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Abstract 

Bridge pier is a key component of bridge that vertically supports the bridge deck and other 

superstructures and is usually located in a river’s main channel or on its floodplain. A bridge 

pier is commonly built with complex pier form (typically with a wall-like column, a pile-cap, 

and a group of piles underneath) to meet the structural, geotechnical, and hydraulic 

requirements. The existence of a bridge pier obstructs the flowing water and thus leads to 

sediment entrainment and erosion at the base of the pier, with a scour hole forming gradually. 

The existence of the scour hole may undermine the stability of the scoured pier and lead to 

more severe loss once the bridge fails. Therefore, study on scour at complex bridge is of great 

importance for both researchers and practitioners.  

The thesis presents a series of experimental studies on scour at complex bridge pier to 

investigate unknown scour phenomena and deepen our understanding of scour mechanism. The 

main content consists of six independent but also closely related research topics: clear-water 

scour at skew complex bridge pier, temporal evolution of clear-water scour, live-bed scour in 

column-only situations, live-bed scour at complex bridge pier, scour at complex bridge piers 

in close proximity, and scour at complex bridge pier caused by combined waves and current. 

The six topics cover a wide range of scour scenarios that usually occur in field situations but 

have not been well investigated and understood. 

Under clear-water conditions, the equilibrium scour depth and pattern at complex bridge piers 

are significantly affected by pier skew angle, relative pile-cap elevation, and pier form, which 

do not apply to circular piers with uniform cross-sectional shape. Similarly, the temporal 

evolution rate of clear-water scour at complex piers are also influenced by the geometric 

complexity and tend to be non-uniform. Four evolution stages are observed, including initiation, 

stagnation, development, and equilibrium stage.  
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Under live-bed conditions, the scour pattern at a complex pier resembles that at singles piers if 

the pile-cap is deeply buried and only the column contributes to the scouring process. Under 

such circumstances, the mean scour depth with small ratio of flow depth-to-pier width may be 

significantly overestimated by the existing predictors. If all the components of a complex pier 

contribute to scour, the mechanism will be much complicated. The mean scour fluctuation, 

which is caused by migrating bed-forms, at the pier will be significantly enlarged when the 

pile-cap is fully buried by the original undisturbed bed. The enlargement is because that the 

increase (or decrease) of flow’s scouring capability and the decrease (or increase) of the 

sediment supply into the scour hole may happen concurrently.  

If two complex piers stay in close proximity, both the clear-water and live-bed scour depth at 

the piers tend to be affected significantly. Generally, the mean scour depth and scour 

fluctuation at the downstream pier will be attenuated due to the protection of the upstream pier. 

In contrast, two tandem complex piers have insignificant effect on each other.  

Under combines waves and current, three types of scour temporal evolution (ascend-descend, 

asymptotic, and transferred type) are identified, and the scouring processes (structure exposure, 

cyclic sediment motion) at the scour initiation and development stages are also discussed. Most 

of the scouring effect can be observed in the first half duration of a complete wave period when 

the streamwise wave orbital velocity dominates. The dependence of time scale and 

equilibriums scour depth on various parameters are also investigated.  

Finally, a structured scour prediction method is proposed according to the existing methods 

and covers various scour scenarios included in this thesis. The new method significantly 

improves the prediction accuracy and can be easily modified when more data become available 

in the future. 
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Introduction 
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1.1 Background 

Pier is a key component of bridge that is located vertically at bridge crossing. Bridge piers are 

usually built in a river’s main channel or on its floodplain to support the bridge deck.  They 

convert the deck from one long span to several short spans, making for easier and cheaper 

construction. Figure 1.1 shows schematically the typical structure of a multi-span bridge. When 

submerged by flowing water, the bed material (e.g. gravel, sand, silt, clay, etc) at bridge piers 

may be entrained and eroded away, with a scour hole forming gradually, which exposes the 

pier more than originally. The excessive exposure of a bridge pier significantly alters the 

bearing or stress condition as well as the pier’s inherent frequency, which may lead to 

hazardous pier settling, bending or enlarged wobbling effects. Those effects can most likely be 

observed during flood events and have caused numerous bridge failure cases around the world. 

Lagasse et. al. (2007), Gee (2008) and Hunt (2009) have given detailed bridge failure and scour 

risk information from the United States (US). Sutherland (1986), Macky (1990), and Melville 

and Coleman (2000) provided extensive summary and analysis of bridge failure cases in New 

Zealand, another major country subjected to a wide variety of bridge scour damage. 

Bridge failure carries significant costs of temporary maintenance and/or replacement as well 

as the possibility of significant environmental damage to downstream ecological systems such 

as spawning beds (Melville and Coleman, 2000).Therefore, bridge pier scour has been a long-

standing design concern of researchers and engineers, while various local government 

departments, institutions and universities from many countries have published a wide variety 

of  design guides, manuals, and reports to help clarify the design complexity and optimize 

design strategies, such publications including Richardson and Davis (1995, 2001), Melville 

and Coleman (2000), Lagasse et al. (2007, 2010), Sheppard and Renna (2010), Ettema et al. 

(2011), Sheppard et al. (2011), and Arneson et al. (2012). Generally, the United States and New 
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Zealand have the most advanced scour research outputs that are usually referred to as criteria 

or key references by local authorities from the rest of the world.  

 

 

Figure 1.1 Schematic drawing of a multi-span bridge will multiple piers and abutments, 

reproduced from Ettema et al. (2011). 

Bridge piers can have either a uniform or a non-uniform cross-sectional shape and are then 

termed single piers and complex piers, respectively. The most common single pier forms 

include circular pier, rectangular (square or long slab) pier, round-nose pier, sharp-nose pier, 

etc. Compared to the single pier form, complex pier form has a more complicated structural 

design and is more widely used in engineering practices around the world. A complex pier 

usually consists of a wall-like column supporting the bridge deck, a pile-cap (footing) 

underneath, and a group of vertical or tilting slender piles supporting both the pile-cap and the 

column. Figure 1.2 shows the typical single and complex bridge pier forms of existing bridges. 

The determination of adopting a complex pier form and the detailed design of pier components 

is based on the combined structural, geotechnical, and hydraulic considerations. As stated by 

Ettema et al. (2017), the column and the pile-cap transfer both design live and dead loads and 
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flow-induced hydrodynamic loads to the underpinning piles, either end-bearing or friction-

bearing, which makes for a more effective structure with a much higher bearing limit than is 

possible with single piers. The bridge piers shown in Figure 1.1 are also complex piers.  

 

Figure 1.2 Photos showing the typical bridge pier forms: (a)-(c) single piers; (d)-(f) complex 

piers. 

Although the importance of pier scour has been well known and emphasized by researchers 

and engineers, substantial complexities still exist and complicate the development of reliable 

comprehensive design approaches for predicting scour depth at bridge piers, especially 

complex piers. Ettema et al. (2011) identified the major complexities: 

1. Complexity of flow field, including large-scale turbulence, flow field evolving with the 

development of scour hole, and the features of high three-dimensionality. 

2. Complexity of simultaneously scaling the three lengths (flow depth, sediment size, and pier 

size) 
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3. Complexity of pier scour interacting with other processes such as proximity to other 

structures (other piers, abutments, and weirs), debris accumulation, ice, and bridge 

submergence, etc.  

4. Variation of bridge pier structure.  

Obviously, the first three complexities can also be greatly further complicated when the pier 

structural complexity is introduced. Specifically, Ettema et al. (2017) provided an extremely 

extensive state-of-the-art review of the flow-field complexity and presented a structured and 

contemporary scour-depth design approach. The adaption of current scour prediction methods 

to fit complex pier forms was identified as critical research priority.  

In general, scour at complex bridge piers is still a research topic that comes with substantial 

complexities and uncertainties, despite having long been regarded as critical and urgent for 

significantly reducing public cost and ensuring public safety. Over 60 years after Laursen and 

Toch (1956) produced the first insights into pier scour, many advances have been made while 

more unknowns have also been raised, which greatly motivates the present study.  

1.2 Objectives  

In response to the background and the current research progress of complex bridge pier scour, 

the main objectives of the present study include to: 

1. Complete a comprehensive and detailed literature review to summarize the up-to-date 

knowledge framework and identify the most significant research needs at the current stage, 

which help to optimize the experimental design addressing the real problems effectively.  

2. Extensively investigate the characteristics of equilibrium scour depth with the most typical 

complex pier forms under a wide variety of hydrodynamic conditions, including steady 
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current with or without general sediment transport (clear-water and live-bed conditions), 

wave action, and combined waves and current. 

3. Improve the current knowledge of how the three lengths (flow depth, sediment size, and 

pier size) should be scaled in physical modelling experiments using complex pier forms.  

4. Explain the trend of scour variation with time for complex piers and quantify the influence 

of time on the development of the scour hole. In field situations, flood with peak discharge 

can usually last for a short period of time, thereby being not enough to fully develop the 

scour hole.  

5. Explain the influence of other complexities on scour at complex piers, e.g. bed-form 

migration, pier proximity, etc.  

6. Propose a well-structured prediction method applicable to scour at complex piers under 

various conditions. 

1.3 Thesis structure 

This thesis is organized in accordance with the main objectives raised in the previous section 

and includes seven research programs that are addressed separately. Each program is treated as 

an independent research paper, either published, in-process for publication, or about to be 

submitted for publication. The detailed thesis structure is:  

Chapter 1 - Introduction 

Chapter 1 includes a summary of previous research on scour at bridge piers, particularly scour 

at complex bridge piers, a statement of research objectives, and the structure of the thesis.  

Chapter 2 – Literature review 

Chapter 2 presents a comprehensive review of the current research progress of basic sediment 

transport mechanism, scour at single bridge piers, and scour at complex bridge piers. The 
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detailed equations of the popular scour prediction methods that are widely accepted around the 

world are also included. The high priority research needs applicable to complex pier forms are 

also discussed.  

Chapter 3 – Clear-water local scour at skewed complex bridge piers 

Chapter 3 presents an experimental study on the influence of pile-cap elevation, pier alignment, 

and pier structure on equilibrium clear-water local scour at complex bridge piers. The scaling 

effects are discussed, and a new modification to the existing prediction equations is also 

proposed to provide a better fit for complex piers. This chapter contains research that has been 

published as: 

• Yang, Y., Melville, B.W., Sheppard, D.M., and Shamseldin, A.Y. (2018). “Clear-water 

local scour at skewed complex bridge piers.” Journal of Hydraulic Engineering, 

10.1061/(ASCE)HY.1943-7900.0001458. 

Chapter 4 – Temporal evolution of clear-water local scour at complex bridge piers 

Chapter 4 follows the work in the previous chapter and presents a study on the temporal 

evolution of scour at complex bridge piers under a clear-water flow regime. The experimental 

set-ups are similar to those in Chapter 3 but with much longer test duration so that a quasi-

equilibrium status can be reached. In this chapter, the evolution of the scour hole to its 

maximum depth, as well as the normalized time-scale, are discussed in detail. This chapter 

contains research that has been submitted for consideration of publication: 

• Yang, Y., Melville, B.W., Macky, G.H., and Shamseldin, A.Y. (in-process). “Temporal 

evolution of clear-water local scour at aligned and skewed complex bridge piers.” 

Submitted to Journal of Hydraulic Engineering. 

Chapter 5 – Live-bed scour at wide and long skewed column-only piers in shallow water 



8 
 

Chapter 5 presents an experimental study on live-bed scour at wide or long skewed single piers.  

These occur as the column part of a complex pier when the pile-cap is too deeply buried to be 

exposed by the scour hole. This chapter discusses the scour variation with flow intensity and 

different flow shallowness ratios (flow-field scale, i.e. the ratio of flow depth to pier width). 

This chapter contains research that has been published as: 

• Yang, Y., Melville, B.W., Sheppard, D.M., and Shamseldin, A.Y. (2019a). “Live-Bed 

Scour at Wide and Long-Skewed Bridge Piers in Comparatively Shallow Water.” 

Journal of Hydraulic Engineering, 10.1061/(ASCE)HY.1943-7900.0001600. 

Chapter 6 – Live-bed scour at aligned complex bridge piers  

Chapter 6 presents an experimental study on live-bed scour at complex bridge piers under live-

bed flow regime and the influence of bed-form migration. A novel approach for instantaneous 

scour monitoring and data post-processing at complex bridge piers is proposed. The varying 

trends of mean scour depth with flow intensity and pile-cap elevation are discussed, as are the 

characteristics of scour fluctuation caused by bed-forms. A further modification to the existing 

prediction method is proposed to extend the equations developed in Chapter 3 to the full range 

of flow intensity, covering both clear-water and live-bed scour conditions. This chapter 

contains materials that have been submitted for consideration of publication as:  

• Yang, Y., Melville, B.W., Macky, G.H., and Shamseldin, A.Y. (in-process). 

“Experimental study on live-bed scour at complex bridge pier with bed-form migration.” 

Submitted to Journal of Hydraulic Research. 

Chapter 7 – Influence of pier proximity on local scour at complex piers 

Chapter 8 presents an experimental study to investigate scour at twin complex bridge piers in 

proximity under both clear-water and live-bed flow regime. This chapter aims to address the 
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complexity of pier-pier proximity, which is common in field situations, and discover the 

variation of scour pattern due to interaction between the two scouring current patterns caused 

by each pier. This chapter contains materials that have been published as: 

• Yang, Y., Melville, B.W., Macky, G.H., Shamseldin, A.Y. (2019b). “Local scour at 

complex bridge piers in close proximity under clear-water and live-bed flow regime.” 

Water, 2019, 11(8):1530. 

Chapter 8 – Scour at complex bridge piers induced by combined waves and current 

Chapter 9 presents an experimental study on scour at complex bridge piers caused by waves or 

by waves and current together. This chapter investigates the variation of scour pattern and 

temporal evolution with a wide variety of wave-current combinations, as well as the influences 

of several parameters: Keulegan-Carpenter number (KC), relative current strength, and various 

complex pier configurations (pile-cap elevation, pier skewness, etc). In addition, a new 

prediction method is proposed to integrate the existing methods either for steady current or 

wave-current combinations. This chapter contains research that has been submitted for 

consideration of publication: 

• Yang, Y., Melville, B.W., Macky, G.H., Shamseldin, A.Y. (in-process). “Experimental 

study on scour at complex bridge piers under the influence of waves and combined wave-

current.” Submitted to Coastal Engineering.  

Chapter 9 – Summary and Recommendation 

Chapter 9 summarizes all the research findings in this thesis and provides recommendation for 

further research in the future.  
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2.1 Introduction 

Research on bridge pier scour has long been a focal point within hydraulic engineering, in 

response to numerous bridge pier failure cases.  Both historical and recent pier failures have 

been caused by scour and have led to enormous economic losses. Laurson and Toch (1956) 

were the first to comprehensively describe scour features at bridge foundations, and laid the 

foundation for a large number of research studies since then. However, after over sixty years, 

we are still struggling to find an accurate and reliable scour prediction method, as the 

interaction between flow, pier and bed materials is highly complex and is still not well 

understood. The complexity of pier geometry, pier arrangement, and flow conditions have 

inspired and motivated researchers in past decades to work to discover the essential mechanism 

of pier scour. This chapter presents a comprehensive review of current knowledge of bridge 

pier scour as well as the achievements made by previous studies.  

The following two sections in this chapter aim to provide a clear and brief introduction to the 

basic mechanism of sediment transport, including sediment entrainment and the basic 

characteristics of bed-forms, and the definition and classification of scour. Then another three 

subsequent sections comprehensively review the up-to-date research progress of bridge pier 

scour, including current-induced scour at single piers, current-induced scour at complex piers, 

and scour at piers caused by waves and combined wave-current. To emphasize the significant 

difficulty in scour prediction caused by more complex conditions, another section follows with 

a brief introduction to the influence of unconventional flow conditions as well as pier proximity 

to other structures. In addition, all the existing and popular scour prediction methods, including 

detailed equations, are listed. Finally, all the research achievements mentioned in this chapter 

are summarized in the last section, together with the research gaps that have been identified to 

be studied in this thesis.  
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2.2 Mechanism of sediment motion 

2.2.1 Sediment entrainment 

Sediment entrainment occurs both at obstructions and on an undisturbed bed, when the 

hydrodynamic lift force acting on the sediment particles is larger than the resistant gravity force. 

Commonly, the Shields parameter is used to define the incipient motion condition of sediment 

particles, i.e. a sediment particle start to move when the Shields parameter exceeds the 

threshold value. Shields (1936) conducted a series of experiments and proposed the threshold 

Shields parameter (𝜃∗), which is a function of the shear Reynolds number at boundary (𝑅𝑒∗). 

The relation can expressed as: 

𝜃∗ =
𝜏𝑐

𝜌𝑔𝑆𝑠𝑑
= 𝑓(𝑅𝑒∗)                                                     (𝐸𝑞. 2.1) 

𝑅𝑒∗ =
𝑢∗𝑐𝑑
𝜈
                                                              (𝐸𝑞. 2.2) 

In which 𝜏𝑐 is the critical bed shear stress for sediment incipient motion, 𝜌 is the density of 

water, 𝑔 is the acceleration of gravity, 𝑆𝑠 = (𝜌𝑠 − 𝜌)/𝜌 is the relative density of submerged 

sediment particles compared to water, 𝑑 is the dimeter of sediment particles that is usually 

replace by median diameter 𝑑50 for uniform sediment, 𝑢∗𝑐 = √𝜏𝑐/𝜌 is the shear velocity at 

threshold conditions, 𝜈 is the kinematic viscosity of water, and 𝑓 denotes a function.  

Figure 2.1 shows the Shields diagram based on the Eq. 2.1 and 2.2. More recent researchers, 

including Neil and Yalin (1969), Gessler (1970), Kennedy (1995) and Buffington (1999), found 

that the incipient motion of sediment particles has significant probabilistic features and 

uncertainties, and thus they have made further contribution to revising the original diagram, as 

shown in Figure 2.2.  
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Figure 2.1 Shields diagram, reproduced from Garcia (2018), which is also based on the study 

of Vanoni (1975). 

For scour research, the critical mean channel velocity (𝑈𝑐) is commonly used to determine the 

motion condition of sediment particles, i.e. the particles start to move when mean channel 

velocity (𝑈) exceeds  𝑈𝑐 . Melville and Coleman (2000) concludes a simplified method to 

calculate 𝑈𝑐 according to the studies by Strickler (1923) and Keulegan (1938). The method is 

specific for quartz sand in water at 20°C, and it can be expressed as: 

𝑢∗𝑐 = 0.0115 + 0.0125𝑑50
1.4         𝑓𝑜𝑟 0.1𝑚𝑚 < 𝑑50 < 1𝑚𝑚                     (𝐸𝑞. 2.3) 

𝑢∗𝑐 = 0.0115 + 0.0125𝑑50
1.4         𝑓𝑜𝑟 1𝑚𝑚 < 𝑑50 < 100𝑚𝑚                   (𝐸𝑞. 2.4) 

𝑈𝑐
𝑢∗𝑐

= 5.75 log (5.53
𝑦0
𝑑50

)                                                 (𝐸𝑞. 2.5) 

in which 𝑦0 is flow depth, and log denotes common logarithm function.  
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Figure 2.2 Modified Shields diagram, reproduced from Melville and Coleman (2000). 

 2.2.2 Bed-forms 

Bed-forms occur on alluvial river bed with erodible materials under most conditions where the 

bed shear stress exceeds the threshold value for sediment incipient motion. The term “bed-

form” includes various bed patterns including ripples, dunes, anti-dunes and other 

superimposed or transitional types. The existence of bed-forms significantly increases the flow 

resistance and affects other hydrodynamic features, and the uneven submerged topography may 

also lead to water surface undulation and bring risks to navigation in river channels. The more 

detailed description of bed-forms are listed below: 

1. Ripples – ripples form on alluvial beds of fine material (𝑑50<0.6mm) and are smaller 

than other types of bed-form.  Their formation is due to the turbulent bursting process 

(Raudkivi, 1997) and the existence of a viscous sublayer near the bed surface (Garcia, 

2008) (which is consistent with a low grain Reynolds number according otoSumer and 

Bakioglu, 1984). Ripples are usually three-dimensional, and their dimensions are 
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considered to be independent of flow depth but highly related to the size of bed 

materials and the flow velocity (Raudkivi, 1998). Sediment with 𝑑50  smaller than 

0.6mm is usually termed ripple-forming sediment. 

2. Dunes – dunes are usually formed on alluvial beds with coarse materials (𝑑50>0.6mm). 

Compared to ripples, dunes are larger and higher, and usually occur with higher bed 

shear stress. When the bed material size is larger than 0.6mm, dunes are dominant as 

the hydrodynamic conditions for the initiation of ripples do not exist. Thus, sediment 

with 𝑑50 larger than 0.6mm is usually termed non-ripple-forming sediment. Dunes with 

ripples superimposed can occur in non-uniform sediment or in complex flow conditions.  

3. Washed-out dunes – With increasing flow intensity dunes adopt a longer bed-form 

length and a smaller height, and with flow intensity increasing further, washed out 

dunes or transitional bed-forms occur. This feature results in reduced bed roughness 

and flow resistance. For finer sediment (𝑑50<0.4mm), a transitional flat-bed condition 

may also occur when bed-forms are totally washed out and flattened by the force of 

flow. This bed condition is also considered as the transition between lower flow regime 

(𝐹𝑟<1) and upper flow regime (𝐹𝑟>1). 

4. Anti-dunes – anti-dunes form under supercritical flow conditions and migrate upstream. 

Anti-dunes have a quasi-sinusoidal longitude profile which leads to erosion on the lee 

sides and deposition on the stoss sides of the bed-forms. With further increased flow 

intensity, anti-dunes are destroyed and transform to chutes and pools.  
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Figure 2.3 Schematic drawings of typical bed-forms, reproduced from Simons and 

Richardson (1966). 

Figure 2.3 illustrates the typical classification and essential features of bed-forms. Figure 2.4 

shows the bed-form discriminator proposed by Ashley (1990) based on a large number of 

experimental data. This diagram enables an approximate estimation of bed-form types for 

conditions that are standardized to a water temperature of 10 °C, and is available for a wide 

range of grain size from fine/coarse sand to fine gravels. The existence of bed-forms also has 

a significant effect on scour, as the scour hole may undergo a cyclic process of filling and 

eroding with bed-forms passing. Melville and Coleman (2000) recommend adding a specified 

portion of the mean bed-form height to the calculated local scour depth as a practical design 

approach for a sufficient safety factor. A variety of equation sets are available for calculation 

of bed-form height; some of these are provided by Yalin (1964), Kennedy (1969), van Rijn 

(1984), Julien and Klaassen (1995), Raudkivi (1997), and Karim (1999).  
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Figure 2.4 Bed-form discriminator, reproduced from Ashley (1990). 

2.3 Classification of scour 

Scour at bridge crossings can be categorized into three different types: general scour, 

contraction scour, and local scour. The categorization depends on the basic mechanism, the 

pattern and the extent of scour occurring at the bridge crossing. The three types of scour may 

occur separately or simultaneously, as illustrated by Figure 2.5 (Melville and Coleman, 2000). 

The detailed definition of each type of scour is: 

General scour 

General scour occurs irrespective of the existence of a bridge or other artificial structure and 

can be long-term or short-term. Short-term general scour occurs during a single flood event or 

a series of several flood events. Long-term general scour is the progressive degradation of river 

bed over a time scale of several years or longer). General scour occurs in response to a change 

in upstream sediment supply, flow regime or bed and water levels downstream, which in turn 

might be caused by hydrometeorological and geomorphological condition or by human 

activities.  
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Contraction scour 

Contraction scour at bridge crossings occurs as a result of the flow constriction. The 

constriction is commonly caused by the road approach embankments, bridge abutments and 

other human-imposed structures, but may also be due to a natural contraction of the river banks. 

At the contracted bridge crossing, the flow is predominately two-dimensional, and it 

accelerates when approaching the opening and then decelerates beyond the vena contracta to 

expand to the wider channel downstream. The accelerated flow results in greater entraining 

forces on sediment particles and thus leads to scour throughout the contracted area. 

Local scour 

Local scour is caused by interference to the flow by structures, e.g. bridge piers or abutments. 

It occurs locally at the structures with the formation of a scour hole. Local scour is basically 

due to the large turbulence structures that occur adjacent to the obstruction, including the down-

flow at the face of the obstruction, the horseshoe vortex at the bottom of the obstruction, and 

the wake vortices behind the obstruction. A more detailed description of the flow mechanism 

will be introduced in the following sections.  

 

Figure 2.5 Scour types that occur at a bridge, reproduced from Melville and Coleman (2000). 
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Both contraction and local scour, collectively termed localised scour, only occurs when the 

flow features caused by the obstructions are able to entrain and transport sediment particles. 

The process of entrainment and transport, as well as the formation of a scour hole, can occur 

under two different flow regimes differentiated by whether sediment is in motion throughout 

the entire channel, especially within the channel upstream of the obstructions. These two 

regimes are termed clear-water scour and live-bed scour. 

Clear-water scour 

Clear-water scour occurs when the flow velocity in the upstream channel is below the threshold 

velocity for general sediment motion . Under a clear-water flow regime, there is no upstream 

sediment supply to the scour hole formed at the obstruction. The maximum local scour depth, 

i.e. the equilibrium local scour depth, is reached when the flow can no longer remove the 

sediment particles from the scour hole, which means that the shear stress at the bottom of the 

scour hole is at or below the threshold value.  

Live-bed scour 

Live-bed scour occurs when the flow velocity in the upstream channel is above the threshold 

velocity for general sediment motion, and thus there is a continuous sediment supply 

transporting sediment particles into the scour hole. Under a live-bed flow regime, bed-forms 

migrate into and out of the scour hole, and thus a dynamic equilibrium can be attained when 

the sediment volume transported into the scour hole in a specific time span is equal to that 

transported out of the scour hole. The equilibrium scour depth is defined as the time-averaged 

value within this period.  
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Figure 2.6 Local scour depth variation with time and flow velocity, reproduced from Melville 

and Coleman (2000). 

The process of local scour is time dependent, and equilibrium is attained when the erosive 

capability of the flow and the resistance to motion of bed materials in the scour hole become 

balanced progressively. Under live-bed flow conditions for alluvial bed with fine-grained 

sediment particles (fine sands, coarse sands, or gravels), the equilibriums scour depth is rapidly 

attained and may fluctuates due to bed-forms migration. In contrast, clear-water local scour 

develops much more slowly and suggests a trend to approach the equilibriums scour depth 

asymptotically, as stated by Raudkivi (1986). Figure 2.6 by Melville and Coleman (2000) 

shows the schematic drawing of locals scour depth variation with time flow velocity.  

Local scour at bridge crossings can also be classified into two types, namely pier scour and 

abutment scour, according to the type of obstruction and the general scour pattern. Bridge 

piers are built for supporting the deck and other superstructures over the bridge crossing, and 

are placed on the river bed of the main channel or flood plain between embankments at both 

sides. Scour typically occurs around the full perimeter of the pier, especially at the upstream 
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side. Bridge abutments are built at the sides of the bridge crossing and close to embankments, 

for supporting one end the of a bridge deck. An abutment column is usually set amidst or 

backed by the compacted earth-fill approach embankment. Scour occurs at the abutment head 

due to the diverted flow.  

In addition, bridge scour can be further classified according to the type of flow mechanism: 

river current, waves, or combined wave-current. Compared with current, waves and combined 

wave-current lead to a quite different flow field around a bridge pier and cause different 

hydrodynamic features, which will be introduced in detail in the following sections.  

 

2.4 Mechanism of scour at single piers caused by steady current 

2.4.1 Dimension analysis 

Numerous existing studies have found that the scouring process at a single bridge pier with 

uniform cross-sectional shape is under the influence of a wide variety of factors. The studies 

published before late 1990s  have already been extensively complied by Melville and Coleman 

(2000). More recently, as summarized by Ettema et al. (2011), the analysis framework 

including the parameters related to the magnitude of length, time and force can be expressed 

as:  

𝑑𝑠 = 𝑓 

{
 
 

 
 

𝑓𝑙𝑜𝑤(𝜌, 𝜇, 𝑈, 𝑦0, 𝑔),

𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡 (𝑑50, 𝜎𝑔, 𝜌𝑠, 𝑈𝑐)

𝑝𝑖𝑒𝑟(𝐷,𝑊, 𝐿, Ω, 𝛼)

𝑡𝑖𝑚𝑒(𝑡) }
 
 

 
 

                                       (𝐸𝑞. 2.6) 

where 𝑑𝑠 = scour depth, 𝜌 = fluid density, 𝜇 = fluid viscosity, 𝑈 = mean flow velocity, 𝑦0 = 

flow depth, 𝑔 =  gravity acceleration; 𝑑50  = median diameter of sediment particles, 𝜎𝑔  = 
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geometric standard deviation of particle size distribution, 𝜌𝑠 = sediment density, 𝑈𝑐 = critical 

velocity of sediment incipient motion; 𝐷 = pier diameter (for circular piers), 𝑊,𝐿 = pier width 

and length (for non-circular single piers), Ω = the factor of pier face shape, 𝛼 = pier skew angle 

to the approaching flow; 𝑡 = scour time.  

As derived by Sheppard and Renna (2010), according to the Buckingham 𝜋 theorem, Eq. 2.6 

can be further simplified and represented by a group of non-dimensional parameters: 

𝑑𝑠
𝐷
= 𝑓 (

𝑦0
𝐷𝑒
,
𝑈

√𝑔𝑦0
,
𝜌𝑠
𝜌
,
𝑈𝐷𝑒𝜌
 𝜇

,
𝑈
𝑈𝑐
,
𝐷𝑒
𝑑50

,
𝑡
𝑡𝑒
, 𝜎)                              (𝐸𝑞. 2.7) 

where 𝐷𝑒 = equivalent width for non-circular piers. For circular piers, 𝐷𝑒 = 𝐷. Due to the large 

amount of non-dimensional parameters, researchers tend to analyse the scour characteristics 

using a wide variety of methods and frameworks and bring more confusion to each other. Thus, 

determining the most important parameters is of undeniable urgency. Some scour prediction 

methods, e.g. HEC-18 methods (Richardson and Davis, 2001; then updated by Arneson et al., 

2012), uses channel Froude number 𝑈/√𝑔𝑦0 to quantify the influence of flow velocity. More 

recently, researchers have confirmed a better and more concise expression of the parameters: 

𝑑𝑠
𝐷
= 𝑓 (

𝑦0
𝐷𝑒
,
𝑈
𝑈𝑐
,
𝐷𝑒
𝑑50

, 𝜎)                                        (𝐸𝑞. 2.8) 

For uniform sediment with 𝜎 < 1.3, the influence of sediment grading can usually be neglected.  

2.4.2 Flow structure 

The flow field around a circular bridge pier has been a focal point of scour research over the 

past four decades. The major investigation methods can be classified as direct measurement, 

physical scale modelling and numerical modelling. With the development of acoustic and 

optical techniques, more instruments becomes available to measure the turbulence features 

around bridge piers directly, e.g. acoustic Doppler velocimetry (ADV), acoustic Doppler 
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velocimetry profiler (ADVP), particle image velocimetry (PIV), particle tracking velocimetry 

(PTV), etc. Numerical modelling is becoming more and more popular in recent years due to 

the fast advancement of computing capability of both personal computers and high-

performance clusters (HPC). Numerical modelling is able to simulate and visualize some of 

the flow details that beyond the measuring limit of current instruments, but, in the meantime, 

repetitive model calibration and unsatisfactory computing speed are still challenges that need 

to be dealt with.  

As extensively discussed by Melville and Coleman (2000) and Sheppard and Renna (2010), 

the major flow features around a circular bridge pier that are responsible for the scour initiation 

and evolution include the downflow formed at the upstream face of the pier, the horseshoe 

vortex formed at the base of the pier, and the wave vortices formed at the lee side of the pier, 

as shown in Figure 2.7. Melville (1975) and Melville and Raudkivi (1977) carried out extensive 

research on mean flow directions, mean flow magnitude, turbulent flow fluctuation, and 

turbulent power spectra around a circular pier at different stages of scour evolution. According 

to the studies mentioned above,  the basic flow features and the corresponding mechanism can 

be summarized as below: 

1. A strong vertical downflow develops at the pier face due to a vertical pressure gradient 

created by the flow. The downflow keeps moving downward then impinges on and erodes 

the bed at the pier base. At the same time, the approaching flow close to the sides of the 

pier is separated in front of the pier and diverted laterally, creating a detached shear layer 

at the pier’s surface.  

2. The downflow impacting on with the pier base interacts with the approaching flow to form 

a complex rolling structure called horseshoe vortex, which is highly energetic and further 

contributes to the scouring process at the pier base. With the development of the scour hole, 

the size and recirculation strength of the horseshoe vortex increases while the turbulence 
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energy decreases. The horseshoe vortex is considered the major flow element for scour 

evolution.  

3. Another important erosive flow element is the wave vortices formed at the lee side of the 

pier due to flow separation and diversion mentioned above. Wave vortices behave like a 

vacuum and work collaboratively with horseshoe vortex, entraining and transporting the 

sediment particles eroded from the pier base to the downstream channel.  

Figure 2.8 shows the patterns and flow paths of horseshoe vortex and wake vortices simulated 

by computer models. The figures are reproduced from the studies of Kirkil et al. (2008), Ettema 

et al. (2011), and Guan et al. (2018).  

 

 

Figure 2.7 Schematic drawing of the flow field around a circular pier, reproduced from 

Sheppard and Renna (2010); 
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Figure 2.8 Flow field around a circular pier: (a) distribution of instantaneous bed shear stress, 

reproduced from Kirkil et al. (2008); (b) visualization of the main vortices forming the 

horseshoe vortex system, reproduced from Kirkil et al. (2008); (c) average streamline and 

vorticity distribution in a developed scour hole, upstream of the pier and on the flow 

centreline, reproduced from Guan et al. (2018); (d) visualization of flow path during scour, 

reproduced from Ettema et al. (2011), originally from Kirkil et al. (2008). 

Flow-field scale (flow depth-to-pier size ratio 𝑦0/𝐷, also termed flow shallowness ratio) is also 

a key parameter influencing the scour-inducing mechanism significantly. The formation, 

magnitude, and interaction of the abovementioned flow features and the morphology of the 

scour hole are all highly related to the flow-field scale. The classification of flow-field scale is 

commonly made according to the value of 𝑦0/𝐷 for convenient identification: 

1. Narrow-pier regime (𝑦0/𝐷 > 1.4). For piers in a relatively deep and wide channel, the 

flow features mentioned above (e.g. downflow, horseshoe vortex, wake vortices, etc) are 

fully developed and interact with great magnitude and intensity. The influence of flow 

depth on scour depth development becomes minor or negligible.  

2. Transition-pier regime (0.2 ≤ 𝑦0/𝐷 < 1.4 ). With the decrease of flow depth or the 

increase of pier size, the scour-inducing flow mechanism starts to alter. The closer distance 

from the water surface to the pier base (or the increased pier size) squeezes the space for 
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the formation of the abovementioned flow features, thereby weakening the eroding 

capability of the flow. The bed friction against wake vortices also increases due to the closer 

proximity to the bed.  

3. Wide-pier regime (y0/𝐷 < 0.2). For wide piers, the approaching flow decelerates, turns, 

and flows laterally along the pier face and gets contracted and accelerated at the pier flanks. 

The downflow and horseshoe vortex are significantly weakened, and the major scour-

inducing flow features are wake vortices and the contracted flow (including part of the 

weakened horseshoe vortex) at the sides of the pier. Under such circumstances, the 

normalized scour depth 𝑑𝑠/𝐷 is significantly less than with narrow- and transition-pier 

regimes.  

 

Figure 2.9 Variation of flow field: (a) flow field under narrow-, transition- and wide-pier 

regimes, reproduced from Ettema et al. (2011); (b) flow field at a wide-pier in which flow 

contraction at the sides of the pier is important, reproduced from Ettema et al. (2011); (c) 

visualization of instantaneous bed friction velocity at a wide slab pier, reproduced from Kirkil 

and Constantinescu (2009). 
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Figure 2.9(a) illustrates the typical flow field under narrow-, transition-, and wide-pier regimes. 

Figure 2.9(b) schematically illustrates an extreme wide-pier condition, where the approaching 

flow is completely diverted to the pier flanks and no scour depth exists at the central base of 

the pier face. Figure 2.9(c) shows the instantaneous bed friction velocity at a wide pier, and the 

results are in accord with the flow mechanism mentioned above.  

2.4.3 Temporal evolution 

As mentioned above, scour depth at a bridge pier is time-dependent and is also highly related 

to the flow intensity ratio 𝑈/𝑈𝑐. Scour at bridge piers under clear-water conditions can take a 

very long time to reach equilibrium (up to a few weeks or more in the laboratory, longer in 

prototype situations) This is especially so when the flow velocity is close to the threshold 

velocity for incipient motion of the sediment. Researchers have found that the temporal 

evolution of clear-water scour shows an asymptotic trend from zero to the maximum scour 

depth (Chabert and Engeldinger, 1956). Ettema (1980) defined three phases of scour which 

were called the initial, principal and equilibrium stages. However, the criteria to determine that 

equilibrium has been reached are somewhat arbitrary and have always been controversial.  One 

approach has been to assume that equilibrium exists when the increment of scour depth in a 

duration of time is less than a specified value (Coleman et al., 2003; Grimaldi, 2005). Some 

researchers instead accept that equilibrium cannot be reached in a finite time (Franzetti et al. 

