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ABSTRACT 

Sediment exists in different water bodies and its transport can be associated with different 

problems such as irrigation water contamination and infrastructure integrity compromise. 

Applying sediment transport theory helps better understand and solve these problems. Therefore, 

this dissertation reports on the experimental investigation of pathogenic microorganism 

resuspension and bridge pier scour based on sediment transport theory.  

The first research focused on the study of the resuspension of Escherichia coli and MS2 

bacteriophage from bed sediment in irrigation canals. A set of laboratory experiments was 

conducted to investigate relation between the concentration of Escherichia coli and the MS2 in 

moving water and flow properties and the size of bed sediment. Results showed when bed material 

is sandy loam, their quantity in water increases with the shear stress on bed surface. However, for 

a sandy bed, their presence in water has no apparent correlation with flow properties. The amount 

of MS2 virus in water was greater at low flow velocity and shear stress than Escherichia coli 

because the size of the MS2 virus is much smaller. Finally, an empirical relation was formulated 

for calculating the maximum allowable Escherichia coli concentration in sandy loamy bed 

sediment. 

The second research focused on the investigation local scour around a group of three piers 

with different sizes, spacing, and attacking angles. The results of the scour pattern showed the 

sheltering effect of the upstream piers and interaction between horseshoe vortex and wake vortex. 

Based on the phenomenological theory of turbulence flow, an analytical equation was formulated 

for predicting the maximum scour depth. The significance of key parameters were evaluated using 

the statistical F-test.  The coefficients in the equation were determined by the experimental data 

from this and other studies. The results showed pier diameter, pier spacing, actual pier width, flow 



8 

 

depth, Froude number, and sediment size are important parameters for determining the maximum 

scour depth. 

The third research focused on the study of the turbulence flow field around the three pier 

group. Mean flow vectors, turbulence intensities were analyzed based on the instantaneous 

velocity measured by Acoustic Doppler Vectrino Profiler. Two pier spacings of 1 and 5 times the 

pier diameter and two attack angles of 0 and 30 were used to study the effect of pier spacing and 

attack angle on the flow field. A strong sheltering effect of upstream pier in tandem alignment was 

observed when piers spacing is small. Horseshoe vortices around the middle and downstream piers 

were enhanced when the piers were in staggered alignment. Distributions of bed shear stress 

showed that when the scour is in equilibrium, the bed shear stress in the scour hole is smaller than 

the approaching bed shear stress. 
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CHAPTER 1: INTRODUCTION 

1.1   Research Background 

1.1.1 Sediment transport in irrigation canals 

The microbial quality of irrigation water is critical for the safety of fresh produce. Studies have 

shown irrigation water is a source of microbiological contamination in fresh produce (Pachepsky 

et al. 2011; Olaimat and Holley 2012; Gil et al. 2015). Irrigation water carrying pathogenic 

microorganisms significantly increases the risk of produce contamination (Stine et al. 2005). From 

1998 to 2008, 26,735 illnesses were reported from 684 food-borne disease outbreaks involved with 

the consumption of contaminated produce in the USA (Uyttendaele et al. 2015). 

Even when potable municipal water is used, these organisms can enter into irrigation system 

from storm water or animals. Studies have found that particle surfaces serve to support attached 

microorganisms in freshwater, which allows organisms to settle, stay, and then re-suspend into 

water column (Bitton and Marshall 1980). Although water in an irrigation canal may be free of 

pathogenic microorganisms, or satisfies the Escherichia coli (E. coli) standard (USEPA 2012), 

when water starts to flow for irrigation, the organisms in the sediment can be re-suspended into 

the water column, resulting in degradation of microbial water quality (Pachepsky and Shelton 

2011). 

 E. coli is a member of the fecal coliform group, and is found as a commensal organism in 

the intestine of warm-blooded animals; however, some strains are pathogenic and cause 

gastrointestinal disease (diarrhea, vomiting, nausea, fever, etc.). Other pathogenic strains have the 

ability to cause urinary tract infections, meningitis, bacteremia and hemolytic uremic syndrome 

(Murray et al. 1999). Pathogenic E coli has been associated with many foodborne outbreaks. From 
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1982 to 2002, there were over 400 cases of foodborne outbreaks in the United States that were 

caused by one strain of E. coli, O157:H7 (Rangel et al. 2005; Heiman et al. 2015).  

Numerous studies have focused on E. coli as an indicator for enteric pathogens (de 

Beauwere et al. 2014). Water temperature, turbidity, and flow rate have been found to influence 

the resuspension of E. coli from sediments (Christeensen 2002; Skraber et al. 2002; Parkhurst et 

al. 2005; He and He 2008; Ge and Frick 2009; David and Haggard 2011; Francy et al. 2013). 

Temperature and natural competition are the major influences on the survival of E. coli in water, 

which may survive for 5 to 7 days or longer (Flint et al. 1987). Many studies have assessed its 

decay rate in water and sediment (Vinten et al. 2004; Grant et al. 2005; Stretch and Mardon 2005; 

Hellweger 2007; Riou et al. 2007; Baffaut and Sadeghi 2010). But, only a few studies have 

examined the impact of flow and sediment properties on its resuspension. Collins and Rutherford 

(2004) correlated the resuspension rate with the average daily flow discharge when modeling the 

fate of E. coli throughout a watershed in New Zealand. Bai and Lung (2005) calculated the 

resuspension flux using a reference erosion rate and the bed shear stress in the modified 

Environment Fluid Dynamics Code (EFDC) model (Hamrick 1992) for simulating the transport of 

E. coli. Sanders et al. (2005) developed a resuspension model using the dimensional analysis, 

assuming the resuspension rate of E. coli is proportional to the shearing rate. Cho et al. (2010) 

computed the resuspension flux by multiplying the E. coli concentration in the sediment and the 

resuspension rate. Kim et al. (2010) calculated the resuspension rate using the simplified Bagnold’s 

stream power equation. Pandey et al. (2012) correlated the resuspension rate to bed shear stress 

and the critical stress for both non-cohesive and cohesive sediment. Regardless of the methods 

adopted in these studies, a threshold value, or the critical shear stress, was used to determine when 

bed sediment starts to be entrained, which is a key parameter for assessing E. coli concentration in 
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water. However, there is no consensus on the critical shear stress for sediment entrainment, 

especially for sandy loam sized bed sediment (Steets and Holden 2003; Bai and Lung 2005; 

Jamieson et al. 2005). The uncertainty of critical shear stress is one of the challenges in determining 

E. coli concentration in water (Pachepsky and Shelton 2011). The amount of microorganisms 

adsorbed to sediment surfaces directly affects the cohesion between sediment particles. And, the 

critical shear stress varies with this cohesive force. Therefore, the amount being entrained into the 

water by sediment resuspension is dependent on bed shear stress. This study examined the critical 

shear stress for E. coli entrainment, and the influence of sediment size on the concentration of E. 

coli in water.  

Norovirus is a human enteric virus that causes approximately 67% of foodborne illnesses in 

the United States (Gerba and Kayed 2003). Human norovirus has not been successfully cultured 

in laboratories for application to environmental studies, making it difficult to study in the 

environment. Studying norovirus characteristics in the environment is typically done using a 

surrogate (MS2, murine norovirus or feline calicivirus) (Gerba and Kayed 2003; Richards 2012). 

Norovirus is a non-enveloped, icosahedral virus, which is approximately 30 nm in diameter (Gerba 

and Kayed 2003). Norovirus can spread through the fecal-oral transmission route, and has been 

reported to remain viable outside of a host for over two months in water (Lopman et al. 2012).  

The recent EPA regulation in 2012 Recreational Water Quality Criteria only recommended 

E. coli and enterococci for evaluating the microbiological contamination in water (USEPA 2012). 

But, Jurzik et al (2010) pointed out that E. coli might not be a good indicator for virus. Since 

bacteria and virus may act differently in water and sediment, EPA is now considering adding 

coliphages as possible indicators (USEPA 2015). Therefore, the resuspension of both bacteria and 

virus are studied. 
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1.1.2 Sediment transport around bridge piers 

Bridge scour is a leading cause of bridge failures. An accurate estimation of scour depth not only 

helps to prevent bridge failure but also to design bridge. For most of rivers, the bridge foundation 

consists of a pier column, a pile cap and a pile group, referred as complex piers. A common 

configuration of the pier column is multiple piers, which behaves more similar to a pile group than 

a single pier column. 

Local scour around a single pier has been well studied by many researchers. But only a 

limited number of studies focused on pile groups. Coleman (2005) studied the influence of pile 

cap position on the scour depth and proposed an equation for the equivalent pier width to substitute 

the pier width in the existing single pier scour equation (Melville and Coleman 2000). Adopted by 

Florida Department of Transportation (FDOT), Sheppard and Renna (2005) calculated the scour 

depth using single pier equation with equivalent pier width, which is the sum of equivalent widths 

of the pier column, pile cap and pile group. Known as HEC-18 method, Arneson et al. (2012) 

applied superposition principle to determine the scour depth by calculating the scour depth 

contributed from pier column, pile cap and pile group, each of the component is calculated by a 

modified form of single pier scour equation. Ataie-Ashtiani et al. (2010) conducted 70 experiments 

with complex piers with different geometrical characteristics, and found the scour depth were 

overestimated by both Coleman (2005) and HEC-18 method, multiplying factors were used for the 

equivalent pier width in Coleman (2005) and component scour depth in HEC-18 method to 

improve the two methods. Amini and Mohammad (2017) proposed a different equation for 

equivalent pier width from Coleman (2005) based on experiments with a full range of possible pile 

cap elevations. All the methods were modified from different existing scour depth equation for 

single piers. 
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Scour stops when the shear stress caused by vortex at the pier equals the critical shear stress 

of the bed sediment. Therefore, to better understand pier scour, the flow field around the pier is 

necessary. Graf and Istiarto (2002) measured the 3D flow field around a cylinder using acoustic 

Doppler velocity profiler to investigate the equilibrium scour conditions. Akilli et al. (2004) 

investigated the flow pattern around cylindrical piers with side-by-side arrangement using particle 

image velocimetry technique. Palau-Salvador et al. (2008) conducted Large Eddy Simulation of 

the flow around two tandem cylinders whose spacing is equal to the diameter and compared it with 

the experimental data. Ataie-Ashtiani and Aslani-Kordkandi (2013) compared the flow field 

around two circular piers in tandem and a single pier on a flat bed without scour hole. Beheshti 

and Ataie-Ashtiani (2016) studied the flow field around complex piers with the presence of scour 

hole and compared the results with fixed flat bed.  

1.2 Objectives 

The objectives of this study are: a) to derive a relationship between the total amount of E. coli and 

MS2 virus in water and flow properties (e.g., bed shear stress), b) to quantify the critical shear 

stress for the sediments adsorbed with E. coli or MS2, c) to derive empirical equations for the 

individual piers in the pier column, d) to calculate scour depth numerically with flow field 

measurements. 

1.3 Methodology 

1.3.1 Experiments of E. coli and MS2 virus in bed sediment 

The irrigation canal is mimicked by a 15.2 cm wide, 160.7 cm long flume. The flume is rectangular, 

and has a bottom slope of 0.001. A tank provides water to the flume, and also receives water from 

the end of the flume, resulting in a self-recirculating system. At the beginning of each experimental 
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run, 246 L water was added to the tank. Water temperature was measured after the tank was filled 

up. A valve was used to control flowrate, and a tailgate at the end of the flume was placed to 

control water depth so that different velocities can be reached at a certain discharge. The flow rate 

was dependent on the valve opening, which was pre-determined by using a sharp-crested weir 

installed at the flume end. Although the flume is short, a steady quasi-uniform flow reach was 

achieved during each experimental run by regulating the tailgate at the flume end. The criteria for 

steady quasi-uniform flow is to make sure the flow depths at the front, middle, and end of the reach 

are nearly the same (e.g., within 1 mm difference). Two types of sediment were used, one had a 

mean size, D50=0.4 mm, and uniformity coefficient Cu=2.25 and the other D50=0.05 mm, Cu=5.35. 

