scour hole was observed during the falling limb of the last measured 

flood. 

 

Computed and observed scour depths over time were compared graphically and the quality of the 

computations was determined through the RMSE and NSE. 

 

 

3.6       Model application for scour and deposition analysis at bridge piers 

 

The calibrated model was applied to simulate scour at Rapel bridge, Pier #3, over a two-years 

period in a pre-dam (1949-1951) and a post-dam (2016-2018) scenario, considering different 

excess sediment supply. Scour and deposition in both scenarios were compared. 
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3.7       Conclusion 

 

The methods for measurement and modelling of scour at bridge pier #3 of Rapel bridge were 

presented. Particularly, scour will be monitored with a scour sensor, and floods will be studied 

synoptically using an ADCP. The proposed mathematical model allows the analysis of scour in 

different flow and sedimentological regimes. 
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CHAPTER 4     RESULTS 

 

4.1       Introduction 

 

This Chapter presents the main results from the field measurements and the computation of 

scenarios through the proposed mathematical model. Especial attention is given to the accuracy 

and quality of the measurements and computations. 

 

 

4.2       Parameters estimation and model performance 

 

4.2.1 Cornelia bridge 

 

Figure 4.1 shows the scour depth over time during a flood measured at the front of pier #1 of 

Cornelia bridge over the Chattahoochee river. 

 

Scour progressed from the initial 1.07 m to 1.66 m measured during the peak and decreased to 

1.12 m due to the sediment deposition during the falling limb of the hydrograph. The optimal 

model parameters for this case were 1 0.0028c  , 2 0.0272c  , 3 0.3014c  , 2.18  , and 

* 4

0 3.046*10W  . The calibrated model (red continuous line) reproduced the measured scour 

depth with RMSE = 0.050 m and NSE = 0.93. The solid black line corresponds to the computed 

scour without considering deposition process, while the grey band provides a sensitivity of the 

computed scour depth to the   parameter. Even when available data were not enough for a 

rigurous calibration and validation proccedure, obtained RMSE and NSE provide a good idea of 

the best performance that the proposed model could achieve. 
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Figure 4.1 Scour depth over time during a flood measured at the front of Pier #1 of Cornelia 

bridge over the Chattahoochee river. The solid black line corresponds to the computed scour 

without deposition. The grey band around the calibrated model provides a sensitivity of the 

computed scour depth to   

 

 

4.2.2 Rapel bridge 
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Figure 4.2 shows the scour depth over time during 6 days with daily hydropeaking measured at 

the front of Pier #3 of Rapel bridge. 

 

Figure 4.2 Scour depth over time during 6 days with daily hydropeaking measured at the front of 

Pier #3 of Rapel bridge. The grey band around the calibrated model provides a sensitivity of the 

computed scour depth to   

 

Observed scour increased from the initial flat bed to 0.48 m after 4.5 days. After the last flood 

peak (0.5 days), scour diminished 0.05 m due to sediment deposition. Estimation of optimal 
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parameters was performed using the first flood only (day 1). The optimal parameters were: 

1 0.058c  , 2 0.028c  , 3 0.27c  , and 1.20  . The scour model alone (without sediment 

deposition, solid line) reproduced observed scour over days 2 to 5 with a RMSE = 0.036 m and 

NSE = 0.90. Results of the optimized model improved to RMSE = 0.025 m and NSE = 0.95. As 

for the Cornelia bridge model results for the Rapel bridge are considered very good for the 

estimation of scour and deposition during floods. 

 

 

4.3       Scour and deposition at bridge piers during floods 

 

Figure 4.3 shows computed scour depth over two years in the pre and post-dam scenarios, 

without sediment deposition ( * *

s sg g  ), with sediment supply equal transport capacity ( 1  ), 

and with excess sediment supply (  = 1.20 and 5.00). Table 4.1 shows the computed maximum, 

average, and final scour depth at Pier#3 for both scenarios, under the different sediment regimes. 

 

Table 4.1 Computed maximum, average, and final scour depth at Pier#3 for both scenarios, under 

the different sediment regimes 

Parameters 

Pre dam Post dam 

Z max 

(m) 

Z avg 

(m) 

Z end 

(m) 

Z max 

(m) 

Z avg 

(m) 

Z end 

(m) 

* *

s sg g   1.56 1.40 1.56 1.11 0.98 1.11 

ξ = 1.00 1.39 1.27 1.38 0.84 0.79 0.80 

ξ = 1.20 0.97 0.40 0.34 0.60 0.50 0.52 

ξ = 5.00 0.95 0.02 0.00 0.35 0.11 0.11 
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Figure 4.3 Computed scour depth over two years in a) the pre and b) the post-dam scenarios, 

without sediment deposition ( * *

s sg g  , black line), with sediment supply equal transport 

capacity ( 1.00  , grey line), and with sediment supply excess of 20% ( 1.20  , red line) and 