1982), or that the scouring process never stops completely (Oliveto and Hager, 2002). Figure 

2.10(a) shows a typical scour temporal evolution curve reproduced from Sheppard et al. (2004). 

Under live-bed conditions, equilibrium can be relatively quickly attained, but is often followed 

by periodic fluctuations due to migrating bed-forms and the alternate arrival of dune crests and 

troughs, as shown in Figure 2.10(b). The observed live-bed scour depth and the fluctuation 

range are highly related to the magnitude and steepness of the bed-forms (Chee, 1982; Chiew, 
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1984; Melville, 1984). The mean live-bed scour depth is calculated by time-averaging the 

instantaneous scour depth recorded after reaching dynamic equilibrium.  

 

Figure 2.10 Typical temporal evolution types at single piers: (a) clear-water scour 

(reproduced from Sheppard et al, 2004); (b) live-bed scour (reproduced from Sheppard and 

Miller, 2006). 

2.4.4 Parameter influences on equilibrium scour depth 

2.4.4.1 Flow intensity 

The flow intensity ratio 𝑈/𝑈𝑐  is defined as the ratio of mean flow velocity to the critical 

velocity for incipient sediment motion. Clear-water scour occurs when 𝑈/𝑈𝑐 ≤ 1, and live-bed 

scour occurs when 𝑈/𝑈𝑐 > 1. Many previous studies has already investigated the variation of 

mean scour depth with flow intensity ratio 𝑈/𝑈𝑐 , such studies including Chabert and 

Engeldinger (1956), Laursen and Toch (1956), Laursen (1962), Shen (1966), Hancu (1971), 

White (1975), Breusers et al. (1977), Jain and Fischer (1979, 1980), Chee (1982), Melville 

(1984) and Chiew (1984), Kothyari et al. (1992), and Sheppard and Miller (2006).  It has been 

found that, under clear-water flow regime with uniform sediment,  the local scour depth 

increases linearly with 𝑈/𝑈𝑐. After entering the live-bed range, the mean scour depth may first 

decrease and then increase again with increasing 𝑈/𝑈𝑐 until reaching a second peak, which is 

termed “live-bed peak” and usually locates at the transitional flat-bed stage with 𝑈/𝑈𝑐 = 4~5. 
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It has been widely accepted (e.g., by Chee, 1982; Melville, 1984; and Chiew, 1984) that the 

live-bed peak may be smaller than the clear-water peak for coarse sand (and larger for fine 

sand). Figure 2.11(a) displays the method used by Melville and Coleman (2000) to determine 

the influence of flow intensity by enveloping all the experimental data, showing a negligible 

effect of 𝑈/𝑈𝑐 within the live-bed range. Figure 2.11(b) shows the schematic trends found by 

Sheppard and Renna (2010). It shows a difference between clear-water and live-bed scour 

peaks for different sediment sizes, and a linear approximation method is recommended to 

simplify the “descend-ascend” trend between the two peaks.  

 

Figure 2.11 Influence of flow intensity on equilibrium scour depth: (a) the trend defined by 

Melville and Coleman (2000); (b) the trends for coarse sediment (higher) and fine sediment 

(lower), reproduced from Sheppard and Renna (2010). 

2.4.4.2 Sediment coarseness 

The sediment coarseness ratio 𝐷/𝑑50 represents the relative coarseness of the flow boundary. 

In hydraulic physical modelling of sediment transport and scour, the similitude of 𝐷/𝑑50 is 

usually compromised due to the impossibility of retaining the exact replication of flow-depth, 

pier-width, and particle-size length scale (Ettema et al. 1998a). Most of the existing studies 

tended to maintain the ratio of 𝑦0/𝐷 and 𝑈/𝑈𝑐 more-or-less the same as the prototype piers in 
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field situations, as obviously the replication of the bed motion condition and flow-field scale is 

more important.  

 

Figure 2.12 Influence of sediment coarseness on equilibrium scour depth: (a) the trend 

proposed by Melville and Coleman (2000); (b) the trend proposed by Lee and Sturm (2009); 

(c) the trend proposed by Sheppard and Renna (2010). 

Early studies, including Randkivi and Ettema (1983), Melville and Sutherland (1988) and 

Melville and Coleman (2000), believed that the normalized scour depth 𝑑𝑠/𝐷  becomes 

independent of 𝐷/𝑑50 for 𝐷/𝑑50 > 50 or a close value, as shown in Figure 2.12(a). However, 

this assumption is proved misleading and was actually made according to data with relatively 

small 𝐷/𝑑50 range. More recently, Sheppard et al. (2014), Lee and Sturm (2009), Sheppard 

and Renna (2010), and Lança et al. (2013) found that 𝑑𝑠/𝐷 is significantly affected by 𝐷/𝑑50 

even for 𝐷/𝑑50 ≫ 50. According to these later studies, 𝑑𝑠/𝐷 increases rapidly with increasing 
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𝐷/𝑑50  up to a peak value for 𝐷/𝑑50 ≈ 70 − 80, then decreases gradually with increasing 

𝐷/𝑑50, as shown in Figure 2.12(b)-(c). The position of the peak varies slightly for different 

studies. This phenomenon may help explain the observed relatively low 𝑑𝑠/𝐷 value (compared 

with scaled-down models) for prototype piers, for which the ratio of 𝐷/𝑑50 is usually large.  

2.4.4.3 Flow shallowness 

As mentioned in Section 2.4.2, the flow shallowness ratio (𝑦0/𝐷, also termed flow-field scale) 

determines the main flow mechanism that contributes to the scouring process at the pier. A 

consensus is that the dependence of 𝑑𝑠/𝐷 on 𝑦0/𝐷 becomes minor or negligible for 𝑦0/𝐷 > 2 

or a larger value, which represents the narrow-pier regime in deep water. Melville and Coleman 

(2000) compiled the experimental data then available and categorized the pier-scour flow field 

in terms of three classes of 𝑦0/𝐷, as shown in Figure 2.13(a). More recently, Sheppard and 

Renna (2010) refined the equation of Melville and Coleman (2000) and proposed a continuous 

hyperbolic tangent relationship as shown in Figure 2.13(b). Generally, few of the existing data 

are in the wide-pier range with 𝑦0/𝐷 < 0.2 , and thus the existing relationship could be 

modified further when more data become available.  

 

Figure 2.13 Influence of flow shallowness on equilibrium scour depth: (a) the trend proposed 

by Melville and Coleman (2000) for clear-water scour; (b) the trend proposed by Sheppard 

and Renna (2010). 
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2.4.4.4 Time scale 

As discussed in the previous sections, pier scour is time-dependent and the evolution can be 

influenced by many factors. Most of the existing prediction methods give the equilibrium scour 

depth and are, therefore, conservative whenever the limited scour time has prevented 

equilibrium being reached. As stated by Ettema et al. (2011), pier scour often occurs in 

situations of limited flow duration, e.g. piers on floodplains that can only be submerged during 

relatively large flood events. A clear-water flow regime often prevails in such situations. 

Consequently, the real scour holes observed in field situations are often less-developed than 

those in laboratory tests.  

Melville and Chiew (1999) confirmed that equilibrium scour time 𝑡𝑒 and equilibrium scour 

depth 𝑑𝑠𝑒 have a similar dependence on the same set of parameters, i.e., flow intensity ratio 

(𝑈/𝑈𝑐), flow shallowness ratio (𝑦0/𝐷) and sediment coarseness ratio (𝐷/𝑑50). They therefore 

proposed the equilibrium time scale 𝑡∗ to quantify the influence of the above parameters on 

equilibrium scour time 𝑡𝑒. The definition of time-scale is: 

𝒕∗ =
𝑼𝒕𝒆
𝑫
                                                           (𝑬𝒒. 𝟐. 𝟗 ) 

where 𝑼 = mean flow velocity. Figure 2.14 shows conceptualized temporal evolution curves 

under clear-water flow regimes, as well as the dependence of 𝒕∗ on three key non-dimensional 

parameters (𝒚𝟎/𝑫, 𝑼/𝑼𝒄, and 𝑫/𝒅𝟓𝟎) proposed by Melville and Chiew (1999). It should be 

noted that the relationship displayed in Figure 2.14(d) suggests the similar flaw as Figure 

2.12(a), i.e. 𝒕∗ , similar to equilibrium scour depth) is actually still affected by 𝑫/𝒅𝟓𝟎  for 

𝑫/𝒅𝟓𝟎 > 𝟏𝟎𝟎. The Sheppard-Melville method proposed by Sheppard et al. (2011) provides a 

refined equation set to better calculate the influence of scour time, and more details will be 

given in Section 2.8.2.  
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Figure 2.14 Influence of scour time: (a) conceptualized temporal evolution of scour at 

circular pier under clear-water conditions; (b) – (d) equilibrium time-scale variation with flow 

shallowness, flow intensity and sediment coarseness. The figures are reproduced from 

Melville and Chiew (1999). 

2.4.4.5 Pier shape 

The face shape of a non-circular bridge pier can significantly alter the flow field in frontal of 

the pier and consequently the scour mechanism and scour depth. Normally, a blunter pier face 

leads to a larger scour depth than does a circular face, due to enhanced flow contraction and 

increased flow-field vorticity (Ettema et al., 2011).  

 Two approaches are usually adopted to take the effect of pier face shape into consideration. 

The first one multiplies the reference scour depth (at a circular pier) by a shape factor 𝐾𝐼, of 

which some values are shown in Figure 2.15. This approach is adopted by Melville and 

Coleman (2000) and Arneson et al. (2012). The second approach calculates the scour depth by 

converting the non-circular pier to a circular one with the pier diameter 𝐷 replaced by the 
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equivalent pier width 𝐷𝑒. This approach is adopted by Sheppard and Renna (2010), and the 

converted values for typical pier shapes are listed in Table 2.1. 

 

Figure 2.15 Influence of typical pier shapes and the shape factors, reproduced from Arneson 

et al. (2012). 

Table 2.1 Equivalent pier width for typical single pier cross-sections, reproduced from 

Sheppard and Renna (2010). 

Pier cross-section Projected width Equivalent pier 

width 

 

𝑊 = 𝐷 𝐷𝑒 = 𝐷 

𝑊 = 𝐷 𝐷𝑒 = 1.23𝐷 

𝑊 = 1.4𝐷 𝐷𝑒 = 1.2𝐷 

 

 



35 
 

2.4.4.6 Pier alignment 

Pier alignment is also an important factor influencing the scour pattern and depth. In field 

situations, there is usually a skew angle between the approaching flow and  the pier’s centreline, 

due to a wide variety of reasons, e.g. channel bend, flow diversion, and proximity to other 

structures. The scour depth increases with increasing pier skew angle, as a result of increased 

effective frontal width and flow blockage. Laursen and Toch (1956) were the first to investigate 

the influence of pier skew angle, and proposed a generalized chart (Figure 2.16) that has since 

been widely adopted. This chart gives the scour amplification factor for rectangular piers with 

a wide range of aspect ratios. More recently, Mostafa (1994) and Ettema et al. (1998b) also 

studied this topic.  

 

Figure 2.16 Scour variation with pier skew angle and aspect ratio, reproduced from Laursen 

and Toch (1956). 

Arneson et al. (2012) summarized the chart and proposed an equivalent equation: 

𝐾2 = (𝑐𝑜𝑠𝜃 +
𝑏
𝑎
𝑠𝑖𝑛𝜃)

0.65

, 𝑢𝑠𝑒 
𝑏
𝑎
= 12 𝑖𝑓 

𝑏
𝑎
> 12                            (𝐸𝑞. 2.10) 
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Generally, it is obvious that the influence of pier alignment is closely connected with other key 

parameters (e.g. 𝑦0/𝐷 and 𝐷/𝑑50), i.e. the variation of pier alignment changes the effective 

pier size and actually changes the values of 𝑦0/𝐷 and 𝐷/𝑑50. Thus, none of the normalized 

parameters above should be treated separately.  

 

Figure 2.17 Scour depth variation with sediment non-uniformity, reproduced from Ettema et 

al. (2011) that is originally from Melville and Coleman (2000). 

2.4.4.7 Sediment non-uniformity 

Most of the existing scour trends and relationships are based on data using uniform sediment, 

with the particle standard deviation 𝜎𝑔 ≤ 1.3. Only very limited studies on the influence of 
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sediment non-uniformity can be found, most of which are published before 1990s, including 

Ettema (1980), Chiew (1984), and Baker (1986). Melville and Coleman (2000) summarized 

the findings of the previous studies and provided a conceptualized chart as shown in Figure 

2.17. When the flow velocity is close to the clear-water threshold (𝑈/𝑈𝑐 ≈ 1), an armour layer 

forms on the bed surface and significantly reduce the local scour depth. In contrast, for large 

values of 𝑈/𝑈𝑐, the flow is intense enough to entrain and transport most of the coarse particles 

in the armour layer, and then the influence of sediment non-uniformity becomes minor. 

Generally, the reduction of scour depth is proportional to the value of 𝜎𝑔.  

2.4.4.8 Flow viscosity  

The influence of flow viscosity draws fairly scarce attention and has not be considered by most 

of the existing studies, in which it has usually been assumed that the flow is fully turbulent and 

free of the effect of viscosity. Recently, Lança et al. (2015) found that the equilibrium scour 

depth can also be affected by Reynolds number of different forms, as shown in Figure 2.18. It 

was found that the normalized local scour depth 𝑑𝑠/𝐷 is independent of the sediment Reynolds 

number for 200 < 𝑈𝑑50/𝜈 < 300, and 𝑑𝑠/𝐷 may drop significantly for 𝑈𝑑50/𝜈 > 300. A 

similar trend also applies to other forms of Reynolds number. 

2.4.4.9 Flow turbidity  

Sheppard et al. (2004) also found that the equilibrium scour depth is also sensitive to the 

suspended sediment concentration in the flow (i.e. flow turbidity). As shown in Figure 2.19, 

high flow turbidity reduces the local scour depth as a result of the reduction of bed shear stress 

caused by suspended fine particles. This discovery may also explain the scatter in other 

published studies and why laboratory results often overestimate the scour depth observed in 

the field.    
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Figure 2.18 Influence of flow viscosity represented by variation of normalized scour depth 

with: (a) shear Reynolds number 𝑅𝑒𝑠 = 𝑢∗𝑑50/𝜈; (b) sediment Reynolds number 𝑅𝑒𝑈 =

𝑈𝑑50/𝜈; (c) pier Reynolds number 𝑅𝑒𝑝 = 𝑈𝐷/𝜈; (d) flow Reynolds number 𝑅𝑒. The figure 

is reproduced from Lança et al. (2016). 

 

Figure 2.19 Influence of flow turbidity on clear-water scour depth, reproduced from Sheppard 

et al. (2004). 
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2.5 Mechanism of scour at complex piers caused by steady current 

2.5.1 Dimensional analysis 

Bridge piers are usually built with complex geometry, due to mechanical, geotechnical and 

structural considerations, and thus complex pier forms are more widely adopted around the 

world than the single pier form with a uniform cross-section. Compared with single piers, the 

geometry of a complex pier is much more complicated and may consist of a few different pier 

components connected together. A typical complex bridge pier often consists of a wall-like 

column supporting the bridge deck and superstructures, a pile-cap under the column, and a 

group of piles supporting the pile-cap, as shown in Figure 2.20.  

 

Figure 2.20 Typical form of complex bridge pier. 

The analysis framework of complex piers is similar to that of single piers as shown in Eq. 2.6, 

and the difference is that there are many more factors related to the geometry of pier 

components, factors that may significantly influence the scour characteristics. The analysis for 

complex piers can be expressed as: 
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𝑑𝑠 = 𝑓 

{
  
 

  
 

𝑓𝑙𝑜𝑤(𝜌, 𝜇, 𝑈, 𝑦0, 𝑔),

𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡 (𝑑50, 𝜎𝑔, 𝜌𝑠, 𝑈𝑐)

𝑝𝑖𝑒𝑟(𝛼, 𝐷𝑐, 𝐿𝑐, 𝐷𝑝𝑐, 𝐿𝑝𝑐, 𝐻𝑐, 𝑇, 𝑓𝑐𝑙, 𝑓𝑐𝑏,

𝑚, 𝑛, 𝑆𝑚, 𝑆𝑛, 𝐷𝑝𝑔, 𝐾𝑠𝑝, 𝐾𝑠𝑝𝑐, 𝐾𝑠𝑝𝑔)

𝑡𝑖𝑚𝑒(𝑡) }
  
 

  
 

                               (𝐸𝑞. 2.11) 

where 𝐷𝑐 = column width, 𝐿𝑐  = column  length, 𝐷𝑝𝑐 = pile-cap width, 𝐿𝑝𝑐 = pile-cap length, 

𝐻𝑐 = pile-cap elevation above the undisturbed bed, 𝑇 = pile-cap thickness, 𝑓𝑐𝑙 = the streamwise 

extension of the pile-cap beyond the column, 𝑓𝑐𝑏 = the transverse extension of the pile-cap 

beyond the column, 𝑚 = number of pile columns (in line with aligned flow), 𝑛 = number of 

pile rows (perpendicular to aligned flow), 𝑆𝑚, 𝑆𝑛 = streamwise and transverse pile spacing, 𝐷𝑝𝑔 

= vertical pile width (diameter), and 𝐾𝑠𝑝, 𝐾𝑠𝑝𝑐, 𝐾𝑠𝑝𝑔 = the shape factors for column, pile-cap, 

and vertical piles.  

As stated by Moreno (2016), Eq. 2.11 can be expressed using dimensionless parameters using 

the Buckingham theorem, and can be simplified by dropping those parameters that have little 

effect, to obtain: 

𝑑𝑠
𝐷
= 𝑓 (

𝑦0
𝐷𝑐
,
𝑈
𝑈𝑐
,
𝐷𝑐
𝑑50

, 𝜎𝑔, 𝛼,
𝐷𝑐
𝐷𝑝𝑐

 ,
𝑇
𝑦0
,
𝐻𝑐
𝑦0
,
𝑓𝑐𝑙
𝑓𝑐𝑏

,𝑚, 𝑛,
𝑆𝑚
𝐷𝑝𝑔

,
𝑆𝑛
𝐷𝑝𝑔

, 𝐾𝑠(𝑐,𝑝𝑐,𝑝𝑔))            (𝐸𝑞. 2.12) 

For a certain complex pier geometry with constant flow and sediment conditions, eq. 2.12may 

be simplified to: 

𝑑𝑠
𝐷
= 𝑓 (𝛼,

𝐻𝑐
𝑦0
,
𝐻𝑐
𝑇
)                                               (𝐸𝑞. 2.13) 

where 𝐻𝑐
𝑦0

 and 𝐻𝑐
𝑇

 can accurately represent the relative position of pile-cap to the undisturbed bed 

and to the flow surface, as shown in Figure 2.21.  
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Figure 2.21 Typical pile-cap positions relative to the bed and water surface.  

2.4.2 Flow structure 

Compared with single piers with uniform cross-sectional shape, the flow field around a 

complex bridge pier is much more complicated due to the interactions between flow features 

caused by pier components. As stated by Ettema et al. (2017), the lack of knowledge of the 

highly three-dimensional flow field is a major obstacle to accurate design estimation of scour 

depth at bridge piers. Figure 2.22 provides a schematic drawing of the flow field components 

identified by Moreno (2016).  The flow features caused by the column, pile-cap and pile group 

may be affected by each other and lead to more energetic turbulence. Hannah (1978) 

investigated the flow field around a group of vertical piles and identify four scour mechanism: 

1. Scour reinforcement: The downstream piles may facilitate the mobility of sediment at the 

upstream piles and then increase scour depth. This effect is weakened with larger pile 

spacing. 

2. Sheltering: The upstream piles may divert the flow and create lee-wake areas, which 

weaken the strength of the horseshoe vortex at a downstream pile and reduce the scour 

depth. This effect is weakened with larger pile spacing.  

3. Wake vortices interaction: the wake vortices of the upstream piles may interact with the 

downstream piles and increase the downstream entrainment capability. The scour depth at 
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the downstream piles may be larger with specific skew angles when the scour hole overlaps 

with the convection path of upstream wake vortices.  

4. Compressed horseshoe vortex: The inner arms of the horseshoe vortexes at a pair of piles 

may interact with each other and get compressed. Then the scour depth at that location may 

be larger than for a single pile, due to the greater turbulence energy and flow velocity.  

Lagasse et al. (2010) and Pagliara and Carnacina (2011) investigated the flow field around a 

single pier that has accumulated a raft of impermeable debris, a situation that roughly resembles 

a complex pile with a partially submerged pile-cap. They found that the flow may be 

significantly diverted downwards to bypass the debris (pile-cap) underneath. This diverted flow 

approaching the pier itself can then cause a similar downflow and horseshoe vortex as does a 

single pier. Veerappadevaru et al. (2011, 2012), Kumar and Kothyari (2012) and Kumar et al. 

(2012) investigated the flow field around a circular pier founded on a circular caisson, which 

resembles  a pier column founded on a pile-cap that is low enough not to be undercut by the 

scour hole. It was found that the horseshoe vortex observed around the caisson was similar to 

that at a single pier, and that the extension of the caisson beyond the column may partially 

obstruct the downflow caused by the column and lead to a small vortex at the joint.  

 

Figure 2.22 Schematic drawing of flow field structure around a complex pier, reproduced 

from Moreno (2016). 
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With the development of measuring techniques and computer models, more flow details have 

been reported, which significantly advanced the existing knowledge. Beheshti and Ataie-

Ashtiani (2010, 2016) made experimental studies on the flow field around a complex bridge 

pier on both flat and scoured bed using acoustic Doppler velocimetry (ADV), as shown in 

Figure 2.23. Their findings include: 

1. The flow approaching the pile-cap is diverted downward, upward and sideward. The 

upward flow (pile-cap) interacts with the downward flow from the column and then is 

deflected sideways and again downward, impinging against the bed at the pier flanks. The 

overall downward flow passing beneath the pile-cap was found to be the key factor 

contributing to the scouring process. The development of the scour hole weakens the flow 

energy beneath the pile-cap until equilibrium condition was reached.  

2. In the lee-wake zone of the pier, the downward flow formed above the pile-cap interacted 

with the upwards flow coming out from the space beneath the pile-cap, creating a vortex 

system near the bottom corners of the pile-cap. With the development of the scour hole, the 

downward flow was overruled by the upward flow, which weakened the downstream vortex.  

3. The complexity of the flow downstream of the pile-cap is the main reason for the 

amplification of turbulence energy in this region as well as the sediment entrainment 

capability. It was also found that, with the development of the scour hole, the strength of 

vorticity of vortex shedding from the column was significantly weakened.  

Gautam et al. (2018) performed a similar experimental study using a simpler model with a 

curved pile-cap. Alemi et al. (2019) reproduced the test of Beheshti and Ataie-Ashtiani (2016) 

using large eddy simulation (LES) and unveiled some flow features beyond the capability of 

common measuring instruments. Their major finding is that, below the pile cap, although the 

approaching flow is significantly altered by the first-row piles, the flow also separates from the 
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surface of the downstream piles, leading to a reverse flow region behind the piles, as shown in 

Figure 2.24. 

 

Figure 2.23 Centreline flow streamline at complex bridge pier: (a) scoured bed; (b) fixed flat-

bed. The figure is reproduced from Beheshti and Ataie-Ashtiani (2016).  

 

Figure 2.24 Simulated time-averaged streamline at a complex pier reproduced from Alemi et 

al. (2019). 
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2.5.3 Temporal evolution 

Temporal evolution of scour at complex bridge piers is much more complicated than at single 

piers and passes through several stages with time. Early studies, e.g. Melville and Raudkivi 

(1996), studied the scour evolution at single piers founded on caissons and concluded that the 

scour hole development is dependent on the pier-caisson diameter ratio as well as the relative 

position of the top surface of the caisson. Sheppard and Renna (2010) identified three modes 

of scour dictated by the level of the pile-cap relative to the bed and water surfaces, which 

include: (1) pile-cap entirely above the original bed; (2) pile-cap partially buried by the original 

bed; and (3) pile-cap entirely buried by the original bed. Ferraro et al. (2013) investigated the 

temporal evolution and equilibrium scour depth at two complex pier models with different pile-

cap thicknesses and relative pile-cap level, and they found that a pile-cap slightly buried 

beneath the original bed may complicate the development of scour, with slowly progressing 

stages where the scour depth may even reach a plateau. In contrast, scour evolution at a 

complex pier with an entirely exposed pile-cap resembles that at single piers.  

 

Figure 2.25 Temporal evolution of scour at complex bridge piers with different relative 

column width and pile-cap elevation, reproduced from Moreno et al. (2015). 

Moreno et al. (2015) extensively studied temporal scour evolution at complex piers with 

various configurations (pile-cap elevation and relative column width) and defined three stages 
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of scour evolution with time. As shown in Figure 2.25(a), when the pile-cap was entirely above 

the original bed, only one scour evolution stage was found, as at single piers. The scour hole 

initiated at the two upstream piles and then merged into one single scour hole. In Figure 2.25(b), 

when the pile-cap was partially buried by the original bed, three stages of scour evolution were 

identified: Stage A is development of the scour hole in front of the pile-cap, Stage B features 

erosion beneath the pile-cap, and Stage C is the  continuous deepening until equilibrium is 

reached. Specifically, when the top of the pile-cap was flush with the original bed, a significant 

delay was found in initiation of scour followed by slow development of the scour hole. This 

effect was found to be proportional to the pile-cap extension beyond the column face. In Figure 

2.25(c), when the pile-cap was entirely buried by the original bed, the three typical stages were 

found to be slightly different: Stage A is column-induced scour progressing until the top of the 

pile-cap is partially exposed, Stage B is a plateau period during which the scour hole cannot 

deepen until it has widened to expose the vertical faces of the pile-cap, and Stage C is 

subsequent continuous scour hole deepening to equilibrium.  

 

Figure 2.26 Effect of relative pile-cap elevation on temporal evolution of scour at complex 

bridge piers, reproduced from Moreno (2016). 
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Moreno (2016) provides more abundant data than Moreno et al. (2015), and part of the data are 

shown in Figure 2.26, which emphasizes the influence of pile-cap elevation on scour evolution. 

The observed scour trends are similar to that indicated by Figure 2.25. Generally, it is 

concluded that, for complex bridge piers aligned to the approaching flow, the key parameters 

influencing the scour evolution include the relative pile-cap position  𝑯𝒄/𝒚𝟎 , the relative 

column width 𝑫𝒄/𝑫𝒑𝒄, and the relative pile-cap thickness 𝑻/𝒚𝟎. The stages of scour evolution 

observed in the experiments are associated with the progressive exposure of the pier 

components and the flow mechanism corresponding to each degree of exposure.  

2.5.4 Parameter influences on equilibrium scour depth  

2.5.4.1 Research summary 

Table 2.2 summarizes the major experimental studies performed in recent years that reported 

significant new findings and provided well-structured datasets. The table includes key test 

conditions (e.g. flow depth 𝑦0, flow intensity ratio 𝑈/𝑈𝑐, sediment size 𝑑50, and test duration 

𝑡𝑑) as well as the overview of the amount of the data available. It can be found that most of the 

recent studies tend to use coarse sediment with 𝑑50>0.6-mm to avoid the influence of sand 

ripples. Furthermore, Table 2.3 extensively summarizes the geometric dimensions of the 

complex pier models used by the studies included in Table 2.2. Baghbadorani et al. (2018) 

provided an extensive schematic 3-D drawing of the model forms tested by the existing studies, 

as shown in Figure 2.27, which provides a concise and intuitive illustration of the data listed in 

Table 2.2 and 2.3.  
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Table 2.2 Experimental design of the main studies on scour at complex pier. 

Study Model 
used 

Number 
of tests 

Flume 
width 
(m) 

𝒚𝟎        
(m) 𝑼/𝑼𝒄 

𝒅𝟓𝟎 
(mm) 𝒕𝒅 (hrs) 

Coleman 
(2005) 3 30 1.54 0.33-0.60 0.75-

0.84 0.84 -- 

Ataie-Ashitiani 
et al. (2010) 2 61 0.60 0.13-0.16 0.67-

0.87 0.60 9-74 

Grimaldi and 
Cardoso (2010) 1 12 0.7 0.1 0.93 0.83 115-290 

Ferraro et al. 
(2013) 2 21 0.7 0.1 0.9 0.83 77-749 

Amini et al. 
(2013) 5 56 1.52 0.24 0.95 0.80 24 

Moreno (2016) 7 48 1.0-2.0 0.18-0.20 0.80-
0.97 0.86 168-480 

Baghbadorani 
et al. (2018) 4 60 0.6 0.14 0.7-0.78 0.6 24-120 

 



49 
 

Table 2.3 G
eom

etric dim
ensions of m

odels used by the existing experim
ental studies on com

plex pier. 

Study 
C

olem
an (2005) 

A
taie-A

shtiani    
et al. (2010) 

G
 &

 C
** 

(2010) 
Ferraro et al. 

(2013) 
A

m
ini et al. (2014) 

M
odel 

U
S 

N
Z

2 
N

Z
1 

1 
2 

1 
1 

2 
1 

2 
3 

4 
5 

𝐷
𝑐  

0.100 
0.030 

0.030 
0.022 

0.042 
0.050 

0.049 
0.049 

0.160 
0.110 

0.067 
0.030 

0.060 

𝐿
𝑐  

0.400 
0.312 

0.312 
0.150 

0.150 
0.050 

0.197 
0.197 

0.160 
0.260 

0.067 
0.070 

0.077 

𝑓𝑙  
0.040 

0.050 
0 

0.015 
0.025 

0.049 
0.050 

0.050 
0.020 

0.020 
0.094 

0.022 
0.110 

𝑓𝑡  
0.045 

0.045 
0.045 

0.034 
0.024 

0.049 
0.050 

0.050 
0.020 

0.020 
0.055 

0.026 
0.028 

C
olum

n 
R

* 
R

 
R

 
R

 
R

 
C

 
R

N
 

R
N

 
R

 
R

 
C

 
R

 
R

 

𝐷
𝑝𝑐  

0.190 
0.120 

0.120 
0.090 

0.090 
0.148 

0.148 
0.148 

0.200 
0.150 

0.177 
0.077 

0.123 

𝐿
𝑝𝑐  

0.480 
0.362 

0.312 
0.180 

0.190 
0.148 

0.298 
0.298 

0.200 
0.300 

0.255 
0.123 

0.296 

T 
0.080 

0.060 
0.060 

0.032 
0.042 

0.050 
0.050 

0.001 
0.030 

0.030 
0.111 

0.035 
0.077 

Pile-cap 
R

 
R

 
R

 
R

 
R

 
C

 
R

N
 

R
N

 
R

 
R

 
R

 
R

 
R

 

𝐷
𝑝  

0.020 
0.024 

0.0244 
0.016 

0.016 
0.025 

0.025 
0.025 

0.060 
0.042 

0.022 
0.006 

0.031 

𝑚
 

8 
4 

4 
3 

3 
2 

5 
5 

2 
4 

3 
5 

4 

𝑛 
3 

2 
2 

2 
2 

2 
2 

2 
2 

2 
3 

2 
2 

𝑆
𝑚

 
0.060 

0.072 
0.072 

0.040 
0.065 

0.050 
0.050 

0.050 
0.120 

0.084 
0.067 

0.023 
0.077 

𝑆
𝑛  

0.065 
0.072 

0.072 
0.032 

0.048 
0.050 

0.055 
0.055 

0.120 
0.084 

0.057 
0.061 

0.077 

Pile type 
R

 
C

 
C

 
C

 
C

 
C

 
C

 
C

 
C

 
C

 
R

 
C

 
C

 

*For the types of colum
n, pile-cap and vertical piles: R=rectangular form

, C
=circular form

, R
N

=round-nose form
.  

** G
rim

aldi and C
ardoso (2010).  



50 
 

Table 2.3 (continued) G
eom

etric dim
ensions of m

odels used by the existing experim
ental studies on com

plex pier. 

Study 
M

oreno (2016) (including M
oreno et al., 2015, 2016) 

B
aghbadorani et al. (2018) 

M
odel 

1 
2 

3 
4 

5 
6 

7 
M

u** 
1 

2 
3 

4 

𝐷
𝑐  

0.170 
0.170 

0.140 
0.110 

0.110 
0.110 

0.089 
0.080 

0.016 
0.016 

0.016 
0.016 

𝐿
𝑐  

0.493 
0.493 

0.463 
0.433 

0.433 
0.433 

0.465 
0.403 

0.151 
0.148 

0.151 
0.148 

𝑓𝑙  
0.015 

0.015 
0.030 

0.045 
0.045 

0.045 
0.015 

0.060 
0.012 

0.015 
0.012 

0.015 

𝑓𝑡  
0.015 

0.015 
0.030 

0.045 
0.045 

0.045 
0.015 

0.060 
0.037 

0.037 
0.037 

0.037 

C
olum

n  
R

N
* 

R
N

 
R

N
 

R
N

 
R

N
 

R
N

 
R

N
 

R
N

 
R

N
 

R
N

 
R

N
 

R
N

 

𝐷
𝑝𝑐  

0.200 
0.200 

0.200 
0.200 

0.200 
0.200 

0.200 
0.200 

0.090 
0.090 

0.090 
0.090 

𝐿
𝑝𝑐  

0.523 
0.523 

0.523 
0.523 

0.523 
0.523 

0.495 
0.523 

0.180 
0.184 

0.180 
0.184 

T 
0.120 

0.090 
0.090 

0.120 
0.090 

0.060 
0.058 

0.090 
0.033 

0.023 
0.033 

0.023 

Pile-cap  
R

N
 

R
N

 
R

N
 

R
N

 
R

N
 

R
N

 
R

N
 

R
N

 
R

 
R

 
R

 
R

 

𝐷
𝑝  

0.050 
0.050 

0.050 
0.050 

0.050 
0.050 

0.050 
0.050 

0.022 
0.022 

0.016 
0.016 

𝑚
 

4 
4 

4 
4 

4 
4 

4 
4 

3 
3 

4 
4 

𝑛 
2 

2 
2 

2 
2 

2 
1 

2 
2 

2 
2 

2 

𝑆
𝑚

 
0.125 

0.125 
0.125 

0.125 
0.125 

0.125 
0.125 

0.125 
0.045 

0.046 
0.036 

0.037 

𝑆
𝑛  

0.125 
0.125 

0.125 
0.125 

0.125 
0.125 

-- 
0.125 

0.030 
0.030 

0.030 
0.030 

Pile type 
C

 
C

 
C

 
C

 
C

 
C

 
C

 
C

 
C

 
C

 
C

 
C

 

*For the types of colum
n, pile-cap and vertical piles: R=rectangular form

, C
=circular form

, R
N

=round-nose form
.  

**M
odel M

u is tested by M
oreno et al. (2015). 
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Figure 2.27 Schematic drawing of the forms of the complex pier models tested by the existing 

studies, reproduced from Baghbadorani et al. (2018). 

2.5.4.2 Combined influence of relative column width, pile-cap elevation, and pile-cap thickness 

As mentioned previously in Section 2.5.1 and 2.5.3, three key factors (i.e. relative column 

width, pile-cap elevation, and pile-cap thickness) have a significant influence on scour 
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evolution and the equilibrium scour depth at complex piers.  Due to the complexity of the flow 

features, the three parameters interact and form the scour pattern as an indivisible factor .  

Coleman (2005) was the first to report that the variation of scour depth is highly dependent on 

the pile-cap elevation and is much more complicated that compound piers (single piers founded 

on caissons or footings). The pile-cap affects the scouring process whenever it intrudes into the 

flow, including when it is  exposed to any extent by the scour hole. The maximum equilibrium 

scour depth occurs when the pile-cap is partially buried by the original bed. A similar trend 

was found for all three pier models tested, as shown in Figure 2.28, and it was also found that 

the frontal pile-cap extension beyond the column face may to some degree reduce the scour 

depth. Ataie-Ashtiani et al. (2010) reported a similar trend and stated that the maximum scour 

depth occurs when the pile-cap is clear of the original bed, as shown in Figure 2.29. The pile-

cap level that results in the maximum equilibrium scour depth differs slightly between various 

pier forms.  

 

Figure 2.28 Variation of equilibrium scour depth with pile-cap elevation. The figure is 

reproduced from Coleman (2005). The black dots are the experimental data. 
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Figure 2.29 Variation of equilibrium scour depth with normalized pile-cap elevation: (a) 

𝐷𝑐/𝐷𝑝𝑐=0.24; (b) 𝐷𝑐/𝐷𝑝𝑐=0.47. The figure is reproduced from Ataie-Ashitiani et al. (2010). 

The varying trend of scour depth with pile-cap elevation was demonstrated more clearly by 

Ferraro et al. (2013), who identified five typical stages as shown in Figure 2.30. The observed 

stages are defined by the scour increase or decrease due to the pile-cap disrupting the normal 

development of scour holes at single piers. Moreno (2016) believes the significant scour 

decrease with decreased pile-cap elevation is due to the weakening of flow features (e.g. 

downflow and horseshoe vortex) caused by the pile-cap. Figure 2.30(b) shows the scour depth 

at a pier with a very thin pile-cap.  The scour amplification in the central area (Hc/y0 close to 

zero) is negligible, which indicates the significant effect of pile-cap thickness on scour depth 

when the pile-cap top level is near the original bed level. Ferraro et al. (2013) found that the 

equilibrium scour depth is proportional to the pile-cap thickness. It was stated that a thicker 

pile-cap may divert a greater flow portion downwards and lead to greater scouring capability.  