The sediments are classified as medium sand and sandy loam, respectively, based on USDA 

textural soil classification system (USDA 1987). The sandy loam consists of 53.3% sand and 

46.7% silt. 

Prior to each experimental run, 5 cm clean sediment was evenly placed on the bottom of 

the flume weighing approximately 20.43 kg (45 lb). Then, 4.086 kg (9 lb) of inoculated sediment 

of the same size was placed evenly on the top of the clean sediment.  Next, the pump was started, 

and the valve was gradually opened to a desired location to reach a given discharge. The first series 

of experiments was to determine how long it took the E. coli or MS2 reach the equilibrium 

concentration in the water column.  A flowrate of 0.73 L/s and velocity of 20 cm/s was selected 

for E. coli. The sediment size was D50=0.05 mm. This experiment was duplicated to verify the 

initial results. During each experiment, water samples were collected from the flume and the tank 

after 30 minutes, 1 hour, 2 hours, 4 hours, and 6 hours. The same experiment is done for MS2 

virus, but the duration is shortened to 4 hours as MS2 is easier to be entrained than E. coli due to 

its smaller size. 
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After determining the sampling interval, experiment were conducted under different flow 

conditions. During each run, flow discharge was fixed, and the tailgate was adjusted to obtain a 

desired flow depth in the flume. Flow depth was measured using a fine scaled ruler glued to the 

side of the flume, while flow discharge was determined based on the opening of the valve. Flow 

velocity was calculated using flow discharge and flow depth. At each flow depth, the experimental 

run lasted the time determined by previous task before water samples were collected from the 

flume and the tank. Then, the velocity was increased by lowering the tailgate. After the flow 

reached steady quasi-uniform, water samples were re-collected from the flume and the tank. This 

procedure continued until flow velocity reached about 40 cm/s. At each discharge, three different 

velocities were tested. After this series of experimental runs, flow was stopped, and water was 

drained out of the flume. Sediment was immediately re-sampled at the same locations as those 

before the run.  All the samples were immediately placed in an iced cooler, and sent to the 

microbiology lab to enumerate the E. coli or MS2. Each experiment was triplicated to ensure the 

results are consistent. After collecting of the samples, the flume was cleaned with liquid bleach to 

remove any remaining microorganism in the system. The same experiments are repeated for MS2. 

1.3.2 Scour depth in complex piers 

The experiments were conducted in one 1.49 m wide and 10.97 m long rectangular flume with a 

bed slope of 0.0001. The incoming flow was pumped into the channel at constant discharges from 

a large above-ground water tank, and controlled by a valve on the pipe. A honeycomb metal sheet 

was placed at the inlet to stabilize flow at the entrance. The tailwater from the flume was returned 

to the reservoir via a separate channel. A sharp-crested weir was installed at the end of the flume 

to measure the flowrate. The flume bottom was covered with 25 cm deep sediment with a median 
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size of 0.54 mm. The density of sediment is 3

s   k26 m50 g /  . The standard deviation of sediment 

mixture, 0.5

84 16( / ) 2.1g d d   .  

Three identical model piers made of PVC pipe were placed in the middle of the flume 

approximately 6 m from the entrance. The spacings are 1, 3, and 5 times the pier diameter. Before 

each experiment, the image of bed surface was captured by a three-dimensional camera, Kinect, 

manufactured by Microsoft. During each experiment, the valve was gradually opened until a 

desired discharged has reached.  After the approaching flow reaches steady uniform, flow depth 

was measured with a steel ruler 1 m upstream from the first pier. The approaching flow velocity 

is calculated by dividing the measured flow rate by the cross section area. The duration of each 

experiment is set as 8 hours for reaching the equilibrium scour depth (Ataie-Ashtiani and Beheshti, 

2006; Wang et al., 2016). After each experiment, the water was slowly drained, and another bed 

surface image was taken.  

Microsoft Kinect was initially designed for gaming, but it has been applied to many other 

fields (Voullieme et al., 2014; Kahn et al., 2013; Mankoff and Russo, 2013). It consists of RGB-

D (Red Green Blue + Depth) sensors. An RGB visible light image and a depth-coded image can 

be produced from the structured infrared light. The depth sensor emits an infrared light pattern and 

calculates depth from the light reflection at different positions for generating the depth-coded 

image. The camera was mounted on a plank, and placed vertically 0.61 m above the bed surface. 

The plank was clamped to the flume so that they would incline together at the same angle to ensure 

the plane view of bed surface. The camera was connected to a computer, and controlled by a 

software named KSCAN3D, which can export the image into ASC file consisting of the 

coordinates and depths. The scour depth was calculated by subtracting the bed elevations obtained 

before and after each scour experiment. Khoshelham and Elberink (2012) found that the 
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measurement error of Kinect increases quadratically with the distance from the sensor to the object. 

In this study, Kinect was installed close to the bed surface (0.61m), according to Khoshelham and 

Elberink (2012), the measurement error is about 1 mm. A total of 36 experimental runs were 

performed.  

1.3.3 Velocity field measurement 

To measure the flow field around the piers, the flow rate is fixed at 51.3 L/s and the 4.83-cm-piers 

are used.  Two pier spacings of 1 and 5 times the pier diameter and two attack angles of 0 and 30 

resulted in a total of 4 set of velocity field measurement. A four-receiver Acoustic Doppler 

Vectrino Profiler was used to measure the instantaneous velocity components at a sampling 

frequency of 30 Hz and duration of 20 s. The origin of the Cartesian coordinate system was defined 

as the center of the pier group on its initial bed surface. The x, y, z axes were oriented along the 

main flow longitudinally, to the left bank in the transverse direction and toward the water surface 

vertically with instantaneous velocity component denoted as u, v and w, respectively. The sampling 

grid in the horizontal plane is 10 cm beyond the sour hole and 5 cm within the scour hole. The 

sampling interval in the vertical direction is 2 cm. The measurements were filtered by rejecting 

points with a correlation coefficient less than 0.7 and signal to noise ratio less than 20 dB. The 

output data was despiked by robust phase-space despiking algorithm (Whal, 2003). The processed 

data were used to calculate the mean velocities, turbulence intensities, and bed shear stresses. 

1.4   Format of Dissertation 

The research in this dissertation focused on the application of sediment transport theory in 

environment and engineering science. The dissertation includes three different research studies 

and the format follows journal paper format. Three research manuscripts are reproduced in the 

Appendices.   



18 

 

CHAPTER 2: PRESENT STUDY 

2.1   Resuspension of Escherichia coli and MS2 bacteriophage from bed sediment in 

irrigation canals (Appendix A) 

The purpose of this study was to derive a relation between the total amount of E. coli and MS2 

virus in water and flow properties and quantify the critical shear stress for the sediments adsorbed 

with E. coli or MS2. Three series of laboratory experiments in a flume were conducted to study 

the entrainment of E. coli and MS2 from bed sediment in irrigation canals. The first series found 

E. coli and MS2 in water reached the equilibrium concentration in about 30 minutes under a given 

flow condition. The second and third series of experiments showed both E. coli and MS2 had a 

significant correlation with bed shear stress in sandy loamy bed. The correlation between E. coli 

and bed shear stress is weak in sandy bed sediment. The critical shear stress for E. coli entrainment 

from sandy loamy bed sediment is 0.1, greater than that for clean sediment. The concentrations of 

E. coli or MS2 in water are dependent on their concentrations in sandy loamy bed sediment and 

bed shear stress. Besides, an empirical relation was formulated for calculating the maximum 

allowable E. coli concentration in sandy loamy bed sediment based on the USFDA regulation. 

.  

2.2   Experimental Study of local scour around three piers group (Appendix B) 

Laboratory experiments were conducted to study local scour around three piers in tandem or 

staggered alignment. When they are in tandem, the spacing between piers does not significantly 

affect the scour depth. As the flow attack angle increases, the maximum scour depth increases and 

the location of the maximum scour depth shifts from the first to the second pier. At a sufficiently 
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large attack angle, as the interaction between the wake and the horseshoe vortices weakens, the 

maximum scour depth decreases with the attack angle.  

Based on the phenomenological theory, a semi-empirical equation was derived to predict 

the maximum scour depth. Three empirical coefficients were determined by using this and other 

experimental data. The maximum scour depth depends on the number of piers, pier geometric 

properties (pier diameter, pier spacing, and equivalent pier width), and flow properties (flow depth, 

Froude number, and the attacking angle).  The proposed equation yields satisfactory results for 

predicting the maximum scour depth for two-, three-, and four-pier groups. As the pier spacing 

approaches infinity, the proposed equation is equivalent to the equations for predicting the 

maximum scour depth of a single pier. Therefore, the proposed equation was compared with the 

CSU equation and the contemporary Sheppard-Miller equation. The results showed the Sheppard-

Melville equation performs the best for the selected single pier scour data.  This indicates the 

proposed equation is more suitable for predicting the maximum scour depth of multiple piers, and 

its applicability to a single pier needs more verifications. 

2.3   Mean and turbulent flow field around three piers in tandem and staggered alignments 

(Appendix C) 

This research aims to study the mean flow and turbulence characteristics for a group of three piers 

in an equilibrium scour hole with data acquired by Acoustic Doppler Vectrino Profiler. The mean 

velocity, turbulence intensities and bed shear stresses were analysed for two different attack angles 

and two different spacings. When three piers are aligned in tandem, horseshoe vortex was observed 

in front of the 1st pier but not the 2nd, and the 3rd pier with S/D = 1. When they are in staggered, 

horseshoe vortexes were observed in front of three piers. These vortexes are interacted with the 
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wake vortexes shed from the upstream pier, resulting in the oscillation of horseshoe vortices. As 

the spacing to pier diameter ratio increases to 5, these vortices are weaker. Turbulence intensities 

of u+/u0 and w+/u0 have a similar distribution but the magnitude of u+/u0 is about 5 times as w+/u0. 

Three methods to calculate bed shear stress were compared and the equation using turbulent kinetic 

energy (Biron et al., 2005) yielded the most reasonable results. The maximum values of bed shear 

stress are found at the scour hole boundary. 
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Abstract:  

Sediments are known to be potential reservoirs of pathogenic microorganisms, which can influence 

the microbial quality of the overlaying water.  A set of laboratory experiments was conducted to 

investigate the resuspension of Escherichia coli and MS2 virus, from bed sediment to the 

overlaying water in irrigation canals. Consequently, their concentration in moving water is 

dependent on flow properties (e.g., velocity, shear stress) and the size of bed sediment.  When bed 

material is sandy loam, their quantity in water increases with the shear stress on bed surface. But, 

for sandy bed, their presence in water has no apparent correlation with flow properties. The amount 

of MS2 virus in water was greater at low flow velocity and shear stress than E. coli because the 

size of MS2 virus is much smaller. Finally, an empirical relation was formulated for calculating 

the maximum allowable E. coli concentration in sandy loamy bed sediment.  

Keywords: Sediments; Escherichia coli; Virus; Coliphage; MS2; Irrigation water; Produce; 

Resuspension. 

 

 

Introduction 

The microbial quality of irrigation water is critical for the safety of fresh produce. Studies have 

shown irrigation water is a source of microbiological contamination in fresh produce (Pachepsky 

et al. 2011; Olaimat and Holley 2012; Gil et al. 2015). Irrigation water carrying pathogenic 

microorganisms significantly increases the risk of produce contamination (Stine et al. 2005). From 

1998 to 2008, 26,735 illnesses were reported from 684 food-borne disease outbreaks involved with 

the consumption of contaminated produce in the United States (Uyttendaele et al. 2015). 

Even when potable municipal water is used, these organisms can enter into irrigation system 

from storm water or animals. Studies have found that particle surfaces serve to support attached 

microorganisms in freshwater, which allows organisms to settle, stay, and then re-suspend into 



29 

 

water column (Bitton and Marshall 1980). Although water in an irrigation canal may be free of 

pathogenic microorganisms, or satisfies the Escherichia coli (E. coli) standard (USEPA 2012), 

when water starts to flow for irrigation, the organisms in the sediment can be re-suspended into 

the water column, resulting in degradation of microbial water quality (Pachepsky and Shelton 

2011). 