500% ( 5.00  , blue line) 

 

Salient differences in scour depth appear as consequence of the different flow regimes: for 

scenarios without sediment deposition ( * *

s sg g  ) and equilibrium conditions ( 1.00  ) the 

scour depth after the two years is higher in the pre-dam scenario than in the post-dam scenario, 
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while it was lower in cases with excess sediment supply ( 1.00  ). Especially, in the pre-dam 

scenario with excess sediment supply scour depth reached high values during short periods of 

high waters (e.g. around 380 and 490 days), rapidly diminishing during the falling limb of the 

hydrographs due to sediment deposition. The latter is more marked for higher sediment supply, 

i.e. 5.00  . This aspect has important consequences for bridge monitoring and forensic 

analyses: when sediment deposition is expected to occur, a bridge inspection after a flood will not 

provide adequate information about the maximum scour depth reached during the event. 

Therefore, an appropriate monitoring system able to work under high turbidity during floods is 

required. 

 

 

4.4       Conclusion 

 

Field measurements were performed over six days at Rapel bridge. They were used for 

calibration of a simple mathematical model. The model was applied for analysis of time 

dependent scour in scenarios with 2 years duration, considering different flow and sediment 

regimes. A high sensitivity of the local scour depth to the excess of sediment supply,  . 

Deposition played an important role in cases with   >1.0, which are expected to frequently 

occur. 

 

 



Chapter 5: Conclusions 23 

CHAPTER 5     CONCLUSIONS 

 

The effects of different flow and sediment regimes on pier scour were investigated through field 

measurements and computations with a simple scour-deposition model. The scour model was 

previously proposed by Link et al. (2017), while its extension for modelling the sediment 

deposition was proposed in the present Thesis. 

 

The ultrasonic scour sensor was a reliable instrument for real scour monitoring under the 

presented field conditions, and results show that a single and easy-to-perform measurement of 

scour evolution during one flood is enough for estimation of optimal model parameters. The field 

measurement of scour is especially challenging due to a number of unresolved issues, such as the 

potential damage and blockage of the sensor by large woody debris, the water turbidity that at a 

certain point would avoid the measurement of the river bottom, the access to the river during 

floods which can be dangerous for instruments operators. The presented field conditions were 

relatively simple, in comparison to other expected scenarios, especially in unregulated and 

mountain rivers, as those massively existing in Chile. Therefore, the presented measuring 

methodology must be taken with some care, and its application to different conditions needs a 

site-specific analysis of possible operational troubles. 

 

The application of the proposed model showed that scour depth and deposition at a bridge pier 

are very sensitive to the excess sediment supply. In particular, after two years, scour in a pre-dam 

scenario (natural flow regime) resulted higher than in a post-dam scenario (regulated flow regime 

with daily hydropeaking) when no sediment deposition or equilibrium conditions occurred, while 

it was lower in case of excess sediment supply. The excess sediment supply is by definition a 

number that reflects riverflows overloaded by sediments. It is distinguished between the classical 

Newtonian water flow with sediment concentrations that are not able to alter the rheology, i.e. 

volumetric sediment concentration less than about 20%, hyperconcentrated flows where the flow 

exhibit already a different rheology than clear-water, and debris flow which is actually more 

sediment than water, with volumetric sediment concentrations of more than about 40% with a 

highly complex mechanical and dynamical behavior. In the present investigation, the value of the 

excess sediment supply parameter was varied from 1 to 5. Even when 5 is a high number, it must 
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be noted that it correspond to a sediment concentration well beyond the limit for 

hyperconcentrated flow. Thus, the presented analysis is valid only for river floods. 

 

Remarkably, the highest scour depths in the pre-dam scenario with excess sediment supply were 

of comparable magnitude as those computed for a post-dam scenario, and occurred only briefly 

around the peak discharges before sediment deposition, illustrating the complex interactions 

between flow and sediment in time. This aspect have important consequences for 

instrumentation, monitoring and analysis of scour. Especially, monitoring of bridge pier scour in 

the field and forensic analyses needs to take flow and sediment regimes into account. Especial 

requirements for a continuous monitoring during floods arise in case of excess sediment supply. 

Otherwise, the maximum scour depth could be importantly underestimated. 

 

A possible way forward would be to extend the present study with field measurements at a 

different bridge, with more marked sediment deposition, and to include the present modelling 

approach into a risk-based design procedure. 
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