Amini et al. (2014) performed a similar study, and the data are plotted in Figure 2.31. They 

found that: (1) the decrease of the scour depth with increasing depth of pile-cap burial 

disappears with very large 𝐷𝑐/𝐷𝑝𝑐 ratios, as shown in Figure 2.31(a)-(b); (2) a relatively larger 

pile-cap thickness (𝑇/𝑦0) leads to a greater scour depth when then pile-cap level is near the 
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original bed level, as shown in Figure 2.31(c) and (e); (3) the aspect ratio of the column and 

pile-cap shows little effect on the trend for aligned complex piers.  

 

Figure 2.30 Variation of equilibrium scour depth with relative pile-cap elevation, data from 

Ferraro et al. (2013): (a) T=0.050-m; (b) T=0.001-m. The figure is reproduced from Moreno 

et al. (2016). 

 

 

Figure 2.31 Variation of equilibrium scour depth with relative pile-cap elevation, data from 

Amini et al. (2014). The figure is reproduced from Moreno et al. (2016). 
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More recently, Moreno (2016) compiled all the data from Moreno et al (2015, 2016), which 

are plotted in Figure 2.32. The figure shows the varying trend of the equilibrium scour depth 

concluded by the previous studies in a more clear and intuitive way.  It was found that for a 

complex pier with a given pile-cap and pile group configuration: (1), decreasing the column 

width is an effective approach to reducing the potential scour hazard when the pile-cap is near 

or buried by the original bed (Figure 2.32(a)-(b)); (2) for complex piers, reducing the pile-cap 

thickness can help to mitigate the scour damage when the pile-cap is partially buried or slightly 

above the original bed, (Figure 2.32(c)); (c) when the relative column width  𝐷𝑐/𝐷𝑝𝑐 is very 

large (≥ 0.8), keeping the pile-cap above the bed is an effective way to reduce scour damage 

(Figure 2.32(d)). 

 

Figure 2.32 Variation of equilibrium scour depth with relative pile-cap elevation, reproduced 

from Moreno (2016). 
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2.5.4.3 Pile group arrangement 

Most of the previous studies concentrated on geometric influences by changing the dimension 

and form of the column and pile-cap. In contrast, the geometric effect of the pile-group has 

been scarcely studied, due to the limitless possibilities for pile arrangement and the 

overwhelming number of experiments that would therefore be needed. Instead of performing 

many repetitive tests, researchers have tended to select a few typical pile arrangements that are 

commonly used in engineering practices, which usually include two pile columns in line with 

the flow direction and 3~5 circular or square piles in each column. Other more complex 

arrangements have also been tested but with little variety.  

According to the previous studies, for complex piers aligned to the approaching flow, the 

amount of vertical piles in each column does not affect the maximum scour depth that usually 

occurs at the most upstream piles (if the pile group can be exposed at equilibrium stage). 

Coleman (2005) tested a 3 × 8 square pile group (Model US included in Table 2.3), and it was 

found that the scour variation with pile-cap elevation is not significantly different to other two-

column arrangements (Figure 2.28(a)). It is probably due to that the size relationship between 

the column and pile-cap is more dominant regarding this trend. Moreno (2016) also reported a 

comparison between two-column and one-column arrangements, as shown in Figure 2.33. It 

can found that, for the one-column arrangement, the amplification of scour damage when the 

pile-cap is partially buried becomes more outstanding, while the scour depths induced solely 

by the column and pile group are close due to the similar frontal size.  
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Figure 2.33 The effect of pile group arrangement reported by Moreno (2016).  

 

2.6 Mechanism of pier scour caused by waves and wave-current  

2.6.1 Dimension analysis 

As summarized by a series of previous studies, including Sumer et al. (1992a, 1992b, 1993, 

1997) and Sumer and Fredsøe (2001, 2002, 2006), the scouring process at a single pier under 

the influences of waves and under combined waves and current depends mainly on the 

following non-dimensional parameters: 

𝛿
𝐷
 , 𝑅𝑒𝐷 (𝑜𝑟 𝑅𝑒𝛿) , 𝐾𝐶 ,

𝜃
𝜃𝑐𝑟

 ,
𝐷
𝑑50

 , 𝑈𝑐𝑤 , 𝑡∗ , pier geometry                     (𝐸𝑞. 2.14) 

where 𝛿
𝐷

 = the ratio of boundary layer thickness to pier size, 𝑅𝑒𝐷 = the pier Reynolds number, 

𝑅𝑒𝛿  = the boundary layer Reynolds number, 𝐾𝐶  = Keulegan-Carpenter number, 𝜃
𝜃𝑐𝑟

 = 

normalized Shields number, 𝐷
𝑑50

 = sediment coarseness ratio, 𝑈𝑐𝑤 = relative current velocity 

under combined waves and current, and 𝑡∗ = normalized time scale. Here “pier geometry” 

includes the cross-sectional shape and the pier alignment to the flow that can significantly 

influence the scouring process. 

Sumer et al. (2002) further defined the boundary thickness based on the measurement of Baker 

(1979): 
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𝑈𝛿 = ∫ (𝑈
∞

0
− 𝑈(𝑦))𝑑𝑦                                                (𝐸𝑞. 2.15) 

where 𝑈 = the flow velocity at the outer edge of the bed boundary layer (the free-stream 

velocity), and 𝑈(𝑦) = the flow velocity dependent on the vertical distance to the bed. 

The pile Reynolds number and the boundary layer Reynolds number can be expressed 

respectively as: 

𝑅𝑒𝐷 =
𝑈𝐷
𝜈
                                                          (𝐸𝑞. 2.16) 

𝑅𝑒𝛿 =
𝑈𝛿
𝜈
                                                          (𝐸𝑞. 2.17) 

Under wave action, another non-dimensional parameter, the Keulegan-Carpenter number (𝐾𝐶 

for short), is also dominant factor governing scour. The 𝐾𝐶 number can be expressed as: 

𝐾𝐶 =
𝑈𝑚𝑇𝑤
𝐷

                                                       (𝐸𝑞. 2.18) 

where 𝑈𝑚 = the maximum value of the undisturbed wave orbital velocity near the bed, 𝑇𝑤 = 

the wave period. If the wave orbital velocity varies sinusoidally, i.e. without significant non-

linearity, 𝐾𝐶 can also be expressed as: 

𝐾𝐶 =
2𝜋𝑎
𝐷
                                                         (𝐸𝑞. 2.19) 

where 𝑎 = the amplitude of the undisturbed orbital motion of water particles near the bed that 

also be expressed as 𝑎 = 𝑈𝑚𝑇𝑤/2𝜋 . The physical meaning of 𝐾𝐶  number should also be 

emphasized here. When 𝐾𝐶 is small, the impact of the fluid orbital motion is not strong enough 

to separate the flow boundary layer, and thus the corresponding horseshow vortex cannot be 

generated effectively. In contrast, when 𝐾𝐶 is large, each half-period of fluid orbital motion 
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resembles flow in a steady current. The detailed flow features will be addressed in the next 

section.    

The extent of incipient motion of bed materials can be determined by normalized by 𝜃
𝜃𝑐𝑟

, i.e. 

comprehensive sediment motion occurs when 𝜃
𝜃𝑐𝑟
> 1.  The calculation methods for 𝜃 and 𝜃𝑐𝑟 

can be referred in Soulsby (1997). In contrast, Melville and Coleman (2000) recommends using 

mean flow velocity 𝑈 and mean critical flow velocity 𝑈𝑐𝑟 for steady current, which is a more 

convenient approach.  

Pier scour under combined wave and current flows has been extensively studied (Wang and 

Herbich, 1983; Herbich et al., 1984; Eadie and Herbich, 1986).  The relative current velocity 

has been considered the dominant factor influencing equilibrium scour depth at piers, and can 

be expressed as: 

𝑈𝑐𝑤 =
𝑈𝑐𝑡

𝑈𝑐𝑡 + 𝑈𝑚
                                                 (𝐸𝑞. 2.20) 

where 𝑈𝑐𝑡 = the near-bed current velocity portion under combined wave-current conditions. 

The relative current velocity Its influence will be addressed later in the upcoming section.  

Of the other relevant dimensionless parameters, the sediment coarseness ratio 𝐷/𝑑50 has a 

comparable effect to that under steady current and will not be explained in detailed. The effects 

of other parameters, including the normalized time scale 𝑇∗  and the pier geometry (cross-

sectional shape, alignment, etc), are interrelated and are defined and discussed in the upcoming 

sections. 

2.6.2 Flow structure 

As summarized by Sumer and Fredsøe (2002), the scouring process at a single pier under wave 

or combined wave-current is initiated and dominated by a suite of flow structures, which are 
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present due to the substantial flow alteration caused by the existence of the pier. These flow 

structures include the horseshoe vortex formed in front of the pier, the wave vortices formed 

at the lee side of the pier, and the flow contraction at the side edges of the pier.  

Unlike under steady current, under the influence of waves the motion of water particles on or 

under the free surface are oscillatory or near-oscillatory with the alternate arrival of crests and 

troughs. As summarized by Coastal Engineering Center (1984), during a complete wave period 

the maximum positive horizontal velocity occurs at the crests, while the maximum negative 

horizontal velocity occurs at the troughs, as shown by Figure 2.34(a). Water particles generally 

move in elliptical paths in shallow or transitional water and in circular paths in deep water 

(Figure 2.34(b)). In coastal or offshore regions with shallow water, the horizontal particle 

displacement near the bottom can be quite large, or even close to the amplitude near the free 

surface, and thus any reduced particle displacement at greater depths can usually be neglected.   

Due to the orbital motion of water particles under the influence of waves, the existence and 

lifespan of horseshoe vortex has periodic features. Figure 2.35 displays the flow visualization 

work of Sumer et al. (1997) showing the entire lifespan of the horseshow vortex around a 

circular pier with 𝐾𝐶 = 10.3. The horseshow vortex first appears shortly after the flow reverses 

(frame 1-2) and persists for a certain period of time during the half cycle (frame 3-4), after 

which it disappears (frame 5) at the moment when the first half cycle ends completely and the 

next half cycle is about to start. Then a new horseshoe vortex begins to emerge on the other 

side of the pier due to the reversed flow. Sumer et al. (1997) also studied the existence of a 

horseshow vortex under various values of 𝐾𝐶 number, as shown in Figure 2.36. It can be found 

that, for circular piers under waves (without any superimposed current), no horseshow vortex 

is formed for 𝐾𝐶  < 6. If a current with the same propagating direction as the waves is 

superimposed, the horseshow vortex is formed for smaller 𝐾𝐶 numbers due to the increased 

adverse pressure gradient in front of the pier.  



61 
 

 

Figure 2.34 Mechanism of wave motion: (a) local fluid velocities and accelerations; (b) water 

particle orbits for shallow-water and deep-water waves. The figures are reproduced from 

Coastal Engineering center (1984).  
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Figure 2.35 Time-dependent horseshoe vortex evolution at a circular pier (𝑲𝑪=10.3), 

reproduced from Sumer et al. (1997). 
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Figure 2.36 Occurrence of horseshow vortex at circular pier: (a) in front of the pier; (b) at the 

back of the pier; (c) in front of the pier with combined unidirectional current. The figures are 

reproduced from Sumer et al. (1997). 

Figure 2.37 shows the variation of the bed shear stress at circular piers with different 𝑲𝑪 

numbers according to the data of Sumer et al. (1997). The data points at the upstream and 

downstream sides of the pier were measured at the moment when wave crests and troughs 

arrived the pier. Figure 2.37(a) shows that no horseshoe vortex exists for small 𝑲𝑪 number, 

while Figure 2.37(b)-(e) clearly displays the increase in the streamwise extent of the horseshoe 

vortex with increased 𝑲𝑪 number.  

The wake vortices at the lee side of the pier are caused by the rotation in the boundary layer 

over the side surface of the pier wall. As shown in Figure 2.38, Sumer et al. (1997) also 

identified four different regimes of wave vortices for different range of 𝑲𝑪 number:  

1. When 𝟐. 𝟖 ≤ 𝑲𝑪 < 𝟒, flow separates behind the pier as symmetric vortices without 

shedding. 

2. When 𝟒 < 𝑲𝑪 < 𝟔, asymmetry appears while the vortices are still attached. 

3. When 𝟔 < 𝑲𝑪 < 𝟏𝟕, vortex shedding starts to appear with one vortex shed in each half 

period. 
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4. When 𝟏𝟕 < 𝑲𝑪 < 𝟐𝟑, two vortices are shed in each half period, leading to a larger 

extent of lee-wave area.  

 

 

Figure 2.37 Bed shear stress at the horseshoe vortex side of a circular pier under waves, 

reproduced from Sumer et al. (1997). 
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Figure 2.38 Flow visualization of near-bed wake vortices at a circular pier (𝑲𝑪=10.3), 

reproduced from Sumer et al. (1997). 

A more recent study by Baykal et al. (2017) further unveils the characteristics of the horseshoe 

vortex and wave vortices around a circular pier under oscillatory water motion (𝑲𝑪=20), as 

shown in Figure 2.39. It can be seen that the lifespan of horseshoe vortex is in accord with the 

findings of Sumer et al. (1997) in Figure 2.38, i.e. the magnitude of the horseshoe vortex peaks 

at 𝝎𝒕 = 𝟗𝟎° (wave crest). In addition, the two-cell shedding regime, which is commonly 
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observed for steady current, basically disappears due to the comparatively thinner boundary 

layer under waves. Miozzi et al. (2018) used particle image velocimetry (PIV) to capture the 

mobilization of sediment particles around a circular pier and depict the flow structure under 

waves from another perspective. Before the wave crest (Figure 2.40(a)), a strong acceleration 

of the lower fluid layers displaces sediment particles downstream, During the deceleration and 

near the bed (Figure 2.40(b)), a large number of sediment particles are mobilized and then 

brought to suspension, to be convected upstream after flow reversal (Figure 2.40(c)-(d)). 

During the last stage of the above processes, the sediment concentration drops to the minimum 

due to sediment deposition.  

 

Figure 2.39 Simulated Q-criterion of horseshoe vortex and wake vortices around a cylinder 

under waves (KC=20) with same test conditions as Sumer et al. (1997). The figure is 

reproduced from Baykal et al. (2017). 
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Figure 2.40 Sediment motion around a circular pier at four different phases in a wave period, 

reproduced from Miozzi et al. (2018). 

Sumer et al. (1997) also studied the amplification of bed shear stress at the sides of circular 

piers due to the contraction of streamlines. It was found that the amplification of bed shear 

stress with respect to the undisturbed value is 𝑂(4) in the case of waves and 𝑂(10) in the case 

of a steady current.  

2.6.3 Temporal evolution 

As stated by Sumer et al. (1992b) and Sumer and Fredsøe (2002), the time-dependent wave 

scour at a circular pier can be approximately represented by the following equation: 

𝑑𝑠(𝑡) = 𝑑𝑠𝑒 (1 − 𝑒𝑥𝑝 (−
𝑡
𝑡𝑠
))                                                  (𝐸𝑞. 2.21) 
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where 𝑡𝑠 is defined as the time scale of scour representing the time period during which a large 

proportion of the final scour depth develops. The time scale 𝑡𝑠 can be predicted by calculating 

the slope of the line tangent to the scour temporal evolution curve at 𝑡 = 0, as shown in Figure 

2.41. It should be noted that the above definition of time scale differs to that used by Melville 

and Chiew (1999) and most of other studies on pier scour under steady current.  

Sumer et al. (1992b) also proposed empirical expressions defining the normalized time scale, 

which they expressed as: 

𝑡∗ =
1

2000
𝛿
𝐷
𝜃−2.2        , 𝑓𝑜𝑟 𝑠𝑡𝑒𝑎𝑑𝑦 𝑐𝑢𝑟𝑟𝑒𝑛𝑡                            (𝐸𝑞. 2.22) 

𝑡∗ = 10−6 (
𝐾𝐶
𝜃
)
−2.2

     , 𝑓𝑜𝑟 𝑤𝑎𝑣𝑒𝑠                                             (𝐸𝑞. 2.23) 

where 𝛿 = the boundary layer thickness for steady current, and 𝜃 = the undisturbed Shields 

parameter. The relationship between time scale 𝑇  and normalized time scale 𝑇∗  can be 

expressed as: 

𝑡𝑠 =
𝐷2

(𝑔(𝑠 − 1)𝑑503 )0.5
𝑡∗                                                     (𝐸𝑞. 2.24) 

where s = relative density of sediment particles.  

The cross-sectional shape of the pier also influences the normalized time scale 𝑇∗, as shown in 

Figure. 2.42. It was found by Sumer et al. (1993) that the time scale for 45°-arrangement square 

piers is not significantly different from that for circular piers, while that for 90°-arrangement 

square piers is sometimes smaller, with this  difference increasing with decreasing Shields 

parameter. Sumer et al. (1993) attributed this difference to the wave vortices being stronger for 

90°-arrangement square piers. 
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Figure 2.41 Time scale of wave scour as defined by Sumer et al. (1992b), reproduced from 

Petersen et al. (2012). 

 

 

Figure 2.42 Variation of time scale with KC number under live-bed conditions (θ>θ_cr): (a) 

effect of θ; (b) effect of cross-sectional shape. The figure is reproduced from Sumer et al. 

(1993). 
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Petersen et al. (2012) modelled scour around a pile in combined waves and current, studying 

the variation of the normalized time scale 𝑻∗  with relative current velocity 𝑼𝒄𝒘 , Shields 

parameter, and 𝑲𝑪 number. It was found that the normalized time scale peaks for 𝑼𝒄𝒘 =

𝟎. 𝟑~𝟎. 𝟓, and 𝑻∗ decreases with increased Shields parameter 𝜽. More details can be seen in 

Figure 2.43. 

 

Figure 2.43 Time scale of combined wave-current scour at a circular pier under live-bed 

conditions (𝜽 > 𝜽𝒄𝒓), reproduced from Petersen et al. (2012). 

Chen and Li (2018) proposed a new equation for normalized time scale under combined wave-

current based on the data from a series of large-scale experiments (𝐷  = 0.5m). The new 

equation can be expressed as:  

𝑡∗ = {

8.67 × 10−5 × 𝜃𝑤−5.15𝑈𝑐𝑤28.1(0.1519−𝜃)

1.35 × 10−4 × 𝜃𝑤−2.2𝑈𝑐𝑤−6.8
    

𝑓𝑜𝑟 0.30 < 𝑈𝑐𝑤 < 0.44

𝑓𝑜𝑟 0.44 < 𝑈𝑐𝑤 < 0.70

          (𝐸𝑞. 2.25) 

The predicted and measured data from this study is shown in Figure 2.44. Chen and Li (2019) 

also provided scour temporal evolution (Figure 2.45) from some of the tests included in the 

2018 study . Thus, more details of the temporal variation of scour can be seen. 

In addition, Qi and Gao (2014) provided a wide range of scour variation curves under combined 

wave-current (both co-directional and opposing waves), as shown in Figure 2.46. It is obvious 
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from the figure that the rate of scour development is proportional to the magnitude of the 

superimposed co-directional waves, and an opposing current leads to significant slower scour 

development than a co-directional one with the other conditions unchanged.  

 

Figure 2.44 Predicted and measured normalized time scale under combined wave-current as 

shown in Chen and Li (2018). 

 

Figure 2.45 Temporal evolution of wave-current scour at a circular pier with different wave 

height and period, reproduced from Chen and Li (2019). 
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Figure 2.46 Temporal evolution of scour at circular piers: (a)-(b) waves with co-directional 

current at circular piers; (c) the influence of pier diameter; (d) the influence of current 

direction. The figure is reproduced from Qi and Gao (2014). 

2.6.4 Parameter influences on equilibrium scour depth 

2.6.4.1 Research summary 

Research on wave and wave-current scour at bridge piers started becoming a focal point of 

fluvial/coastal hydraulic and sediment transport fields in the 1980s, since when a wide range 

of experimental parameters have been extensively studied to quantify the complex scouring 

process under waves and determine the influence of the factors.  Table 2.4 summarizes all the 

important experimental studies available so far with key parameters that have been found to 

significantly influence the equilibrium scour depth. Specifically, 𝐷 = pier diameter, 𝑇 = wave 

period (spectrum peak period for irregular waves), 𝑈𝑤  = the maximum near-bottom wave 

orbital velocity, 𝑈𝑐𝑡= near-bottom current velocity, 𝑈𝑐𝑤 = relative current velocity as defined 
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by equation 2.20, 𝐾𝐶 = Keulegan-Carpenter number, 𝑦0 = flow depth, 𝑑50 = median diameter 

of sediment, and 𝑡𝑑 = test duration.  

Sumer and Fredsøe (2002) made an comprehensive state-of-the-art review of the available 

studies on wave and wave-current scour at bridge piers and founded a systematic framework 

for analysis and formula modification. The studies published after that have largely followed 

the existing framework and have been focused on the influences of the parameters mentioned 

in the last paragraph.  

2.6.4.2 Influence of 𝐾𝐶 number and pier shape 

As mentioned before, the intensity and extent of the horseshoe vortex and wake vortices 

increase with increasing 𝐾𝐶 number and consequently lead to greater scour depth.  This was  

also revealed by the work of Sumer et al. (1992a) as shown in Figure 2.47(a). It was found that 

the scour depth approaches a constant value as 𝐾𝐶 → ∞ (steady current) because the horseshoe 

vortex and wake vortices all reach a steady state under steady current. In contrast, for small 𝐾𝐶 

numbers, e.g. 𝐾𝐶 < 𝑂(10), the onset and evolution of the scour process are predominately 

governed by wake vortices, due to the transient existence of the horseshoe vortex. The 

relationship between the normalized scour depth and 𝐾𝐶  number is generally exponential. 

Sumer et al. (1993) studied the same relationship for different cross-sectional pier shapes and 

found that, as shown in Figure 2.47(b), the influence of pier shape is significant, especially for 

small 𝐾𝐶 number, because the onset of vortex shedding is affected by the shape of the pier 

edges. Zanke et al. (2011) proposed another method to build this relationship based on flow 

intensity of the near-bed oscillatory flow, as shown in Figure 2.48, and thus the method can be 

applied to all range of 𝐾𝐶 numbers from small waves to tidal current and then steady current. 

The equation will be introduced later in Sections 2.8.3. 
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Table 2.4 Experimental design of the main studies on wave and combined wave-current scour. 

Study D  
(m) 

𝑻  
(s) 

𝑼𝒘 
(m/s) 

𝑼𝒄𝒕 
(m/s) 𝑼𝒄𝒘 𝑲𝑪 𝒚𝟎        

(m) 
𝒅𝟓𝟎 

(mm) 
𝒕𝒅  

(hrs) 

Eadie & Herbich 
(1986) 0.04 8-10I -- 0.12-

0.20 
0.90-
1.00 -- 0.28-

0.36 0.10 -- 

Kawata & 
Tsuchiya (1988) 0.016-0.03C 1.4R -- 0-0.134 -- -- 0.10 0.11-

0.85 ≤ 2.7 

Sumer et al. 
(1992a) 0.03-0.05C 1.19-

3.13I 
0.11-
0.38 0 0 0-25 0.40 0.18-

0.58 ≤ 1 

Sumer et al. 
(1992b) 0.01-0.04C 1.15-

2.16I 
0.13-
0.31 0 0 7-34 0.40 0.19 0.004-

0.19 

Sumer et al. 
(1993) 

0.02-0.04C 
0.009-0.10R 1.3-5.9I 0.17-

0.53 0 0 3.1-73 0.04 0.18 ≤ 1 

Kobayashi &  Oda 
(1994) 0.022-0.03C 1.3-

3.0R -- 0 0 3.95-
30 0.12 0.17-

0.43 ≤ 0.83 

Sumer &  Fredsøe 
(1998) 

0.09-
0.032C,G 1.8-4.5I 0.11-

0.44 0 0 3-37 0.41 0.2 0.175 

Carreiras et al. 
(2000) 

0.01-0.03C 
0.03-0.05C,G 

1.0-
2.6R 

0.078-
0.25 0 0 7.5-23 0.10-

0.35 0.27 1 

Sumer et al. 
(2001) 0.01-0.20C 2.50-

3.23I 
0.16-
0.24 0-0.46 0-0.63 4-26 0.39 0.6 -- 

Rudolph & Bos 
(2006) 0.08-0.12C 1.29-

2.03I 
0.14-
0.37 

0.10-
0.31 

0.25-
0.68 

1.7-
10.2 

0.40-
0.50 0.13 -- 

Raaijmakers & 
Rudolf (2008) 0.125-0.20C 1.42-

1.96I,S -- 0.10-
0.30 -- 0-4 0.50 0.13 ≥ 13 

Prepernau et al. 
(2008) 0.55C 5.01-

8.90I 
1.34-
2.40 0 0 10.7-

33.3 2.10 0.3 4.2-
12.6 

Hartvig et al. 
(2010) 0.10C 1.64I 0.15-

0.20 -- -- 3-4 0.30 0.15 1.4-6 

Nielsen et al. 
(2012) 0.10-0.55C 2.9-

4.0R,B -- 0 0 4-33 0.30 0.18 1-2 

Petersen et al. 
(2012) 0.04-0.075C 1.5-4.0I 0.12-

0.20 0-0.321 0-0.72 4-20 0.40 0.17 1-8 

Sumer et al. 
(2013) 

0.015-
0.075C 1.5-4.0I 0.12-

0.22 
0.09-
0.30 

0.37-
0.66 4-20 0.40 0.17 0.02-

0.73 

Umeda et al. 
(2013) 0.048C 1.1-

2.0I,S 
0.06-
0.33 0 0 1.3-

13.9 0.40 0.28 0.75-3 

Qi & Gao    (2014) 0.08-0.20C 1.4-
2.0R 

0.063-
0.173 

0.10-
0.34 

0.43-
0.78 0.4-3.7 0.5 0.38 2-3 

Chen & Li   
(2018) 0.50C 3.0-

7.0R 
0.25-
1.21 

0.23-
0.31 

0.27-
0.54 

1.7-
11.9 2.50 0.273 1.25-

7.1 

Corvaro et al. 
(2018) 0.10C 1.82-

2.77R,I -- 0 0 4-20 0.40-
0.50 0.6 0.27-

0.4 

Qi et al.       (2019) 0.08-0.12C,G 1.8R 0.25 0.23 0.48 3.8-5.6 0.5 0.15 2 

Superscript:  Pier diameter: C=circular pier, R=rectangular (square) pier, G=more than one pier in group  
Wave frequency: I=irregular waves, R=regular waves, S=unsteady storm waves, B=breaking 

waves. 
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Figure 2.47 Variation of equilibrium scour depth with KC number: (a) circular pier, 

reproduced from Sumer et al. (1992a); (b) effect of pier’s cross-sectional shape, reproduced 

from Sumer et al. (1993). 

 

Figure 2.48 Variation of equilibrium scour depth with KC number for different flow intensity 

ratio, reproduced from Zanke et al. (2011). 

2.6.4.3 Influence of superimposed current  

The influence of steady current superimposed on unidirectional waves wase first addressed by 

Wang and Herbich (1983), Herbich et al. (1984), and Eadie and Herbich (1986). The later 

studies found that the scour depth under combined wave-current is not significantly different 

to that under steady current, as the flow regime is basically current-dominated (Sumer and 
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Fredsøe, 2002). Sumer et al. (2001) systematically studied combined wave-current scour and 

found that:  

1. As shown in Figure 2.49(a), the normalized scour depth can be accurately expressed by 

the equation for waves (which will be introduced in Section 2.8.3) as 𝑈𝑐𝑤 → 0, while 

approaching a merged value for steady current as 𝑈𝑐𝑤 → 1.  

2. For small waves (small 𝐾𝐶 numbers), even a slight current superimposed can increase 

the scour depth significantly due to the stronger horseshoe vortex.  

3. The scour depth is basically dominated by current for  𝑈𝑐𝑤 > 0.7, as the wake vortices 

on the upstream side of the pier disappear completely.  

4. As shown in Figure 2.49(b), at the both ends of the range of 0 ≪ 𝑈𝑐𝑤 ≪ 1, the direction 

of the current (co-directional or perpendicular) is not a significant factor governing the 

equilibrium normalized scour depth.  

 

Figure 2.49 Variation of equilibrium scour depth with relative current velocity: (a) co-

directional waves and current; (b) effect of wave-current direction. The figures are 

reproduced from Sumer et al. (2001). 
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Qi and Gao (2014) tested combined wave-current scour with relatively small 𝐾𝐶  numbers 

(𝐾𝐶 < 10) and both co-directional and opposing currents. The results, as shown in Figure 2.50, 

shows that the variation of normalized scour depth with 𝑈𝑐𝑤 and 𝐾𝐶 is reasonably consistent 

with previous studies (Sumer et al., 2011; Rudolph and Bos, 2006), while the influence of flow 

direction on those relationships is not significant. Furthermore, Figure 2.50(b) shows that when 

𝑈𝑐𝑤 > 0.6 the scour depth is significantly dependent on 𝐾𝐶 even with 𝐾𝐶 < 4. The data of 

Chen and Li (2018), as shown in Figure 2.51, also shows a similar trend and reasonable 

consistency with the curves of Sumer et al. (2001). However, the data points for 𝐾𝐶 < 4 

suggest the need for further modification.  

 

Figure 2.50 Variation of equilibrium scour depth: (a) with relative current velocity; (b) with 

KC number. The figures are reproduced from Qi and Gao (2014).  
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Figure 2.51 Variation of equilibrium scour depth with relative current velocity, reproduced 

from Chen and Li (2018). 

2.6.4.4 Influence of pier arrangement 

Currently, much less knowledge is available for wave and combined wave-current scour at pile 

groups than for single piers. Sumer and Fredsøe (1998) systematically studied the influence of 

pile spacing, number of piles and pile position on equilibrium scour depth. The findings are 

summarized in Figure 2.52. It was found that the scour depth at a group of circular piers is 

substantially different to the single-pier case, and the increase of equilibrium scour depth can 

be an order of magnitude (or even larger) in some cases, especially for small 𝐾𝐶 numbers. With 

the increase of pier spacing, the influence of adjacent piers will eventually disappear and the 

scour depth will resemble that at a single pier. The detailed relationship can be seen in Figure 

2.52. In addition, Qi et al. (2019) studied wave-current scour at two adjacent circular piers and 

found a similar trend. The experimental photos are shown in Figure 2.53 for a better 

understanding of the scour hole topography.  
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Figure 2.52 Variation of equilibrium scour depth with pier spacing for different arrangements 

of piers in a group. The figures are reproduced from Sumer and Fredsøe (1998). 

 

 

Figure 2.53 Experimental photos of Qi et al. (2019): (a)-(c) skew angle 𝛼 = 30°, spacing 

𝐺/𝐷 = 0, 1.0, and 3.0; (d)-(f) spacing 𝐺/𝐷 = 0, skew angle 𝛼 = 30°, 60°, and 90°. For all the 

tests, 𝐾𝐶 = 3.75. 
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2.6.4.5 Influence of wave irregularity 

Sumer et al. (2001) systematically studied the influence of wave non-linearity on scour at 

circular piers. It was found that the scour depth can be reliably predicted using the equation for 

regular waves when the Keulegan-Carpenter number is calculated by:  

𝐾𝐶 =
𝑈𝑚𝑇𝑝
𝐷

                                                       (𝐸𝑞. 2.26) 

where 𝑇𝑝 = the peak period of the random wave spectrum, and 𝑈𝑚 = the maximum near-bed 

orbital velocity calculated statistically: 

𝑈𝑚 = √2∫ 𝑆(𝑓)𝑑𝑓
∞

0

                                            (𝐸𝑞. 2.27) 

where 𝑆(𝑓) = the power spectrum of time-dependent near-bed velocity, and 𝑓 = the frequency.  

2.6.4.6 Influence of wave breaking 

Wave breaking may cause a much more complex scouring mechanism due to the high 

turbulence and the corresponding bed morphodynamic changes. In addition, the mechanism of 

wave breaking itself varies between different bed conditions and breakers can be classified 

approximately as spilling, plunging or surging. Recent research on breaking wave scour has 

been relatively scarce compared with other aspects of scour. Carreiras et al. (2000) performed 

an experimental study on scour at a circular pier located within the surf zone of a 1:20 sloping 

beach. It was found that although a rapid increase of scour depth was observed at the initial 

stage, the high turbulence facilitated intense sediment transport on the slope, sometimes leading 

to backfilling. The formation of ripples and a bar were found to have significant influence on 

scour evolution depending on the position of the pier relative to the wave breaking point. 

Generally, the final scour depth is the outcome of the superposition of large-scale beach 
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morphological evolution and local scour at the pier itself. Figure 2.54 illustrates the main data 

of Carreiras et al. (2000), and the sand bars and troughs can be seen clearly. Nielsen et al. (2012) 

studied pier scour caused by plunging breakers on a flat bed and found that the scour depths 

caused by breaking waves are generally larger than those caused by non-breaking waves but 

are still smaller than expected for a steady current with the same velocity. Figure 2.55 illustrates 

the schematic regimes of scour near plunging breakers, which usually lead to a local bar-trough 

system due to the energetic jets impinging on the bed surface. The general conclusions are 

similar to those of Carreiras et al. (2000).  

Figure 2.54 Temporal evolution and equilibrium scour depth around a circular pier at surf 

zone, reproduced from Carreiras et al. (2000). 
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Figure 2.55 Schematic drawing of two scour evolution histories under plunging breakers: (a) 

Location on a bar; (b) location off a bar. The figures are reproduced from Nielsen et al. 

(2012). 

2.6.5 Classification of scour hole topography 

For current scour around a circular pier in a single layer of non-cohesive sediment, the scour 

hole usually has an inverted-frustum form with the upstream side-slope of the scour hole being 

related closely to the static angle of repose of the sediment (Ettema et al., 2011). For scour 

caused by waves or combined wave-current, the shape of scour hole will be much more 

complicated. Nishizawa and Sawamoto (1988) stated that the shape of scour hole caused by 

waves (without current) can be classified as either twin-horn-shaped (for small 𝐾𝐶 number) or 

cone-shaped (for large 𝐾𝐶 number), which correspond to different locations of the maximum 

scour depth. A twin-horn-shaped scour hole is characterized by a pair by symmetric maximum 

scour locations clear of the pier downstream of it, while a cone-shaped scour hole has a single 

maximum scour location attached to the upstream face of the pier, which is similar to a scour 

hole caused by steady current. Kobayashi and Oda (1994) further defined a transitional shape 

between the previous two shapes for medium KC number. Figure 2.56 illustrates the contours 

of the three types of scour hole mentioned above.  
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Figure 2.56 Classification of scoured bed morphology under waves: (a) twin-horn-shaped; (b) 

transient-shaped; (c) cone-shaped. The figures are reproduced from Kobayashi and Oda 

(1994). 

The findings from these two studies are both based on the data of small-scale flumes. More 

recently, Chen and Li (2018) conducted a series of large-scale experiments (2.5-m flow depth 

and 0.5-m pier diameter) and found a similar trend of scour hole shape with increasing 

contribution of superimposed current, as shown in Figure 2.57. Generally, both a relatively 

greater current and relatively stronger wave flow (i.e. larger 𝐾𝐶) result in the cone-shaped form 

of scour hole, but when the current and the waves are in balance, the location of the maximum 

scour depth is attached to the upstream pier face. Kawata and Tsuchiya (1988) reported similar 

features for combined wave-current scour and pointed out that the sloping face of the scour 

hole downstream of the pier is trapezoidal, as shown in Figure 2.58.  

To provide more information about the scour hole shape and the surrounding bed topography 

under waves or combined wave-currents, Figure 2.59 compiles a few more experimental photos 

from the existing studies (Qi and Gao, 2014; Chen and Li, 2018; Hartivig et al, 2010) showing 

the details when the equilibrium condition is attained.   
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Figure 2.57 Topography of scour holes under combined wave-current for different wave and 

current parameters, reproduced from Chen and Li (2018). Crosses mark the locations where 

the maximum scour depth occurred under each condition. 

 

 

Figure 2.58 Topography of a typical scour hole around circular a pier under combined wave-

current, reproduced from Kawata and Tsuchiya (1988). 
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Figure 2.59  Photos of typical scour hole topography from existing studies: (a)-(b) Qi and 

Gao (2014); (c) Chen and Li (2018); (d) Hartvig et al. (2010).  

2.7 Other special scour conditions for bridge piers 

Scour at bridge piers can also be influenced by the location of the pier, if it is adjacent to other 

structures that may alter flow turbulence features and complicate the scour mechanism. Under 

such circumstances, the scour process and pattern at both the pier and the adjacent structure are 

highly complex and cannot be accurately modelled. Usually, A bridge pier is often close to 

other bridge foundation components, e.g. piers or abutment, at which the characteristics are 

different and should be treated separately.  