 E. coli is a member of the fecal coliform group, and is found as a commensal organism in 

the intestine of warm-blooded animals; however, some strains are pathogenic and cause 

gastrointestinal disease (diarrhea, vomiting, nausea, fever, etc.). Other pathogenic strains have the 

ability to cause urinary tract infections, meningitis, bacteremia and hemolytic uremic syndrome 

(Murray et al. 1999). Pathogenic E coli has been associated with many foodborne outbreaks. From 

1982 to 2002, over 400 cases of foodborne outbreaks in the US were caused by one strain of E. 

coli, O157:H7 (Rangel et al. 2005; Heiman et al. 2015).  

Numerous studies have focused on E. coli as an indicator for enteric pathogens (de 

Beauwere et al. 2014). Water temperature, turbidity, and flow rate have been found to influence 

the resuspension of E. coli from sediments (Christeensen 2002; Skraber et al. 2002; Parkhurst et 

al. 2005; He and He 2008; Ge and Frick 2009; David and Haggard 2011; Francy et al. 2013). 

Temperature and natural competition are the major influences on the survival of E. coli in water, 

which may survive for 5 to 7 days or longer (Flint et al. 1987). Many studies have assessed its 

decay rate in water and sediment (Vinten et al. 2004; Grant et al. 2005; Stretch and Mardon 2005; 

Hellweger 2007; Riou et al. 2007; Baffaut and Sadeghi 2010). But, only a few studies have 

examined the impact of flow and sediment properties on its resuspension. Collins and Rutherford 

(2004) correlated the resuspension rate with the average daily flow discharge when modeling the 

fate of E. coli throughout a watershed in New Zealand. Bai and Lung (2005) calculated the 
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resuspension flux using a reference erosion rate and the bed shear stress in the modified 

Environment Fluid Dynamics Code (EFDC) model (Hamrick 1992) for simulating the transport of 

E. coli. Sanders et al. (2005) developed a resuspension model using the dimensional analysis, 

assuming the resuspension rate of E. coli is proportional to the shearing rate. Cho et al. (2010) 

computed the resuspension flux by multiplying the E. coli concentration in the sediment and the 

resuspension rate. Kim et al. (2010) calculated the resuspension rate using the simplified Bagnold’s 

stream power equation. Pandey et al. (2013) correlated the resuspension rate to bed shear stress 

and the critical stress for both non-cohesive and cohesive sediment. Regardless of the methods 

adopted in these studies, a threshold value, or the critical shear stress, was used to determine when 

bed sediment starts to be entrained, which is a key parameter for assessing E. coli concentration in 

water. However, there is no consensus on the critical shear stress for sediment entrainment, 

especially for sandy loam sized bed sediment (Steets and Holden 2003; Bai and Lung 2005; 

Jamieson et al. 2005). The uncertainty of critical shear stress is one of the challenges in determining 

E. coli concentration in water (Pachepsky and Shelton 2011). The amount of microorganisms 

adsorbed to sediment surfaces directly affects the cohesion between sediment particles. And, the 

critical shear stress varies with this cohesive force. Therefore, the amount being entrained into the 

water by sediment resuspension is dependent on bed shear stress. This study examined the critical 

shear stress for E. coli entrainment, and the influence of sediment size on the concentration of E. 

coli in water.  

Norovirus is a human enteric virus that causes approximately 67% of foodborne illnesses in 

the United States (Gerba and Kayed 2003). Human norovirus has not been successfully cultured 

in laboratories for application to environmental studies, making it difficult to study in the 

environment. Studying norovirus characteristics in the environment is typically done using a 
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surrogate (MS2, murine norovirus or feline calicivirus) (Gerba and Kayed 2003; Richards 2012). 

Norovirus is a non-enveloped, icosahedral virus, which is approximately 30 nm in diameter (Gerba 

and Kayed 2003). Norovirus can spread through the fecal-oral transmission route, and has been 

reported to remain viable outside of a host for over two months in water (Lopman et al. 2012).  

The recent EPA regulation in 2012 Recreational Water Quality Criteria only recommended 

E. coli and enterococci for evaluating the microbiological contamination in water (USEPA 2012). 

But, Jurzik et al (2010) pointed out that E. coli might not be a good indicator for virus. Since 

bacteria and virus may act differently in water and sediment, EPA is now considering adding 

coliphages as possible indicators (USEPA 2015). Therefore, the resuspension of both bacteria and 

virus were studied.  

Adsorption (or desorption) is the fundamental mechanism that E. coli attaches to (or 

detaches from) sediment, but it is difficult to quantify the adsorption/desorption due to the 

complexity of the transformation process (Gao et al. 2011). A partition constant was often used to 

represent the relationship between the adsorbed and the free E. coli in the water (Bai and Lung 

2005; Kim et al. 2010; Gao et al. 2011). With this approach, the total E. coli in water is a function 

of the absorbed E. coli, which is dependent on flow properties. Therefore, the objectives of this 

study were: 1) to derive a relationship between the total amount of E. coli and MS2 virus in water 

and flow properties (e.g., bed shear stress), 2) to quantify the critical shear stress for the sediments 

adsorbed with E. coli or MS2. 

Experimental Set-up 

Experiments were conducted in a 15.2 cm wide, 160.7 cm long flume, to mimic an irrigation canal 

as shown in Fig. 1. The flume is rectangular, and has a bottom slope of 0.001. A tank provides 

water to the flume, and also receives water from the end of the flume, resulting in a self-
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recirculating system. At the beginning of each experimental run, 246 L water was added to the 

tank. Water temperature was measured after the tank was filled up, ranging from 23 to 27oC. A 

valve was used to control flowrate, and a tailgate at the end of the flume was placed to control 

water depth so that different velocities can be reached at a certain discharge. The flow rate was 

dependent on the valve opening, which was pre-determined by using a sharp-crested weir installed 

at the flume end. Although the flume is short, a steady quasi-uniform flow reach was achieved 

during each experimental run by regulating the tailgate at the flume end. The criteria for steady 

quasi-uniform flow is to make sure the flow depths at the front, middle, and end of the reach are 

nearly the same (e.g., within 1 mm difference). Two types of sediment were used, one had a mean 

size, D50=0.4 mm, and uniformity coefficient Cu=2.25 and the other D50=0.05 mm, Cu=5.35. The 

gradations of both sediments were shown in Fig. 2. The sediments are classified as medium sand 

and sandy loam, respectively, based on USDA textural soil classification system (USDA 1987). 

The sandy loam consists of 53.3% sand and 46.7% silt. 

The E. coli and MS2 coliphage were obtained from the American Type Culture Collection 

(ATCC) (Manassas, VA). The strains of E. coli and MS2 used in the experiments were ATCC 

25922 and ATCC 15597-B1, respectively. Before each experiment, E. coli was grown up in sterile 

tryptic soy broth (TSB) manufactured by BD Biosciences, Inc. in Franklin Lakes, NJ at 37C, and 

agitated overnight (18-22 h). MS2 was propagated every two weeks using the method described 

by Sassi et al. (2015), and stored at 4C. The organisms were inoculated into sterile deionized 

water, and the water was then added to the sediment until saturated. Samples were collected using 

sterile 50 mL polypropylene conical tubes (BD Biosciences, Inc.). To determine the concentration 

of the organisms in sediment samples, 5 mL of sterile phosphate buffer saline (0.05 M) (PBS) (pH 
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7.4) was added to each sediment sample. The samples were agitated for 30 minutes to elute the 

organism.  

Experimental Runs  

Prior to each experimental run, 5 cm clean sediment was evenly placed on the bottom of the flume 

weighing approximately 20.43 kg (45 lb). Then, 4.086 kg (9 lb) of inoculated sediment of the same 

size was placed evenly on the top of the clean sediment.  Next, the pump was started, and the valve 

was gradually opened to a desired location to reach a given discharge. The first series of 

experiments was to determine how long it took the E. coli or MS2 reach the equilibrium 

concentration in the water column.  A flowrate of 0.73 L/s and velocity of 20 cm/s was selected 

for E. coli. The sediment size was D50=0.05 mm. This experiment was duplicated to verify the 

initial results. During each experiment, water samples were collected from the flume and the tank 

after 30 minutes, 1 hour, 2 hours, 4 hours, and 6 hours.  Fig. 3 shows the results from the first 

series of experiments, which shows the amount of E. coli in water remained approximately 

constant after 0.5 hours. The mean E. coli count after 0.5 hours are shown respectively as a solid 

and a dashed line for trial #1 and trial #2 data. Even though the amount of E. coli increased in the 

water column slightly after 0.5 hours, the differences from the mean value were in the range of 

one order of magnitude. For bacterial assays, one order difference in bacterial numbers is within 

the assay error range, so it was considered to have reached the equilibrium condition. Therefore, 

it’s assumed that the entrainment of E. coli into water reaches the equilibrium condition in 

approximately 0.5 hours.  

Because MS2 virus is smaller than E. coli, it is easier to be entrained than E. coli. Therefore, 

the MS2 is assumed to reach the maximum concentration within 0.5 hours. An experimental run 

was conducted to verify this assumption, and the total experiment duration was shortened to 4 
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hours. As shown in Fig. 4, the number of MS2 remained nearly constant after 0.5 hours as well. 

Similarly, the mean value after 0.5 hours was plotted. It’s apparent, the deviations from the mean 

were within one order of magnitude. Thus, a sampling period of 0.5 hour was also used for MS2.  

A second series of experiments were conducted to determine the correlation between the 

equilibrium concentration of E. coli in water and flow properties (e.g., velocity, shear stress). At 

first, sediment inoculated with E. coli was placed on the top of the clean sediment in the flume. 

Prior to each experimental run, sediment samples were collected at the front, middle and end of 

the flume. During each run, flow discharge was fixed, and the tailgate was adjusted to obtain a 

desired flow depth in the flume. Flow depth was measured using a fine scaled ruler glued to the 

side of the flume, while flow discharge was determined based on the opening of the valve. Flow 

velocity was calculated using flow discharge and flow depth. 

At each flow depth, the experimental run lasted for at least 30 minutes before water samples 

were collected from the flume and the tank. Then, the velocity was increased by lowering the 

tailgate. After the flow reached steady quasi-uniform, which typically took more than 30 minutes, 

water samples were re-collected from the flume and the tank. This procedure continued until flow 

velocity reached about 40 cm/s. At each discharge, three different velocities were tested. After this 

series of experimental runs, flow was stopped, and water was drained out of the flume. Sediment 

was immediately re-sampled at the same locations as those before the run.  All the samples were 

immediately placed in an iced cooler, and sent to the microbiology lab to enumerate the E. coli or 

MS2. Each experiment was triplicated to ensure the results are consistent. After collecting of the 

samples, the flume was cleaned with liquid bleach to remove any remaining microorganism in the 

system.  
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The third series of experiments were designed to determine the correlation between MS2 

in water and flow properties. Sediment inoculated with MS2 instead of E. coli was placed in the 

flume prior to each experiment. Then, flow was introduced to the flume, and the tailgate was 

adjusted to reach desired flow depths. Flowrate and depths were measured using the same method 

as in the second series. Sediment samples were collected before and after each experiment, and 

analyzed. Table 1 summarizes flow conditions for all the experimental runs. The duplicates of each 

experiment nearly had the same flow properties as the original. The same flow discharges, depths, 

and velocities were used in the experiments for E. coli and MS2 in sandy loamy bed.  For sandy 

bed sediment, only E. coli was tested using the similar flow conditions as those for the sandy loamy 

bed. 