Although plenty of studies have investigated scour features at an isolated bridge pier or 

abutment, there is still little clear understanding of the scour process with pier-abutment 

interaction, and very few data in this area are available. Croad (1989) established a approximate 

relationship between maximum scour depth at a pier and the adjacent abutment, which he 

expressed as 𝑑𝑠_𝑝𝑖𝑒𝑟 = 0.9𝑑𝑠_𝑎𝑏𝑢𝑡𝑚𝑒𝑛𝑡. Hong (2005) found that a pier adjacent to an abutment 

affects the location of the maximum scour depth. Oben-Nyarko and Ettema (2011) were the 
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first to study the interaction of scour at a long rectangular (slab) pier and at an adjacent 

abutment (studying both wing-wall and spill-through abutments). They concluded that the pier 

has a fairly minor influence on the scour depth at the adjacent abutment, while the scour depth 

at the pier is dominated by the abutment. If the pier and abutment are close enough, the scour 

holes at the two adjacent structures will merge into a large integrated hole of greater extent 

than the combined extent when the two structures are separated. Figure 2.60 shows an erodible-

bed model of this scenario before and after scour.   

 

Figure 2.60 Illustration of pier-abutment scour interaction: (a) before scour; (b) after scour 

(reproduced from Oben-Nyarko and Ettema, 2011). 

Pier-pier scour interaction is more common and is often observed in the field. Bridge piers are 

usually built in close proximity to each other for large bridges with multiple lanes, parallel 

companion bridges (especially highway-railway bridges combination), and bridges with 

continuous spans on flood plains. The remnants of previously existing bridges that have been 
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demolished or destroyed may also influence adjacent newly built ones. Previous studies have 

investigated the influence of pier-pier scour interaction for single circular piers (or pile group), 

including Hannah (1978), Elliott and Baker (1985), Zhao and Sheppard (1999), Melville and 

Hadfield (1999), Sumner et al. (2000), Sumer et al. (2005), Ataie-Ashtiani and Beheshti (2006), 

Amini et al. (2011), Liang et al. (2012), Lança et al. (2013), Das and Maxumdar (2015), Wang 

et al. (2016), Khaple et al. (2017), and Kim et al. (2017). The general conclusions of the studies 

mentioned above include: 

• For either adjacent single pier or a group of vertical piles, the general maximum scour 

depth is inversely proportional to the distance between the piers (or piles). If the distance 

is large enough, there is no interaction, and the scour pattern resembles that at isolated 

piers (or piles).   

• For a group of piles skewed to the approaching flow, the maximum scour depth tends to 

occur at the downstream side of the upstream pile column. If no skew angle exists, the 

maximum scour depth occurs at the first-row piles.  

• If the downstream pier (or pile) is located within the lee-wake zone of the upstream pier 

(or pile), where it is subject to the influence of vortex shedding and flow separation, the 

downstream scour will be significantly attenuated.  This attenuation has been observed but 

has yet to be quantified.  

During flood events, the flow depth increases significantly and may reach the bottom of the 

bridge deck. As stated by Arneson and Abt (1998), the flow under the bridge is pressurized, 

resulting in a curvilinear-type flow path as shown in Figure 2.61. The altered pressure flow 

comes with non-hydrostatic pressure distribution, and thus the shear stress at the bed surface is 

amplified compared to open channel flow. The scour caused by the pressurized flow due to 

bridge submergence is also termed vertical contraction scour.  
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Figure 2.61 Schematic drawing of scour due to vertical contraction, reproduced from Abid 

(2017). 

Vertical contraction scour as well as its interaction with pier scour have also been studied by 

some other researchers, including Abed (1991), Jones et al. (1993), Umbrell et al. (1998), and 

Lyn (2008). Specifically, the equation proposed by Umbrell et al. (1998) is widely adopted 

around world as a convenient way to estimate superimposed pier-contraction scour depth.. 

More recently, Abid (2017) systematically studied the interactive between pier, abutment, and 

contraction (both vertical and lateral) scour and proposed a unified model, with which the scour 

pattern at a bridge crossing under complex conditions can be accurately predicted. More 

comprehensive information on related studies can also be referred in Sturm et al. (2017).  

Rivers may also carry a large amount of drifts or floating objects, e.g. woody debris (branches 

or trunks) and ice, especially during higher flows and floods. Such floating objects can usually 

accumulate in front of or around bridge piers and cause greater flow blockage or diversion. An 

accumulation can significantly amplify the scour capacity of the flow and increase the 

streamwise water load against the pier (Ettema et al, 2011), which are ineligible factors for 

design. The existing studies on pier-scour with debris accumulation include Melville and 
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Dongol (1992), Lagasse et al. (2010), Pagliara et al. (2010), Pagliara and Carnacina (2010a, 

2010b, 2011). Figure 2.62 shows the typical accumulation types tested by previous studies. 

Ideally, a solid accumulation with uniform shape resembles the influence of pile-cap for 

complex bridge piers. 

 

Figure 2.62 Typical accumulation types: (a) concentric impermeable cylinder (Melville and 

Dongol, 1992); (b) frontal porous rectangle (Lagasse et al., 2010). 

 

2.8 Leading prediction methods for bridge pier scour 

2.8.1 Prediction methods for scour at single piers caused by steady current 

2.8.1.1 Melville method 

The scour prediction method summarized by Melville and Coleman (2000) is based on a variety 

of research outcomes over the preceding two decades and was considered the most accurate 

and well-structured method available at the time. This method (“the Melville method”) 

proposed an integrated framework to take a wide range of variables into consideration and 

suitable for both piers and abutments. The studies whose findings were merged into the 

Melville method include Melville (1975, 1984, 1997), Raudkivi and Ettema (1977, 1983), 
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Ettema (1980), Chee (1982), Chiew (1984), Raudkivi (1986), Chiew and Melville (1987), 

Melville and Sutherland (1988), and Melville and Chiew (1999). The major authors of the 

studies mentioned above are from the University of Auckland, and thus this method is also 

termed the Auckland method. The general equation of the Melville method can be expressed 

as: 

𝑑𝑠𝑒 = 𝐾𝑦𝐵𝐾𝐼𝐾𝑑𝐾𝑠𝐾𝜃𝐾𝑡                                            (Eq. 2.28) 

where 𝑑𝑠𝑒 = equilibrium scour depth, 𝐾𝑦𝐵 = depth-pier size factor, 𝐾𝐼 = flow intensity factor, 

𝐾𝑑 = sediment coarseness factor, 𝐾𝑠 = pier shape factor, 𝐾𝜃 = pier alignment factor, and 𝐾𝑡 = 

time factor. The K’s are non-dimensional empirical factors accounting for the effect of different 

variables on the equilibrium scour depth at pier.  

The depth-pier size factors are expressed as: 

𝐾𝑦𝐵 =

{
  
 

  
 
2.4𝐷

2√𝐷𝑦0

4.5𝑦0

              

𝐷/𝑦0 < 0.7

0.7 < 𝐷/𝑦0 < 5

𝐷/𝑦0 > 5

                               (Eq.2.29) 

where D = pier diameter and 𝑦0 = flow depth. 

The flow intensity factor can be expressed as: 

𝐾𝐼 =

{
 
 

 
 
𝑈 − (𝑈𝑎 − 𝑈𝑐)

𝑈𝑐
         

𝑈 − (𝑈𝑎 − 𝑈𝑐)
𝑈𝑐

< 1 

1.0                               
𝑈 − (𝑈𝑎 − 𝑈𝑐)

𝑈𝑐
≥ 1

                       (Eq. 2.30) 

where  𝑈  = depth-averaged flow velocity, 𝑈𝑐  = threshold velocity for incipient sediment 

motion, and 𝑈𝑎 = threshold velocity for incipient armour layer motion. 𝑈𝑎 ≡ 𝑈𝑐 for uniform 

sediment with particle geometric standard deviation 𝜎 ≤ 1.3~1.5. 
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The sediment coarseness factor can be expressed as: 

𝐾𝑑 =  

{
 
 

 
 0.57𝑙𝑜𝑔 (2.24

𝐷
𝑑50

)              
𝐷
𝑑50

≤ 25

1.0                                             
𝐷
𝑑50

> 25

                           (Eq. 2.31) 

where  𝑑50 = the median diameter of sediment particles.  

The pier shape factor can be expressed as: 

𝐾𝑠 =

{
  
 

  
 
1.0

1.0

1.1

0.9

          

𝐶𝑖𝑟𝑐𝑢𝑙𝑎𝑟 𝑝𝑖𝑒𝑟

𝑅𝑜𝑢𝑛𝑑 𝑛𝑜𝑠𝑒𝑑 𝑝𝑖𝑒𝑟

𝑆𝑞𝑢𝑎𝑟𝑒 𝑛𝑜𝑠𝑒𝑑 𝑝𝑖𝑒𝑟

𝑆ℎ𝑎𝑟𝑝 𝑛𝑜𝑠𝑒𝑑 𝑝𝑖𝑒𝑟

                                           (Eq. 2.32) 

The pier shape alignment can be expressed as: 

𝐾𝜃 = (
𝐿
𝑊
𝑠𝑖𝑛𝜃 + 𝑐𝑜𝑠𝜃)

0.65

                                                    (Eq. 2.33) 

where 𝐿 = rectangular pier’s length, 𝑊 = rectangular pier’s width, and 𝜃 = pier skew angle. 

The time factor can be expressed as: 

𝐾𝑡 = 𝑒𝑥𝑝 {−0.03 |
𝑈𝑐
𝑈
𝑙𝑛 (

𝑡
𝑡𝑒
)|
1.6

}                                           (Eq. 2.34) 

𝑡𝑒 (𝑑𝑎𝑦𝑠) =

{
 
 

 
 48.26

𝐷
𝑈
(𝑈
𝑈𝑐
− 0.4)

30.89 𝐷
𝑈
(𝑈
𝑈𝑐
− 0.4) (𝑦0

𝐷
)
0.25

  

𝑦0
𝐷
> 6, 𝑈

𝑈𝑐
> 0.4

𝑦0
𝐷
≤ 6, 𝑈

𝑈𝑐
> 0.4

                     (Eq. 2.8.8) 

𝑡𝑒_𝑚𝑎𝑥 (𝑑𝑎𝑦𝑠) = 28.96
𝐷
𝑈
                                            (Eq. 2.35) 
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where 𝑡 = scour time, and 𝑡𝑒 = the time to reach equilibrium scour depth. D/U is expressed in 

seconds. 

2.8.1.2 FDOT method 

The bridge scour manual of the Florida Department of Transportation (FDOT) by Sheppard 

and Renna (2010) presents another scour prediction method for bridge piers, based on a series 

of studies including Sheppard (1999, 2003), Jones and Sheppard (2000); Sheppard et al. (2000, 

2004), Sheppard and Miller (2006). FDOT method proposes a different framework from the 

Melville method and emphasizes the significance of the flow intensity, flow shallowness and 

sediment coarseness factors. Besides, each of the non-circular piers is represented by a circular 

one with an equivalent diameter. The the scour depth can then be calculated using the equations 

listed below. 

In the clear-water scour range (0.47<𝑈
𝑈𝑐

<1): 

𝑑𝑠𝑒
𝐷
= 2.5𝑓1𝑓2𝑓3                                                              (Eq. 2.36) 

In the live-bed scour range up to the live-bed peak (1<𝑈
𝑈𝑐

<𝑈𝑙𝑝
𝑈𝑐

): 

𝑑𝑠𝑒
𝐷
= 𝑓1 {2.2(

𝑈
𝑈𝑐
− 1

𝑈
𝑈𝑙𝑝

− 1
) + 2.5𝑓3 (

𝑈𝑙𝑝
𝑈𝑐

− 𝑈
𝑈𝑐

𝑈𝑙𝑝
𝑈𝑐

− 1
)}                                     (Eq. 2.37) 

In the live-bed scour range above the live-bed peak (𝑈
𝑈𝑐

>𝑈𝑙𝑝
𝑈𝑐

): 

𝑑𝑠𝑒
𝐷
= 2.2𝑓1                                                              (Eq. 2.38) 

The factors 𝑓1, 𝑓2 and 𝑓3 in Eq. 2.36 - 2.38 are expressed as: 
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𝑓1 = 𝑡𝑎𝑛ℎ [(
𝑦0
𝐷
)
0.4
]                                                        (Eq. 2.39) 

𝑓2 = 1 − 1.75 [𝑙𝑛 (
𝑈
𝑈𝑐
)]
2

                                                 (Eq. 2.40) 

𝑓3 =
𝐷/𝑑50 

0.4(𝐷/𝑑50)1.2 + 10.6(𝐷/𝑑50)−0.13
                               (Eq. 2.41) 

The flow velocity for the live-bed peak, 𝑈𝑙𝑝, can be calculated according to: 

𝑈𝑙𝑝1 = 5𝑈𝑐                                                          (Eq. 2.42) 

𝑈𝑙𝑝2 = 29.3𝑢∗𝑐𝑙𝑜𝑔 (
4𝑦0
𝑑90

)                                          (Eq. 2.43) 

𝑈𝑙𝑝 = max(𝑈𝑙𝑝1, 𝑈𝑙𝑝2)                                           (Eq. 2.44) 

where 𝑑𝑠𝑒 = equilibrium scour depth at pier, 𝐷 = pier diameter, 𝑦0 = approaching flow depth, 

𝑈 = approaching flow velocity, 𝑈𝑐 = threshold velocity of sediment motion, 𝑈𝑙𝑝 = velocity at 

live-bed peak, 𝑑50 = median diameter of sediment particle, 𝑑90 = the sediment grain size 

exceeded by 10% (by weight) of a sediment sample, 𝑓1 = flow shallowness factor, 𝑓2 = flow 

intensity factor, and 𝑓3 = sediment coarseness factor. The prediction method for 𝑈𝑙𝑝 is from 

the method of Van Rijn (1993) for when the bed planes out.  

2.8.1.3 HEC-18 method 

The HEC-18 (Hydraulic Engineering Circular No. 18) method has been developed and 

published by the Hydraulic Engineering Center of Federal Highway Administration (FHWA) 

of USA. The HEC-18 method is widely used in United States and also around the world, and 

the most recent version is presented by Arneson et al. (2012). The general equation of HEC-18 

method for pier-scour can be expressed as: 
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𝑑𝑠𝑒
𝐷
= 2.0𝐾1𝐾2𝐾3𝐾𝑤 (

𝑦0
𝐷
)  0.35𝐹𝑟 0.43                                 (Eq. 2.45) 

where 𝑑𝑠𝑒 = equilibrium scour depth at pier, 𝐷 = pier diameter, 𝑦0 = approaching flow depth, 

𝐾1 = pier nose shape factor, 𝐾2 = pier skew angle factor, 𝐾3 = bed condition factor, 𝐾𝑤 = wide-

pier factor, 𝐹𝑟 = channel Froude number (𝐹𝑟 = 𝑈/√𝑔𝑦0), 𝑈 = approaching flow velocity, and 

𝑔 = gravity acceleration.  

The pier nose shape factor can be expressed as: 

𝐾1 =

{
  
 

  
 
1.1

1.0

1.1

0.9

          

𝑠𝑞𝑢𝑎𝑟𝑒 𝑝𝑖𝑒𝑟

𝑅𝑜𝑢𝑛𝑑 𝑛𝑜𝑠𝑒𝑑 𝑎𝑛𝑑 𝑐𝑖𝑟𝑐𝑢𝑙𝑎𝑟 𝑝𝑖𝑒𝑟

𝑔𝑟𝑜𝑢𝑝 𝑜𝑓 𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟𝑠 

𝑆ℎ𝑎𝑟𝑝 𝑛𝑜𝑠𝑒𝑑 𝑝𝑖𝑒𝑟

                          (Eq. 2.46) 

The pier skew angle factor can be expressed as: 

𝐾2 = (
𝐿
𝑊
𝑠𝑖𝑛𝜃 + 𝑐𝑜𝑠𝜃)

0.65

                                                    (Eq. 2.47) 

where 𝐿 = pier length, 𝑊 = pier width, and 𝜃 = pier skew angle. If 𝐿/𝑊 is larger than 12, use 

12 as the maximum value.   

The bed condition factor can be expressed as: 

𝐾3 =

{
 
 
 
 

 
 
 
 

1.1

1.1

1.1

1.1 − 1.2

1.3

    

𝐶𝑙𝑒𝑎𝑟 − 𝑤𝑎𝑡𝑒𝑟 𝑠𝑐𝑜𝑢𝑟

𝑃𝑙𝑎𝑛𝑒 𝑏𝑒𝑑 𝑎𝑛𝑑 𝑎𝑛𝑡𝑖𝑑𝑢𝑛𝑒𝑠

𝑆𝑚𝑎𝑙𝑙 𝑑𝑢𝑛𝑒𝑠 (3.0𝑚 > 𝐻𝑏 ≥ 0.61𝑚) 

𝑀𝑒𝑑𝑖𝑢𝑚 𝑑𝑢𝑛𝑒𝑠 (9.1𝑚 > 𝐻𝑏 ≥ 3.0𝑚)

𝐿𝑎𝑟𝑔𝑒 𝑑𝑢𝑛𝑒𝑠 (𝐻𝑏 ≥ 9.1𝑚)

               (Eq. 2.48) 

where 𝐻𝑏 = mean dune height. 
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The wide-pier factor should be applied when 𝑦0/𝐷 < 0.8 and 𝐷/𝑑50 > 50 for subcritical flow: 

𝐾𝑤 = {
2.58(𝑦0/𝐷)0.34𝐹𝑟 0.65

1.0(𝑦0/𝐷)0.13𝐹𝑟 0.25
            

𝑈/𝑈𝑐 < 1

𝑈/𝑈𝑐 ≥ 1
                           (Eq. 2.49) 

 

2.8.1.4 Sheppard-Melville method  

As proposed by Sheppard et al. (2011), a new melded method, termed the Sheppard-Melville 

(S-M) method, can yield the most accurate prediction of scour at single piers to date. The 

equations of the Sheppard-Melville method can be divided into two sections, predicting 

equilibrium local scour depth (the first section), and predicting scour temporal evolution (the 

second section). The first section is a melding of equations developed by Sheppard and Miller 

(2006) and Melville (1997), and is also adopted by the FDOT bridge scour manual (Sheppard 

and Renna, 2010). The second section is a modification and combination of the previous works 

by Melville and Chiew (1999) and Sheppard and Miller (2006). The detailed equation can be 

expressed as: 

First section: 

In the clear-water scour range (0.47<𝑈
𝑈𝑐

<1): 

𝑑𝑠𝑒
𝐷
= 2.5𝑓1𝑓2𝑓3                                                          (Eq. 2.50) 

In the live-bed scour range up to the live-bed peak (1<𝑈
𝑈𝑐

<𝑈𝑙𝑝
𝑈𝑐

): 

𝑑𝑠𝑒
𝐷
= 𝑓1 {2.2(

𝑈
𝑈𝑐
− 1

𝑈
𝑈𝑙𝑝

− 1
) + 2.5𝑓3 (

𝑈𝑙𝑝
𝑈𝑐

− 𝑈
𝑈𝑐

𝑈𝑙𝑝
𝑈𝑐

− 1
)}                   (Eq. 2.51) 



96 
 

In the live-bed scour range above the live-bed peak (𝑈
𝑈𝑐

>𝑈𝑙𝑝
𝑈𝑐

): 

𝑑𝑠𝑒
𝐷
= 2.2𝑓1                                                            (Eq. 2.52) 

The factors 𝑓1, 𝑓2 and 𝑓3 in Eq. (1) ~ (3) are expressed as: 

𝑓1 = 𝑡𝑎𝑛ℎ [(
𝑦0
𝐷
)
0.4
]                                                     (Eq. 2.53) 

𝑓2 = 1 − 1.2 [𝑙𝑛 (
𝑈
𝑈𝑐
)]
2

                                               (Eq. 2.54) 

𝑓3 =
𝐷/𝑑50 

0.4(𝐷/𝑑50)1.2 + 10.6(𝐷/𝑑50)−0.13
                            (Eq. 2.55) 

The flow velocity for the live-bed peak, 𝑈𝑙𝑝, can be calculated according to: 

𝑈𝑙𝑝1 = 5𝑈𝑐                                                           (Eq. 2.56) 

𝑈𝑙𝑝2 = 0.6√𝑔𝑦0                                                     (Eq. 2.57) 

𝑈𝑙𝑝 = max(𝑈𝑙𝑝1, 𝑈𝑙𝑝2)                                           (Eq. 2.58) 

where 𝑑𝑠 =  scour depth at pier, 𝐷 =  pier diameter, 𝑦0 =  approaching flow depth, 𝑈 = 

approaching flow velocity, 𝑈𝑐 = threshold velocity of sediment motion, 𝑈𝑙𝑝 = velocity at live-

bed peak, 𝑑50 = median diameter of sediment particle, 𝑓1 = flow shallowness factor, 𝑓2 = 

flow intensity factor, and 𝑓3 = sediment coarseness factor. 

Second section: 

𝑑𝑠𝑡 = 𝐾𝑡𝑑𝑠𝑒                                                              (Eq. 2.59) 

𝐾𝑡 = 𝑒𝑥𝑝 {𝐶1 |
𝑈𝑐
𝑈
𝑙𝑛 (

𝑡
𝑡𝑒
)|
1.6

}                                          (Eq. 2.60) 
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𝑡𝑒 (𝑑𝑎𝑦𝑠) = 𝐶2
𝐷𝑒
𝑈
(
𝑈
𝑈𝑐
− 0.4) ,    𝑓𝑜𝑟 

𝑦0
𝐷𝑒
> 6  𝑎𝑛𝑑  

𝑈
𝑈𝑐
> 0.4                  (Eq. 2.61) 

𝑡𝑒 (𝑑𝑎𝑦𝑠) = 𝐶3
𝐷𝑒
𝑈
(
𝑈
𝑈𝑐
− 0.4)  (

𝑦0
𝐷𝑒
)
0.2
,    𝑓𝑜𝑟 

𝑦0
𝐷𝑒
≤ 6  𝑎𝑛𝑑  

𝑈
𝑈𝑐
> 0.4             (Eq. 2.62) 

𝑡90 (𝑑𝑎𝑦𝑠) = 𝑒𝑥𝑝 (−1.83
𝑈
𝑈𝑐
) 𝑡𝑒                                       (Eq. 2.63) 

where 𝑑𝑠𝑡 =  time-dependent scour depth, 𝑑𝑠𝑒 =  equilibrium scour depth, 𝐾𝑡 =  time-scale 

factor, 𝐶1 = −0.04, 𝐶2 = 200 𝑑𝑎𝑦𝑠/𝑠𝑒𝑐, 𝐶3 = 127.8 𝑑𝑎𝑦𝑠/𝑠𝑒𝑐, 𝑡𝑒 = equilibrium reference 

time, 𝑡90 = time to reach 90% of equilibrium scour depth. De/U is expressed in seconds. 

As reported by Sheppard et al. (2011), the first section of the Sheppard/Melville method tends 

to underestimate some of the measured field data with low flow intensity (𝑈/𝑈𝑐). However, 

the prediction of design scour depth is unlikely to be affected, as scour depths in the low flow 

intensity range are usually small. The second section extends the original equations by Melville 

and Chiew (1999) to the live-bed range, and also includes a calculation of the time to 90% of 

equilibrium scour depth, which is a useful and practical parameter. Sheppard et al. (2014) 

collected a wide range of laboratory and field data and evaluated the existing equations for 

predicting local scour depth at single piers. They found that the Sheppard/Melville method was 

the most accurate and recommended it for use in design.  

Although the second section of the Sheppard/Melville method was originally developed for 

single piers, Moreno et al. (2015) proved that it is also capable of predicting the proper time to 

stop the tests for complex piers. Ettema et al. (2011) also recommended the Sheppard-Melville 

method as more reasonable than the HEC-18 method for a better reflection of pier-scour 

processes. 
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2.8.2 Prediction methods for scour at complex piers caused by current 

2.8.2.1 Coleman method 

Coleman (2005) proposed a new prediction method for scour at complex bridge piers. This 

method is based on the general equation of Melville method (Melville and Coleman, 2000) and 

the idea of Melville and Raudkivi (1996) (originally for single piers founded on a caisson or 

footing) of representing a non-uniform pier with a uniform one with an equivalent pier diameter 

𝐷𝑒. The definition of 𝐷𝑒 is that the non-uniform pier leads to the same scour depth as a circular 

pier with diameter equal to 𝐷𝑒. Coleman (2005) revised the equation for 𝐷𝑒 and related it to 

the pile-cap elevation (𝐻𝑐) relative to the original bed. Five modes were identified according 

to the relative elevation of the pile-cap, including (1) the pile-cap entirely buried by the original 

bed so that its top cannot be exposed when the equilibrium scour hole is formed; (2) the pile-

cap entirely buried by the original bed, but able to be exposed (entirely or partially) when the 

equilibrium scour hole is formed; (3) the pile-cap is only partially buried by, or entirely above, 

the original bed, but stays fully submerged; (4) the pile-cap is partially submerged by the flow; 

(5) the pile-cap is entirely above the flow and only the pile group contribute to forming scour 

hole. Figure 2.63 illustrates the concept of the Coleman method. The detailed equations can be 

expressed as below. 

𝐷𝑒 = 𝐷𝑐 , 𝐻𝑐 ≤ 𝑑𝑠_𝑐                                                   (Eq. 2.64)  

𝐷𝑒 = 𝐷𝑐 {(
𝐷𝑐
𝐷𝑝𝑐

)
( 𝐷𝑐𝐷𝑝𝑐

)
3
+0.1−0.47√0.75+𝐻𝑐𝐷𝑐

}  ,             𝑇 ≥ 𝐻𝑐 ≥ 0             (Eq. 2.65) 

𝐷𝑒 = [
0.52𝑇𝐷𝑝𝑐 + (𝑦0 − 0.52𝑇)𝐷𝑒𝑝𝑔

𝑦0
],            𝐻𝑐 = 𝑦0                 (Eq. 2.66) 

𝐷𝑒 = 𝐷𝑒𝑝𝑔,           𝐻𝑐 ≥ 𝑦0 + 𝑇                                           (Eq. 2.67) 
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where 𝐷𝑒 = pier equivalent diameter (width), 𝐷𝑐 = width of the column, 𝐷𝑝𝑐 = width of the 

pile-cap, 𝐷𝑒𝑝𝑔 = equivalent width of the pile group that is defined by Coleman (2005) as the 

distance between two pile columns, 𝑑𝑠_𝑐 = the scour depth caused by a single pier with the 

same geometry as the column, 𝐻𝑐 = the pile-cap elevation ( positive value means the pile-cap’s 

top is above the original bed), 𝑦0  = flow depth, and 𝑇 = thickness of the pile-cap. Linear 

variation is applied for the range that is not covered by the equations listed above.  

 

Figure 2.63 Local scour variation at complex piers with pile-cap elevation of Coleman 

method, reproduced from Coleman (2005). 
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2.8.2.2 FDOT method 

The equation of FDOT method for single piers is still valid with the pier diameter 𝐷 replaced 

by the equivalent pier width of a complex pier 𝐷𝑒. The FDOT scour manual (Sheppard and 

Renna, 2010) proposed calculating the equivalent width of a complex pier by summing up the 

equivalent widths of all the pier components, i.e. the column, the pile-cap, and the pile group, 

which can be expressed as: 

𝐷𝑒 = 𝐷𝑒𝑐 + 𝐷𝑒𝑝𝑐 + 𝐷𝑒𝑝𝑔                                               (Eq. 2.68) 

where 𝐷𝑒𝑐 = equivalent width of the column, 𝐷𝑒𝑝𝑐 = equivalent width of the pile-cap, and 𝐷𝑒𝑝𝑔 

= equivalent width of the pile group.  

Three different cases are also classified according to the position of the pile-cap relative to the 

original bed, including (1) Case 1: the pile-cap is entirely above the original bed; (2) Case 2: 

the pile-cap is partially buried by the original bed; (3) Case 3: the pile-cap is entirely buried by 

the original bed. A different equation is applied to each case for calculating the equivalent pier 

width. Figure 2.64 shows the classification of FDOT method into these three cases.  

 

Figure 2.64 Schematic drawings of the different cases for calculating equivalent pier width of 

FDOT method. 
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Procedure of Case 1 – pile-cap above the original bed 

Equivalent width of column: 

The equivalent width of the column can be calculated by: 

𝐷𝑒𝑐 = {

𝐾𝑠𝐾𝛼𝐾𝑓𝐾ℎ𝑐𝐷𝑐

0

            

𝐻𝑐 < 𝑦1(𝑚𝑎𝑥)

𝐻𝑐 ≥ 𝑦1(𝑚𝑎𝑥)

                               (Eq. 2.69) 

where 𝐾𝑠 = column shape factor, 𝐾𝛼 = column alignment factor, 𝐾𝑓 = pile-cap extension factor, 

𝐾ℎ𝑐 = column height factor, and 𝑦1(𝑚𝑎𝑥) = limiting water depth at which column may influence 

the scouring process. 

The limiting water depth can be expressed as: 

𝑦1(𝑚𝑎𝑥) = {

3𝐾𝑠𝐾𝛼𝐷𝑐

𝑦0

           

𝑦0 ≥ 3𝐾𝑠𝐾𝛼𝐷𝑐

𝑦0 < 3𝐾𝑠𝐾𝛼𝐷𝑐

                                (Eq. 2.70) 

The column shape factor can be expressed as: 

𝐾𝑠 =

{
 

 0.86 + 0.97 |𝛼
𝜋

180°
− 𝜋

4
|
4

1

      

𝑓𝑜𝑟 𝑟𝑒𝑐𝑡𝑎𝑛𝑔𝑢𝑙𝑎𝑟 𝑐𝑜𝑙𝑢𝑚𝑛

𝑓𝑜𝑟 𝑐𝑖𝑟𝑐𝑢𝑙𝑎𝑟 𝑐𝑜𝑙𝑢𝑚𝑛

               (Eq. 2.71) 

The column alignment factor can be expressed: 

𝐾𝛼 =
𝐷𝑐𝑐𝑜𝑠𝛼 + 𝐿𝑐𝑠𝑖𝑛𝛼

𝐷𝑐
                                     (Eq. 2.72) 

The pile-cap extension factor can be expressed as: 
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𝐾𝑓 =

{
  
 

  
 

1

0.75 + 0.5 ( 𝑓
𝐷𝑐
) − 0.25 ( 𝑓

𝐷𝑐
)
2

0

      

𝑓
𝐷𝑐
< 1

1 ≤ 𝑓
𝐷𝑐
≤ 3

𝑓
𝐷𝑐
> 3

                    (Eq. 2.73) 

where 𝑓 = the weighted average of the pile-cap front and side extensions beyond the column, 

which can be expressed as: 

𝑓 =

{
 
 

 
 
3𝑓1+𝑓2
4

3𝑓2+𝑓1
4

      

𝛼 ≤ 45°

𝛼 > 45

                                        (Eq. 2.74) 

where 𝑓1 = pile-cap front extension beyond the column, 𝑓2 = pile-cap side extension beyond 

the column.  

The column height factor can be expressed as: 

𝐾ℎ𝑐 =

{
 
 

 
 −1.65 [

𝐻𝑐
𝑦1(𝑚𝑎𝑥) + 𝑑𝑠_𝑐_𝑚𝑎𝑥

]
4

+ 1.40 [
𝐻𝑐

𝑦1(𝑚𝑎𝑥) + 𝑑𝑠_𝑐_𝑚𝑎𝑥
]
3

+0.86 [
𝐻𝑐

𝑦1(𝑚𝑎𝑥) + 𝑑𝑠_𝑐_𝑚𝑎𝑥
]
2

− 1.34 [
𝐻𝑐

𝑦1(𝑚𝑎𝑥) + 𝑑𝑠_𝑐_𝑚𝑎𝑥
] + 0.41

}
 
 

 
 

          (𝐸𝑞. 2.75) 

where 𝑑𝑠_𝑐_𝑚𝑎𝑥 = maximum column-induced scour depth that can be calculated using single 

pier equation and the effective diameter equal to 𝐾𝑠𝐾𝛼𝐷𝑐. 

Equivalent width of pile-cap: 

The equivalent width of the pile-cap can be calculated by: 

𝐷𝑒𝑝𝑐 = {

𝐾𝑠𝐾𝛼𝐾ℎ𝑝𝑐𝐷𝑝𝑐

0

            

𝐻𝑝𝑐 < 𝑦2(𝑚𝑎𝑥)

𝐻𝑝𝑐 ≥ 𝑦2(𝑚𝑎𝑥)

                               (Eq. 2.76) 
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where 𝐾𝑠 = pile-cap shape factor, 𝐾𝛼 = pile-cap alignment factor, 𝐾ℎ𝑝𝑐 = pile-cap height factor, 

and 𝑦2(𝑚𝑎𝑥) = limiting water depth at which pile-cap may influence the scouring process. 

The limiting water depth can be expressed as: 

𝑦2(𝑚𝑎𝑥) = {

𝐷𝑒𝑐 + 1.5𝐾𝑠𝐾𝛼𝐷𝑝𝑐

𝑦0

        

𝑦0 ≥ (𝐷𝑒𝑐 + 1.5𝐾𝑠𝐾𝛼𝐷𝑝𝑐)

𝑦0 < (𝐷𝑒𝑐 + 1.5𝐾𝑠𝐾𝛼𝐷𝑝𝑐)
                     (Eq. 2.77) 

The pile-cap shape factor can be expressed as: 

𝐾𝑠 =

{
 

 0.86 + 0.97 |𝛼
𝜋

180°
− 𝜋

4
|
4

1

      

𝑓𝑜𝑟 𝑟𝑒𝑐𝑡𝑎𝑛𝑔𝑢𝑙𝑎𝑟 𝑝𝑖𝑙𝑒 − 𝑐𝑎𝑝

𝑓𝑜𝑟 𝑐𝑖𝑟𝑐𝑢𝑙𝑎𝑟 𝑝𝑖𝑙𝑒 − 𝑐𝑎𝑝

            (Eq. 2.78) 

The pile-cap alignment factor can be expressed: 

𝐾𝛼 =
𝐷𝑝𝑐𝑐𝑜𝑠𝛼 + 𝐿𝑝𝑐𝑠𝑖𝑛𝛼

𝐷𝑝𝑐
                                     (Eq. 2.79) 

The pile-cap height factor can be expressed as 

𝐾ℎ𝑝𝑐 = ⟦

−1.65 {[
𝐻𝑝𝑐

𝑦2(𝑚𝑎𝑥) + 𝑑𝑠_𝑝𝑐_𝑚𝑎𝑥
]
4

− [
𝐻𝑐

𝑦2(𝑚𝑎𝑥) + 𝑑𝑠_𝑝𝑐_𝑚𝑎𝑥
]
4

}

+1.40 {[
𝐻𝑝𝑐

𝑦2(𝑚𝑎𝑥) + 𝑑𝑠_𝑝𝑐_𝑚𝑎𝑥
]
3

− [
𝐻𝑐

𝑦2(𝑚𝑎𝑥) + 𝑑𝑠_𝑝𝑐_𝑚𝑎𝑥
]
3

}

+0.86 {[
𝐻𝑝𝑐

𝑦2(𝑚𝑎𝑥) + 𝑑𝑠_𝑝𝑐_𝑚𝑎𝑥
]
2

− [
𝐻𝑐

𝑦2(𝑚𝑎𝑥) + 𝑑𝑠_𝑝𝑐_𝑚𝑎𝑥
]
2

}

−1.34 {[
𝐻𝑝𝑐

𝑦2(𝑚𝑎𝑥) + 𝑑𝑠_𝑝𝑐_𝑚𝑎𝑥
] − [

𝐻𝑐
𝑦2(𝑚𝑎𝑥) + 𝑑𝑠_𝑝𝑐_𝑚𝑎𝑥

]}

⟧       (Eq. 2.80) 
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where 𝑑𝑠_𝑝𝑐_𝑚𝑎𝑥  = maximum scour depth induced by pile-cap that can be calculated using 

single pier equation and the effective diameter equal to 𝐾𝑠𝐾𝛼𝐷𝑝𝑐, and 𝐻𝑝𝑐 = the height of the 

bottom of the pile-cap above the original bed. 

Equivalent width of pile group: 

The equivalent width of the pile-cap can be calculated by: 

𝐷𝑒𝑝𝑔 = 𝐾𝑠𝐾𝑠𝑝𝐾𝑚𝐾ℎ𝑝𝑔𝑊𝑝                                          (Eq. 2.81) 

where 𝐾𝑠 = pile group shape factor, 𝐾𝑠𝑝 = pile spacing factor, 𝐾𝑚 = aligned row number factor,  

𝐾ℎ𝑝𝑔 = pile group height factor, and 𝑊𝑝 = sum of the non-overlapping individual pile widths 

projected on a plane normal to the approach flow. Figure 2.65 shows the method of 

calculating 𝑊𝑝. 

 

Figure 2.65 Method for calculating 𝑊𝑝, which is the sum of the non-overlapping individual 

pile widths projected on a plane normal to the approach flow. The figure is reproduced from 

Sheppard and Renna (2010). 
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The pile group shape factor can be expressed as: 

𝐾𝑠 =
𝐾𝑠(𝑝𝑖𝑙𝑒) − 𝐾𝑠(𝑝𝑖𝑙𝑒 𝑔𝑟𝑜𝑢𝑝)

9
(
𝑆𝑝
𝑊𝑝𝑖

) + 𝐾𝑠(𝑝𝑖𝑙𝑒) −
10
9
(𝐾𝑠(𝑝𝑖𝑙𝑒) − 𝐾𝑠(𝑝𝑖𝑙𝑒 𝑔𝑟𝑜𝑢𝑝))      (Eq. 2.82) 

𝐾𝑠(𝑝𝑖𝑙𝑒 𝑎𝑛𝑑 𝑝𝑖𝑙𝑒 𝑔𝑟𝑜𝑢𝑝) =

{
 
 

 
 

1

0.86 + 0.97 |𝛼 𝜋
180°

− 𝜋
4
|
4

       

𝑓𝑜𝑟 𝑐𝑖𝑟𝑐𝑢𝑙𝑎𝑟 𝑝𝑖𝑒𝑟𝑠 𝑜𝑟

 𝑝𝑖𝑙𝑒 𝑔𝑟𝑜𝑢𝑝 𝑤𝑖𝑡ℎ 𝑆𝑝
𝐷𝑝
> 3, 𝑛 = 1

 

𝑓𝑜𝑟 𝑐𝑖𝑟𝑐𝑢𝑙𝑎𝑟 𝑝𝑖𝑒𝑟𝑠 𝑜𝑟

𝑝𝑖𝑙𝑒 𝑔𝑟𝑜𝑢𝑝 𝑤𝑖𝑡ℎ 𝑆𝑝
𝐷𝑝
≤ 3, 𝑛 > 1

     (Eq. 2.83) 

where 𝑆𝑝 = the smaller distance of pile row distance (𝑆𝑚) and pile column distance (𝑆𝑛), 𝑊𝑝𝑖 

= individual pile width projected on a plane normal to the approach flow, 𝐷𝑝 = individual pile 

diameter, m = number of pile rows, and n = number of pile columns. 

The pile spacing factor can be expressed as: 

𝐾𝑠𝑝 = 1 −
4
3
(1 −

𝑊𝑝𝑖

𝑊𝑝
)

(

 
 
1 −

1

(
𝐷𝑝
𝑊𝑝𝑖

)
2

)

 
 
                          (Eq. 2.84) 

The aligned row number factor can be expressed as: 

 

𝐾𝑚 =

{
 
 

 
 0.056𝑚 − 0.056𝑚 (

𝐷𝑝
𝑊𝑝𝑖

) + 0.0056𝑚 + 0.95

1

     
|𝛼| < 5°,   

𝐷𝑝
𝑊𝑝𝑖

≤ 10,   1 < 𝑚 ≤ 5

𝑜𝑡ℎ𝑒𝑟 𝑠𝑖𝑡𝑢𝑎𝑡𝑖𝑜𝑛𝑠 

  

(Eq. 2.85) 

The pile group height factor can be expressed as: 
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𝐾ℎ𝑝𝑔 =

{
 
 

 
 (𝐻𝑝𝑐+𝑑𝑠(𝑐+𝑝𝑐)

𝑦3(𝑚𝑎𝑥)
)
0.1

1

     

𝑓𝑜𝑟 𝐻𝑝𝑐+𝑑𝑠(𝑐+𝑝𝑐)
𝑦3(𝑚𝑎𝑥)

≤ 1 

𝑓𝑜𝑟 𝐻𝑝𝑐+𝑑𝑠(𝑐+𝑝𝑐)
𝑦3(𝑚𝑎𝑥)

> 1
                        (Eq. 2.86) 

where 𝑑𝑠(𝑐+𝑝𝑐)  = scour depth produced by pile-cap and column that calculated using 𝐷𝑒 =

𝐷𝑒𝑐 + 𝐷𝑒𝑝𝑐, and 𝑦3(𝑚𝑎𝑥) = limiting flow depth for pile group that can be expressed as: 

𝑦3(𝑚𝑎𝑥) = {

𝐾𝑠𝐾𝑠𝑝𝐾𝑚𝑊𝑝

𝑦0 + 𝑑𝑠(𝑐+𝑝𝑐)

    

𝑓𝑜𝑟 𝑦0 + 𝑑𝑠(𝑐+𝑝𝑐) >  𝐾𝑠𝐾𝑠𝑝𝐾𝑚𝑊𝑝

𝑓𝑜𝑟 𝑦0 + 𝑑𝑠(𝑐+𝑝𝑐) ≤  𝐾𝑠𝐾𝑠𝑝𝐾𝑚𝑊𝑝

              (Eq. 2.87) 

Procedure of Case 2 – partially buried pile-cap 

Equivalent width of pile-cap: 

The method for calculating the equivalent of the column is similar to Case 1 as the column still 

stays entirely above the original bed level. Iterative calculation is needed to determine the 

exposure extent of the pile-cap during the scouring process. Iteration starts from calculating 

the scour depth around the pile-cap using 𝐷 = 𝐷𝑒𝑐, and then adding the exposed pile-cap height 

to the new equivalent width in the next iteration step. The final equivalent scour depth caused 

by column and pile-cap is reached when the relative increase for 𝑑𝑠(𝑐+𝑝𝑐(𝑖))is smaller than 5%, 

where 𝑖  denotes the value of 𝑑𝑠(𝑐+𝑝𝑐)  at each iteration step. The general equation can be 

expressed as: 

𝐻𝑒𝑝𝑐 = {

𝐻𝑝𝑐

−𝑑𝑠(𝑐+𝑝𝑐(𝑖))

      

𝑑𝑠(𝑐+𝑝𝑐(𝑖)) ≥ |𝐻𝑝𝑐|

𝑑𝑠(𝑐+𝑝𝑐(𝑖)) < |𝐻𝑝𝑐|

                               (Eq. 2.88) 

 

𝐷𝑒𝑝𝑐(𝑖) = 𝐾𝑠𝐾𝛼𝐾ℎ𝑝𝑐(𝑖)𝐷𝑝𝑐                                               (Eq. 2.89) 
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where 𝐻𝑒𝑝𝑐 = the height of the pile-cap’s bottom above the scour bed at each iteration step, 

𝐻𝑝𝑐 = the height of the pile-cap’s bottom above the original bed (which should be negative for 

partially buried pile-cap), 𝐾𝑠 and 𝐾𝛼 can be calculated using Eq. 2.78 and Eq. 2.79. The pile-

cap height factor at each iteration step can be expressed as: 

𝐾ℎ𝑝𝑐(𝑖) = ⟦

−1.65 {[
𝐻𝑒𝑝𝑐

𝑦2(𝑚𝑎𝑥) + 𝑑𝑠_𝑝𝑐_𝑚𝑎𝑥
]
4

− [
𝐻𝑐

𝑦2(𝑚𝑎𝑥) + 𝑑𝑠_𝑝𝑐_𝑚𝑎𝑥
]
4

}

+1.40 {[
𝐻𝑒𝑝𝑐

𝑦2(𝑚𝑎𝑥) + 𝑑𝑠_𝑝𝑐_𝑚𝑎𝑥
]
3

− [
𝐻𝑐

𝑦2(𝑚𝑎𝑥) + 𝑑𝑠_𝑝𝑐_𝑚𝑎𝑥
]
3

}

+0.86 {[
𝐻𝑒𝑝𝑐

𝑦2(𝑚𝑎𝑥) + 𝑑𝑠_𝑝𝑐_𝑚𝑎𝑥
]
2

− [
𝐻𝑐

𝑦2(𝑚𝑎𝑥) + 𝑑𝑠_𝑝𝑐_𝑚𝑎𝑥
]
2

}

−1.34 {[
𝐻𝑒𝑝𝑐

𝑦2(𝑚𝑎𝑥) + 𝑑𝑠_𝑝𝑐_𝑚𝑎𝑥
] − [

𝐻𝑐
𝑦2(𝑚𝑎𝑥) + 𝑑𝑠_𝑝𝑐_𝑚𝑎𝑥

]}

⟧       (Eq. 2.90) 

where the limiting water depth for pile-cap 𝑦2(𝑚𝑎𝑥) can be calculated using Eq. 2.77, and the 

maximum scour depth induced by pile-cap 𝑑𝑠_𝑝𝑐_𝑚𝑎𝑥  can be calculated using the single pier 

equation with the effective diameter equal to 𝐾𝑠𝐾𝛼𝐷𝑝𝑐 . Then 𝐷𝑒𝑝𝑐  is equal to the value of 

𝐷𝑒𝑝𝑐(𝑖) at the last iteration step. 

Equivalent width of pile group: 

The equivalent width of the pile-cap can be calculated by: 

𝐷𝑒𝑝𝑔 = {

𝐾𝑠𝐾𝑠𝑝𝐾𝑚𝐾ℎ𝑝𝑔𝑊𝑝

0

    

𝑓𝑜𝑟 𝑑𝑠(𝑐+𝑝𝑐) > |𝐻𝑝𝑐|

𝑓𝑜𝑟 𝑑𝑠(𝑐+𝑝𝑐) ≤ |𝐻𝑝𝑐|

                     (Eq. 2.91) 

 

When the pile group’s burial depth is smaller than the equivalent scour depth caused by column 

and pile-cap, the calculation process is similar to equations Eq. 2.82 to Eq. 2.87. 
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Procedure of Case 3 – fully buried pile-cap 

Equivalent width of column: 

The equivalent width of the column can be calculated by: 

𝐷𝑒𝑐 = {

𝐾𝑠𝐾𝛼𝐾𝑓𝐾ℎ𝑐𝐷𝑐

𝐾𝑠𝐾𝛼𝐷𝑐

            

|𝐻𝑐| < 𝑑𝑠_𝑐_𝑚𝑎𝑥

|𝐻𝑐| ≥ 𝑑𝑠_𝑐_𝑚𝑎𝑥

                               (Eq. 2.92) 

where 𝑑𝑠_𝑐_𝑚𝑎𝑥 = the maximum scour depth caused by the column,  calculated using the single 

pier equation and 𝐷𝑒 = 𝐾𝑠𝐾𝛼𝐷𝑐. A special situation exists when only the top of the pile-cap 

can be exposed by the scour hole (|𝐻𝑐| < 𝑑𝑠_𝑐_𝑚𝑎𝑥), and the calculated pier equivalent width 

is then equal to the diameter of a circular pier that leads to the scour depth 𝑑𝑠 = |𝐻𝑐|.  The 

calculation method for other factors is the same as for Case 2.  

Equivalent width of pile-cap: 

The iterative method for the equivalent width of the pile-cap is similar to that for Case 2. The 

general equation can be expressed as: 

𝐷𝑒𝑝𝑐(𝑖) = 𝐾𝑠𝐾𝛼𝐾ℎ𝑝𝑐(𝑖)𝐾𝑏𝑝𝑐𝐷𝑝𝑐                                               (Eq. 2.93) 

where 𝐾𝑠, 𝐾𝛼 and 𝐾ℎ𝑝𝑐(𝑖) can be calculated using the same equation as for Case 2, and 𝐾𝑏𝑝𝑐 = 

pile-cap-scour hole dependence factor and can be expressed as: 

𝐾𝑏𝑝𝑐 =

{
 

 0.93 (
𝐻𝑐

𝑑𝑠_𝑐_𝑚𝑎𝑥
)
2
+ 1.93 ( 𝐻𝑐

𝑑𝑠_𝑐_𝑚𝑎𝑥
) + 1

0

         

−𝑑𝑠(𝑐+𝑝𝑐) ≤ 𝐻𝑐

−𝑑𝑠(𝑐+𝑝𝑐) > 𝐻𝑐

          (Eq. 2.94) 

Equivalent width of pile group: 

The general equation for calculating the equivalent width of the pile group can be expressed 

as: 
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𝐷𝑒𝑝𝑔 = {

𝐾𝑠𝐾𝑠𝑝𝐾𝑚𝐾ℎ𝑝𝑔𝐾𝑏𝑝𝑔𝑊𝑝

0

    

𝑓𝑜𝑟 𝑑𝑠(𝑐+𝑝𝑐) > |𝐻𝑝𝑐|

𝑓𝑜𝑟 𝑑𝑠(𝑐+𝑝𝑐) ≤ |𝐻𝑝𝑐|

                     (Eq. 2.95) 

where 𝐾𝑠, 𝐾𝑠𝑝, 𝐾𝑚, 𝐾ℎ𝑝𝑔, and 𝑊𝑝 can be calculated using the equation also used for Case 2, 

and 𝐾𝑠 = the pile group attenuation factor and can be expressed as: 

𝐾𝑏𝑝𝑔 =
𝐾𝑏𝑝𝑔 + 𝑑𝑠(𝑐+𝑝𝑐)

𝑑𝑠(𝑐+𝑝𝑐)
                                             (Eq. 2.96) 

 

2.8.2.3 HEC-18 method 

The latest version of the HEC-18 manual is Arneson et al. (2012), where a superposition 

method is proposed to calculate the final scour depth of a complex pier by summing up the 

calculated scour depth of each pier components, i.e. the column, the pile-cap and the pile group. 

Figure 2.66 shows the definition sketch of the superposition method. The general equation can 

be expressed as: 

𝑑𝑠 = 𝑑𝑠(𝑐𝑜𝑙𝑢𝑚𝑛) + 𝑑𝑠(𝑝𝑖𝑙𝑒−𝑐𝑎𝑝) + 𝑑𝑠(𝑝𝑖𝑙𝑒 𝑔𝑟𝑜𝑢𝑝)                   (Eq. 2.97) 

where 𝑑𝑠 = the equilibrium scour depth of the entire pier, 𝑑𝑠(𝑐𝑜𝑙𝑢𝑚𝑛), 𝑑𝑠(𝑝𝑖𝑙𝑒−𝑐𝑎𝑝), 𝑑𝑠(𝑝𝑖𝑙𝑒 𝑔𝑟𝑜𝑢𝑝) 

are the calculated scour depths for each pier component.  
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Figure 2.66 Definition sketch of superposition method for calculating final scour depth at a 

complex bridge pier. 

Equilibrium scour depth contributed by column: 

The contribution of the column to the equilibrium scour depth can be calculated by: 

𝑑𝑠(𝑐𝑜𝑙𝑢𝑚𝑛)
𝑦0(1)

=

{
 
 

 
 0

𝐾ℎ𝑐 [2.0𝐾1𝐾2𝐾3 (
𝐷𝑐
𝑦0(1)

)
0.65

( 𝑈(1)
√𝑔𝑦0(1)

)
0.43

]
       

𝐻𝑐 ≥ 𝑦0(1)

𝐻𝑐 < 𝑦0(1)

            (Eq. 2.98) 

where 𝐷𝑐 = the width of the column, 𝐾ℎ𝑐 = column height and pile-cap extension factor, 𝑦0(1) 

= original flow depth at the start of scour, and 𝐾1, 𝐾2 and 𝐾3 are the factors for a single pier 

that can be calculated using Eq. 2.46 – Eq. 2.48. 

The column height and pile-cap extension factor can be expressed as: 

𝐾ℎ𝑐 =
(0.4075 − 0.0669

𝑓
𝐷𝑐
) − (0.4271 − 0.0778

𝑓
𝐷𝑐
) (
𝐻𝑐
𝐷𝑐
)

+ (0.1615 − 0.0455
𝑓
𝐷𝑐
) (
𝐻𝑐
𝐷𝑐
)
2

− (0.0269 − 0.012
𝑓
𝐷𝑐
) (
𝐻𝑐
𝐷𝑐
)
3        (Eq. 2.99) 

where 𝑓 = the upstream pile-cap extension beyond the column.  

Equilibrium scour depth contributed by pile-cap: 
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The strategies for estimating the scour depth contribution made by the pile-cap can be classified 

into two cases according the exposure extent of the pile-cap after scour. Case 1 is when the 

bottom of the pile-cap is above the bed either by design or after the bed has been lowered by 

the scour contribution of the column. The strategy for Case 1 is to replace the pile-cap width 

𝐷𝑝𝑐  with an equivalent width 𝐷𝑒𝑝𝑐  and calculate the scour contribution by the specified 

equation. Case 2 is when the bottom of the pile-cap is still buried after scour. The strategy for 

Case 2 is to treat the pile-cap as a submerged short single pier. The detailed equations for each 

case are listed below. 

Case 1 – Bottom of the pile-cap exposed after scour 

The general equation can be expressed as: 

𝑑𝑠(𝑝𝑖𝑙𝑒−𝑐𝑎𝑝)
𝑦0(2)

= 2.0𝐾1𝐾2𝐾3𝐾𝑤 (
𝐷𝑒𝑝𝑐
𝑦0(2)

)
0.65

(
𝑈(2)

√𝑔𝑦0(2)
)
0.43

            (Eq. 2.100) 

where 𝑦0(2) = 𝑦0(1) + 0.5𝑑𝑠(𝑐𝑜𝑙𝑢𝑚𝑛) is the adjusted flow depth after column-induced scour, 

𝑈(2) = 𝑈(1) (
𝑦0(1)
𝑦0(2)

)  is the adjusted flow velocity after column-induced scour, 𝐷𝑒𝑝𝑐  = the 

equivalent width of pile-cap. 

The equivalent width of the pile-cap can be calculated by: 

𝐷𝑒𝑝𝑐
𝐷𝑝𝑐

= 𝑒𝑥𝑝

[
 
 
 
−2.705 + 0.51𝑙𝑛 (

𝑇
𝑦0(2)

) − 2.783 (
𝐻𝑝𝑐∗

𝑦0(2)
)
3

+
1.751

𝑒𝑥𝑝 (
𝐻𝑝𝑐∗
𝑦0(2)

)]
 
 
 
        (Eq. 2.101) 

where 𝑇 = pile-cap thickness, 𝐻𝑝𝑐∗ = 𝐻𝑝𝑐 + 0.5𝑑𝑠(𝑐𝑜𝑙𝑢𝑚𝑛) is the adjusted height of the pile-

cap’s bottom. The maximum value of 𝑦0(2) is 3.5𝐷𝑝𝑐.  

Case 2 – Bottom of the pile-cap buried after scour 
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The general equation can be expressed as: 

𝑑𝑠(𝑝𝑖𝑙𝑒−𝑐𝑎𝑝)
𝑦0(2)

= 2.0𝐾1𝐾2𝐾3𝐾𝑤 (
𝐷𝑝𝑐
𝑦0(𝑓)

)
0.65

(
𝑈(𝑓)

√𝑔𝑦0(𝑓)
)
0.43

            (Eq. 2.102) 

where 𝑈(𝑓) = the adjusted flow depth and flow velocity after the pile-cap is exposed by scour, 

which can be calculated as below: 

𝑈(𝑓)
𝑈(2)

=
𝑙𝑛 (10.93

𝑦0(𝑓)
𝐾𝑠

+ 1)

𝑙𝑛 (10.93
𝑦0(2)
𝐾𝑠

+ 1)
                                     (Eq. 2.103) 

where 𝑦0(𝑓) = 𝑦0(2) for Case 1, and 𝐾𝑠 = grain roughness height that is usually taken as 𝑑84 for 

sand bed and 3.5𝑑84 for gravel and coarser bed materials.  

Equilibrium scour depth contributed by pile group: 

The general equation can be expressed as: 

𝑑𝑠(𝑝𝑖𝑙𝑒 𝑔𝑟𝑜𝑢𝑝)
𝑦0(3)

=

{
 
 

 
 0

𝐾ℎ𝑝𝑔 [2.0𝐾1𝐾3 (
𝐷𝑒𝑝𝑔
𝑦0(3)

)
0.65

( 𝑈(3)
√𝑔𝑦0(3)

)
0.43

]
       

𝐻𝑝𝑔∗ ≤ 0

𝐻𝑝𝑔∗ > 0
            (Eq. 2.104) 

where 𝑦0(3) = 𝑦0(1) + 0.5𝑑𝑠(𝑐𝑜𝑙𝑢𝑚𝑛) + 0.5𝑑𝑠(𝑝𝑖𝑙𝑒−𝑐𝑎𝑝) is the adjusted flow depth after scour 

contributed by the column and the pile-cap, 𝑈(3) = 𝑈(1) (
𝑦0(1)
𝑦0(3)

) is the adjusted flow velocity for 

the pile group, and 𝐻𝑝𝑔∗ = 𝐻𝑝𝑔 + 0.5𝑑𝑠(𝑐𝑜𝑙𝑢𝑚𝑛) + 0.5𝑑𝑠(𝑝𝑖𝑙𝑒−𝑐𝑎𝑝) is the adjusted height of the 

top of the pile group. In addition, 𝐾ℎ𝑝𝑔 = a pile group height factor, given by: 

𝐾ℎ𝑝𝑔 = [3.08 (
𝐻𝑝𝑔∗

𝑦0(3)
) − 5.23 (

𝐻𝑝𝑔∗

𝑦0(3)
)
2

+ 5.25 (
𝐻𝑝𝑔∗

𝑦0(3)
)
3

− 2.1(
𝐻𝑝𝑔∗

𝑦0(3)
)
4

]

1
0.65

       (Eq. 2.105) 

The equivalent width of pile group 𝐷𝑒𝑝𝑔 is given by: 
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𝐷𝑒𝑝𝑔 = 𝑊𝑝𝐾𝑠𝑝𝐾𝑚                                                 (Eq. 2.106) 

where 𝑊𝑝 = the sum of the non-overlapping individual pile widths projected on a plane normal 

to the approach flow, calculated using the same approach as in the FDOT method, 𝐾𝑠𝑝 = pile 

group spacing factor, and 𝐾𝑚 = aligned rows number factor.  

The pile group spacing factor can be expressed as: 

𝐾𝑠𝑝 = 1 −
4
3
(1 −

𝑊𝑝𝑖

𝑊𝑝
)

(

 
 
1 −

1

(
𝑆𝑝
𝑊𝑝𝑖

)
0.6

)

 
 
                          (Eq. 2.107) 

where 𝑊𝑝𝑖 = the projected width of an individual pile, and 𝑆𝑝 = the smaller of the pile row 

distance (𝑆𝑚) and pile column distance (𝑆𝑛) 

The aligned-rows number factor can be expressed as: 

𝐾𝑚 =

{
 

 0.9 + 0.1𝑚 − (𝑚−1)
14

[2.4 − 1.1𝑆𝑝
𝐷𝑝

+ 0.1𝑆𝑝2

𝐷𝑝2
]

1

      

𝛼 = 0°

𝛼 > 0°

             (Eq. 2.108) 

where 𝐷𝑝 = individual pile diameter, m = number of pile rows, and n = number of pile columns. 

 

2.8.2.4 Moreno method 

Moreno et al. (2016) proposed a new predictor for calculating the equilibrium scour depth at a 

complex bridge pier aligned to the approaching flow. This method is based on the equation of 

Sheppard et al. (2014) and Lança et al. (2013) for single piers, with further adjustments. A new 

equation to predict the equivalent width of a complex pier is also included in this method. The 

general equation can be expressed as: 
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𝑑𝑠𝑒
𝐷𝑒

= 2.6𝐾𝐼𝐾ℎ𝐷𝑒𝐾𝑑                                               (Eq. 2.109) 

where 𝐾𝐼 , 𝐾ℎ𝐷𝑒  and 𝐾𝑑  are factors for flow intensity, flow shallowness, and sediment 

coarseness, which can be calculated by: 

𝐾𝐼 = 1.0 − 1.2 [𝑙𝑛 (
𝑈
𝑈𝑐
)]
2

                                                (Eq. 2.110) 

𝐾ℎ𝐷𝑒 = 𝑡𝑎𝑛ℎ [(1.3
𝑦0
𝐷𝑒
)
0.7
]                                               (Eq. 2.111) 

𝐾𝑑 =

{
 
 

 
 1.0

0.2 + 3.5 (
𝐷𝑒
𝑑50

)
−0.32          

50 ≤
𝐷𝑒
𝑑50

≤ 100

𝐷𝑒
𝑑50

> 100

                         (Eq. 2.112) 

Two special pile-cap elevations, 𝐻𝑥 and 𝐻𝑏, are proposed to represent the position at which the 

maximum and the minimum scour depth may occur. These two elevations can be expressed as: 

𝐻𝑥 =

{
 
 
 

 
 
 

0

𝑇 [0.9 + 0.1 (𝑓𝑙𝑓𝑡 
)
0.4
] [0.84 − 3.1 ( 𝐷𝑐𝐷𝑝𝑐 

)
3.1
]

𝐾𝑠𝑝𝑐 [𝑡𝑎𝑛ℎ (
ℎ
𝐷𝑝𝑐

1
√𝐷𝑐/𝐷𝑝𝑐

)]
0.2

      

𝐷𝑐
𝐷𝑝𝑐 

> 0.65

0.15 ≤
𝐷𝑐
𝐷𝑝𝑐 

≤ 0.65

       (Eq. 2.113)  

𝐻𝑏 =

{
  
 

  
 0

7.8 [(
𝐷𝑐
𝐷𝑝𝑐 

−
1
7 
)
0.91

− 0.98 (
𝐷𝑐
𝐷𝑝𝑐 

−
1
7 
)
0.79

] 𝑑𝑠𝑒𝑐𝑢

         

𝐷𝑐
𝐷𝑝𝑐 

<
1
7 

𝐷𝑐
𝐷𝑝𝑐 

≥
1
7 

             (Eq. 2.114) 
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where 𝐾𝑠𝑝𝑐 = the pile-cap shape factor (1.04 for rectangular shapes and 1.00 for circular or 

round-nose shape); and 𝑑𝑠𝑒𝑐𝑢  = the equilibrium scour depth at a single pier with the same 

dimension as the column. 

The calculation of pier equivalent width 𝐷𝑒  can be classified into six stages according the 

relative position of the pile-cap: 

𝐷𝑒 = 𝐾𝑠𝑐𝐷𝑐                𝐻𝑐 ≤ −𝑑𝑠𝑒𝑐𝑢                         (Eq. 2.115) 

𝐷𝑒 = 𝐾𝑠𝑐𝐷𝑐 [1 + (
𝐻𝑐+𝑑𝑠𝑒𝑐𝑢
𝐻𝑏+𝑑𝑠𝑒𝑐𝑢

)
1.4
[1.1 ( 𝐷𝑐

𝐷𝑝𝑐 
− 1
7 
)
0.65

]]          − 𝑑𝑠𝑒𝑐𝑢 < 𝐻𝑐 ≤ 𝐻𝑏       (Eq. 2.116) 

𝐷𝑒 =

{
 
 

 
 𝐾𝑠𝑐𝐷𝑐 [1.1 (

𝐷𝑐
𝐷𝑝𝑐 

− 1
7 
)
0.65

] + 𝐷𝑒𝑝𝑔𝐾𝐴 +

𝐾𝑠𝑝𝑐𝐷𝑝𝑐𝑡𝑎𝑛ℎ (1.8
𝑇
𝐷𝑐
)√1 − 𝐻𝑐

𝐻𝑏
[( 𝐷𝑐
𝐷𝑝𝑐 

− 1
7 
)
0.4
− ( 𝐷𝑐

𝐷𝑝𝑐 
)
1.3
]

     𝐻𝑏 < 𝐻𝑐 ≤ 𝐻𝑥      

(Eq. 2.117) 

𝐷𝑒 =

{
 
 
 

 
 
 𝐾𝑠𝑐𝐷𝑐 [0.75 (1 −

𝐻𝑐
𝑦0
)
2
√
𝐷𝑐
𝐷𝑝𝑐
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)
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+ ( 𝑇

𝑦0
)
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𝑦0
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+𝐷𝑒𝑝𝑔 [1 −
1
9
(3 + √

𝑓𝑝
𝐷𝑝
) (1 − 𝐻𝑐−𝑇

𝑦0
)
2.3
]

    𝑇 < 𝐻𝑐 ≤ 𝑦0    

(Eq. 2.118) 

𝐷𝑒 =

{
 
 

 
 𝐾𝑠𝑝𝑐𝐷𝑝𝑐 [(

1
4
− 1
5
𝑡𝑎𝑛ℎ (𝑓𝑝

𝐷𝑝
)) ((𝑇∗

𝑦0
)
1.2
+ (𝑇∗

𝑦0
)
4.5
)]

+𝐷𝑒𝑝𝑔 [1 −
1
9
(3 + √

𝑓𝑝
𝐷𝑝
) (𝑇∗

𝑦0
)
2.3
]

     𝑦0 < 𝐻𝑐 ≤ 𝑦0 + 𝑇    (Eq. 2.119) 

𝐷𝑒 = 𝐷𝑒𝑝𝑔                            𝐻𝑐 > 𝑦0 + 𝑇          (Eq. 2.120) 
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where 𝐾𝑠𝑐 = column shape factor; 𝐾𝑠𝑝𝑐 = pile-cap shape factor; 𝐾𝐴 = pile group factor; 𝑓𝑝 = 

longitudinal extension length of the pile-cap out from the upstream pile front; 𝑇∗ = 𝑦0 − (𝐻𝑐 −

𝑇). 

The pile group factor can be calculated by: 

𝐾𝐴 =
2
3
−
1
9√

𝑓𝑝
𝐷𝑝
+
4
5
(
𝐷𝑐
𝐷𝑝𝑐

)
−0.7 𝐻𝑐 − 𝑇

𝐷𝑝𝑐
                                       (Eq. 2.121) 

The column shape factor can be calculated by: 

𝐾𝑠𝑐 =

{
 
 
 

 
 
 

1.0

1.2 − 0.12𝑡𝑎𝑛ℎ (
𝐿𝑐
𝐷𝑐
− 1)

1.0 − 0.17𝑡𝑎𝑛ℎ (
𝐿𝑐
𝐷𝑐
− 1)

    

𝑐𝑦𝑙𝑖𝑛𝑑𝑟𝑖𝑐𝑎𝑙 𝑠ℎ𝑎𝑝𝑒𝑠

𝑟𝑒𝑐𝑡𝑎𝑛𝑔𝑢𝑙𝑎𝑟 𝑠ℎ𝑎𝑝𝑒𝑠

𝑟𝑜𝑢𝑛𝑑 − 𝑛𝑜𝑠𝑒 𝑠ℎ𝑎𝑝𝑒𝑠

           (Eq. 122) 

The equivalent width of the pile group can be calculated by: 

𝐷𝑒𝑝𝑔 = 𝑛𝐷𝑝𝐾𝑠𝑝𝑔𝐾𝑠𝑝𝑛𝐾𝑠𝑝𝑚                                            (Eq. 2.123) 

where 𝑛 = number of pile columns; 𝑚 = number of pile rows; 𝐾𝑠𝑝𝑔 = pile-shape factor (1.2 for 

square shapes and 1.0 for circular shapes); 𝐾𝑠𝑝𝑛  = pile lateral spacing factor; 𝐾𝑠𝑝𝑚  = pile 

longitudinal spacing factor. The pile spacing factors can be calculated by: 

𝐾𝑠𝑝𝑛 = 1 − (1 −
1
𝑛
) 𝑡𝑎𝑛ℎ [(

𝑆𝑛
𝐷𝑝
− 1)

0.5

]                        (Eq. 2.124) 

𝐾𝑠𝑝𝑚 = 1 +
(𝑚 − 1)0.14

12.5
(
𝑆𝑛
𝐷𝑝
+
𝑚1.4

6.5
)
2

𝑒𝑥𝑝 (−0.65
𝑆𝑚
𝐷𝑝
)          (Eq. 2.125) 
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2.8.3 Prediction methods for scour at piers caused by waves and wave-current 

2.8.3.1 Sumer method 

Since the1990s Sumer and co-workers have extensively studied the mechanism of wave and 

wave-current scour at single piles and pile groups and have proposed a systematic series of 

scour prediction methods.  These studies and methods have been comprehensively compiled 

and summarized by Sumer and Fredsøe (2002).  

Sumer et al. (1992a) propose the following empirical equation for predicting equilibrium scour 

depth under the influence of waves: 

𝑑𝑠
𝐷
= 1.3{1 − 𝑒𝑥𝑝[−0.03(𝐾𝐶 − 6)]};       𝑓𝑜𝑟 𝐾𝐶 ≥ 6                  (Eq. 2.126) 

It should also be noted that the work of Sumer et al. (1992a) focused on the influence of the 

Keulegan-Carpenter number, with no attempt made to address the effect of many other factors, 

e.g. pier geometry, flow intensity, flow shallowness, etc. For engineering purposes, another 

equation can be expressed as: 

𝑑𝑠
𝑑𝑠_𝑐

= 1 − 𝑒𝑥𝑝[−0.03(𝐾𝐶 − 6)];       𝑓𝑜𝑟 𝐾𝐶 ≥ 6                  (Eq. 2.127) 

where 𝑑𝑠_𝑐 is the scour depth produced under current-only condition. Eq. 2.8.101 enables the 

influence of other factors mentioned above to be included in the calculation process of 𝑑𝑠_𝑐. 

Sumer et al. (1993) provide empirical equations for scour at piles with non-circular cross-

section and different alignments. For 90° oriented square piles: 

𝑑𝑠
𝐷
= 2{1 − 𝑒𝑥𝑝[−0.015(𝐾𝐶 − 11)]};       𝑓𝑜𝑟 𝐾𝐶 ≥ 11                  (Eq. 2.128) 

For 45° oriented square piles: 
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𝑑𝑠
𝐷
= 2{1 − 𝑒𝑥𝑝[−0.019(𝐾𝐶 − 3)]};       𝑓𝑜𝑟 𝐾𝐶 ≥ 3                  (Eq. 2.129) 

Sumer and Fredsøe (2001) have studied scour at single piles under the effect of irregular waves 

and found that the scour depth can be predicted using the empirical equation expressed by Eq. 

2.8.100 with KC number given by: 

𝐾𝐶 =
𝑈𝑚𝑇𝑝
𝐷

                                                        (Eq. 2.130) 

where 𝑈𝑚 = √2𝜎𝑈, 𝜎𝑈 = √∫ 𝑆(𝑓)𝑑𝑓∞
0  , 𝑆(𝑓) is the power spectrum of U, 𝑓 is the frequency, 

and 𝑇𝑝 is the peak period of the waves. 

Sumer and Fredsøe (2001) have also studied the characteristics of scour at single piles under 

the influence of combined waves and current  Their prediction equation is: 

𝑑𝑠
𝐷
=
𝑑𝑠_𝑐
𝐷
{1 − 𝑒𝑥𝑝[−𝐴(𝐾𝐶 − 𝐵)]};        𝑓𝑜𝑟 𝐾𝐶 ≥ 𝐵                  (Eq. 2.131) 

𝐴 = 0.03 + 0.75𝑈𝑐𝑤2.6                                        (Eq. 2.132) 

𝐵 = 6.0exp (−4.7𝑈𝑐𝑤)                                        (Eq. 2.133) 

where 𝑈𝑐𝑤 = 𝑈𝑐/(𝑈𝑐 + 𝑈𝑚), and 𝑈𝑐 is the mean current velocity.  

As a supplement to the study of Sumer et al. (1997), Carreiras et al. (2000) also have studied 

the influence of wave non-linearity on the scour depth at single piles, their prediction equation 

is: 

𝑑𝑠
𝐷
= 1.3{1 − 𝑒𝑥𝑝[−𝑚(𝐾𝐶 − 6)]};       𝑓𝑜𝑟 𝐾𝐶 ≥ 6                 (Eq. 2.134) 

where it was found that the coefficient 𝑚 = 0.06 fitted the experimental data better than other 

values.   
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2.8.3.2 Other methods 

Rudolph and Bos (2006) studied scour development under the influence of combined wave-

current with relatively small KC numbers (1<KC<10). The tests generally confirmed the scour 

characteristics reported by Sumer and Fredsøe (2002), and a new predictor was also proposed 

for single piles under live-bed conditions: 

𝑑𝑠
𝐷
= 1.3{1 − 𝑒𝑥𝑝[−𝐴(𝐾𝐶 − 𝐵)] ∙ [1 − 𝑈𝑐𝑤]𝐶};       𝑓𝑜𝑟 𝐾𝐶 ≥ 𝐵          (Eq. 2.135) 

where 𝐴 = 0.03 + 1.5𝑈𝑐𝑤4, 𝐵 = 6.0exp (−5𝑈𝑐𝑤), and 𝐶 = 0.1. 

Raaijmakers and D. Rudolph (2008) tested scour features in a large-scale wave basin and 

proposed a new predictor for the equilibrium scour depth in both wave-dominated and 

combined wave-current conditions. The equation can be expressed as:  

𝑑𝑠
𝐷
= 1.5𝑡𝑎𝑛ℎ (

𝑦0
𝐷
)𝐾𝑤𝐾ℎ                                             (Eq. 2.136) 

The pile submergence correction factor 𝐾ℎ = (ℎ𝑝/𝑦0)0.67, 𝐾𝑤 is the wave action factor, given 

by: 

𝐾𝑤 = 1 − 𝑒𝑥𝑝(−0.012𝐾𝐶 − 0.57𝐾𝐶1.77𝑈𝑐𝑤3.76)                     (Eq. 2.137) 

Zanke (2011) proposed a series of equations covering a range of situations including steady 

current (KC>10,000), small waves (KC<100), and the transitional stage. The equations can be 

expressed as: 

(
𝑑𝑠
𝐷
)
𝑠𝑡𝑒𝑎𝑑𝑦

≈ 2.5 (1 − 0.5
𝑈𝑐
𝑈
) ;  𝐾𝐶 > 10000                            (Eq. 2.138) 

(
𝑑𝑠
𝐷
)
𝑤𝑎𝑣𝑒

/ (
𝑑𝑠
𝐷
)
𝑠𝑡𝑒𝑎𝑑𝑦

= 0.03 (1 − 0.35
𝑈𝑐
𝑈
) (𝐾𝐶 − 6) ;  𝐾𝐶 < 10               (Eq. 2.139) 
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𝑑𝑠
𝐷
= 2.5 (1 − 0.5

𝑈𝑐
𝑈
)𝜒𝑟𝑒𝑙 ;  10 < 𝐾𝐶 < 10000                       (Eq. 2.140) 

𝜒𝑟𝑒𝑙 =
0.03 (1 − 0.35𝑈𝑐𝑈 ) (𝐾𝐶 − 6)

1 + 0.03 (1 − 0.35𝑈𝑐𝑈 ) (𝐾𝐶 − 6)
                             (Eq. 2.141) 

2.9 Summary  

This chapter extensively summarizes the progress of the research to date on scour caused by 

steady current, waves, and combined waves and current, at bridge piers with simple and 

complex pier geometry. The contribution of previous studies are evaluated, and the model 

configurations adopted by the major experimental studies are summarized. This chapter also 

includes a detailed introduction to the most popular scour prediction methods, those that have 

been widely accepted and applied around the world.  These methods may nevertheless be 

controversial in some aspects, and care is therefore needed in applying any particular method. 