Data Processing 

Water and sediment samples with E. coli were spread plated on MacConkey Agar (BD 

Biosciences, Franklin Lakes, NJ) in the volumes of 100 L and 1 mL. These samples were serially 

diluted (10-fold) using sterile phosphate buffered saline (PBS) (pH 7.4) and incubated at 37C 

overnight. After incubation, pink colonies were enumerated. Water and sediment samples with 

MS2 were processed using a double-agar overlay method (Kropinski et al 2009). The host 

organism (E. coli ATCC 15597) was propagated in sterile TSB (BD Biosciences, Franklin Lakes, 

NJ), and allowed to reach an exponential growth phase in approximately 4 hours with agitation at 

37C. Then, 0.5 mL of the host organism was combined with two volumes of sample, 1 mL or 100 

L, in 5 mL of sterile, melted top agar. The tube was gently swirled to mix and poured over sterile 

tryptic soy agar (BD Biosciences) and incubated overnight at 37C. Plaques (clearings in the 

bacterial lawn) were enumerated  the next day. The total number of E. coli and MS2 in the water 

was calculated as: 
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)000,247( ftffw VCVCN                                     (1) 

where Nw is the number of E. coli or MS2 in the water, the unit is colony forming units (CFU) for 

E. coli and plaque forming units (PFU) for MS2, respectively; Cf is the concentration of E. coli or 

MS2 in the flume (CFU/mL or PFU/mL); Vf is the volume of water in the flume (mL); Ct is the 

concentration of E. coli or MS2 in the tank (CFU/mL or PFU/mL).  The total water volume was 

247,000 mL, which consists of 246,000 mL originally in the tank, and 1,000 mL added to the flume 

with the inoculated sediment. The concentration of E. coli in the water and sediment was calculated 

as: 

000,247/ww NC                                                   (2) 

where Cw is the concentration of E. coli or MS2 in the water, (CFU/mL or PFU/mL). The numbers 

of E. coli, Nw, changes with the concentration of suspended sediment, therefore the concentration 

of E. coli in the water varies with flow velocity and depth. If use Ntot represents the total number 

of inoculum in CFU or PFU (E. coli or MS2), and the mass of the inoculated sediment for each 

experimental run remains the same, 4.086 kg, the concentration of E. coli or MS2 in the sediment 

at the beginning of each run is 

086.4/tots NC                                                    (3) 

 where Cs is the concentration of E. coli or MS2 in the sediment, (CFU/kg or PFU/kg). As flow 

depth and velocity increase, the fraction of E. coli or MS2 in the water, calculated as Nw / Ntot, 

increases. To determine the correlation between the fraction of E. coli or MS2 in water and bed 

shear stress, the non-dimensional shear stress is used: 

50

2

*

*
)( gD

u

ws

w







                                                      (4) 
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where τ* is non-dimensional shear stress; u* is shear velocity, calculated from 
*

1
ln r

u z
A

u k
  , 

m/s; ρw is water density, kg/m3; ρs is sediment density, kg/m3; g is  gravitational acceleration, m/s2; 

D50 is the medium diameter of sediment, m. 

Experimental Results 

The results for the first, second, and third series of experiments are summarized in Table 2, 3, and 

4, respectively. These tables show the experimental flow discharge and velocity as well as the 

concentration of microorganism in water and sediment. Sand sized sediment was only used in the 

second series of experiments for E. coli. Empirical relations were derived based on these data. 

E. coli versus Bed Shear Stress 

Fig. 5 shows the relationship between the fraction of E. coli in water and the bed shear stress for 

sediment with D50=0.05 mm. Since triplicate experiments were performed at each flow condition, 

there are two or three measured data at each shear stress (Fig. 5). This is attributed to the 

randomness and error of the measured E. coli counts.  In first series of experiments, one order of 

magnitude was considered as the range of measurement error. Therefore, an error bar was added 

to the mean E. coli fraction at each shear stress. The upper and lower limits of the error bar are the 

possible range of E. coli in water at a given shear stress. Although the error range is large, it’s 

undeniable that the fraction of E. coli in water increases with shear stress. The best curve fitting 

between the fraction of E. coli and bed shear stress is a power function.  The correlation coefficient 

R2=0.682, and the functional relation is: 

82.1

*640.0/ totw NN                                                  (5) 

Since the total volume of water, the total mass of bed sediment, and the inoculated sediment 

remained as constants throughout the experiments, the concentration of E. coli in water (CFU/mL) 
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and the concentration of E. coli in sediment (CFU/kg) can be calculated by using Eq.(2) and (3), 

respectively  The correlation between the ratio of E. coli concentration in water and that in 

sediment, and the bed shear stress was formulated using curve fitting.  The power relationship, Eq. 

(6), was found, similar to Eq. (5) except for the coefficient, but it’s written in terms of E. coli 

concentration in water and sediment as: 

82.1

*

51006.1/ sw CC                                                 (6) 

When shear stress is less than 0.1, the percentage can be as low as 1%, which is negligible. 

Therefore, the critical shear stress for E. coli entrainment was set as 1.0*  , which is greater than 

the constant value 0.047 for non-cohesive sediment. This indicates sediment with E. coli is harder 

to be entrained than in the clean sediment. This phenomenon is caused by the cohesion from the 

biofilms between particles created by E. coli.   

Fig. 6 shows the relationship between the fraction of E. coli in water and the bed shear stress 

for sandy sediment with D50=0.4 mm. Similarly, an error bar was shown in Fig. 6 to illustrate the 

potential errors of measurements. Comparing with Fig. 5, the measured data are much scattered 

than those in Fig. 5, and thus the correlation coefficient (R2=0.028) is much smaller. Even in still 

water, the majority (> 90%) of bacteria will exist as unattached in the sandy sediment, rather than 

attached to the sand through adsorption (Bitton and Marshall 1980).  During the experiment, E. 

coli actually was present unattached to the sandy sediment. However, Bitton and Marshall (1980) 

found that more bacteria can be adsorbed to silt and clay sized sediment. Therefore, E. coli 

concentration has less dependence on the resuspension of sediment from the sandy bed. 

MS2 versus Bed Shear Stress 

Only in the sandy loamy bed, did the fraction of E. coli in water show a significant correlation 

with bed shear stress.  Gerba and Schaiberger (1975) found that viruses poorly adsorb to the sand, 
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for example, when the sediment concentration in water was 10,000 mg/L the virus adsorption rate 

was 9% measured; as the concentration was reduced to 1,000 mg/L, the adsorption amount was 

zero (Bitton and Marshall 1980).  Therefore, only the resuspension of MS2 from the fine sediment 

bed, sandy loam was studied.  Fig. 7 shows the relationship between the fraction of MS2 in water 

and the bed shear stress for D50=0.05 mm sandy loam. The error bar shows the range of error for 

the mean value at each shear stress. The relation between the fraction of MS2 in water and bed 

shear stress is also best fitted to a power function:  

712.0

*0664.0/ totw NN                                             (7)  

Similarly, using the concentrations of MS2 in water and sediment calculated by Eq. (2) and (3), 

the relation between the fraction of MS2 in water and the bed shear stress in terms of their 

concentrations is:   

712.0

*

61010.1/ sw CC                                         (8) 

The correlation coefficient for Eqs. (7) and (8) is R2=0.753. Comparing Eqs. (5) and (7), when the 

shear stress is small, more MS2 can be entrained into water than E. coli. The possible reason is 

that when the shear stress is small, the entrainment of E. coli or MS2 into water is through physical 

diffusion process. The size of E. coli (1 μm scale) is much larger than MS2 (0.01 μm scale), 

therefore, it is more difficult for E. coli entering the water through the diffusion process. 

Application to Irrigation Canals 

Both Eq. (6) and (8) are only applicable to sandy loamy bed sediment. For field application, E .coli 

in sediment ranged from 410 to 5100.5  CFU/g (Kim et al., 2010, Pachepsky and Shelton 2011). 

In this study, the concentration of E. coli in inoculated sediment varied from 4105.1  to 5102.1   

CFU/g within the range of field observations. The concentration of E. coli and MS2 in water in 

the sandy bed channel has no apparent relation with flow properties. Since the maximum shear 
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stress on a canal bed surface is limited by its slope and size, the maximum allowable E. coli 

concentration in sandy loamy bed sediment is limited by the maximum bed shear stress.  Using 

CFU/mL as the unit for the concentration of E. coli in sediment, Eq. (6) was revised for the 

maximum E. coli concentration in sediment as,   

82.1

*.,

4max

., 1045.9  coliEccoliEs CC                                       (9) 

where 
max

., coliEsC  in CFU/mL is the maximum allowable E. coli concentration in sediment; coliEcC ., is 

the regulated criteria of E. coli in water (or maximum allowable E. coli in water). FDA (Food and 

Drug Administration) requires water to be used for produce irrigation must be less than a geometric 

average of 126 CFU E. coli per 100 mL of water (USFDA 2015). Then, the maximum allowable 

E. coli concentration in bed sediment can be calculated by substituting the criteria into Eq. (9): 

82.1

*

5max

., 1019.1  coliEsC                                            (10) 

To avoid irrigation water exceeds the standard for E. coli, the concentration of E. coli in sandy 

loamy bed sediment must be measured periodically to ensure it’s smaller than the maximum 

allowable value calculated by Eq. (10). Since Eqs. (9) and (10) were derived from Eq. (6), which 

was based on experiments of sandy loamy bed material; these two equations can only be applied 

to sandy loamy bed. For sandy bed, the majority of E. coli and MS2 are not adsorbed to the sandy 

sediment.   

Conclusions 

Three series of laboratory experiments in a flume were conducted to study the entrainment of E. 

coli and MS2 from bed sediment in irrigation canals. The first series found E. coli and MS2 in 

water reached the equilibrium concentration in about 30 minutes under a given flow condition. 

The second and third series of experiments showed both E. coli and MS2 had a significant 

correlation with bed shear stress in sandy loamy bed. The correlation between E. coli and bed shear 
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stress is weak in sandy bed sediment. The critical shear stress for E. coli entrainment from sandy 

loamy bed sediment is 0.1, greater than that for clean sediment. The concentrations of E. coli or 

MS2 in water are dependent on their concentrations in sandy loamy bed sediment and bed shear 

stress. Although this research is the first that studied the entrainment of E. coli and MS2 in 

hydraulic research facility, more experiments of non-uniform sediment at various flow conditions 

are needed to better quantify the correlations between E. coli and MS2 concentrations and bed 

shear stress. 
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Table 1. Experimental Flow Conditions 

    0-30 min 30-60 min 60-90 min 

Series 

Number Organism Sediment 

Flowrate 

(L/s) 

Depth 

(cm) 

Velocity 

(cm/s) 

Depth 

(cm) 

Velocity 

(cm/s) 

Depth 

(cm) 

Velocity 

(cm/s) 

2nd E. coli Sand 0.41 5.4 5 2.7 10 1.4 20 

5.4 5 2.7 10 1.4 20 

5.4 5 2.7 10 1.4 20 

  0.73 4.8 10 2.4 20 1.6 30 

 4.8 10 2.4 20 1.6 30 

 3.2 15 1.9 25 1.6 30 

  1.46 4.8 20 3.2 30 2.4 40 

 4.8 20 3.2 30 2.4 40 

 3.8 25 2.8 35 2.4 40 

 Sandy 

loam 

0.41 5.4 5 2.7 10 1.4 20 

 5.4 5 2.7 10 1.4 20 

 5.4 5 2.7 10 1.4 20 

  0.73 4.8 10 2.4 20 1.6 30 

 4.8 10 2.4 20 1.6 30 

 4.8 10 2.4 20 1.6 30 

  1.46 4.8 20 3.2 30 2.4 40 

 4.8 20 3.2 30 2.4 40 

 4.8 20 3.2 30 2.4 40 

3rd MS2 Sandy 

loam 

0.41 5.4 5 2.7 10 1.4 20 

 5.4 5 2.7 10 1.4 20 

 5.4 5 2.7 10 1.4 20 

  0.73 4.8 10 2.4 20 1.6 30 

 4.8 10 2.4 20 1.6 30 

 4.8 10 2.4 20 1.6 30 

  1.46 4.8 20 3.2 30 2.4 40 

   4.8 20 3.2 30 2.4 40 

 4.8 20 3.2 30 2.4 40 
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Table 2. Results from the First Series of Experiments 

Organism Sediment 

Sample 

Time (hr) 