Figure 2.67 provides a brief summary of the development history of pier scour research. 

Generally, according to the current research status reviewed by this chapter, the current 

research gaps that have high priority and are planned to be addressed in the present study 

include: 

1. The existing studies on scour at complex pier have paid much attention to aligned piers and 

provided abundant datasets. However, no information is available for equilibrium scour 

depth at complex piers skewed to the approaching flow.  

2. There are very few data on temporal scour evolution at skewed complex piers under clear-

water flow regime.  

3. Currently no dataset is available for scour at complex piers under live-bed flow regime. 

4. Under a live-bed flow regime, the scour fluctuation at bridge piers has found to be 

influenced by pier geometric complexity and the randomness of bed-forms. However, 
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existing design approaches tend to treat the scour fluctuation as a constant fraction of mean 

bed-form size (e.g. one-half of the mean bed-form height).  This probably underestimates 

the scour damage at a pier subjected to bed-form migration.  

5. Complex piers usually have a large general aspect ratio (pier length-to-width ratio). Thus, 

the scour mechanism of  transitional- or wide-pier flow-field regimes may prevail at highly 

skewed piers. The current prediction equations were developed largely using narrow-pier 

data of single piers, and thus further modification to accommodate shallow-water situations 

under both clear-water and live-bed conditions is urgently needed. 

6. Sheppard and Renna (2010) recommend treating two adjacent complex piers as two 

equivalent circular piers by using conversion equations. This approach may oversimplify 

the complex scour pattern caused by the geometric and flow-field complexity, and thus 

further systematic testing is needed to better quantify the effect of pier proximity.  

7. Scour at complex piers caused by waves or combined waves and current has not been 

studied yet.  

8. Generally, once all the above research needs have been addressed,  a new prediction method 

for scour at complex piers should be proposed on the basis of the Sheppard-Melville 

method, which is considered the most advanced and well-structured method so far.  
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Figure 2.67 Summary of pier scour research development.  
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3.1 Introduction  

Local scour is one of the most common threats to bridge foundations (piers and abutments), 

leading to numerous bridge failures around the world every year. Bridge failure carries 

significant costs of temporary maintenance and/or replacement as well as the possibility of 

significant environmental damage to downstream ecological systems such as spawning beds 

(Melville and Coleman, 2000). Often, a complex bridge pier consists of a wall-like column 

located on top of a pile cap, which is supported by an array of piles, namely the pile group. The 

structural complexity results in a flow field and turbulence structure that are much more 

complicated than that around a simple cylindrical pier. Beheshti and Ataie-Ashtiani (2010, 

2016) found that the presence of the pile-cap affects the downflow and wake vortices, leading 

to a less predictable scouring processes. Ettema et al. (2017) also points out that CFD is needed 

to help creating a more accurate description of flow complexity. 

The previous studies of Jones et al. (1992), Melville and Raudkivi (1996), Parola et al. (1996), 

Lu et al. (2011) and Kothyari et al. (2012) were conducted to study local scour at non-uniform 

piers, namely a single pier founded on a caisson or footing. Melville and Raudkivi (1996) 

proposed the use of  𝐷𝑒, an equivalent pier width, whereby a non-uniform pier can be treated 

as a cylindrical pier with a diameter equal to 𝐷𝑒 that induces the same equilibrium scour depth. 

This concept has been widely accepted and applied.  

In the last two decades, a wide range of studies on clear-water local scour at complex bridge 

piers have been reported, including Jones and Sheppard (2000), Coleman (2005), Sheppard and 

Glasser (2009), Ataie-Ashtiani et al. (2010), Grimaldi and Cardoso (2010), Moreno et al. (2012, 

2014, 2015, 2016a, 2016b); Ferraro et al. (2013) and Amini et al. (2014). In addition, Ettema 

et al. (2016) also reported a study on scour at exposed abutment columns, whose structures are 

akin to complex pier. Study under live-bed conditions, nevertheless, is still scarce due to 



125 
 

difficulty in recirculating sediment in the laboratory as well as the consensus that, for non-

ripple forming sediment, the maximum normalized scour depth occurs at the clear-water 

threshold.  Such consensus, however, is probably not the case for large scale prototype 

structures, and more controlled live-bed tests with large structures are need to substantiate this.  

At the same time, several systematic and independently-developed methods have been 

presented for estimating scour depth at complex piers. These methods include the Coleman 

method (Coleman, 2005), the HEC-18 method (Arneson et al., 2012) and the Florida 

Department of Transport (FDOT) method (Sheppard and Renna, 2010). Numbers of 

differences exist among these methods. The definition of equivalent width is adopted by the 

Coleman and the FDOT methods, while a superposition concept is applied in the HEC-18 

method, whereby the total scour depth is estimated as the sum of the scour depths induced by 

each component, these being calculated separately. As concluded by Sheppard et al. (2011), 

the HEC-18 method lacks a good physical basis because it neglects the influence of some 

significant factors such as sediment coarseness and incipient motion, and its wide-pier 

correction leads to discontinuity among predicted results. An additional disadvantage of the 

HEC-18 method is its separation of the pier components, as mentioned by Ettema et al. (2011).  

Besides, Moreno et al. (2016a) also proposed a modified framework of equations for aligned 

complex piers. It should be noted that no reported study takes skewness of complex piers into 

account, thereby making a systematic study of this aspect timely.  

3.2 The Sheppard-Melville method  

As proposed by Sheppard et al. (2011), a new melded method, termed the Sheppard/Melville 

method, can yield the most accurate prediction of scour at single piers to date. The equations 

of the Sheppard/Melville method can be divided into two sections, predicting equilibrium local 

scour depth (the first section), and predicting scour temporal evolution (the second section). 
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The first section is a melding of equations developed by Sheppard and Miller (2006) and 

Melville (1997), and is also adopted by the FDOT bridge scour manual (Sheppard and Renna, 

2010). The second section is a modification and combination of the previous works by Melville 

and Chiew (1999) and Sheppard and Miller (2006). 

As reported by Sheppard et al. (2011), the first section of the Sheppard/Melville method tends 

to underestimate some of the measured field data with low flow intensity (𝑈/𝑈𝑐). However, 

the prediction of design scour depth is unlikely to be affected, as scour depths in low flow 

intensity range are usually small. The second section extends the original equations by Melville 

and Chiew (1999) to the live-bed range, and also includes a calculation of the time to 90% of 

equilibrium scour depth, which is a useful and practical parameter. Sheppard et al. (2014) 

collected a wide range of laboratory and field data and evaluated the existing equations for 

predicting local scour depth at single piers. They found that the Sheppard/Melville method 

showed the best accuracy and recommended it for use in design.  

Although the second section of the Sheppard/Melville method was originally developed for 

single piers, Moreno et al. (2015) proved that it is also capable of predicting the proper time to 

stop the tests for complex piers. Ettema et al. (2011) also recommended the Sheppard-Melville 

method as more reasonable than the HEC-18 method for a better reflection of pier-scour 

processes. 

To appropriately apply the Sheppard/Melville method to complex piers, the pier diameter 𝐷 is 

replaced by the equivalent pier width  𝐷𝑒 . Currently, three methods are available for 

calculating 𝐷𝑒: the FDOT (Sheppard and Renna, 2010) methods, Coleman’s (Coleman, 2005) 

method, and Moreno’s (Moreno et al., 2016a) method. Coleman’s method and Moreno’s 

method were developed only for aligned piers and do not take the pier skewness into account.  
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3.3 The criterion for equilibrium  

The scouring process for reaching equilibrium can be very slow and also be difficult to define. 

For the temporal evolution of scour at single piers, Melville and Chiew (1999), Coleman et al. 

(2003) and Grimaldi (2005) defined that equilibrium is reached when the increment of scour 

depth in the last 24 hours is less than a specific percentage (e.g. 5% or 1.67%) of the pier 

diameter. Cardoso and Bettes (1999) instead proposed extrapolation to infinite time for 

obtaining equilibrium scour depth. This approach was also recommended by Lança et al. (2010, 

2013) and Simarro et al. (2011) who noted that accurate extrapolation can be achieved with a 

test duration of at least a week. In fact, there has been no agreement on an equilibrium criterion, 

and efforts made to define equilibrium might have little practical value, as it is misleading to 

look for a complete equilibrium stage in the real world where flow conditions never cease to 

vary. Most of the scour depth can be generated within a very short time after the initiation of 

the scouring process. 

In the present study, the Sheppard/Melville method was verified by the tests performed earlier 

that lasted for seven days and were fitted by the function proposed by Lança et al. (2010).  The 

Sheppard/Melville method using data at the end of the first 30 hours predicted slightly greater 

equilibrium scour depths than those extrapolated from the seven-day tests. This difference, 

between 0.4% and 7% (2% on average), was considered minor, and a test duration of 30 hours 

was therefore used with the Sheppard/Melville method to estimate the equilibrium scour depths 

presented in this chapter.   

3.4 Experimental set-up 

Experiments were performed in a 1.54-m, 45-m long and 1.2-m deep glass-sided flume and a 

2.4-m wide, 25-m long and 0.6-m deep flume in the Fluid Mechanics Laboratory at The 
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University of Auckland. Both the flumes can recirculate water and sediment with a maximum 

tilt of 1%. 

Two models of complex bridge piers were built. The models represent two different forms of 

bridge piers that are based on those that have failed in the past several decades in New Zealand, 

as described by Melville and Coleman (2000). Model A is a 3:50 scale model (with a 1:4 time 

scale) representing the Bull Road Bridge, the Blackmount Road Bridge, the Oreti River Road 

Bridge, and the Whakatane River Road Bridge. Model B has a different pile-cap and pile group, 

representing the Mahitahi River Road Bridge and the New River Road Bridge, and has the 

same geometric scale of 3:50 as Model A. Dimensions are listed in Table 3.1. Illustrations of 

the design and dimension of Model A and Model B are shown in Figure 3.1(a) ~ 1(d), Figure 

3.1(c) and 3.1(d) also show the flow field around piers. Figure 3.1(e) shows a photo of an actual 

test in flume after scouring with all the transducers being removed. 

Table 3.1 Dimensions of pier models 

Dimension 𝑏𝑐 
(m) 

 𝑙𝑐   
(m) 

𝑏𝑝𝑐 
(m) 

𝑙𝑝𝑐  
(m) 

𝑇 
(m) 

𝑓𝑐𝑙 
(m) 

𝑓𝑐𝑏  
(m) 𝑚 𝑛 𝑏𝑝𝑔  

(m) 
𝑆𝑚 
(m) 

𝑆𝑛 
(m) 

Model A 0.03 0.31 0.12 0.362 0.06 0.026 0.045 4 2 0.025 0.07 0.07 

Model B 0.03 0.31 0.05 0.33 0.06 0.01 0.01 5 1 0.025 0.07 -- 

Note: m = number of piles in the longitudinal direction;  
          n = number of piles in the lateral direction. 

Tests with seven skew angles and nine pile-cap elevations (𝐻𝑐) were designed, giving 63 

configurations, as shown in Table 3.2 For comparison with Model A, Model B was tested for 

the same seven skew angles but for only three typical pile-cap elevations corresponding to 

situations with the pile-cap in the flow, near the bed and completely buried. The duration of 

the tests mentioned above was set to 30 hours, as mentioned in the previous section. The 

measured data were extrapolated to equilibrium using the second section of the Sheppard-
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Melville method. In addition, 10 tests with 𝐻𝑐 = 30mm and 60mm were performed in both the 

flumes to assess the influence of flume width. The resutls showed that flume width has 

negligible effect on the scour development and final scour depth.  

 

Figure 3.1 Sketches of pier design: (a) Plan view; (b) Front view; (c) Model A with 

conceptual flow field; (d) Model B with conceptual flow field; (e) A photo of an actual test in 

flume. 
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Table 3.2 Design of tests 

Vertical 
Position 𝑯𝒄 (mm) Model(s) 

tested 
A 310 A 
B 250 A 
C 120 A, B 
D 60 A 
E 30 A, B 
F 0 A 
G -60 A, B 
H -110 A 
I (column-only)  A 

Skew 
angle 0°, 15°, 30°, 45°, 60°, 75°, 90° 

 

The flow depth and flow velocity were set at 0.25-m and 0.354-m/s, respectively, giving a flow 

intensity 𝑈/𝑈𝑐≈0.9, for 𝑈𝑐=0.394-m/s. 𝑈𝑐  is the critical mean approach flow velocity for 

sediment incipient motion and was calculated using the equations by Melville and Coleman 

(2000). Sediment used in the present study is uniform quartz sand with median particle 

diameter 𝑑50=0.84-mm and geometrical standard deviation 𝜎𝑔=1.3. 

Tests with skew angles of 0°, 15° and 30° were conducted in the 1.54-m flume. To avoid 

contraction effects, the rest of the tests were conducted in the 2.4-m flume. Chiew (1984) 

suggested using a flume width-to-pier width ratio larger than 8 to avoid excessive scour caused 

by flow blockage and contraction. This condition was satisfied in this study. In the previous 

studies, researchers tended to keep the relative flow depth 𝑦0/𝐷𝑒 above a specific value, e.g. 3, 

to diminish the effect of flow shallowness. However, in the present study, increasing skewness 

to the flow is inevitably accompanied by a stronger shallowing effect, thereby complicating the 

mechanism of scour at complex piers. Thus, a strict control of flow shallowness was 

inappropriate in this study. 
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Depth-averaged velocities were measured by a Nortek 3-receiver Vectrino+ side-looking ADV. 

The scour depths were measured using scales and a SeaTek multiple transducer array (MTA). 

Scales were printed on papers with 1-mm increment and fixed by tapes around piles, and the 

readings were taken at the end of each test. When the pile-cap was partially or totally buried 

after the test, scour depths were measured using point gauges at different locations where scales 

were not visible. Transducers were fixed in the holes drilled on the pile-cap (or close to pile-

cap and column when the pile group was not exposed at the beginning) to measure 

instantaneous scour depth at each pile during the time span of the tests with a time interval of 

one second and a precision of 1-mm. 

After the model was installed in the recess boxes, the bed surface was compacted and levelled, 

and was filled with water gradually to avoid disturbing levelled sediments. Before the tests 

began, the inflow pipe was opened to let the flume fill slowly to the design depth. At the early 

stage of tests, before a steady flow condition had been reached, the bed surface was protected 

from uncontrolled scour by plastic plates.  

Another issue that needs particular attention  is consideration of data errors that occurred during 

the experiments. The error sources include the precision of the MTA transducers, the influence 

of the flume type on detailed flow features, faulty flow controls (e.g. flow undulation, unstable 

flow depth), etc. Such errors may be subject to accumulation and superposition and eventually 

lead to erroneous scour data. To evaluate the reliability of the measured data in our experiments, 

the scour depth data recorded by the MTA transducers were calibrated using scale readings 

made at the end of each test. As mentioned above, 10 tests were performed in both the flumes, 

which demonstrated that flume type had negligible effect on the final scour depth. At least one 

test for each pile-cap elevation was repeated in the same flume to assess the general data 

reliability, and no significant error was found for experiments in the present study. The 

abovementioned approaches were also applied in the following chapters.   
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3.5 Data presentation and characterization 

3.5.1 Test results 

Table 3.3 and Table 3.4 show the data of the 30 hours tests using Model A and Model B, 

respectively. The equivalent pier width of each configuration was calculated using the FDOT 

method (Sheppard and Renna, 2010). Thus the normalized scour depth can be expressed 

as 𝑑𝑠/𝐷𝑒, instead of 𝑑𝑠/𝐷 for simple cylindrical piers. Similarly, the sediment coarseness is 

defined as 𝐷𝑒/𝑑50  instead of 𝐷/𝑑50 . 𝑑𝑠𝑚  is the deepest scour depth measured at the pier, 

which usually occurs at the rear of the upstream flank for skewed pier or at the frontal face for 

aligned piers. The equilibrium scour depth 𝑑𝑠𝑚𝑒 was calculated by the second section of the 

Sheppard/Melville method using 30 hours data (𝑑𝑠𝑚). The meanings of the symbols used below 

are listed in the notations in this thesis.  

3.5.2 Effect of pier skewness and the pile-cap elevation 

The effect of pile-cap elevation on scour depth has recently been a focal point of the studies on 

scour at complex bridge piers. There is now a consensus (Coleman, 2005; Ataie-Ashtiani et al., 

2010; Moreno et al., 2015) that, for aligned piers, the maximum or near maximum scour depth 

occurs when the pile-cap elevation is near the undisturbed bed level (commonly a situation 

between the pile-cap being undercut and flush to the bed). Scour depth decreases sharply with 

the lowering pile-cap elevation (namely more buried) because of the pile-cap’s increasing 

protection effect. There is a threshold pile-cap level at which the equilibrium scour hole cannot 

expose the pile-cap and the scour depth therefore depends only on the geometry of the column. 
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Table 3.3 Results of tests for Model A 
Vertical 
Position 𝑯𝒄(mm) 𝜶 (°) 𝒕𝒅 (h) 𝑫𝒆 (mm) 𝑫𝒆/𝒅𝟓𝟎 𝒅𝒔𝒎 (mm) 𝒅𝒔𝒎𝒆 (mm) 

A 310 0 30 47 56 98 118 
 310 15 30 68 81 114 142 
 310 30 30 72 85 119 149 
 310 45 30 56 67 110 134 
 310 60 30 82 98 121 154 
 310 75 30 77 92 118 149 
 310 90 30 64 76 103 127 

B 250 0 30 47 56 110 132 
 250 15 30 68 81 135 168 
 250 30 30 72 85 137 172 
 250 45 30 56 67 133 163 
 250 60 30 82 98 137 174 
 250 75 30 77 92 138 174 
 250 90 30 64 76 139 172 

C 120 0 30 58 70 111 136 
 120 15 30 78 93 137 173 
 120 30 30 88 105 160 205 
 120 45 30 84 100 184 234 
 120 60 30 106 126 179 234 
 120 75 30 109 130 186 243 
 120 90 30 110 131 182 238 

D 60 0 30 68 81 117 146 
 60 15 30 107 128 140 183 
 60 30 30 132 157 177 237 
 60 45 30 132 157 188 251 
 60 60 30 165 196 213 292 
 60 75 30 168 200 227 312 
 60 90 30 172 205 219 302 

E 30 0 30 75 89 131 165 
 30 15 30 126 150 154 205 
 30 30 30 158 189 186 254 
 30 45 30 163 194 213 292 
 30 60 30 199 237 229 321 
 30 75 30 204 243 242 340 
 30 90 30 211 251 248 350 

F 0 0 30 82 98 84 107 
 0 15 30 147 175 168 227 
 0 30 30 187 222 209 291 
 0 45 30 198 236 214 300 
 0 60 30 237 283 234 335 
 0 75 30 245 292 252 362 
 0 90 30 255 304 258 373 

G -60 0 30 97 115 60 78 
 -60 15 30 191 227 169 236 
 -60 30 30 249 296 243 350 
 -60 45 30 276 328 272 397 
 -60 60 30 321 383 270 401 
 -60 75 30 336 399 284 424 
 -60 90 30 355 422 280 421 

H -110 0 30 104 124 70 91 
 -110 15 30 228 271 140 199 
 -110 30 30 302 360 223 329 
 -110 45 30 342 408 280 420 
 -110 60 30 394 469 313 478 
 -110 75 30 415 494 332 510 
 -110 90 30 446 531 310 481 
I -- 0 30 37 44 70 82 
 -- 15 30 102 121 190 247 
 -- 30 30 156 186 286 390 
 -- 45 30 207 246 287 404 
 -- 60 30 245 292 338 486 
 -- 75 30 287 341 338 495 
  -- 90 30 381 454 312 474 
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Table 3.4 Results of tests for Model B 
Vertical 
Position 𝑯𝒄(mm) 𝜶 (°) 𝒕𝒅 (h) 𝑫𝒆 (mm) 𝑫𝒆/𝒅𝟓𝟎 𝒅𝒔𝒎 (mm) 𝒅𝒔𝒎𝒆 

(mm) 
C 120 0 30 40 47 91 108 
 120 15 30 56 67 137 167 
 120 30 30 66 79 154 191 
 120 45 30 73 87 175 219 
 120 60 30 77 91 185 233 
 120 75 30 86 102 195 249 
 120 90 30 114 136 200 263 

E 30 0 30 58 69 120 147 
 30 15 30 124 147 159 211 
 30 30 30 169 202 190 261 
 30 45 30 202 241 214 301 
 30 60 30 224 266 231 328 
 30 75 30 244 290 238 342 
 30 90 30 282 335 240 351 

G -60 0 30 84 100 64 81 
 -60 15 30 213 253 176 249 
 -60 30 30 307 366 240 355 
 -60 45 30 381 453 247 375 
 -60 60 30 428 510 275 424 
 -60 75 30 466 554 287 447 
  -60 90 30 516 614 283 447 

 

Figure 3.2 show the variation of the normalized scour depth 𝑑𝑠𝑚𝑒/𝑦0 (where 𝑦0 is the flow 

depth) as a function of the normalized pile-cap elevation 𝐻𝑐/𝑦0. In Figure 3.2(a), the maximum 

scour depth for the aligned piers occurs when the pile-cap is initially half-buried (𝐻𝑐/𝑇 = 0.5), 

namely Position E, and decreases significantly with lowering pile-cap elevation, which is in 

accordance with other studies mentioned above. However, trends for skewed piers shown in 

the figure are much different. The dashed lines indicate the assumed linear variation of the 

scour depth for the situations when the equilibrium scour hole can only reach the top of the 

pile-cap. The adjacent dashed curves were also plotted to represent assumed results that were 

not performed in experiments. Those assumed data may contain some errors, but the general 

feature will not be affected. For aligned piers, the comparatively small column width and 

relative column width (𝑏𝑐/𝑏𝑝𝑐) protect the scour hole from developing. However, scour depth 

may increase significantly once the bed aggradation occurs, e.g. 𝐻𝑐/𝑦0 increases from -0.25 to 

0.25. Attention should be paid to this situation.  



135 
 

 

Figure 3.2 Effect of pier skewness and pile-cap elevation on scour depth for Model A: (a) 

0°~45° skew angle; (b) 45°~90° skew angle. 

Figure 3.2(a) suggests that a slight skewness imposed on originally aligned piers can 

significantly increase the local scour depth, such phenomenon being responsible for numbers 

of bridge failures mentioned by Melville and Coleman (2000). The magnitude of this increase 

is maximized in situations that are considered as not scour-inducing for aligned piers, for 

example, when the top of the pile-cap is slightly buried by the undisturbed bed. Thus, an 

apparently well-designed pier location can exacerbate the local scour once the flow condition 

varies, e.g. in a particular flood event.  

As shown in Figure 3.2(b), for skew angles larger than 45°, skewness has much less effect on 

scour depth, presumably because the wide-pier feature of the column becomes dominant. For 

skew angles equal to or greater than 60°, the scour depth is practically insensitive to the skew 
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angle. This can be attributed to a wide pier’s projection width tending to have less obvious 

variation with a very large skew angle, as shown in the classic plot by Laursen and Toch (1956).  

Thus, slight, but hazardous, skew angle of complex piers should receive the most research 

attention. 

 

Figure 3.3 (a) Variation of pier-column relation with pile-cap elevation, Model A, aligned 

flow; (b) illustration of the five stages. 
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To analyse the trend of the scour depth with variations in the pier-column relationship, 𝑑𝑠𝑒 and 

 𝐻𝑐 were both normalized by 𝑑𝑠𝑒𝑐, where 𝑑𝑠𝑒𝑐 is the equilibrium scour depth induced by the 

uniform single pier with the same dimensions as the column. The pier-column relationship can 

be regarded as the influence of the column on the equilibrium scour depth, this influence 

depending on how much the flow is intercepted by the column. To isolate the effect of the 

parameter of interest, all the scour depth data were corrected for flow intensity, flow depth and 

sediment coarseness. The equations from the Sheppard/Melville method were applied for the 

correction. The equilibrium scour depths were corrected to those of piers in deep water, in the 

threshold flow condition, and regardless of the effect of sediment coarseness.  

As shown in Figure 3.3(a), the variation of 𝑑𝑠𝑒/𝑑𝑠𝑒𝑐, and the corresponding scour pattern, can 

be divided into five stages as a function of the pile-cap elevation: (a) the pile-cap is deeply 

buried and the scour hole does not expose the top of pile-cap (only the column influences 

scouring process); (b) only the top of pile-cap is exposed after reaching equilibrium (in this 

stage the scour depth is linearly related to the pile-cap elevation, as mentioned above); (c) the 

scour hole begins to expose the entire pile-cap, with the maximum equilibrium scour depth 

obtained when the top of the pile-cap is close to the undisturbed bed; (d) the pile-cap protrudes 

above the bed but is submerged or partially submerged in the flow, and the increasing influence 

of the pile group gradually decreases the equilibrium scour depth; (e) only the pile group is 

underwater. Figure 3.3(b) illustrates the elevation of the base of the equilibrium scour hole 

relative to the pier, corresponding to the five different stages.  

In Figure 3.4, all the equilibrium scour depths from Model A and Model B runs are plotted the 

same way as in Figure 3.3, to illustrate the dependence of the stages on pier form and skewness. 

It can be seen that for aligned piers, the fluctuation in stage (b) and (c) for Model B is smaller 

than that for Model A, indicating that the pile-cap of Model B makes less contribution to scour 

depth due to its smaller size. In aligned flow, the pile-cap and the pile group have a significant 
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effect on the scouring process. However, with increasing skewness, the difference between the 

models becomes negligible. The effect of the column should therefore be regarded as the 

dominant factor in the scouring process for piers with a large value of skewness. According to 

the data in the present study, the skewness of a complex pier can be divided into three categories 

based on how great the skewness is: an aligned pier (𝛼=0°), a slightly skewed pier (𝛼≈15°) and 

a highly skewed pier (𝛼≥30°).  

 

Figure 3.4 Variation of pier-column relation with pile-cap elevation, skewness and model 

type. 

Another aspect that should be given attention, sometimes even more critically, is the 

equilibrium scour depth relative to the pile-cap level. Commonly, for a complex pier, the pile 

group is the most fragile part that is susceptible to the varying environment. The exposure of 

the pile group can bring a higher risk of debris accumulation, and a single pile among the group 

is easier to break by impact than the column, threatening the stability of the entire pier. Thus, 

although a higher pile cap results in less scour depth relative to the bed, the safety of the pier 

still cannot be guaranteed. Z is plotted as a function of the skew angle for different pile-cap 
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elevations and both models, as shown in Figure 3.5, which also shows the undisturbed bed 

level. Here Z is defined as the distance from the top of the pile-cap to the bottom of the 

equilibrium scour hole, i.e. Z=𝐻𝑐 + 𝑑𝑠𝑒, and  𝑑𝑠𝑒 is replaced by 𝑑𝑠𝑚𝑒.   

 

Figure 3.5 Equilibrium scour hole depth relative to top of the pile cap. 

In Figure 3.5, the depth of the scour hole relative to the pile cap is illustrated. It can be seen 

that for aligned piers, this relative depth of the scour hole is sensitive to the undisturbed bed 

level. Thus, a comparatively high position of the undisturbed bed above the top of the pile-cap 

can prevent the pile group from being too exposed after scouring. For piers with skew angles 

larger than 30° (the highly skewed piers), except for Position A and B, the equilibrium scour 

hole reaches approximately the same depth below the pile cap. This trend applies to both 

models, demonstrating that with a large skew angle the pile-cap elevation actually has a minor 

influence on determining how the equilibrium scour hole exposes the pier components, and the 

pile group will be almost equally exposed after scouring in any case. Therefore, a large scour 

depth does not always mean a high failure risk of a complex pier, and vice versa. The pier 

safety should be comprehensively evaluated based on a number of factors, rather than the scour 

depth alone.  
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3.6 Discussion 

3.6.1 Examination of the Sheppard/Melville method 

To examine the accuracy of the existing predictor for skewed complex piers, the equilibrium 

scour depths 𝑑𝑠𝑒_𝑆𝑀  of Model A and Model B are calculated by the first section of the 

Sheppard/Melville method (based on the equivalent pier width 𝐷𝑒  calculated by the FDOT 

method), while 𝑑𝑠𝑚𝑒 is based on the measured data and extrapolated to equilibrium by the 

second section of the Sheppard/Melville method. The comparison between 𝑑𝑠𝑒_𝑆𝑀 and 𝑑𝑠𝑚𝑒 is 

shown in Figure 3.6(a). 

 

Figure 3.6 Comparison of the measured equilibrium scour depth and those predicted by: (a) 

the Sheppard/Melville method; (b) the combined method. 
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Figure 3.6(a) shows that a large overestimation exists for aligned piers with comparatively low 

pile-cap positions (e.g. near or buried under the undisturbed bed), as marked by the dashed 

circle. The solid line indicates the perfect agreement between 𝑑𝑠𝑚𝑒 and 𝑑𝑠𝑒_𝑆𝑀, and the dashed 

lines mark the range of +30% and -10% relative error. In comparison, Coleman’s equations for 

calculating 𝐷𝑒  of aligned complex piers yielded better results than FDOT equations and 

Moreno’s equations in the present study. Thus, a combined predictor that uses different 

equations for configurations with or without skewness is assumed to be more practical. Then 

for aligned piers, Coleman’s equations were used to calculate the equivalent width, and for 

skewed piers, the FDOT method equations were used instead. The Sheppard/Melville method 

was still applied using the new set of  𝐷𝑒  for calculating the equilibrium scour depths. A 

comparison between 𝑑𝑠𝑚𝑒 and predicted values after using the combined equations (𝑑𝑠𝑒_𝑆𝑀_𝐶) 

is shown in Figure 3.6(b).  It can be seen that the overestimation marked in Figure 3.6(a) is 

eliminated, resulting in a significantly improved agreement for situations with small scour 

depths.  

However, it should be noted that, in engineering practice, the tolerance limit for overestimation 

of scour depth is much higher than that for underestimation, as being reasonably conservative 

can guarantee the safety margin for construction, while the cost for taking the risk can be 

unacceptably high. In Figure 3.6(b), although comparatively good agreement can be observed, 

the data points below the perfect agreement line and the -10% error line are obviously more 

than can be accepted, indicating the need for reducing underestimation.  

3.6.2 Effect of sediment coarseness  

A previously held belief that the effect of sediment size would diminish when sediment 

coarseness ratio 𝐷𝑒/𝑑50 ≫ 25 (Melville, 1997) has been proved erroneous in the last two 

decades. Sheppard et al. (2004), Lee and Sturm (2009) and Lança et al. (2013) all found a 
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significant decrease of 𝑑𝑠𝑒/𝐷 when 𝐷/𝑑50 exceeded a specific value, although a consensus 

about this value is still lacking. Note that for complex piers, 𝐷 is replaced by 𝐷𝑒.  Sheppard 

(2004) assumed that the decrease is caused by the decrease of pressure gradient around 

structures and, correspondingly, the force imparted by this gradient on sediment grains.  

For examining the effect of sediment coarseness on complex piers as well as the difference 

brought by structural complexity, all the data in the present study are plotted in Figure 3.7, 

together with equations proposed by studies mentioned above. For isolating the effect of 

sediment coarseness, all the scour depth data were corrected for factors related to flow intensity, 

flow depth, pier shape and pier alignment. The equations from the Sheppard/Melville method 

were used for the correction. The equilibrium scour depths were corrected to those of circular, 

aligned piers in deep water under threshold flow conditions. The relationships proposed by 

Melville (1997), Sheppard et al. (2004) and Lança et al. (2013) were also corrected using 

equations from their own methods.  

 

Figure 3.7 The effect of sediment coarseness in the present study. 
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In Figure 3.7, it is apparent that all the equations fail to give entirely satisfactory performance, 

especially where the peak value of normalized scour depth occurs. This peak in the present 

study occurs at a larger value of 𝐷𝑒/𝑑50  than those proposed for cylindrical piers. One 

possibility is that, based on the theory mentioned by Sheppard (2004), the pressure gradient in 

front of one single pile among the pile group (if exposed after scouring) is obviously larger 

than that in front of a cylindrical pier with  𝐷 = 𝐷𝑒 . The vertical distribution of pressure 

gradient in front of a complex pier is less even than that for a cylindrical pier. This explains the 

deviation of the peak and why the maximum 𝑑𝑠𝑒/𝐷𝑒 tends to be larger than that for cylindrical 

piers. It also demonstrates that existing empirical equations, which were developed mostly 

based on the dimensional analysis framework for cylindrical piers, cannot properly describe 

the flow field and corresponding mechanism brought by structural complexity.  

3.6.3 Modified predictor 

If we retain the existing basic framework of the Sheppard/Melville method unchanged but also 

seek a better performance for complex piers, the modified equation can be expressed as: 

𝑑𝑠𝑒
𝐷𝑒 

= (
𝑑𝑠𝑒
𝐷𝑒 
)𝑚𝑎𝑥 × 𝑔1𝑔2𝑔3                                          (𝐸𝑞. 3.1) 

where 𝑔1  and 𝑔3  represent the effect of shallowness and sediment coarseness, and 𝑔2 

represents the effect of flow intensity that is independent of the pier design. Thus, 𝑔2 is similar 

to the corresponding term in the Sheppard/Melville method: 

𝑔2 = 1 − 1.2 [𝑙𝑛 (
𝑈
𝑈𝑐
)]
2

                                     (𝐸𝑞. 3.2) 

The other three factors on the right side of Eq. 3.1 are determined by the modification that can 

be expressed as: 
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(
𝑑𝑠𝑒
𝐷𝑒 
)
𝑚𝑎𝑥

= 3.17                                                                    (𝐸𝑞. 3.3) 

𝑔1 = 𝑡𝑎𝑛ℎ [(
𝑦0
𝐷𝑒
)
0.65

]                                                              (𝐸𝑞. 3.4) 

𝑔3 =
 𝐷𝑒/𝑑50

69.25( 𝐷𝑒/𝑑50)−0.34 + 0.14( 𝐷𝑒/𝑑50)1.41
                                    (𝐸𝑞. 3.5) 

The comparisons between the equilibrium scour depth 𝑑𝑠𝑚𝑒  and the predicted scour depth 

using the modified equations are plotted in Figure 3.8. It should be noted that this new predictor 

applies only to complex piers whose design is reasonably compared to those in Figure 3.1. For 

piers with circular column and pile-cap, the equations proposed by Grimaldi and Cardoso (2010) 

are more suitable. 

 

Figure 3.8 Comparison between measured data and predicted data using modified predictor. 

Several statistical indicators are selected for analysing the plotted data, including root-mean-

square error (RMSE), mean absolute percentage error (MBPE), the number of data above the 
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+30% error line (P30), the number of data below the perfect agreement line (M0), the number 

of data below the -10% error line (M10), and the MBPE of the underestimated data 

(MBPE_M0). Usually the tolerable overestimation of scour depth is much higher than that for 

underestimation, so the limit values of +30% and -10% are chosen in the present study. The 

values of the indicators are shown in Table 3.5.  

Table 3.5 The comparison of predictors 

Indicators Original combined 
predictor 

Modified  
predictor 

RMSE 45-mm 57-mm 

MBPE 11.5% 18.3% 

P30 3 (3.6% of 84) 17 (20.2% of 84) 

M0 43 (51.2% of 84) 21 (25.0% of 84) 

M10 18 (21.4% of 84) 5 (6.0% of 84) 

MBPE_M0 10.6% 5.7% 
 

In Table 3.5, although the original combined predictor has the smaller RMSE (45-mm) and 

MBPE (11.5%), more than half of the data were underestimated, and more than 20% of the 

data were underestimated for over 10%. In comparison, the modified predictor provides a 

higher safety margin. The selection between the two predictors depends on the preference for 

safety or economic considerations. When using either the original or the modified predictors, 

the equivalent pier width should be calculated firstly using the FDOT method until a better 

description of geometric complexity is developed.  

3.7 Conclusions 

According to the analysis and discussions above, the following conclusions are drawn: 

1. The pile-cap elevation and the pier skewness significantly affect the scour depth. For aligned 
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piers, the scour depth is greatest when the pile-cap is near the bed, decreasing sharply with 

lower pile-cap level. A slight skewness imposed can significantly increase the scour depth 

occurring at complex piers in situations that are not scour-inducing for aligned piers. The 

sensitivity of scour depth to the pier skewness varies inversely with the pile-cap elevation as 

well as with the pier skewness itself. For highly skewed piers, the wide-pier feature of the 

column becomes dominant, and the effect of the pile-cap tends to diminish.  

2. The column’s contribution to the scour depth (defined as 𝑑𝑠𝑒/𝑑𝑠𝑒𝑐) can be divided into five 

stages based on the pile-cap elevation relative to the bed. For the same stage, the difference 

between models caused by the geometry of the lower components (the pile-cap and the pile 

group) tends to disappear once skewness exists. The sensitivity of 𝑑𝑠𝑒/𝑑𝑠𝑒𝑐 to the skewness 

varies inversely with the skewness itself, thus three categories regarding the level of the pier 

skewness are defined accordingly: an aligned pier (𝛼=0°), a slightly skewed pier (𝛼≈15°) for 

which the scour depth is strongly dependent on 𝛼, and a highly skewed pier (𝛼≥30°). 

3. When 𝛼≥30°, the bottom of the equilibrium scour hole tends to reach approximately the 

same depth below the pile cap, no matter where the undisturbed bed level is. This demonstrates 

that the pile-cap elevation has only a minor influence on determining the exposing ability of 

the equilibrium scour hole when a large skew angle exits. 

4. A new predictor was proposed based on modifications for the effect of sediment coarseness. 

The ratio of underestimation was significantly reduced, leading to a more reliable safety margin. 
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Chapter 4  
 

Temporal evolution of clear-water     

local scour at complex bridge piers 
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4.1 Introduction 

Scour at bridge piers under clear-water conditions can take a very long time (up to a few weeks 

or more in the laboratory) to reach equilibrium, especially when the flow velocity is close to 

the threshold velocity for incipient motion of the sediment (Chabert and Engeldinger, 1956). 

Researchers have found that the temporal evolution of clear-water scour shows an asymptotic 

trend from zero to the maximum scour depth (Chabert and Engeldinger, 1956). Ettema (1980) 

defined three phases of scour which were called the initial, principal and equilibrium stages. 

However, the criteria to determine that equilibrium has been reached are somewhat arbitrary 

and have always been controversial. An example is that equilibrium occurs when the increment 

of scour depth in a duration of time is less than a specified value. e.g. 5% of the pier diameter 

(Melville and Chiew, 1999), and more details about the criteria will be discussed in the 

following sections. Some researchers even proposed that equilibrium cannot be reached in a 

finite time (Franzetti et al. 1982), or that the scouring process never stops completely (Oliveto 

and Hager, 2002). Melville and Chiew (1999) pointed out the importance of the time-scale for 

scour depth development at bridge piers under clear-water conditions, as the equilibrium status 

is rarely attained in the field. 

Temporal evolution of clear-water scour at circular piers has been investigated by many 

previous investigators, which have provided abundant experimental data, such studies 

including Franzetti et al. (1982), Yanmaz and Altinbilek (1991), Kothyari et al. (1992), Bertoldi 

and Jones (1998), Cardoso and Bettess (1999), Oliveto and Hager (2002), Mia and Nago (2003), 

Chang et al. (2004), Simarro and Martín-Vide (2004), Lança  et al. (2010), Simarro et al. (2011) 

and Guo (2014). Melville and Chiew (1999) stated that the time-scale of bridge pier scour is 

dependent on various non-dimensional variables including flow intensity ratio 𝑈/𝑈𝑐 , flow 

shallowness ratio 𝑦0/𝐷, and sediment coarseness ratio 𝐷/𝑑50. The temporal evolution of scour 

at compound piers, which commonly comprise a single pier located on a caisson or footing, 
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has been studied by Melville and Raudkivi (1996), Umeda et al. (2010), Lu et al. (2011), 

Kothyari and Kumar (2012) and Oliveto et al. (2016). The scouring process at compound piers 

was found to resemble that for complex piers when the pile-cap (or footing) can be gradually 

exposed by the developing scour hole. 

However, temporal evolution of scour at complex piers may show significantly different trends 

due to their geometric complexity and the successive exposure of pier components during the 

scouring process, Researchers still lack a good understanding of the process, due to the lack of 

reliable experimental data. Most of the studies on scour evolution at complex piers have been 

conducted in recent years. Moreno et al. (2015) performed a series of experiments of scour at 

aligned complex piers and demonstrated the general characteristics of temporal evolution 

curves for different stages of scour development. Ferraro et al. (2013) provided temporal data 

for two aligned complex piers with different pile-cap thicknesses and elevations. Oliveto et al. 

(2016) studied the time-dependent scour depth at a complex pier with a centro-symmetric pier 

form. Generally, available research results suggest that scour evolution at aligned complex 

piers follows a non-uniform trend, in contrast to the simple asymptotic curve obtained for 

single-column piers. 

Considering the limited data and the absence of research on scour evolution at skewed complex 

piers, it is not possible to predict the time-dependent scour pattern with confidence for 

prototype piers in the field, where there is usually some pier skewness and scour holes are not 

fully developed. Therefore, the aims of the present study include obtaining more experimental 

data, tentatively explaining how the scour hole develops at complex piers, and investigating 

the relationship between scour temporal evolution and pier form.   
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4.2 Experimental Set-up 

The experiments were performed in a 2.4-m wide, 0.6-m deep and 25-m long sediment-

recirculating flume in the Fluid Mechanics Laboratory at The University of Auckland. A 4.0-

m long, 0.6-m deep sediment recess box, i.e. the test section for scour experiments, is located 

11m downstream from the water inlet section. The sediment used in the present study was 

uniform quartz sand with median particle diameter 𝑑50=0.84-mm and geometrical standard 

deviation 𝜎𝑔=1.30. The value of 𝜎𝑔 can be calculated by 𝜎𝑔 = 0.5(𝑑84/𝑑16), and, commonly, 

uniform sediment is defined for 𝜎𝑔 ≤ 1.3. Besides, the sediment size is also considered as non-

cohesive and non-ripple-forming.  

The complex pier model used in the present study was made from solid materials and represents 

a form typical of some bridge piers that have failed in the past several decades in New Zealand, 

as described by Melville and Coleman (2000).  These failures include the Bulls Road Bridge 

on SH1, the Blackmount Road Bridge, the Oreti River Road Bridge, and the Whakatane River 

Road Bridge. The model consists of a rectangular wall-like column (310-mm long and 30-mm 

wide), a rectangular pile-cap (362-mm long, 120-mm wide, and 60-mm thick) and a 2×4 pile 

group (25-mm in diameter for each vertical pile).  The model has a geometric scale of 3:50 and 

is same to the primary model used by Yang et al. (2018). Figure 4.1 is an illustration of the 

complex pier model. Specifically, 𝐷𝑒 is the diameter of an assumed equivalent circular pier that 

can cause the same scour depth as the original complex pier. 

Depth-averaged velocities (𝑈) were measured by a Nortek Vectrino+ ADV made in Norway. 

Each measurement lasted for three minutes with a sampling rate of 200Hz. A function was built 

to identify the relationship between the measured flow velocity, the reading of the 

electromagnetic meters, and the working frequency of the pump controller, so the flow 

discharge for each test can be adjusted accurately.  The instantaneous scour depth was 
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measured using a SeaTek multiple transducer array (MTA) made in USA, and the locations of 

the transducers are shown in Figure 4.2.  This method has also been used by Guan et al. (2015) 

and Wang et al. (2018a, b, c). It should also be noted that although the wires and the transducer 

at the pier face slightly intruded into the flow and influenced the flow structure, the interference 

to the scouring process was minor and did not affect the measured data.  

 

Figure 4.1 Model shape and dimensions (unit: mm): (a) plan view; (b) front view; (c) 3-D 

view. 

Table 4.1 shows the experimental design of the present study. Two flow depths (𝑦0=0.10-m 

and 0.25-m), four pier skew angles (𝛼) from 0° to 45° with 15° interval, and various pile-cap 

elevations (𝐻𝑐 ) were selected to simulate a wide range of scour situations in the field. In 

addition,  𝑇 is the pile-cap thickness that is 0.06m in the present study, and 𝑈𝑐 is the threshold 

velocity for incipient motion of sediment particles, which can be calculated using the equation 

recommend by Melville and Coleman (2000). For the shallower flow (𝑦0=0.10-m), only 

aligned complex piers were tested, with five different pile-cap elevations. For the deeper flow 

(𝑦0=0.25-m), tests were performed with three typical pile-cap elevations and all four pier skew 
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angles. In the present study, the largest equivalent pier width is 0.276m, and thus the smallest 

ratio of flume width (𝑊) to pier width (𝐷𝑒) is about 8.7, which is larger than the value (𝑊/𝐷𝑒 >

8) suggested by Chiew (1984) to avoid excessive scour caused flow blockage and contraction. 

Thus, all the experiments in the present study were under non-blockage conditions.  

 

 

Figure 4.2 Test set-up and the locations of MTA transducers: (a) aligned pier; (b) skewed 

pier; (c) schematic drawing of transducer locations. 

 

 



153 
 

Table 4.1 Experimental design 

Test No. 𝒚𝟎 
(m) 

𝑯𝒄 
(m) 𝑯𝒄/𝑻 𝜶 (°) 𝑼/𝑼𝒄 

A1 0.25 -0.06 -1 0 0.9 
A2 0.25 -0.06 -1 15 0.9 

A3 0.25 -0.06 -1 30 0.9 

A4 0.25 -0.06 -1 45 0.9 

B1 0.25 0.03 0.5 0 0.9 

B2 0.25 0.03 0.5 15 0.9 

B3 0.25 0.03 0.5 30 0.9 

B4 0.25 0.03 0.5 45 0.9 

C1 0.25 0.12 2 0 0.9 

C2 0.25 0.12 2 15 0.9 

C3 0.25 0.12 2 30 0.9 

C4 0.25 0.12 2 45 0.9 

D1 0.10 -0.03 -0.5 0 0.9 

D2 0.10 0 0 0 0.9 

D3 0.10 0.03 0.5 0 0.9 

D4 0.10 0.06 1 0 0.9 

D5 0.10 0.09 1.5 0 0.9 
 

After installing the model in the sediment recess box, the bed surface was compacted and 

levelled properly to avoid bed subsidence under submergence, and was filled with water slowly 

to avoid disturbing levelled sediments before the tests began. At the beginning of the tests, until 

a steady flow condition was reached, the bed surface was protected from uncontrolled scour by 

plastic plates.  

4.3 Determination of Equilibrium and Data Processing 

The methods to determine equilibrium scour depth from experimental temporal scour data have 

always been controversial. Melville and Chiew (1999) defined equilibrium to have been 
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reached when the increment of scour depth in the last 24 hours is less than 5% of the pier 

diameter. Coleman et al. (2003) suggested a 24-hour scour depth increment of 5% of the 

foundation length (i.e., the pier diameter or the abutment length) or the flow depth. Grimaldi 

(2005) proposed a stricter criterion, that the increment of scour depth in the last 24 hours should 

not exceed 5% of 𝐷 3⁄ , where 𝐷 is the pier diameter. Cardoso and Bettess (1999) defined 

equilibrium as where the gradient of the scour evolution curve tends to be zero.  

Many researchers have found the criteria listed above tend to significantly underestimate the 

true equilibrium scour depth.  However, performing an experiment for long enough to reach 

absolute equilibrium is either impossible or extremely time-consuming. A few functions have 

therefore been proposed by some researchers to extrapolate experimental temporal scour data 

to infinite time, to estimate the true equilibrium scour depth. Bertoldi and Jones (1998) 

suggested that this equilibrium scour depth can be defined by a function including four 

parameters: 

𝑑𝑠 = 𝑝1 (1 −
1

1 + 𝑝1𝑝2𝑡
) + 𝑝3 (1 −

1
1 + 𝑝3𝑝4𝑡

)                                          (𝐸𝑞. 4.1) 

where 𝑝𝑖 = function parameters that can be obtained by curve fitting. This function was also 

verified by Fael et al. (2006). Lança et al. (2010) extended it to: 

𝑑𝑠 = 𝑝1 (1 −
1

1 + 𝑝1𝑝2𝑡
) + 𝑝3 (1 −

1
1 + 𝑝3𝑝4𝑡

) + 𝑝5 (1 −
1

1 + 𝑝5𝑝6𝑡
)                 (𝐸𝑞. 4.2) 

Simarro et al. (2011) examined the above functions, and found that they all seem adequate as 

long as the tests last at least 1-2 weeks. Lança et al. (2013) found that scour depths obtained 

through extrapolation are, on average, 10% higher than measured scour depths at the end of 

long-duration tests. Sheppard et al. (2004) proposed a different function for 𝑑𝑠:  

𝑑𝑠 = 𝑝1[1 − exp (−𝑝2𝑡)] + 𝑝3[1 − exp (−𝑝4𝑡)]                                         (𝐸𝑞. 4.3) 
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However, they also pointed out that the test duration must be reasonably long (1-2 weeks) to 

produce accurate estimations with this function for large-scale piers (D=0.31-m and 0.91-m). 

During curve fitting, it is found that the functions listed above might be somewhat inaccurate 

for temporal curves with significant non-uniform variation, which is normally caused by the 

progressive exposure of different pier components. Eq. 4.2 and 4.3 above are therefore 

extended to include more terms, for evaluating the sensitivity of curve fitting to the number of 

terms. The extended functions can be expressed as: 

𝑑𝑠 = 𝑝1[1 − exp (−𝑝2𝑡)] + 𝑝3[1 − exp (−𝑝4𝑡)] + 𝑝5[1 − exp (−𝑝6𝑡)]                   (𝐸𝑞. 4.4) 

𝑑𝑠 =
𝑝1 (1 −

1
1 + 𝑝1𝑝2𝑡

) + 𝑝3 (1 −
1

1 + 𝑝3𝑝4𝑡
) + 𝑝5 (1 −

1
1 + 𝑝5𝑝6𝑡

)

+𝑝7 (1 −
1

1 + 𝑝7𝑝8𝑡
) + 𝑝9 (1 −

1
1 + 𝑝9𝑝10𝑡

)
       (𝐸𝑞. 4.5) 

𝑑𝑠 =
𝑝1[1 − exp(−𝑝2𝑡)] + 𝑝3[1 − exp(−𝑝4𝑡)] + 𝑝5[1 − exp(−𝑝6𝑡)] +

+𝑝7[1 − exp (−𝑝8𝑡)] + 𝑝9[1 − exp (−𝑝10𝑡)]
        (𝐸𝑞. 4.6) 

Moreno et al. (2015) suggested using the equation proposed by Franzetti et al. (1982) to fit the 

temporal evolution of scour at complex piers. The equation can be expressed as: 

𝑑𝑠 = 𝑑𝑠𝑒 [1 − 𝑒
−𝑎(𝑈𝑡𝐷𝑒

)
𝑏

]                                           (𝐸𝑞. 4.7) 

where 𝑎 and 𝑏 are also function parameters that can be obtained by curve fitting.  

An example of curve fitting results (Test D3) is shown in Figure 4.3, where the measured 

temporal data is compared with 7 fitted curves. In this example Eq. 4.6 is the most accurate, in 

that  the scour variation at different stages is better captured than with other functions. Eq. 4.6 

was therefore selected and extrapolated to determine the equilibrium scour depth for Test D3. 

A similar approach was followed for the other tests, and the results suggested that Eq. 4.2, Eq. 

4.4, Eq. 4.5, and Eq. 4.6 performed better than the functions with fewer terms, whilst the 5-
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term functions performed slightly better than the 3-term functions. Eq. 4.5 and Eq. 4.6 are 

therefore recommended. The curve fitting was performed using the data at single one location 

where the maximum scour depth eventually located, and thus the integration of data at different 

locations with progressive pier exposure is not necessary in the present study. It should also be 

noted that the minor scour fluctuation oberved in the near-equilibrium phase shown in Figure 

4.3 is common and can also be found in the results of other studies, e.g. Sheppard et al. (2004) 

and Lança (2013). The fluctuation is usually caused by the minor bed disturbance for 𝑈/𝑈𝑐 

close to 1, when a small proportion of the relatively finer sediment start to move. The curve 

fitting was performed regardless of the minor fluctuation, and the final curve was determined 

when the overall error was minimized.  

 

Figure 4.3 An example of the curve fitting results (Test D3). 
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4.4 Results Presentation  

For aligned complex piers, the maximum scour depth always occur either at the first-row piles 

(pile A1 and B1) or under the leading edge of the pile-cap. Thus, MTA transducers were 

installed only at such locations. For skewed pier experiments, the maximum scour depth always 

occur at the downstream end of the upstream pier flank (pile A3 or A4). Thus, for part of the 

skewed pier experiments, MTA transducers were installed only at pile A1~A4. Those locations 

are shown in Figure 4.2(c).  

Figure 4.4 and Figure 4.5 show the time-dependent scour data of each test, with the data of 

each transducer displayed as a separate curve. It can be observed in Figure 4.4 that in Tests 

D1~D3 the maximum scour depth was at the leading edge of the pile-cap, as the scour hole 

was not able to further expand and expose the pile group. In Tests D4 and D5, the scour depth 

at first-row piles became dominant, and the piles were significantly exposed by the scour hole. 

A similar trend was found for Tests A1, B1 and C1 (Figure 4.5(a1), (b1) and (c1)). In all the 

skewed pier experiments (Test A2-A4, B2-B4, and C2-C4, please see Figure 4.5(a2)-(a4), 

4.5(b2)-(b4), and 4.5(c2)-(c4)), the maximum scour depth occurred at either location A3 or A4, 

as the scour hole development started at or near A4 (either the side corner of the column or the 

pile-cap, or right at A4) and then gradually expanded to the entire pier. It was found that even 

for a small skew angle (e.g. 15 degrees), the vertical piles of a deeply buried complex pier 

could be exposed rapidly. 
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Figure 4.4 The measured temporal scour data of Tests D1-D5 ((a)-(e) respectively). 

The test results in the present study are summarized in Table 4.2 In this table,  𝑑𝑠  is the 

measured scour depth at the end of each test,  𝑑𝑠𝑒 is the equilibrium scour depth calculated by 

curve fitting and extrapolation to infinite time, 𝑻𝟎  is the actual test duration, 𝑻𝑒  is the 

equilibrium time calculated using fitted curves and a stricter criterion that the scour depth 

increment being less than 1% of the vertical pile diameter within 24 hours. 𝐷𝑒 is the calculated 

equivalent pier width using the method recommended by Yang et al. (2018) (in which the 

equation of Coleman (2005) is used for aligned piers, and the equation of Sheppard and Renna 

(2010) is used for skewed piers). The definition of equivalent pier width enables a non-uniform 

pier to be treated as a cylindrical pier with a diameter of 𝐷𝑒. Besides, some of the curve fittings 

used Eq. 4.2/4.4 (simplified form of Eq. 4.5/4.6 to reduce computing load) and Eq. 4.7 (with 

slightly better accuracy) to deal with relatively smooth curves, but Eq. 4.5 and 4.6 are still 

recommended due to the strong adaptability to complex curves.   
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Figure 4.5 The measured temporal scour data of Test A1~4, B1~4 and C1~4. 
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Table 4.2 Summary of test results: equilibrium scour depth 

 

4.5 Temporal Evolution of Scour at Aligned Complex Piers 

4.5.1 The Study of Moreno et al. (2015)  

Moreno et al. (2015) conducted a systematic study on temporal evolution of scour at aligned 

complex piers with 3 different relative column widths (Dc/𝐷pc=0.85, 0.70 and 0.55) and a 

similar 2×4 pile group arrangement to the present study. The results are plotted in Figure 4.6, 

in which the leader lines of the legends mark the original bed levels before scour initiation. The 

major difference between the study of Moreno et al. (2015) and the present study is the much 

larger relative column width Dc/𝐷pc  (0.55-0.85 versus 0.25 in the present study).  It is 

presumed that in the Moreno et al. (2015) experiments the bed will receive less protection from 

the pile-cap, as the smaller pile-cap extension may not be able to effectively intercept the down-

flow caused by the column (as mentioned by Coleman (2005)). As expected, the results in 

Figure 4.6 show that, when the relative column width is smaller, the scour depth evolution is 

more sensitive to the pile-cap elevation. In Figure 4.6(c), the scouring process of M5I and M5H 
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started at a very low scour rate until a significant part of the pile-cap’s frontal face was exposed. 

This trend was not found in Figure 4.6(a) and 4.6(b), where the relative column width is larger. 

Generally, when the original bed level is close to the top of the pile-cap, the initial scouring 

process tends to be slower compared with other situations. It should also be noted that an 

unusual and obvious plateau and re-initiation stage can be found in Figure 4.6(a) for test M2H, 

which was justified by that, as stated by Moreno et al. (2015), the first-row piles became 

exposed and was followed by rapid scour depth, during which the location of the maximum 

scour depth transferred to the first-row piles from that below the pile-cap face.  

 

Figure 4.6 The temporal evolution data of Moreno et al. (2015) (y_0=0.20-m): (a) 

𝐷𝑐/𝐷𝑝𝑐=0.85; (b) 𝐷𝑐/𝐷𝑝𝑐=0.70; (c) 𝐷𝑐/𝐷𝑝𝑐=0.55. 

4.5.2 Effect of Pile-cap Elevation in the Present Study 

The temporal evolution data of Test D1~D5 of the present study are shown in Figure 4.7. The 

scour evolution curves correspond to the fitted curves rather than the measured raw data so that 

the general trends can be displayed more clearly without the disturbances of minor fluctuation, 

spikes, etc. Similarly, this approach is also used for in the following sections.  These data, from 

aligned piers with 0.10-m flow depth, can be compared with the results obtained by Moreno et 

al. (2015). The pier model used in the present study has a comparatively small relative column 

width (Dc/𝐷pc=0.25), and thus it is more difficult for the down-flow caused by the column to 

penetrate below the pile-cap and act on the scour hole bottom directly. Thus, the scour depth 
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is more sensitive to the pile-cap elevation than the situations in the previous section. When the 

pile-cap is entirely buried by the original bed (D1), the scour depth reached over 3/4 of the 

equilibrium scour depth in a very short time and only maintained a very low scour rate after 

that. Equilibrium was reached in only a few days, which is much shorter than that in the other 

tests. This is consistent with the conclusion of previous studies (e.g. Moreno et al., 2015; Yang 

et al., 2018) that, when the column-induced down-flow is not strong enough, the pile-cap 

prevents the scour hole from deepening further.  

 

Figure 4.7 The temporal evolution data of Test D1-D5 (y_0=0.10m, aligned piers) in the 

present study. 

4.6 Temporal Evolution of Scour at Skewed Complex Piers 

4.6.1 Effect of Pier Skew Angle  

The effect of pier skew angle on the equilibrium clear-water scour depth at complex bridge 

piers has been discussed in detail by Yang et al. (2018). It was found that the sensitivity of the 

equilibrium scour depth relative to the pile-cap elevation diminishes when skew angle is larger 
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than 45°.  This means that the scour hole tends to expose the pier components by a similar 

extent even with different pile-cap elevations. Yang et al. (2018) also found that scour depth 

does not significantly increase with increasing pier skew angle beyond α>45°. The present 

study therefore includes only values of α up to 45° 

Figure 4.8 shows the effect of pier skew angle on scour temporal evolution at complex piers 

with different relative pile-cap position, including an entirely buried pile-cap (A1~A4, 𝐻𝑐=6-

cm), a partially buried pile-cap (B1~B4, 𝐻𝑐=3-cm), and the pile-cap being entirely above the 

original bed (C1~C4, 𝐻𝑐=12-cm). As mentioned before, the scour evolution curves displayed 

correspond to the fitted curves (rather than raw data) to show the general trends more clearly. 

the  In Figure 4.8(a), scour in Test A1 (α=0°) reached most of the equilibrium depth within 

1000 seconds, followed by a slow scour rate until equilibrium was obtained in a comparatively 

short time. For test A1, the scour hole was restrained on the top of the pile-cap and couldn’t 

uncover the vertical face due to the weak scouring capacity. Thus, the equilibrium scour depth 

was reached immediately after the scour hole ‘touched’ pile-cap’s top, which happened within 

a period much shorter than other tests after scour initiation. With a small skew angle, e.g. Test 

A2 (α=15°), a rapid increase in scour depth can be observed after the pile-cap was significantly 

exposed. Although the scour development of Test A2 before 1000 seconds is quite similar to 

that of Test A1, the highly exposed side faces of the pile-cap magnified the down-flow and 

horseshoe vortex acting directly on the bottom of the scour hole, leading to an equilibrium 

scour depth about 4 times that of Test A1. In contrast, the difference between Test A3 (α=30°) 

and A4 (α=45°) is much smaller, which means the scour patterns of highly skewed complex 

piers are similar and insensitive to the variation of skew angle.  
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Figure 4.8 The effect of pier skew angle on scour temporal evolution (𝑦0=0.25-m): (a) Test 

A1-A4 (𝐻𝑐=-0.06-m); (b) Test B1-B4 (𝐻𝑐=0.03-m); (c) Test C1-C4 (𝐻𝑐=0.12-m). 

In Figure 4.8(b), a “plateau stage” of Test B1 is quite obvious before the scour hole effectively 

exposed the vertical piles and cleared the space under the pile-cap. The scour depth then 

increased rapidly, due to the strong erosional ability of the flow passing through the space under 

the pile-cap and coming out from the gaps at both sides.  This erosional sequence was identified 

by Beheshti and Ataie-Ashtiani (2010, 2016). The similar trend can also be found in Figure 

4.6(a) for test M2H that, according to Moreno et al. (2015), the abrupt increase occurred 

together with the transfer of the most scoured location. The trend of Test B2 is quite similar to 

A2, while the scour depth differences between Test B2~B4 at near-equilibrium stage are similar 

with no abrupt variation. Figure 4.8(c) shows a much more uniform trend for tests where the 

pile-cap was under water but entirely above the original bed.  Scour then occurs at the vertical 

piles. Scour depth and scour temporal evolution then are generally less sensitive to pier skew 

angle.  

When the pile-cap is partly or completely buried in the bed, there can be a highly complex 

scouring mechanism with resulting uncertainties, especially with a non-zero pier skew angle. 

The previous complex flow features as mentioned by Beheshti and Ataie-Ashtiani (2010, 2016), 

including the pressurized flow under the pile-cap, the clockwise vortex at both sides of the pile-

cap, and the downward/upward flow at the pier face and rear, may all be influenced when the 
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pier components are exposed progressively rather than simultaneously. Besides, the flow field 

will become distorted and asymmetric when the pier is skewed, and downflow and flow 

contraction caused by the column will be much strengthened. One consequence is that an abrupt 

increase of scour depth may occur under a previously stable equilibrium condition (e.g., Test 

A1) when flow direction changes slightly. This change may lead to another new equilibrium 

with over 4 times the original equilibrium scour depth (e.g., Test A2).  

4.6.2 Effect of Pile-cap Elevation on Skewed Complex Piers 

Results obtained by Yang et al. (2018) suggest that the equilibrium scour depth for aligned 

piers is a maximum when the pile-cap is partially buried, but that equilibrium scour depth for 

skewed piers may keep increasing with increasing burial of the pile-cap under the original bed.  

The column’s contribution to scour may increase significantly with larger skew angle and with 

deeper burial under the original bed. Figure 4.9 shows the effect of pile-cap elevation on scour 

temporal elevation at skewed complex bridge piers in the present study.  The leader lines of 

the legends mark the positions of the original bed before scour initiation. Similar to Figure 4.8, 

the scour evolution curves included in Figure 4.9 correspond to the fitted curves to better 

display the general trends. It can be seen in Figure 4.9(a) that, for aligned piers with a partially 

buried pile-cap, scour started at a comparatively low rate, but led to the largest equilibrium 

scour depth. This is in accord with the previous conclusions of Yang et al. (2018). With a small 

skewed angle (e.g. 15° in Test A2), in Figure 4.9(b), the lowest initial scour rate eventually led 

to the largest equilibrium scour depth. There is a consistent general temporal trend for highly 

skewed piers, as shown in Figure 4.9(c) and 4.9(d), except that the scour depth is higher for 

piers with a lower pile-cap position. It can be concluded that, for highly skewed piers for which 

the pile-cap can be exposed in a short time after scour initiation, the time-dependent scour 

depth and the scour development rate are proportional to the burial depth of the column. Under 
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such circumstances, the column makes the largest contribution to scour development due to the 

enlarged blockage to flow and the corresponding down-flow.  

Generally, the most uncertain situation is an aligned pier with a deeply buried pile-cap, where 

equilibrium may be disturbed and scour may re-initiate by small disturbances such as a slight 

change of flow direction or bed degradation. Scour may also be magnified several times during 

the breakup of the original equilibrium until a new equilibrium is attained.  

 

Figure 4.9 The effect of pile-cap elevation on scour at complex pier with different skew 

angle: (a) Test A1, B1 and C1 (α=0°); (b) Test A2, B2 and C2 (α=15°); (c) Test A3, B3 and 

C3 (α=30°); (d) (b) Test A4, B4 and C4 (α=45°). 
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4.7 Scouring Processes at Complex Pier Components  

The exposure of complex piers during the entire scouring process can be classified into several 

stages according to the pier-flow interaction type and the different scour rate at each stage, 

which can also be observed based on the scour evolution curves shown in Figure 4.7 and Figure 

4.8. In the present study, four stages were identified: initiation, stagnation, a developing stage 

and equilibrium. The classification is highly dependent on pile-cap elevation, pier alignment 

and pier component geometry, and it is also based on the stages defined by Ettema (1980) for 

a single-column pier. The detailed description of the observed phenomena are discussed in the 

following subsections to explain how the non-uniform pier shape influences the scour hole 

development. 

4.7.1 Aligned Complex Piers 

For complex piers aligned to the approaching flow, the most complicated scouring process 

occurs when the pile-cap is fully buried by the original bed but can still be exposed during 

scouring process. The progressive exposure of the pier components then enables the different 

stages of the scouring mechanism and rate. Such stages have also been described by Moreno 

et al. (2015) and can also be found in Figure 6 based on the experimental data. Figure 4.10 

shows the entire process in which an aligned complex pier is exposed by scour. At the initiation 

stage (Figure 4.10(a) ~ (b)), scour starts at the leading face of the column and develops rapidly 

until the top of the pile-cap is exposed.  This stage is then followed by a long stagnation stage 

(Figure 4.10(b) ~ (c)), during which the down-flow caused by the column is intersected by the 

pile-cap.  The scour rate decreases significantly, with only a slow expansion of the scour hole. 

The stagnation stage ends when the leading face of the pile-cap is significantly exposed, while 

the down-flow is enhanced again by the pile-cap to accelerate the scouring process. At the 

developing stage (Figure 4.10(d) ~ (e)), the flow is pressurized and passes through the space 
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under the pile-cap with a significantly higher scouring rate than the stagnation stage. This 

mechanism was also mentioned by Beheshti and Ataie-Ashtiani (2016).  During this stage, all 

the pier components are exposed, and the basic shape of the equilibrium scour hole is formed. 

Finally, the scouring rate decreases to be negligible, and the equilibrium stage is reached 

(Figure 4.10(f)).  When the pile-cap of an aligned pier is partially buried by, or entirely above 

the original bed, the scouring process is much simpler, with no significant stagnation stage.  

 

Figure 4.10 The observed scour process at an aligned complex pier with its pile-cap initially 

fully buried by the original bed. 

4.7.2 Skewed Complex Piers with the Pile-cap Buried by the Original Bed 

When a complex pier is skewed to the approaching flow, the scour mechanism is much more 

complicated than that with aligned piers, and the scour pattern and flow field are significantly 

asymmetric. Similarly to aligned piers, the most complex scour process occurs when the pile-

cap is completely buried by the original bed. The four stages defined above can then be 

observed and are described in detail below.  
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Figure 4.11 The observed scour process at an skewed complex pier with pile-cap being fully 

buried by the original bed. 

Initiation stage: Scour starts from two lateral corners of the column and rapidly deepens until 

the top of the pile-cap is exposed. The scour depth increases rapidly in this stage, which is 

usually short and highly dependent on the burial depth of the pile-cap. This stage is shown in 

Figure 4.11(a) ~ (b). 

Stagnation stage: The top of the exposed pile-cap intercepts the down-flow caused by the 

column, thereby preventing the horseshoe vortex from acting on bed sediment particles directly. 

Thus, in this stage, the scouring rate is significantly reduced, while the remaining sediment on 

the pile-cap is slowly eroded away until the pile-cap’s vertical sides start to be exposed. This 

stage is shown in Figure 4.11(c). A special situation occurs when the pile-cap is deeply buried, 

and the scour hole reaches the top of the pile-cap but the scour mechanism is not strong enough 

to expose the vertical sides of the pile cap.  Then the equilibrium scour depth is simply the 

original burial depth of the pile-cap. 
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Developing stage: The exposed vertical sides of the pile-cap enhance the down-flow and the 

corresponding horseshoe vortex, accelerating the scouring rate and eventually exposing the pile 

group underneath. Thereafter, the flow is pressurized and passes through the space under the 

pile-cap, creating a significant excavating effect and transporting sediment downstream from 

the rear of the pile-cap. This stage can last for a long time if the pile-cap is deeply buried, 

during which the general equilibrium scour pattern is formed. The approaching flow, which is 

separated by the pier, creates paths at each flank of the pier, with energetic wake vortices 

spreading and transporting sediment downstream. A deposition dune area downstream of the 

scour hole can also be observed with a distinctly higher elevation than the surrounding bed. 

The final scour pattern is basically formed during this stage, while the maximum scour depth 

is approached at the downstream end of the upstream row of vertical piles (pile A3 or A4).This 

stage is shown in Figure 4.11(d) ~ (e). 

Equilibrium stage: With further development of the scour hole, the scour depth does not 

increase, or increases at a negligible rate. Commonly, the maximum equilibrium scour depth 

occurs at the downstream end of the upstream pile row (pile A3 or A4), in accord with the 

results stated by Zhao and Sheppard (1998) and Lança et al. (2010) for scour pattern at skewed 

pile groups.  

4.7.3 Skewed Complex Piers with the Pile-cap Partially Buried by or above the Original 

Bed 

When the pile-cap is only partially buried by the original bed, as shown in Figure 4.12(a)-(c), 

the stagnation stage does not exist, because the pile-cap’s unburied vertical sides cause rapid 

excavation and expose the entire pile-cap in a very short time. The scouring process initiates 

from the two lateral corners of the pile-cap (Figure 4.12(a)) and quickly forms one big scour 

hole exposing the vertical piles (Figure 4.12(b)). Eventually, the equilibrium stage is reached, 

as shown in Figure 4.12(c).   
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When the pile-cap is completely above the original bed (Figure 4.12(d)-(f)), the entire scouring 

process is much simpler. Scour initiates at each single vertical pile (Figure 4.12(d)), especially 

at the two lateral corners of the pile group, and the small scour holes at each individual pile 

rapidly expand and merge into a large scour hole including all the vertical piles (Figure 4.12(e)). 

The compression of flow under the pile-cap is not as strong as the other situations mentioned 

above, due to the high position of the pile-cap.  There is a smooth transition from the developing 

stage to the equilibrium stage with the final scour hole (Figure 4.12(f)).  

 

Figure 4.12 The observed scour process at skewed complex piers with: (a)-(c) partially buried 

pile-cap; (d)-(f) fully exposed pile-cap. 

4.8 Time-scale and Design Approach 

Melville and Chiew (1999) confirmed that equilibrium scour time 𝑡𝑒 and equilibrium scour 

depth 𝑑𝑠𝑒  have similar dependence on the same set of parameters, i.e., flow intensity ratio 

(𝑈/𝑈𝑐), flow shallowness ratio (𝑦0/𝐷, where 𝐷 is replaced by 𝐷𝑒) and sediment coarseness 
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ratio (𝐷/𝑑50, where 𝐷 is again replaced by 𝐷𝑒). They therefore proposed the equilibrium time 

scale 𝑡∗  to quantify the influence of the above parameters on equilibrium scour time  𝑡𝑒 , 

where 𝑡∗ = 𝑈𝑡𝑒/𝐷. 

Moreno et al. (2015) validated the use of the Sheppard-Melville equation (S-M for short) 

method to estimate the equilibrium reference time 𝑡𝑒. The concept of the S-M method was first 

proposed by Sheppard et al. (2011) as a meld of two sets of equation: the equation of Sheppard 

and Renna (2010) for calculating equilibrium pier scour depth, and the equation adapted from 

Melville and Chiew (1999) concerning the temporal evolution of time-dependent scour depth. 

Ettema et al. (2017) recommended adopting the S-M method for engineering practice. The 

equations of the S-M method for calculating scour temporal evolution are: 

𝑑𝑠𝑡 = 𝐾𝑡𝑑𝑠𝑒                                                                                  (𝐸𝑞. 4.8) 

𝐾𝑡 = 𝑒𝑥𝑝 {𝐶1 |
𝑈𝑐
𝑈
𝑙𝑛 (

𝑡
𝑡𝑒
)|
1.6

}                                                               (𝐸𝑞. 4.9) 

𝑡𝑒 (𝑑𝑎𝑦𝑠) = 𝐶2
𝐷𝑒
𝑈
(
𝑈
𝑈𝑐
− 0.4) ,    𝑓𝑜𝑟 

𝑦0
𝐷𝑒
> 6  𝑎𝑛𝑑  

𝑈
𝑈𝑐
> 0.4                                (𝐸𝑞. 4.10) 

𝑡𝑒 (𝑑𝑎𝑦𝑠) = 𝐶3
𝐷𝑒
𝑈
(
𝑈
𝑈𝑐
− 0.4)  (

𝑦0
𝐷𝑒
)
0.2
,    𝑓𝑜𝑟 

𝑦0
𝐷𝑒
≤ 6  𝑎𝑛𝑑  

𝑈
𝑈𝑐

> 0.4                          (𝐸𝑞. 4.11) 

𝑡90 (𝑑𝑎𝑦𝑠) = 𝑒𝑥𝑝 (−1.83
𝑈
𝑈𝑐
) 𝑡𝑒                                                         (𝐸𝑞. 4.12) 

where 𝑑𝑠𝑡 =  time-dependent scour depth, 𝑑𝑠𝑒 =  equilibrium scour depth, 𝐾𝑡 =  time-scale 

factor, 𝐶1 = −0.04, 𝐶2 = 200 𝑑𝑎𝑦𝑠/𝑠𝑒𝑐, 𝐶3 = 127.8 𝑑𝑎𝑦𝑠/𝑠𝑒𝑐, 𝑡𝑒 = equilibrium reference 

time and 𝑡90 = time to reach 90% of equilibrium scour depth. Comparison of 𝑡𝑒  with the 

equilibrium time estimated by curve fitting as introduced in the previous sections (𝑇𝑒) suggests 

good agreement, as shown in Figure 4.13.  This indicates that the S-M method is suitable for 
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predicting the equilibrium time for a complex pier when pier diameter D is replaced by 

equilibrium pier width 𝐷𝑒. It should also be noted that Test A1 is removed form Figure 4.13 as 

it is a unique case that scour depth stopped deepening immediately after the scour hole touched 

the top of the pile-cap. Under such circumstances, curve fitting may not apply anymore, and 

the time needed to reach equilibrium is usually very short and predictable.  