Flume 

(CFU/mL  or 

PFU/mL) 

Tank 

(CFU/mL or 

PFU /mL) 

Starting 

inoculum 

(CFU or 

PFU) 

E. coli Sandy 

loam 

0.5 370 155 3.46E+09  
1 425 630 3.46E+09  
2 2080 2105 3.46E+09  
4 1675 1675 3.46E+09 

 6 1420 995 3.46E+09 

E. coli Sandy 

loam 

0.5 261 286 3.66E+09  
1 511 585 3.66E+09  
2 790 806 3.66E+09  
4 1044 1216 3.66E+09  
6 1664 1964 3.66E+09 

MS2 Sandy 

loam 

0.5 299.5 308.5 1.44E+11  
1 452 486 1.44E+11  
2 563 500 1.44E+11  
4 781 748 1.44E+11 

   



49 

 

Table 3. Results from the Second Series of Experiments 

Organism Sediment 

Q 

(L/s) 

Velocity 

(cm/s) 

Flume 

(CFU/mL) 

Tank 

(CFU/mL) 

Starting 

inoculum 

(CFU) 

E. coli Sand 0.41 5 0.3 0 6.00E+08 
  0.41 10 2.6 1.7 6.00E+08 
  0.41 20 82.4 72 6.00E+08 
  0.41 5 44* 0 5.02E+08 
  0.41 10 1 2 5.02E+08 
  0.41 20 1 0 5.02E+08 
  0.41 5 0 0 5.00E+08 
  0.41 10 0 0 5.00E+08 
  0.41 20 0 0 5.00E+08 
  0.73 10 49 19.5 2.50E+09 
  0.73 20 126.5 284.5 2.50E+09 
  0.73 30 409.5 117 2.50E+09 
  0.73 10 31 43 2.06E+09 
  0.73 20 30 5.5 2.06E+09 
  0.73 30 87.5 166 2.06E+09 
  0.73 15 0 0 2.16E+09 
  0.73 25 0 0 2.16E+09 
  0.73 30 2.5 0 2.16E+09 
  1.46 20 27 14.5 2.60E+09 
  1.46 30 127 97 2.60E+09 
  1.46 40 879 762.5 2.60E+09 
  1.46 20 0 0 6.00E+07 
  1.46 30 0 0 6.00E+07 
  1.46 40 2.5 1 6.00E+07 
  1.46 25 0 0.5 2.90E+09 
  1.46 35 0 0.5 2.90E+09 
  1.46 40 5 10 2.90E+09 

E. coli Sandy 

loam 
0.41 5 0 0 1.06E+09 

 0.41 10 0 0 1.06E+09 
  0.41 20 96 224 1.06E+09 
  0.41 5 0 0 6.60E+08 
  0.41 10 0 0 6.60E+08 
  0.41 20 122 173.5 6.60E+08 
  0.41 5 0 0.5 1.98E+09 
  0.41 10 2 3.5 1.98E+09 
  0.41 20 147.5 158 1.98E+09 
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  0.73 10 0 0 1.40E+09 
  0.73 20 6 13 1.40E+09 
  0.73 30 152.5 162.5 1.40E+09 
  0.73 10 43.5 41 3.36E+09 
  0.73 20 794 972 3.36E+09 
  0.73 30 1030 1726 3.36E+09 
  0.73 10 0.5 2 1.76E+09 
  0.73 20 61 135 1.76E+09 
  0.73 30 1517 1982.5 1.76E+09 
  1.46 20 0 1 1.34E+09 
  1.46 30 107 118.5 1.34E+09 
  1.46 40 290 118.5 1.34E+09 
  1.46 20 420 430 4.72E+09 
  1.46 30 1425 945 4.72E+09 
  1.46 40 4120 3915 4.72E+09 
  1.46 20 46 35 2.58E+09 
  1.46 30 686.5 696.5 2.58E+09 
  1.46 40 1746 1812 2.58E+09 

*- this data is likely to be contaminated by the sediment stirred up by the sampler. 
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Table 4. Results from the Third Series of Experiments 

Organism Sediment 

Q 

(L/s) 

Velocity 

(cm/s) 

Flume 

(PFU/mL) 

Tank 

(PFU/mL) 

Starting 

inoculum 

(PFU) 

MS2 
Sandy 

loam 
0.41 5 6 4.5 1.34E+09 

  0.41 10 55 55.5 1.34E+09 

  0.41 20 219 256 1.34E+09 

  0.41 5 14.5 21.5 1.50E+09 

  0.41 10 24 27.5 1.50E+09 

  0.41 20 176 172.5 1.50E+09 

  0.41 5 94 131 1.10E+10 

  0.41 10 191.5 164 1.10E+10 

  0.41 20 515 560 1.10E+10 

  0.73 10 43 33 3.10E+09 

  0.73 20 220 269 3.10E+09 

  0.73 30 745 367.5 3.10E+09 

  0.73 10 306 285.5 2.22E+10 

  0.73 20 1565 1320 2.22E+10 

  0.73 30 3410 2170 2.22E+10 

  0.73 10 5.5 9 7.14E+08 

  0.73 20 29 31 7.14E+08 

  0.73 30 68 72.5 7.14E+08 

  1.46 20 42.5 49 1.30E+09 

  1.46 30 118.5 136.5 1.30E+09 

  1.46 40 148.5 132.5 1.30E+09 

  1.46 20 180.5 225 3.74E+09 

  1.46 30 752 546 3.74E+09 

  1.46 40 1300 1290 3.74E+09 

  1.46 20 346.5 272.5 1.62E+10 

  1.46 30 1050 844 1.62E+10 

  1.46 40 1965 1340 1.62E+10 
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Fig. 1. Sketch for the flume 

 

 

 

Fig. 2. Sediment cumulative distribution curve 
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Fig. 3. Changes of Escherichia coli counts in water with time 

 

 

Fig. 4. Changes of MS2 counts in water with time 

 

 



54 

 

 

Fig. 5. Fraction of Escherichia coli in the water versus bed shear stress in sandy loamy bed 

 

 

Fig. 6. Fraction of Escherichia coli in the water versus bed shear stress in sandy bed 
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Fig. 7. Fraction of MS2 in the water versus bed shear stress in sandy loamy bed 
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Abstract:  

The prediction of bridge scour has been traditionally for a single pier of various sizes, shapes, and 

alignments with flow. In engineering practice, multiple piers in tandem are preferred because of 

its advantage to support the heavy bridge super-structure.  In this study, we conducted a set of 

laboratory experiments to investigate local scour around a group of three piers with different sizes, 

spacing, and attacking angles. Based on the phenomenological theory of turbulence flow, we 

formulated an analytical equation for predicting the maximum scour depth.  The significance of 

key parameters (e.g., pier spacing, attacking angle) were evaluated using the statistical F-test.  The 

coefficients in the equation were determined by the experimental data from this and other studies. 

The results showed pier diameter, pier spacing, actual pier width, flow depth, Froude number, and 

sediment size are important parameters for determining the maximum scour depth.  

Keywords: Local scour, Complex piers, Pier spacing, Attack angle, Phenomenological theory, F-

test. 

 

1 Introduction 

Bridge scour around a single pier has been intensively studied by experimental, 

computational, and field methods (Ettema et al., 2017). In engineering practice, multiple circular 

piers are commonly used as a pier group sitting on a pile cap supported by one or multiple piles 

(Fig.1). This design avoids rectangular wall shaped piers, reduces the construction cost of long 

pier columns, and can provide adequate load support to multi-lane heavy bridge by increasing the 

number of piers. For example, Pima County DOT has found the success of this design, and 

recommends the use of two, three, or four circular piers in tandem for any new bridges (Duan et 

al., 2016).  However, studies on scour around multiple piers are limited, and engineering manual 

(e.g., HEC-18) provides very limited guidance on estimating the scour depth.  As scour progresses, 



58 

 

concurrent turbulence structures around the piers will change, so does the scour mechanism (Ataie-

Ashtiani et al., 2010; Ettema et al., 2017; Amini and Mohammad 2017). This study aims to develop 

an analytical equation for predicting the maximum scour depth around a multiple-pier group. 

The prediction of the scour depth around multiple piers is analogues to a single pier but 

with different empirically calibrated coefficients (Liang et al., 2017).  Coleman (2005) studied the 

influence of pile cap position on the scour depth and proposed an equation for the equivalent pier 

width to substitute the pier width in the existing single pier scour equation (Melville and Coleman, 

2000). The method in Sheppard and Renna (2005) is adopted by Florida Department of 

Transportation (FDOT), which also recommends using a single pier equation with the equivalent 

pier width, the sum of equivalent widths of pier column, pile cap, and pile group. Arneson et al. 

(2012) applied the superposition principle to determine the scour depth by calculating the scour 

depth contributed from pier column, pile cap, and pile group, each of the component is calculated 

by a modified form of CSU equation. Ataie-Ashtiani et al. (2010) conducted over 70 experiments 

with complex piers with different geometrical characteristics, and found the scour depth was 

overestimated by both Coleman (2005) and HEC-18 methods. Amini and Mohammad (2017) 

proposed a new equation for equivalent pier width based on experiments with a full range of 

possible pile cap elevations. The current state of practice is to use an equation for a single pier by 

either multiplying a correction factor or re-defining an equivalent pier width. 

Although CFD models (e.g., RANS, LES, and DNS) are capable of revealing the complex 

3D turbulence flow field around bridge pier, their applications to engineering design are not 

common due to the limitation of their capabilities of simulating sediment transport and the high 

computing cost (Escauriaza and Sotiropoulos, 2011; Kim et al., 2017; Cheng et al. 2018). Artificial 

intelligence techniques were also used as alternatives to predict scour depth, such as artificial 



59 

 

neural networks (Choi and Cheong, 2006), adaptive neuro-fuzzy inference system (Zounement-

Kermani et al., 2009), group method of data handling (Najafzadeh and Azamathulla, 2013), model 

tree (Etemad-Shahidi et al., 2015), support vector machine (Sharafi et al., 2016), and extreme 

learning machine (Ebtehaj et al., 2018). AI models require a large accurate scour database of 

laboratory and field data, not available at present.  Therefore, the main objectives of this paper are 

to provide a new set of experimental data for scour depth around a group of three piers, to apply 

the phenomenological theory to identify the factors that affect the scour evolution, and to formulate 

an empirical relation for estimating the scour depth.   

2 Theoretical framework 

The concurrent turbulences including the horseshoe vortices and  the wake vortices around 

multi-cylinder in tandem or in staggered alignment causes the periodic drag and lift forces acting 

on bed surfaces (Jiao and Wu, 2018) that cause erosion. The cylinders will perform as one bluff 

body when the ratio of spacing (S) to the cylinder diameter (D) less than / 1.5S D  , in which the 

downstream cylinder is completely shaded by the upstream one. As the spacing increases, 

1.5 / 2.3S D  , the downstream cylinder will interface with the vortex shedded from the 

upstream, and the vortex behind the upstream one may be amplified. Further increase of spacing 

will result in each cylinder acts independently, similar to an isolated cylinder. Since the magnitude 

and frequency of drag and lift forces are dependent on the cylinder diameter, the attacking angle, 

and the spacing, the scour depth must depend on the same parameters. 

The turbulence phenomenological theory (Frisch, 1995), originally derived for isotropic and 

homogeneous turbulence flows, were successfully applied to analyze non-isotropic and non-

homogeneous flows (Bombardelli and Gioia, 2006). There are two key paradigms about the 

production of turbulent kinetic energy: a) the turbulent kinetic energy starts with the length scale 
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of the largest eddies; b) the rate of turbulent kinetic energy production is independent of the 

viscosity. Fig. 2 shows the largest eddies have the length scale of the maximum scour depth at the 

first pier. The zoom view shows the eddies having the length scale of sediment particle diameter 

on the scoured bed surface. For the largest eddies, the kinetic energy per unit mass (e) has the scale 

of velocity square, 2~e V  , in which V is the velocity of the largest eddy,  and “~” means “scales 

with”. Similarly, the turnover time e~ /t R V , where Re is the size of the largest eddy. Therefore, 

the dissipation rate of kinetic energy per unit mass 3
e/ ~ /e t V R  . The largest eddies cascade to 

smaller ones at the same rate until it reaches the Kolmogorov length scale, 3/4 1/4    , in which 

ν is the kinematic viscosity. At Kolmogorov scale, the energy is dissipated by the viscosity, so for 

eddies of size l, the velocity 1/3
e~ ( / )lu V l R  so that the energy dissipation rate 3 3

e~ / ~ /lV R u l  

when l  . 

The approaching flow is steady uniform, and its power (P) is calculated as 

2
0 0~ ( )P gy Wy V gWV y  , in which ρ is the density of water, g is gravitational acceleration, 0V  is 

the velocity of the approaching flow, y is the depth of approaching flow, and W is the equivalent 

pier width.  Fig. 3 defines the equivalent width of three piers is the summation of the pier width 

perpendicular to the flow direction excluding the overlapped part. When three piers are aligned in 

tandem, the equivalent pier width is the pier diameter; as they deviate from the flow direction, the 

equivalent pier width will be dependent on the attacking angle (θ) and the pier spacing. For a small 

attacking angle and a small spacing, the equivalent pier width is ranging from D to 3D. As the 

spacing and attacking angle is equal or greater than arcsin
D

S D


 
  

 
, the equivalent pier width 

reaches the maximum 3D.  The mathematical formula is: 
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3 arcsin

(2 2 )sin arcsin

D
D

S D
W

D
S D D

S D



 

  
  

  
 

        

                                (1) 

Since the total kinetic energy is determined by the approaching flow, P M , in which 

3
e~M R  is the mass of water for the largest eddies, the energy dissipation rate is equal to the 

energy production, so that 2 3
0/ ~ / eP M gWV y R  . When compare with the dissipation rate for the 

largest eddies, 3
e~ /V R , we can find the velocity of the largest eddies is scaled as 

2 2 1/3
0 e~ ( / )V gWV y R .  

Assuming Reynolds stress is the shear stress acting on the scoured bed surface, in which u   

and w  are the fluctuating velocity parallel and normal to the bed surface. Bombardelli and Gioia 

(2006) suggested that u   has the scale of the largest eddies, and w  has the scale of eddies whose 

size is equal to that of bed sediment, d50. Therefore, ~u V  and ~ dw u , in which du  is the velocity 

of the eddy of size 50d .  The bed shear stress can be scaled as:  

2 1/3 2/3 2/3 2/3 1/3 4/3 5/350
0 50 e

e

~ ( ) ~
d

V V W g d y R
R

                                       (4) 

For clear water, the scour process reaches equilibrium when the bed shear stress reaches the 

critical shear stress, * 50( )c c s gd       , in which c  is the critical shear stress, *c is the critical 

Shields number, and s  is the density of sediment. Substituting Eq (4) into * 50( )c s gd     , eR  

can be solved as: 

                                    (5) 

in which K is a dimensionless factor depending on pier shapes, pier spacing, sediment size. Eq. (5) 

does not explicitly include pier diameter and pier spacing, although it was implicitly included in 

the expression of equivalent pier width.  Even at large pier spacing, the pier diameter and pier 
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spacing are still important parameters in determining the scour depth. Therefore, we tentatively 

added three possible spacing parameters, /S D , sin /S D  and cos /S D , to Eq. (5).  Assume the 

largest eddies has the same length scale as the horseshoe vortices buried in the scour hole (Manes 

and Brocchini 2015), e s~R y , the dimensionless form of Eq. (5) becomes 

3/5 3/5 2/5 2/5 2/5s 6 502 4
1 *c

3 5 7

/sin / cos /
( )( )( ) SSG Fr ( ) ( )

sin / cos / /

y S D K dS D K S D K W
K

y S D K S D K S D K y y

 


 

   


  
   (6) 

in which sSSG ( ) /     is the submerged specific gravity of sediment, 0.5

0Fr / ( )V gy  is Froude 

number, the coefficient K in Eq. (4) is broken into the product of four terms in which '
1K , 2K , 3K

, 4K , 5K , 6K , and 7K  are coefficients in three pier spacing parameters. The hyperbolic formed 

spacing parameters will be equal to a unit when the pier spacing becomes infinity, because each 

pier will act as one isolated pier.  To identify the most relevant pier spacing parameter in Eq.(6), 

the statistical F-test was conducted using the experimental data from this study.  

3 Experimental Set-up 

The experiments were conducted in one 1.49 m wide and 10.97 m long rectangular flume 

with a bed slope of 0.0001 (Fig.4). The sidewall was made of wood. The incoming flow was 

pumped into the channel at constant discharges from a large above-ground water tank, and 

controlled by a valve on the pipe. A honeycomb metal sheet was placed at the inlet to stabilize 

flow at the entrance. The tailwater from the flume was returned to the reservoir via a separate 

channel. A sharp-crested weir installed at the end of the flume is to measure the flowrate. The 

flume bottom was covered with 25 cm deep sediment with a median size of 0.54 mm (Fig.5). The 

density of sediment is 3

s   k26 m50 g /  . The standard deviation of sediment mixture, 

0.5

84 16( / ) 2.1g d d   .  
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Three identical model piers made of PVC pipe were placed in the middle of the flume 

approximately 6 m from the entrance. The spacings are 1, 3, and 5 times the pier diameter. Before 

each experiment, the image of bed surface was captured by a three-dimensional camera, Kinect, 

manufactured by Microsoft. During each experiment, the valve was gradually opened until a 

desired discharged has reached.  After the approaching flow reaches steady uniform, flow depth 

was measured with a steel ruler 1 m upstream from the first pier. The approaching flow velocity 

is calculated by dividing the measured flow rate by the cross section area. The duration of each 

experiment is set as 8 hours for reaching the equilibrium scour depth (Ataie-Ashtiani and Beheshti, 

2006; Wang et al., 2016). After each experiment, the water was slowly drained, and another bed 

surface image was taken.  

Microsoft Kinect was initially designed for gaming, but it has been applied to many other 

fields (Voullieme et al., 2014; Kahn et al., 2013; Mankoff and Russo, 2013). It consists of RGB-

D (Red Green Blue + Depth) sensors. An RGB visible light image and a depth-coded image can 

be produced from the structured infrared light. The depth sensor emits an infrared light pattern and 

calculates depth from the light reflection at different positions for generating the depth-coded 

image. The camera was mounted on a plank, and placed vertically 0.61 m above the bed surface. 

The plank was clamped to the flume so that they would incline together at the same angle to ensure 

the plane view of bed surface. The camera was connected to a computer, and controlled by a 

software named KSCAN3D, which can export the image into ASC file consisting of the 

coordinates and depths. The scour depth was calculated by subtracting the bed elevations obtained 

before and after each scour experiment. Khoshelham and Elberink (2012) found that the 

measurement error of Kinect increases quadratically with the distance from the sensor to the object. 

In this study, Kinect was installed close to the bed surface (0.61m), according to Khoshelham and 
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Elberink (2012), the measurement error is about 1 mm. A total of 36 experimental runs were 

performed. Table 1 summarizes the experimental parameters and the maximum scour depth at each 

pier for all the experimental runs.  

4 Experimental Results 

4.1 Scour patterns 

Figure 6 shows the scour patterns around three piers in tandem at the spacings, 

/ 1, 3, and 5S D  , respectively. The pier diameter is 8.89 cm  D  , flow discharge is  28 / s LQ  , 

and flow depth is 0.102 m. The ratio of flow depth to pier diameter is approximately 1.15, 

considered as transitional piers (Ettema et al. 2017).  At / 1S D  , the scour holes developed 

around the three piers are merged together with the maximum scour depth occurs at the upstream 

of the 1st pier (Fig.6a).  As /S D  increases, the three scour holes gradually separated (Fig.6b and 

6c). Regardless of the spacings, the scour holes are nearly symmetrical to the centerline, and the 

maximum scour depth always resides at the 1st pier. Because of the hiding effect from the upstream 

to the downstream pier, the last pier has the least scour depth.  

Figure 7 shows the effect of the attack angle for pier diameter 4.83 cm  D   with a fixed 

spacing of / 5S D   at  28 / s LQ  . The scour holes are nearly isolated when the attack angle is 

zero. As the angle increases to 10° and 20°, the horseshoe vortices at the downstream pier interact 

with the wake vortices from the upstream pier, and the shear stress was strengthened at the side 

that piers are aligned towards. This results in the scour depth increased at this side (Fig.7b and c), 

and the scour holes are larger comparing to that for the piers in tandem (Fig.7a). Therefore, at 10° 

and 20° attacking angles, the isolated scour holes in Fig.7a are connected together acting as a 

whole (Fig.7b and 7c). However, as the attack angle increases to 30°, the maximum scour depth is 
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reduced, and the scour holes start to separate again (Fig.7d). This result indicates the influence of 

wake vortices on the downstream pier reaches a peak value at a critical attack angle (likely between 

10° and 20°), then weakens as the attacking angle is greater than this value.  When the angle is 

sufficiently large, the piers will act as an isolated pier.  

4.2 Location of the maximum scour depth 

When the attack angle is zero, the location of maximum scour depth always occurs around 

the stagnation point of the first pier, and its magnitude does not change significantly with the 

spacing. In other word, if the three piers centerline is aligned with the flow, the spacing will not 

affect the maximum scour depth.  This is due to the sheltering effect that reduces the approaching 

velocity at the downstream piers, and weakens the strength of the associated horseshoe vortices.   

When the attack angle is greater than zero, the maximum scour depth occurs at the second or 

the third pier depending on the attack angle, pier diameter and spacing. This attributed to the 

strengthen of the horseshoe vortices when it’s superimposed by the wake vortices from the 

upstream pier. Lanca et al. (2013a) found this will increases sediment entrainment capacity at the 

downstream pier.  Since this interaction only exists at the 2nd and 3rd pier, the maximum scour 

depth mostly likely occurs at the 2nd pier. As the attack angle or the pier spacing increases, the 

interaction between two vortices will be reduced as the wake vortices deviate away from the 

horseshoe vortices. The maximum scour depth reaches the maximum at a critical attack angle, and 

then reduces. If the pier spacing keeps the same, when the attack angle is less than the critical 

angle, the maximum scour depth will reside at the 2nd pier and increases with the angle, while as 

the angle is greater than the critical value, the maximum scour depth will reduce until become the 

same as an isolated pier.  
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5 Model validation 

In order to identify the most relevant spacing parameter in the preliminary equation (Eq.6), 

the backward elimination is applied to the three parameters in Eq. (6) using the experimental data 

from this study.  The selecting steps are as follows: 

Step 1.  Begin with Eq. (6), and find the coefficients that minimize the sum of square residuals 

(SSR), 2

s,cal s,obsSSR ( )y y  , in which s,caly  is the scour depth calculated by the model, and s,obsy  

is the measured scour depth. 

Step 2. Remove one of the three parameters: /S D , sin /S D  and cos /S D , at a time, and find 

the best coefficients that minimize the sum of square residuals for the rest of Eq. (6). Then, 

calculate the partial F-test value as reduced full reduced obs coeffF [(SSR SSR ) / 2] / [SSR / ( )]n n   , in which 

reducedSSR   and fullSSR  is the sum of square residuals of the reduced and full equation, respectively, 

obsn  is the number of observation data, and coeffn  is the number of coefficients in the full model.  

Repeat this procedure the other two parameters, and re-calculate the partial F-test value. A total of 

three F-test values will be calculated. 

Step 3. Set the critical F-test value is 0.05. If all the partial F-test values are greater than 0.05, none 

of the parameter will be removed, and Eq. (6) should include all three parameters. Otherwise, 

remove the parameter that yields the smallest partial F-test value, and leave the other two 

parameters in Eq. (6).  This procedure eliminates one parameter in Eq. (6), then go back to step 2 

to repeat the same procedure for the updated Eq. (6). When all the partial F-test value is greater 

than 0.05, the new equation is adopted as the final one. This procedure results in the removal of 

two parameters: /S D  and cos /S D , which means only the spacing perpendicular to flow 

direction affects the scour depth. The result is Eq. (7), and the comparison of experimental and 

observed data are shown in Fig.8. 
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                         (7) 

in which 1K   , K2, and K3 are empirical coefficients, which are 0.02, 1.54, and 0.87, respectively, 

determined using the experimental data (Table 1). The correlation coefficient 2 0.72R  . The 

theoretical derived equation (Eq.7) performs well for predicting the scour depth from three piers. 

6 Further model verification 

Eq.(7) was theoretically derived for predicting the pier scour depth, and the empirical 

coefficients were obtained using the experimental data from this study.  Since the turbulence flow 

field around multiple-pier in tandem or staggered alignments are similar, Eq. (7) should be valid 

for other number of piers. However, we only found five sets of experimental data for multiple 

piers: four sets are for two piers (Ataie-Ashtiani and Beheshti 2006, Kim et al. 2017, Liang et al. 

2017, Keshavarzi et al. 2018), and one set is for four piers (Lanca et al. 2013a). To apply Eq. (7) 

to other numbers of piers, three coefficients in Eq. (7) need to be empirically determined. 

Apparently, from Eq. (7), we can see the scour depth is zero as pier diameter is zero. However, 

regardless of the number of piers, when the pier spacing (S) approaches infinity, meaning the piers 

are so far from each other that each pier behaves like a single pier, Eq. (7) should be the same 

regardless of the number of piers. Under this condition, the equivalent pier width is a constant, 

pW n D  in which np is the number of piers, this requires the multiplication of 
2/5

p1/ n in the 

coefficient to exclude the effect of pier number. We set 2/5

1 1 pK K n , then Eq (7) is revised as 

3/5 3/5 2/5 2/5 2/5s 501 2
*c2/5

3p

sin /
( ) SSG Fr ( ) ( )

sin /

y dK S D K W

y S D K y yn






  



                        (8) 
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in which 
1K  becomes a universal coefficient while 

2K  and 
3K  are dependent on the number of 

piers. For piers in two, three, and four groups, the coefficients were determined by using the 

experimental data (Table 2). Fig. 9 is the comparison of the calculated (Eq.8) and the experimental 

data (Table 2). The overall value of 2R  for all the experimental data is 0.85. This indicate that the 

scour depth around multiple-piers is dependent on the pier spacing, attacking angle, critical shear 

stress, sediment size, flow Froude number, and the equivalent pier width. Eq. (8) is accurate for 

predicting the maximum scour depth of multiple piers.  

On the other hand, as the pier spacing approaches infinity, Eq. (8) should be equivalent to an 

equation for predicting scour depth around a single pier. Therefore, Eq. (8) is compared with the 

CSU equation and Sheppard-Miller equation recommended in HEC-18 (Arneson et al. 2012). Both 

equations are summarized in the Appendix. The CSU (Eq. A1) and Sheppard-Miller equations 

(Eq. A2) are very similar in which the maximum scour depth is in scale with the approaching flow 

depth. However, the CSU equation emphasizes the importance of Froude number of the 

approaching flow. Our present equation (Eq.8), although aiming for predicting the maximum scour 

depth of multiple piers, directly incorporated the attacking angle, critical shear stress, and sediment 

size.  Fig. 10 shows the comparison of Eq. 8, Eq. A1, and Eq. A2 with the experimental data from 

a single circular pier (Dey et al. 1995, Melville and Chiew 1999, Lanca et al. 2013b).  

The Sheppard-Miller equation (Eq. A2) performed the best among three equations, with 

2 0.91R  . The 2R  for Eq. (8) and (A1) are 0.51 and 0.79, respectively. Eq. (8) in general under-

predicted the scour depth. This result implies the equations for predicting a single pier and multiple 

pier scour depth are different, because the concurrent turbulence structures around a multiple-pier 

set is different from that of a single pier. Depending on the number and alignment of piers, the 

mean and turbulence flow structures can deviate considerably from that of a single pier. Additional 
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experiments and numerical modeling researches will be very useful to reveal the scour mechanism 

around multiple piers. These researches can provide more observed data for developing a unified 

scour prediction equation for a single and multiple-pier. 

7 Conclusion 

Laboratory experiments were conducted to study local scour around three piers in tandem or 

staggered alignment. When they are in tandem, the spacing between piers does not significantly 

affect the scour depth. As the flow attack angle increases, the maximum scour depth increases and 

the location of the maximum scour depth shifts from the first to the second pier. At a sufficiently 

large attack angle, as the interaction between the wake and the horseshoe vortices weakens, the 

maximum scour depth decreases with the attack angle.  

Based on the phenomenological theory, a semi-empirical equation, Eq. (8), was derived to 

predict the maximum scour depth. Three empirical coefficients were determined by using this and 

other experimental data. The maximum scour depth depends on the number of piers, pier geometric 

properties (pier diameter, pier spacing, and equivalent pier width), and flow properties (flow depth, 

Froude number, and the attacking angle).  Eq. (8) yields satisfactory results for predicting the 

maximum scour depth for two-, three-, and four-pier groups. As the pier spacing approaches 

infinity, Eq. (8) is equivalent to the equations for predicting the maximum scour depth of a single 

pier. Therefore, Eq. (8) was compared with the CSU equation and the contemporary Sheppard-

Miller equation. The results showed the Sheppard-Melville equation performs the best for the 

selected single pier scour data.  This indicates the proposed equation (Eq.8) is more suitable for 

predicting the maximum scour depth of multiple piers, and its applicability to a single pier needs 

more verifications. Nevertheless, this paper presented a generic semi-empirical equation for 
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predicting the maximum scour depth around multiple piers, and calls for more experimental and 

field data to verify its applicability.  
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Appendix 

The CSU equation and Sheppard-Miller equations are Eq (7.1) and (7.5) in Arneson et al. (2012), 

respectively. The CSU equation is 

0.65

0.43s 2.0 Fra b c

y D
K K K

y y

 
  

 
                                             (A1) 

where aK , bK  and cK  are correction factor for pier nose shape, attack angle and bed condition, 

respectively.  

The Sheppard-Miller equation for clear water condition is (Arneson et al. 2012) 

*
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                     (A2) 

where *a  is the effective pier width, for a single circular pier, *a D , and cV  is critical velocity 

for sediment movement. 
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Notation 

*a  = effective pier width for Sheppard-Miller equation 

D = pier diameter 

5016 84   ,,   dd d  = sediment size for which 16%, 50%, 84% of bed material is finer 

e = kinetic energy of the largest eddy per unit mass 

F = F-test value 

Fr = Froude number 

g = gravitational acceleration 

iK  = ith empirical coefficient 

1K   = first empirical coefficient for the 3-pier group 

,  ,    ba cK K K  = correction factors for CSU equation 

l = eddy size 

M = mass of water in the eddy 

coeffn  = number of coefficients in the full model 

obsn  = number of observation data 

pn  = number of piers 

P = kinetic energy of the approaching flow 

Q = flow rate 

2R  = coefficient of determination 

eR  = size of the largest eddy 

S = pier spacing 

SSG = submerged specific gravity of sediment 
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SSR = sum of square errors 

t = turnover time of the largest eddy 

u   = fluctuating velocity parallel to the bed surface 

du  = velocity of the eddy with size of d50 

lu  = velocity of the eddy with size of l 

V = velocity of the largest eddy 

0V  = approaching flow velocity 

cV  = critical velocity for sediment movement 

W = equivalent pier width  

w  = fluctuating velocity normal to the bed surface 

Y = approaching flow depth 

sy  = maximum depth of the scour hole 

siy  = maximum scour depth around the ith pier 

ε = dissipation rate of kinetic energy per unit mass 

η = Kolmogorov length scale 

θ = attack angle of approaching flow 

ν = kinematic viscosity 

ρ = density of water 

s  = density of sediment 

g  = standard deviation of bed sediment 

τ = bed shear stress 

c  = critical shear stress 
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*c  = critical Shields number 
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Table 1. Scour depth results 

 

Q (L/s) 
V0 

(cm/s) 

D 

(cm) 
/S D  /y W  θ (°) s1y  (cm) 

s2y  (cm) 
s3y  (cm) 

51.3 27 8.89 1 1.43 0 12.36 12.31 11.4 

51.3 27 8.89 3 1.43 0 11.91 9.28 7.49 

51.3 27 8.89 5 1.43 0 12.87 8.83 9.1 

28 18.5 8.89 1 1.15 0 9.75 8.7 8.08 

28 18.5 8.89 3 1.15 0 9.42 7.54 6.67 

28 18.5 8.89 5 1.15 0 9.63 7.6 5.44 

51.3 27 4.83 1 2.63 0 8.83 7.28 5.73 

51.3 27 4.83 3 2.63 0 8.22 8.03 8.2 

51.3 27 4.83 5 2.63 0 9.2 7.07 6.4 

28 18.5 4.83 1 2.11 0 5.81 5.01 3.73 

28 18.5 4.83 3 2.11 0 6.09 4.77 4.09 

28 18.5 4.83 5 2.11 0 6.05 4.89 2.83 

51.3 27 3.34 1 3.80 0 5.78 5.24 4.6 

51.3 27 3.34 3 3.80 0 6.05 5.27 5.14 

51.3 27 3.34 5 3.80 0 5.61 4.36 2.63 

28 18.5 3.34 1 3.05 0 4.61 3.59 2.39 

28 18.5 3.34 3 3.05 0 4.58 4.73 3.15 

28 18.5 3.34 5 3.05 0 4.4 4.74 3.57 

51.3 27 4.83 1 1.55 10 9.45 6.9 5.75 

51.3 27 4.83 1 1.11 20 10.31 10.09 10.72 

51.3 27 4.83 1 0.88 30 8.39 9.25 10.24 

28 18.5 4.83 1 1.25 10 7.17 7.71 6.15 

28 18.5 4.83 1 0.89 20 9.19 9.61 9.78 

28 18.5 4.83 1 0.70 30 9.31 9.45 8.91 

51.3 27 4.83 3 1.10 10 9.95 9.98 9.63 

51.3 27 4.83 3 0.88 20 9.16 8.46 10.87 

51.3 27 4.83 3 0.88 30 8.16 8.52 8.1 

28 18.5 4.83 3 0.88 10 7.31 7.92 7.9 

28 18.5 4.83 3 0.70 20 9.04 9.18 8.86 

28 18.5 4.83 3 0.70 30 8.3 8.74 8.21 

51.3 27 4.83 5 0.88 10 7.99 8.9 9.77 

51.3 27 4.83 5 0.88 20 8.59 8.56 8.98 

51.3 27 4.83 5 0.88 30 8.07 7.63 8.3 

28 18.5 4.83 5 0.70 10 8.42 8.75 8.29 

28 18.5 4.83 5 0.70 20 7.73 8.14 7.58 

28 18.5 4.83 5 0.70 30 7.05 7.12 7.71 

 

Note: Q = flow rate, V0 = the approaching flow velocity, D = pier diameter, S = the spacing between 

two piers, y = the approaching flow depth, W = equivalent pier width, θ = the attack angle, siy = 

the maximum scour depth around the ith pier.  
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 Table 2. Summary of all experimental data for multiple piers 

 

Data source Number of piers   Data points K1 K2 K3 

Ataie-Ashtiani and Beheshti 

(2006)  

Kim et al. (2017) 

Liang et al. (2017) 

Keshavarzi et al. (2018) 

2 

24 

20 

8 

30 

0.031 0.172 0.094 

Present study 3 36 0.031 1.540 0.872 

Lanca et al. (2013) 4 25 0.031 2.933 0.969 
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Fig.1 Bridge with complex pier configuration 
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Fig.2 Schematic representation of typical eddies in the scour hole 
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Fig.3 Definition of the equivalent pier width a) 3W D ; b) 3W D   

 

 

 

 

 

Fig.4 Sketch of the experimental flume 

  

(a) 

(b) 
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Fig.5 Sediment size cumulative distribution curve  
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Fig.6 Effect of pier spacing on scour distribution a) / 1S D  ; b) / 3S D  ; c) / 5S D   

  

(a) 

(b) 

(c) 
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Fig.7 Effect of attack angle on scour distribution a) 0   ; b) 10   ; c) 20   ; d) 

30    

(a) 

(b) 

(c) 

(d) 
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Fig.8 Comparison of calculated scour depth with the measured using Eq. (8) 

 

   

Fig.9 Comparison of the observed and calculated scour depth  
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Fig.10 Comparison with the equations of single pier 
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APPENDIX C - MEAN AND TURBULENT FLOW FIELD AROUND THREE PIERS 

IN TANDEM AND STAGGERED ALIGNMENTS 

 

Kang Zhou; Jennifer G. Duan 
Department of Civil and Architectural Engineering and Mechanics, University of Arizona, 1209 E. 2nd Street, Tucson, 
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Abstract  

Experimental results of flow field measured by Acoustic Doppler Vectrino Profiler around three 

piers group are presented. The impacts of pier spacings and attack angles on pier scour were 

analyzed using measured mean and turbulent flow field. Distributions of velocity vectors and 

turbulence intensities showed a strong sheltering effect of upstream pier in tandem alignment when 

piers spacing is small. Horseshoe vortices around the middle and downstream piers were 

strengthened in staggered alignment. When the scour has reached equilibrium, bed shear stress 

inside the scour hole is smaller than the approaching flow bed shear stress.  

Keywords: Local scour; horseshoe vortex; multiple pier group; flow field; turbulence; tandem 

piers; staggered piers. 

 

 

1. Introduction 

The  accurate estimation of the maximum local scour around a bridge pier is very important for 

the design of bridges. Providing more insight into the scouring process, a comprehensive 

understanding of the turbulent flow structure can help with scour depth prediction. Since Melville 

and Raudkivi (1977) used hot-film anemometry to measure the velocity field around a single 

cylindrical pier, numerous researchers were inspired to study the flow structure around bridge piers 

in the following decades. Dargahi (1989), Dey et al. (1995), Ahmed and Rajaratnam (1998), Graf 

and Istiarto (2002), Muzzammil and Gangadhariah (2003), Keshavarzi et al. (2014) and Guan et 

al. (2019) focused their studies on single piers and flow information around single piers. However, 

for geotechnical and economic reasons, bridge designs prefer pile groups or complex piers, which 

leads to problems if the results of single piers are directly applied to pile groups or complex piers 

cases. 
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Despite of a large number of investigations around single piers, only a limited number of 

studies have focused on pile groups or complex piers. Akilli et al (2004) studied the flow 

characteristics around two and three side-by-side circular cylinders using particle image 

velocimetry technique and investigated the effect of the pier spacing on the flow around the near-

wake region. Ataie-Ashtiani and Aslani-Kordkandi (2012, 2013) presented the flow patterns 

around two circular piers aligned in tandem and side by side using Acoustic Doppler Velocimeter.  

Das and Mazumdar (2015) studied the flow pattern of the horseshoe vortex in an equilibrium scour 

hole around two eccentric circular piers. Beheshti and Ataie-Ashtiani (2016) investigated the flow 

field around a complex pier consisting of a pier column, a pile cap and a pile group. Keshavarzi et 

al. (2017) compared the flow structure around a single pier and two piers in tandem using particle 

image velocity technique under flat-bed condition. Yang et al. (2018) analyzed the flow 

characteristics around a pile group in the scour hole at four typical stages during the scouring 

process. 

The main objective of the present study is to investigate flow characteristics around three 

piers group. Mean velocity, turbulence intensities and bed shear stress are presented. The effect of 

pier spacing and attack angles are discussed. This paper is expected to provide a better 

understanding of the scour mechanism around pile group. 

2. Experimental setup 

The experiments were conducted in one 1.49 m wide and 10.97 m long rectangular flume with a 

bed slope of 0.0001 (Fig.1). The incoming flow was pumped into the channel at constant 

discharges from a large above-ground water tank, and controlled by a valve on the pipe. Flow was 

stabilized by a honeycomb metal sheet placed at the inlet. The tailwater from the flume was 

returned to the reservoir via a separate channel. A sharp-crested weir was installed at the end of 
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the flume to measure the flowrate. The flume was uniformly filled with 25 cm thick sediment with 

a median size of 0.54 mm. The density of sediment is 3

s   k26 m50 g /  . The standard deviation of 

sediment mixture, 0.5

84 16( / ) 2.1g d d   . Three identical model piers made of PVC pipe were 

placed in the middle of the flume approximately 6 m from the entrance. The diameter of the piers 

is 4.83 cm. 

Before each experiment, the image of bed surface was captured by a three-dimensional 

camera, Kinect, manufactured by Microsoft. During each experiment, the valve was gradually 

opened until a designed discharged of 51.3 L/s has reached. The flow depth was kept as 12.7 cm, 

resulting in an approaching flow velocity of 27 cm/s. After 8 hours for reaching the equilibrium 

scour depth (Ataie-Ashtiani and Beheshti, 2006; Wang et al., 2016), a four-receiver Acoustic 

Doppler Vectrino Profiler was used to measure the instantaneous velocity components at a 

sampling frequency of 30 Hz and duration of 20 s. The origin of the Cartesian coordinate system 

was defined as the center of the pier group on its initial bed surface. The x, y, z axes were oriented 

along the main flow longitudinally, to the left bank in the transverse direction and toward the water 

surface vertically with instantaneous velocity component denoted as u, v and w, respectively. The 

sampling grid in the horizontal plane is 10 cm beyond the sour hole and 5 cm within the scour hole 

as shown in Fig.2. The sampling interval in the vertical direction is 2 cm. After the velocity 

measurement, the water was slowly drained, and another bed surface image was taken. 

3. Data processing 

The bed surface images were taken by Microsoft Kinect mounted on a plank 0.61 m above 

the bed surface. The measurement error of Kinect is about 1 mm at this distance to the bed surface 

(Khoshelham and Elberink, 2012). The images were converted to ASC file consisting of the 
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coordinates and depths by a software named KSCAN3D. The scour depth was calculated by 

subtracting the bed elevations obtained before and after each scour experiment. 

The velocity measurements were filtered by rejecting points with a correlation coefficient 

less than 0.7 and signal to noise ratio less than 20 dB. The output data was despiked by robust 

phase-space despiking algorithm (Whal, 2003). The processed data were used to calculate the 

mean velocities (u, v, w), turbulence intensities ( 2u u  , 2v v  , 2w w  ), and bed shear 

stresses. Four different methods to calculate the bed shear stress were used and compared: a)     

(Dey and Barbhuiya, 2005), b) 2 2 20.19 [0.5( )]b u v w        

(Biron et al., 2005), c) 20.9b w    (Kim et al., 2000).  

The shear velocity was calculated by best fitting the upstream approaching velocity profiles 

to a log-law profile. Fig. 3 shows the velocity profiles far upstream in different experiments. The 

average of shear velocities, 1.4 cm/s, was used as the approaching shear velocity. 

4. Results and discussion 

4.1 Mean velocity 

Fig.4-7 are the mean velocity vectors at the central vertical plane of each pier. The 

magnitude and direction of velocity vectors are 2 2u w  and arctan(w/u), respectively.  Horseshoe 

vortices can be observed in front of each pier except the middle and the downstream piers when 

S/D is 1 and attack angle is 0. This phenomenon indicates the sheltering effect of the upstream 

pier. The sheltering effect weakens when S/D increases to 5, resulting the reoccurrence of the 

horseshoe vortices in front of the middle and downstream piers. No vortices are observed at the 

back of the piers when attack angle is 0°, but there are vortices at the back of the upstream and 

2 2( ) ( )b u v u w v w v u            
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middle piers when S/D is 1 and attack angle is 30°, indicating the interaction between the horseshoe 

vortices and wake vortices. This interaction diminishes when S/D is 5.  

4.2 Turbulence intensity 

Fig.8 compares the turbulence intensity distributions of u+/u0 and w+/u0 when attack angle 

is 0° and S/D is 1, and it’s observed that they have similar distribution but the magnitude of u+/u0 

is about 5 times bigger than w+/u0. Similar phenomenon was observed in other cases. Therefore, 

Fig.9-11 only shows the u+/u0 in different cases, red lines are the streamlines. High values of 

turbulence intensity are found around the vortices. The highest value locates around the 

downstream pier when S/D is 1 and attack angle is 30°. The horseshoe vortices in front of the 

middle and downstream pier are enhanced by the wake vortices from upstream. When S/D is 5 and 

attack angle is 0°, turbulence intensity around the horseshoe vortices is decreasing along the flow 

direction, showing a weakened sheltering effect. 

4.3 Bed shear stress 

Fig.12 compares the bed shear stress calculated in different methods in tandem alignment 

with S/D is 1, normalized by the approaching shear stress, red lines represent scour hole edge. The 

normalized bed shear stress outside the scour hole should be about 1. The normalized bed shear 

stress calculated by Dey and Barbhuiha (2005) and Kim et al. (2000) is mostly less than 0.5, even 

though Dey and Barbhuiha (2005) yields the largest values. As the normalized bed shear stress 

calculated by Biron et al. (2005) is reasonably around 1 outside the sour hole, it’s used to calculate 

the bed shear stress in this study. Fig.13-15 demonstrate the normalized bed shear stress 

distributions. The largest values are approximately three times the approaching shear stress, and 

located at the edge of scour hole. Shear stress in the scour hole is mostly smaller than the 

approaching shear stress. In flat-bed experiments, bed shear stress within the horseshoe vortex 
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region was found to be amplified in front of the piers (Li et al., 2018), therefore the formation of 

scour hole reduces the shear stress.  

5. Conclusion 

The effect of pier spacing and attack angle on the mean and turbulence flow field around 

three piers group was studied by measuring the instantaneous velocities using Acoustic Doppler 

Vectrino Profiler. The mean velocity, turbulence intensities and bed shear stresses were analyzed 

and the following major conclusions are drawn. 

1) When the piers are aligned in tandem, a strong sheltering effect of upstream pier was 

observed for small pier spacing and this effect was weakened with increase of the pier spacing. 

2) Wake vortices from upstream enhanced the horseshoe vortices around the middle and 

downstream piers when the piers were in staggered alignment. The enhancement was stronger 

when the pier spacing is smaller. 

3) Bed shear stresses around the scour edge were up to three times bigger than the 

approaching bed shear stress but mostly smaller than the approaching bed shear stress in the scour 

hole.  
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Fig.1 Sketch of the experimental flume 
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Fig.2 Sampling grid for a) tandem S/D=1; b) staggered S/D=1; c) tandem S/D=5; d) staggered 

S/D=5 

 

 
Fig. 3 Approaching velocity profile 
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Fig.4 Flow field for tandem alignment with S/D=1 

 

 

 

Fig.5 Flow field for staggered alignment with S/D=1 a) 1st pier; b) 2nd pier; c) 3rd pier 
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Fig.6 Flow field for tandem alignment with S/D=5 

 

 

 

Fig.7 Flow field for staggered alignment with S/D=5 a) 1st pier; b) 2nd pier; c) 3rd pier 
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Fig.8 Turbulence intensities for tandem alignment with S/D=1 a) u+/u0; b) w+/u0 

 

 

 
 

Fig.9 Turbulence intensities for staggered alignment with S/D=1 a) 1st pier; b) 2nd pier; c) 3rd 

pier 
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Fig.10 Turbulence intensities for staggered alignment with S/D=5 

 

 
 

Fig.11 Turbulence intensities for staggered alignment with S/D=5 a) 1st pier; b) 2nd pier; c) 

3rd pier 
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Fig.12 Normalized bed shear stress comparison a) Dey and Barbhuiha (2005); b) Biron et al. 

(2005); c) Kim et al. (2000) 
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Fig.13 Normalized bed shear stress distribution for a) staggered and S/D=1; b) tandem and 

S/D=5; c) staggered and S/D=5 

 

 

 