 

Figure 4.13 Comparison between the calculated equilibrium reference time by S-M method 

(te) and that estimated using curve fitting (Te). 

Figure 4.14 shows the effect of flow shallowness ratio (𝑦0/𝐷𝑒) and sediment coarseness ratio 

(𝐷𝑒/𝑑50) on equilibrium time scale in the present study. The equations for flow shallowness 

factor and sediment coarseness factor proposed by Yang et al. (2018), which have been 

modified for predicting equilibrium scour depth at complex piers, are also plotted in the figure 

as solid curves (with the scale shown on the right axis). The equations are: 

𝑓𝑠ℎ𝑎𝑙𝑙𝑜𝑤𝑛𝑒𝑠𝑠 = 𝑡𝑎𝑛ℎ [(
𝑦0
𝐷𝑒
)
0.65

]                                                          (𝐸𝑞. 4.13) 
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𝑓𝑐𝑜𝑎𝑟𝑠𝑒𝑛𝑒𝑠𝑠 =
 𝐷𝑒/𝑑50

69.25( 𝐷𝑒/𝑑50)−0.34 + 0.14( 𝐷𝑒/𝑑50)1.41
                                (𝐸𝑞. 4.14) 

To eliminate the influence of other non-dimensional parameters, the equilibrium time scale in 

Figure 4.14 has also been adjusted using the method proposed by Yang et al. (2018). It can be 

seen that, in both of Figure 4.14(a) and 4.14(b), the experimental data (scatter points) follow a 

similar trend to scour depth (solid curves), i.e., the effect of flow shallowness diminishes 

when 𝑦0/𝐷𝑒is larger than about 6, and the sediment coarseness factor peaks when 𝐷𝑒/𝑑50 is 

equal to about 70~80. The results confirm that the equilibrium time scale and equilibrium scour 

depth, for complex piers, are inherently interdependent and have similar dependence on the 

same set of parameters as found by Melville and Chiew (1999) for simple piers. Therefore, the 

integration of the Sheppard-Melville method and the modification by Yang et al. (2018) 

provide a reasonable capability of predicting both equilibrium scour depth and equilibrium time 

scale at complex piers under clear-water conditions. Specifically, the relationship between 

time-scale and the two non-dimensional parameters for 𝑈/𝑈𝑐 ≥ 0.9 can be expressed as: 

𝑡∗ = 𝜑𝑡𝑎𝑛ℎ [(
𝑦0
𝐷𝑒
)
0.65

]                                                               (𝐸𝑞. 4.15) 

𝑡∗ = 𝜑
 𝐷𝑒/𝑑50

69.25( 𝐷𝑒/𝑑50)−0.34 + 0.14( 𝐷𝑒/𝑑50)1.41
                                    (𝐸𝑞. 4.16) 

where 𝜑=0.01176.  
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Figure 4.14 The effect of pier parameters on equilibrium time scale: (a) the effect of flow 

shallowness; (b) the effect of sediment coarseness. Please note that the scatter points 

correspond to the left vertical axis, and the solid curve corresponds to the right vertical axis. 
 

 

Figure 4.15 The normalized temporal evolution of scour depth: (a) Test A1-A4 (𝐻𝑐=-0.06-

m); (b) Test B1-B4 (𝐻𝑐=0.03-m); (c) Test C1-C4 (𝐻𝑐=0.09-m); (d) Test D1-D5 (α=0°). The 

shaded area corresponds to the suggested range constrained by Eq. 4.8 and Eq. 4.9. 
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Figure 4.15 shows the normalized temporal evolution of scour depth in the present study, with 

pier skew angle 𝛼 or pile-cap elevation 𝐻𝑐  as the third variable. The non-dimensional ratio 

𝑑𝑠/𝑑𝑠𝑒 and 𝑡/𝑡𝑒 constrain the curve of each test to always pass through the point (1, 1). Eq. 4.9 

of the S-M method for single piers is also plotted in the figure with the same flow intensity 

ratio (𝑈/𝑈𝑐=0.9). It can be found that the scour developing percentage rate for all the skewed 

complex piers is higher than the single-column pier curve, while the rate for aligned piers is 

generally lower than that for a single-column pier. It indicates that, compared with a single-

column piers, it takes a larger fraction of the equilibrium time for aligned complex piers  to 

reach, e.g., 90% percent of equilibrium scour depth, but a lesser time fraction for skewed piers. 

The only exception for complex piers is Test D1, as shown Figure 4.15(d), that the scour hole 

quickly exposed the top of the pile-cap and then developed very slowly before reaching 

equilibrium. Thus, a suggested design area is proposed in the present study as shown by the 

shaded area, which can be expressed as: 

𝐾𝑡_𝑢𝑙 = 𝑒𝑥𝑝 {−0.025 |
𝑈𝑐
𝑈
𝑙𝑛 (

𝑡
𝑡𝑒
)|
1.6

}                                                 (𝐸𝑞. 4.17) 

𝐾𝑡_𝑙𝑙 = 𝑒𝑥𝑝 {−0.12 |
𝑈𝑐
𝑈
𝑙𝑛 (

𝑡
𝑡𝑒
)|
1.6

}                                                    (𝐸𝑞. 4.18) 

Eq. 4.17 and Eq. 4.18 provide, respectively, the suggested upper and lower limit for scour 

percentage rate prediction. Sheppard et al. (2011) suggested that the time to 90% of equilibrium 

scour depth is more useful, as the absolute equilibrium is very difficult to attain. Thus, for 

aligned complex piers, Eq. 4.18 is recommended to replace Eq. 4.9 and provide a more 

conservative value for the underestimated 𝑡90 , especially when the pile-cap is near the original 

bed. 

Generally, we recommend using the equations of Yang et al. (2018) and the adjusted temporal 

evolution equation to calculate the time-dependent scour depth at complex bridge piers. 
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4.9 Conclusion 

The new findings and conclusions made in the present study include: 

1. Equilibrium scour depths were estimated using curve fitting and extrapolation to 

infinite time. Fitting functions proposed by previous studies were extended to improve 

accuracy. It was found that the 5-term functions could be fitted closer to the experimental data 

and these functions are therefore recommended. 

2. For aligned complex piers, the maximum scour depth occurs at the leading end of the 

pier, either under the pile-cap’s leading edge or at the first-row piles. For skewed complex piers, 

scour is initiated from both of the lateral corners of the pier, and the maximum scour depth 

eventually occurs at the downstream end of the upstream side of the pier. The pier components 

tend to be exposed rapidly by the skewed approaching flow, as the column contributes greatly 

to flow blockage and the corresponding down-flow. 

3. For aligned complex piers, the temporal evolution of scour tends to be more sensitive 

to relative pile-cap position if the relative column width  𝐷𝑐/𝐷p𝑐  is smaller, as the 

comparatively weak down-flow caused by the narrow column is intercepted by the pile-cap 

extension and cannot effectively act on bed materials. The effect of  𝐷𝑐/𝐷p𝑐 diminishes for 

highly skewed piers. 

4. For skewed complex piers having the pile-cap entirely above the original bed, the 

sensitivity of scour temporal evolution to skew angle is weak. It is also suggested that, for 

skewed complex piers with a deeply buried pile-cap, the column’s blockage to flow, which is 

proportional to pier skew angle, becomes critical, as most of the scour-inducing flow features 

will be caused by the column, e.g. the down-flow at the column face and the flow contraction 

at the both flanks.  
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5. Four scour development stages were identified for complex piers, including the 

initiation stage, the stagnation stage, the developing stage and the equilibrium stage. The 

characteristics of each stage are highly dependent on the relative position of the pile-cap as 

well as how the pier components are exposed successively.  

6. The equilibrium time scale (𝑡∗) and the equilibrium scour depth for complex piers (𝑑𝑠𝑒) 

have similar dependence on flow shallowness ratio (𝑦0/𝐷𝑒) and sediment coarseness ratio 

(𝐷𝑒/𝑑50), which is similar to single-column piers as concluded by Melville and Chiew (1999). 

The equation proposed by Yang et al. (2018) shows good agreement with the experimental 

time scale data in the present study.  

7. The percentage rate of scour development for skewed complex piers is higher than for 

single-column piers, while the rate for aligned piers is generally significantly lower than for 

single-column piers. A new equation is proposed to correct the possibly underestimated 𝑡90 for 

aligned piers. Generally, the method of Yang et al. (2018) and the corrected equation are 

recommended for scour prediction at complex piers.    
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Chapter 5  
 

Live-bed scour at wide and long skewed 

column-only piers  
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5.1 Introduction 

Live-bed scour at bridge pier occurs when the mean velocity of the approaching flow exceeds 

the threshold for sediment motion in the channel, leading to the existence of bed-forms. The 

current research on live-bed scour is insufficient due to the difficulties of controlling bed 

mobility in laboratory and monitoring varying scour depth through flow surface. The early 

studies of live-bed scour, including Chabert and Engeldinger (1956), Laursen and Toch 

(1956),Laursen (1962), Shen (1966), Hancu (1971), White (1975), Breusers et al. (1977) and 

Jain and Fischer (1979, 1980) all concluded that the scour depth decreases when the mean 

approach flow velocity exceeds the critical velocity of sediment. Chee (1982), Melville (1984) 

and Chiew (1984) defined two scour depth peaks based on flow intensity, namely the clear-

water threshold peak (i.e., the first peak) and the transitional flat-bed stage (i.e., the second 

peak or the live-bed peak). Kothyari et al. (1992) presented a model for predicting live-bed pier 

scour depth. Sheppard and Miller (2006) proved that the normalized scour depth is less 

dependent on sediment coarseness ratio 𝐷/𝑑50 with higher flow velocity. Ettmer et al. (2015) 

used artificial polystyrene sediment and found that scour depth increases continuously with 

increasing flow velocity, which is, however, in contrast to most of other studies. Hong et al. 

(2016) and Radice and Lauva (2017) also demonstrate the relationship between approaching 

dune and scour depth fluctuation.  

It should be noted that all the studies mentioned above were performed using single pier models 

with uniform cross-sectional shape, which is only a special case for complex piers when the 

pile-cap is deeply buried under the bed and will not be exposed during the scouring process, as 

shown by Figure 5.1. A typical complex pier consists of three components: a wall-like pier 

column supporting the bridge deck and other superstructures, a pile-cap beneath the column, 

and a group of slender piles supporting both the column and the pile-cap. Plenty of currently 

functional complex pier columns have large aspect ratios, which tends to cause a significant 
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increase of flow blockage width when the pier is skewed to the approaching flow (i.e., a 

relatively small flow depth-to-pier size ratios ratio 𝑦0/𝐷). However, a significant gap of the 

existing studies on live-bed pier scour is that most 𝑦0/𝐷 ratios were quite high, as the sizes of 

facilities and models were not large enough. Ettema et al. (2011) identified three flow-field 

scale categories based on  𝑦0/𝐷 , including narrow-pier (𝑦0/𝐷>1.4), transition-pier (1.4 >

𝑦0/𝐷 ≥ 0.2) and wide-pier (𝑦0/𝐷 < 0.2). The live-bed scour data in transition- and wide-pier 

categories are highly insufficient, especially for  𝑦0/𝐷 < 1 , which is very common for 

prototype piers in field. It is the impetus of the present study.  

 

Figure 5.1 Schematic drawing of a deeply buried complex bridge pier only with the pier 

column contributing to scour. 

It has been widely accepted that the normalized scour depth (𝑑𝑠/𝐷) at bridge pier is mainly 

dependent on three non-dimensional parameters, including flow shallowness ratio (𝑦0/𝐷), flow 

intensity ratio (𝑈/𝑈𝑐), and sediment coarseness ratio (𝐷/𝑑50). For piers in transition- and wide-

pier categories, the importance of flow shallowness ratio (𝑦0/𝐷) becomes greater, and we are 

still in lack of a good understanding of this factor. As explained by Ettema et al. (2011), the 
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scour-producing power of the approaching flow is weakened with decreased 𝑦0/𝐷. For narrow-

pier (𝑦0/𝐷>1.4), the scour-producing turbulence coherent structures, including horseshow 

vortex and wake vortices have sufficient space for full development and are very energetic. For 

transition-pier (1.4 > 𝑦0/𝐷 ≥ 0.2), the reduced space weakens the down-flow at pier face, so 

the horseshoe vortex is weakened accordingly.  Besides, wake vortices are also weakened by 

the increased bed friction in a shallower flow. For wide-pier (𝑦0/𝐷 < 0.2), the down-flow and 

horseshoe vortex at pier face are further weakened, and the main scour-producing turbulence 

structures are wake vortices and part of horseshoe vortex around the pier flanks. Flow is more 

modified by the increased blockage and is swept laterally at pier face, making the maximum 

scour depth to occur at the pier flanks. 

Due to such complex flow-field features in shallow water, Ettema et al. (2017) identified a 

critical need for more studies on scour at transition- and wide-piers, especially under live-bed 

regime. Besides, for non-circular slab (long) pier, only very few clear-water data can be found, 

including Mostafa et al. (1993, 1996), Mostafa (1994) and Ettema et al. (1998).  Therefore, 

more live-bed data for this pier form are also needed. 

The goals of the present study are: (1) to provide data to fill the above-mentioned gap in the 

current dataset; (2) to verify the accuracy of the existing predictors and propose a modification 

based on the new data. 

5.2 The Sheppard-Melville method 

The concept of the Sheppard-Melville (S-M)  method was first proposed by Sheppard et al. 

(2011) as a meld of two sets of equations: the equations of Sheppard and Renna (2010) for 

calculating equilibrium pier scour depth, and equations adapted from those of Melville and 

Chiew (1999) concerning the influence of the time-scale on scour evolution. Ettema et al. (2017) 

recommend adopting the Sheppard-Melville method for engineering practice and further 
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modification. For live-bed pier scour, the Sheppard-Melville method provides a structured and 

comprehensive framework taking the influence of flow intensity, flow shallowness, and 

sediment coarseness into account as separate factors. Thus, modifications are comparatively 

easily performed and tested. The equations of the Sheppard-Melville method for calculating 

equilibrium scour depth are listed below. 

In the clear-water scour range (0.47<𝑈
𝑈𝑐

<1): 

𝑑𝑠
𝐷
= 2.5𝑓1𝑓2𝑓3                                                                            (𝐸𝑞. 5.1) 

In the live-bed scour range up to the live-bed peak (1<𝑈
𝑈𝑐

<𝑈𝑙𝑝
𝑈𝑐

): 

𝑑𝑠
𝐷
= 𝑓1 {2.2(

𝑈
𝑈𝑐
− 1

𝑈
𝑈𝑙𝑝

− 1
) + 2.5𝑓3 (

𝑈𝑙𝑝
𝑈𝑐

− 𝑈
𝑈𝑐

𝑈𝑙𝑝
𝑈𝑐

− 1
)}                                       (𝐸𝑞. 5.2) 

In the live-bed scour range above the live-bed peak (𝑈
𝑈𝑐

>𝑈𝑙𝑝
𝑈𝑐

): 

𝑑𝑠
𝐷
= 2.2𝑓1                                                                                   (𝐸𝑞. 5.3) 

The factors 𝑓1, 𝑓2 and 𝑓3 in Eq. 5.1 ~ 5.3 are expressed as: 

𝑓1 = 𝑡𝑎𝑛ℎ [(
𝑦0
𝐷
)
0.4
]                                                                     (𝐸𝑞. 5.4) 

𝑓2 = 1 − 1.2 [𝑙𝑛 (
𝑈
𝑈𝑐
)]
2

                                                                  (𝐸𝑞. 5.5) 

𝑓3 =
𝐷/𝑑50 

0.4(𝐷/𝑑50)1.2 + 10.6(𝐷/𝑑50)−0.13
                                              (𝐸𝑞. 5.6) 

The flow velocity for the live-bed peak, 𝑈𝑙𝑝, can be calculated according to: 
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𝑈𝑙𝑝1 = 5𝑈𝑐                                                                             (𝐸𝑞. 5.7) 

𝑈𝑙𝑝2 = 0.6√𝑔𝑦0                                                                       (𝐸𝑞. 5.8) 

𝑈𝑙𝑝 = max(𝑈𝑙𝑝1, 𝑈𝑙𝑝2)                                                              (𝐸𝑞. 5.9) 

5.3 Experimental set-up 

The experiments were performed in a 2.4-m wide, 0.6-m deep and 25-m long sediment 

recirculating flume in the Fluid Mechanics Laboratory at The University of Auckland. The 

flume slope is adjustable up to 1% slope. A 4.0-m long, 0.6-m deep test section is located 11-

m downstream from the inlet section for scour experiments. For live-bed tests, the test section 

was filled with sediment, as was the entire channel to a depth of 140-mm. The sediment used 

in the present study was uniform quartz sand with median particle diameter 𝑑50=0.84-mm and 

geometrical standard deviation 𝜎𝑔=1.30. This particle size is considered as non-cohesive and 

non-ripple-forming.  

Two circular pier models were used, with diameters 𝐷1 =0.30-m and 𝐷2 =0.16-m. A slab (long) 

pier model was used in the present study with a rectangular cross-sectional shape, and it is 

0.31-m in length (L) and 0.03-m in width (W). The skew angles (𝛼 ) used for the long pier were 

0°, 15°, 30°, 45°, 60°, and 90°.  

For the larger circular pier or the long pier with 90° skew angle, the pier width-to-flume width 

ratio was equal or close to 1:8, which is enough for avoiding contraction scour in channel as 

stated by Shen (1966). The detailed experimental design of the present study is shown in Table 

1 and Table 2. In Table 2, the equivalent pier width 𝐷𝑒 for non-circular pier is defined as the 

diameter of an assumed circular pier that leads to the same scour depth as the non-circular pier. 

This definition was firstly proposed by Melville and Raudkivi (1996) and was also supported 
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by Melville and Coleman (2000). In the present study, the pier equivalent width was calculated 

using the equations from Sheppard and Renna (2010). 

The relationship between mean flow velocity and pump frequency was calibrated using a 

Nortek Vectrino+ ADV. Scour depth and bed-form height were measured using a SeaTek 

multiple transducer array instrument (MTA). The calibration and filtering method of the MTA 

data is described in detail by Guan et al. (2015) and Wang et al. (2018). Figure 5.2 shows the 

set-up of pier models and MTA transducers. For one test series, a new test was the continuation 

of the previous one with a higher flow velocity. Data recording for each test was stopped after 

an adequate number of bed-forms and scour depth fluctuations had been recorded, making the 

time-averaged sediment transport rate in and out of the scour hole equal.  This number is 

considered reached when the time-averaged scour depth converges. For the measured file of 

each test, the first 20% of data were abandoned before processing to remove the scour 

developing phase immediately after changing the flow condition. 

Table 5.1 Experimental design of circular piers 

Series 𝑫 (m) 𝒚𝟎 (m) 𝒚𝟎/𝑫 (m) 𝑫/𝒅𝟓𝟎 𝑼/𝑼𝒄 

S1 0.30 0.06 0.20 357 0.85~5.2 

S2 0.30 0.10 0.33 357 0.85~5.5 

S3 0.30 0.15 0.50 357 0.85~4.9 

S4 0.16 0.15 0.94 190 0.85~5.5 
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Table 5.2 Experimental design of long skewed pier 

Series L (m) W (m) 𝒚𝟎 (m) 𝜶 (°) 𝑫𝒆 (m) 𝒚𝟎/𝑫𝒆 𝑫𝒆/𝒅𝟓𝟎 𝑼/𝑼𝒄 

S5 0.31 0.03 0.10 0 0.037 2.703 44 0.9~5.3 

S6 0.31 0.03 0.10 15 0.102 0.980 121 0.9~5.3 

S7 0.31 0.03 0.10 30 0.157 0.637 187 0.9~5.3 

S8 0.31 0.03 0.10 45 0.207 0.483 365 0.9~5.3 

S9 0.31 0.03 0.10 60 0.245 0.408 292 0.9~5.3 

S10 0.31 0.03 0.10 90 0.381 0.262 454 0.9~5.3 
 

 

Figure 5.2 Schematic drawing of arrangement of models and transducers (unit: mm): (a) 

circular pier; (b) slab (long) pier. 

5.4 Test results  

Results of the tests of circular piers are shown in Table 5.3, and those of the long skewed pier 

are shown in Table 5.4. Considering that scour depth under the live-bed regime fluctuates due 

to bed-form movement, the scour depth 𝒅𝒔_𝒂𝒗  listed is the time-averaged value after the 

dynamic equilibrium has been reached. Besides, according to the previous studies, including 

Shen (1966), Chiew (1984) and Melville and Coleman (2000), adding the mean bed-form 

height to the mean scour depth is sufficient to ensure safety. Thus, in the following sections of 

this chapter, scour fluctuation will not be discussed specifically. 
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Table 5.3 Test results of circular piers (S1~S4). 

Series 𝑫 (m) 𝒚𝟎   (m) 𝒚𝟎/𝑫 𝑼/𝑼𝒄 𝒅𝒔_𝒂𝒗/𝑫 
S1.1 0.3 0.06 0.20 0.85 0.76 
S1.2 0.3 0.06 0.20 1.3 0.54 
S1.3 0.3 0.06 0.20 1.6 0.53 
S1.4 0.3 0.06 0.20 1.9 0.55 
S1.5 0.3 0.06 0.20 2.2 0.56 
S1.6 0.3 0.06 0.20 2.5 0.57 
S1.7 0.3 0.06 0.20 2.8 0.61 
S1.8 0.3 0.06 0.20 3.1 0.62 
S1.9 0.3 0.06 0.20 3.4 0.68 
S1.10 0.3 0.06 0.20 3.9 0.70 
S1.11 0.3 0.06 0.20 4.4 0.75 
S1.12 0.3 0.06 0.20 4.9 0.75 
S1.13 0.3 0.06 0.20 5.2 0.77 
S1.14 0.3 0.06 0.20 5.5 0.79 
S2.1 0.3 0.10  0.33 0.85 0.90 
S2.2 0.3 0.10 0.33 1.3 0.67 
S2.3 0.3 0.10 0.33 1.6 0.66 
S2.4 0.3 0.10 0.33 1.9 0.63 
S2.5 0.3 0.10 0.33 2.2 0.65 
S2.6 0.3 0.10 0.33 2.5 0.67 
S2.7 0.3 0.10 0.33 2.8 0.70 
S2.8 0.3 0.10 0.33 3.1 0.75 
S2.9 0.3 0.10 0.33 3.4 0.80 
S2.10 0.3 0.10 0.33 3.7 0.82 
S2.11 0.3 0.10 0.33 4 0.87 
S2.12 0.3 0.10 0.33 4.3 0.86 
S2.13 0.3 0.10 0.33 4.6 0.85 
S2.14 0.3 0.10 0.33 4.9 0.86 
S2.15 0.3 0.10 0.33 5.2 0.86 
S2.16 0.3 0.10 0.33 5.5 0.86 
S3.1 0.3 0.15 0.50 0.85 1.01 
S3.2 0.3 0.15 0.50 1.3 0.79 
S3.3 0.3 0.15 0.50 1.6 0.78 
S3.4 0.3 0.15 0.50 1.9 0.76 
S3.5 0.3 0.15 0.50 2.2 0.78 
S3.6 0.3 0.15 0.50 2.5 0.81 
S3.7 0.3 0.15 0.50 2.8 0.85 
S3.8 0.3 0.15 0.50 3.1 0.89 
S3.9 0.3 0.15 0.50 3.4 0.94 
S3.10 0.3 0.15 0.50 3.7 1.01 
S3.11 0.3 0.15 0.50 4.3 1.06 
S3.12 0.3 0.15 0.50 4.6 1.11 
S3.13 0.3 0.15 0.50 4.9 1.08 
S4.1 0.16 0.15 0.94 0.85 1.24 
S4.2 0.16 0.15 0.94 1.3 1.11 
S4.3 0.16 0.15 0.94 1.6 1.09 
S4.4 0.16 0.15 0.94 1.9 1.14 
S4.5 0.16 0.15 0.94 2.2 1.16 
S4.6 0.16 0.15 0.94 2.5 1.17 
S4.7 0.16 0.15 0.94 2.8 1.21 
S4.8 0.16 0.15 0.94 3.1 1.27 
S4.9 0.16 0.15 0.94 3.4 1.26 
S4.10 0.16 0.15 0.94 3.7 1.34 
S4.11 0.16 0.15 0.94 4.3 1.41 
S4.12 0.16 0.15 0.94 4.9 1.46 
S4.13 0.16 0.15 0.94 5.2 1.44 
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Table 5.4 Test results of long skewed pier (S5~S10) 

Series α ( °) 𝑫𝒆 (m) 𝒚𝟎   (m) 𝒚𝟎/𝑫𝒆 𝑼/𝑼𝒄 𝒅𝒔_𝒂𝒗/𝑫𝒆 
S5.1 0 0.037 0.10 2.70 0.9 2.05 
S5.2 0 0.037 0.10 2.70 1.3 2.22 
S5.3 0 0.037 0.10 2.70 1.8 2.32 
S5.4 0 0.037 0.10 2.70 2.3 2.27 
S5.5 0 0.037 0.10 2.70 2.8 2.19 
S5.6 0 0.037 0.10 2.70 3.3 2.30 
S5.7 0 0.037 0.10 2.70 4.3 2.05 
S5.8 0 0.037 0.10 2.70 4.8 1.54 
S5.9 0 0.037 0.10 2.70 5.3 1.57 
S6.1 15 0.102 0.10 0.98 0.9 1.51 
S6.2 15 0.102 0.10 0.98 1.3 0.99 
S6.3 15 0.102 0.10 0.98 1.8 1.00 
S6.4 15 0.102 0.10 0.98 2.3 1.13 
S6.5 15 0.102 0.10 0.98 2.8 1.20 
S6.6 15 0.102 0.10 0.98 3.3 1.27 
S6.7 15 0.102 0.10 0.98 4.3 1.43 
S6.8 15 0.102 0.10 0.98 4.8 1.46 
S6.9 15 0.102 0.10 0.98 5.3 1.45 
S7.1 30 0.157 0.10 0.64 0.9 1.36 
S7.2 30 0.157 0.10 0.64 1.3 1.04 
S7.3 30 0.157 0.10 0.64 1.8 0.94 
S7.4 30 0.157 0.10 0.64 2.3 0.96 
S7.5 30 0.157 0.10 0.64 2.8 1.01 
S7.6 30 0.157 0.10 0.64 3.3 1.10 
S7.7 30 0.157 0.10 0.64 4.3 1.22 
S7.8 30 0.157 0.10 0.64 4.8 1.29 
S7.9 30 0.157 0.10 0.64 5.3 1.29 
S8.1 45 0.207 0.10 0.48 0.9 1.23 
S8.2 45 0.207 0.10 0.48 1.3 0.99 
S8.3 45 0.207 0.10 0.48 1.8 0.86 
S8.4 45 0.207 0.10 0.48 2.3 0.89 
S8.5 45 0.207 0.10 0.48 2.8 0.96 
S8.6 45 0.207 0.10 0.48 3.3 1.06 
S8.7 45 0.207 0.10 0.48 4.3 1.24 
S8.8 45 0.207 0.10 0.48 4.8 1.21 
S8.9 45 0.207 0.10 0.48 5.3 1.20 
S9.1 60 0.245 0.10 0.41 0.9 1.09 
S9.2 60 0.245 0.10 0.41 1.3 0.87 
S9.3 60 0.245 0.10 0.41 1.8 0.82 
S9.4 60 0.245 0.10 0.41 2.3 0.83 
S9.5 60 0.245 0.10 0.41 2.8 0.91 
S9.6 60 0.245 0.10 0.41 3.3 1.00 
S9.7 60 0.245 0.10 0.41 4.3 1.12 
S9.8 60 0.245 0.10 0.41 4.8 1.11 
S9.9 60 0.245 0.10 0.41 5.3 1.10 
S10.1 90 0.381 0.10 0.26 0.9 0.77 
S10.2 90 0.381 0.10 0.26 1.3 0.70 
S10.3 90 0.381 0.10 0.26 1.8 0.64 
S10.4 90 0.381 0.10 0.26 2.3 0.62 
S10.5 90 0.381 0.10 0.26 2.8 0.65 
S10.6 90 0.381 0.10 0.26 3.3 0.70 
S10.7 90 0.381 0.10 0.26 4.3 0.78 
S10.8 90 0.381 0.10 0.26 4.8 0.76 
S10.9 90 0.381 0.10 0.26 5.3 0.77 
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It is well known that the normalized average scour depth varies with increasing flow velocity, 

forming two peaks at the clear-water threshold and live-bed ‘plane-bed’ stages (i.e., live-bed 

peak). Sheppard and Miller (2006) recommend ignoring the ‘descent-ascent’ trend and 

adopting a linear approximation, based on the assumption that the two peaks represent the most 

dangerous situations. By this approach, the ideal predictor should be aimed at capturing the 

peaks, as indicated by Figure 5.3. Further, when evaluating the accuracy and safety of a 

predictor, the reference point should be the larger one of both peaks (as also shown in Figure 

5.3). Safety is guaranteed when the data at the reference point are not significantly 

underestimated.   

 

Figure 5.3 The idea of linear approximation adapted from Sheppard and Miller (2006) 

Figures 5.4 shows the data in the present study and the performance of the S-M method and 

HEC-18 method (Arneson et al. 2012), another popular predictor in the world. This figure also 

includes the performance of a modified S-M method for pier with low 𝑦0/𝐷 ratio, which will 

be introduced in detail in the following sections. It is apparent that HEC-18 method appears to 

predict the clear-water threshold scour reasonably well, but with significant overestimation 
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under the live-bed flow regime, especially for large flow intensities. The S-M method 

demonstrates a more realistic and gentle trend, although overestimation still exists. Generally, 

the level of overestimation is greater with smaller 𝑦0/𝐷  ratio. It should be noted that the 

subplot of S5 for aligned rectangular long pier shows inconsistency with high flow velocity, 

and the S-M method still reasonably envelopes the data without significant underestimation. 

The reason for the inconsistency is probably that the scour hole is too small so the influence of 

local scour can be easily weakened by the large volume of approaching sediment. 

It is also apparent from Figure 5.4 that the live-bed scour peak (which occurred around 𝑈/𝑈𝑐= 

4 to 5 in these tests) can be close to the threshold peak (S1~2, S6~9) or exceed it (S3~4). 

Previously, it was widely accepted that, for uniform coarse sediment that is non-ripple-forming, 

the scour depth at the clear-water threshold is larger than that at the live-bed peak, such finding 

being based on laboratory data using small models.  More recently, analysis of field data has 

indicated that the reverse can occur, i.e. a trend consistent with that in Figure 5.4. Most of the 

live-bed field data were collected under unsteady flood condition before scour depth reaches 

equilibrium for large flow velocity. So the live-bed peaks can be even larger than the measured 

ones. The conclusion is that larger scale tests, either at prototype scale or in the laboratory do 

indicate that the live-bed scour peak may exceed the threshold peak. 

The scour depths from the total 10 test series are plotted together as a function of flow intensity 

ratio 𝑈/𝑈𝑐 in Figure 5.5(a) and Figure 5.5(b). The trend lines are only qualitative indications. 

The trends demonstrated in these plots, in terms of scour depth dependence on 𝑈/𝑈𝑐 and 𝑦0/D, 

highlight the increase of normalized scour depth under common damaging flow conditions, 

where typically both flow depth and flow velocity rise significantly. If we jump to the side of 

dimensional consideration and take pier skewness into account, although increasing pier skew 

angle decreases the 𝑦0/D ratio and, hence, the normalized scour depth for a long skewed pier, 
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the actual scour depth value rises significantly with greater risk of failure. This situation should 

also be considered in design.  

 

Figure 5.4 Measured scour depth in the present study compared with predicted values 
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Figure 5.5 Normalized scour depth of (a) circular piers (S1~S4) and (b) long skewed pier 

(S5~S10). 

Figure 5.6 shows the comparison between four series of data (S1, S4 using circular pier, and 

S6, S10 using rectangular long pier) from the present study and part of the data from Sheppard 

and Miller (2006), which were also performed in our laboratory using the same sediment as the 

present study (𝑑50=0.84-mm), and a pier model diameter similar to that for S4.  The lines are 

also only qualitative indications. It can be observed that data for circular and rectangular long 

piers in the present study show good agreement, which suggests that using the pier equivalent 

width to incorporate circular and non-circular pier data for combined analysis is appropriate. 

The plotted data also show the differences of normalized scour depth caused by flow 

shallowness, i.e. increasing scour depth with increasing  𝑦0/D ratio. In addition, the data show 

that the live-bed scour peak can be larger than the clear-water peak, and to a greater extent with 

increasing 𝑦0/D ratio. As noted previously, this finding conflicts with that derived from tests 

using small-scale models, of which a large part were in the narrow-pier range. 
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The above discussion pertaining to the dependence of scour depth on flow shallowness can be 

summarised as follows: 1) for large-scale laboratory or prototype piers in deep water, the live-

bed scour peak exceeds the clear-water threshold peak; 2) for piers in the transition-pier 

category, the difference between the two peaks decreases, or even disappears; 3) for small 

values of the flow shallowness ratio 𝑦0/D, the scour depth at the clear-water threshold appears 

to be larger.  The latter observation is at least partly a consequence of enhanced dissipation of 

turbulent energy and greater scour resistance to turbulent coherent structures at the live-bed 

peak stage in shallow flows. 

At this stage, it would be premature to draw firm conclusions on the basis of the above findings.  

More research on both clear-water and live-bed scour, preferably with larger model scales than 

those used in the present study, is needed to extend the existing knowledge. 

 

Figure 5.6 Comparison of data of S4, S6 and Sheppard and Miller (2006) 
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5.5 Discussion 

5.5.1 Flow shallowness factor 

A significant number of data, derived from controlled laboratory flume tests, exists for the 

influences of flow intensity (𝑈/𝑈𝑐) and sediment coarseness (𝐷/𝑑50) on pier scour depth, both 

under clear-water and live-bed scour conditions. Conversely, the influence of flow shallowness 

is less well understood due to the difficulties of obtaining credible data, especially under live-

bed conditions. In the following section, a modification of the flow shallowness term in the 

Sheppard-Melville method (i.e., Eq. 5.4), based on the new data, is presented.  

Live-bed and clear-water pier-scour data from Chabert and Engeldinger (1956), Hancu (1971), 

White (1975), Jain and Fischer (1979), Chee (1982), Chiew (1984) Johnson and Torrico (1994), 

and Sheppard and Miller (2006) are plotted in Figure 5.7 together with data from the present 

study. The ordinate values in Figure 5.7 represent the flow shallowness factor 𝑓1 according to 

the Sheppard-Melville method, i.e. they are back-calculated using Eq. 5.1, 5.2 and 5.3. This 

allows the effect of the ratio 𝑦0/𝐷 to be isolated for further analysis and fitting. The solid and 

dashed curves show the original 𝑓1 term (Eq. 5.4) and the modified term based on the new 

dataset, respectively. The equation for the modified flow shallowness factor can be expressed 

as: 

𝑓1_𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑 = 𝑡𝑎𝑛ℎ [(
𝑦0
𝐷
− 0.04)

0.52
+ 0.047]                                        (10) 

The curve is fitted as an upper envelope of the data, thus providing an inherent safety factor, 

this approach being adopted because scour peaks under a specific 𝑦0/𝐷 ratio might vary with 

flow intensity.  
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Figure 5.7 The effect of shallowness factor versus  𝑦0/𝐷 ratio 

The new equation mainly provides a modification to the S-M method for the transition- and 

wide-pier ranges without creating a discontinuity, in contrast to the wide-pier correction 

(Johnson and Torrico, 1994) to the HEC-18 method. In the meantime, the factor in the narrow-

pier range is also slightly adjusted to better envelope the existing data with less underestimation. 

Additionally, the data used to develop Eq. 5.10 include both clear-water and live-bed data, 

thereby making this modification suitable for a full range of flow intensity conditions.  

5.5.2 Verification of the modified predictor 

Figure 5.8 shows the verification of the HEC-18 method, the original S-M method, and the 

modified S-M method with Eq. (4) being replaced by Eq. (10). The data of the present study, 

both before and after modification, are included for analysis and comparison, together with 

those from literature for 𝑦0/𝐷<1, including Chabert and Engeldinger (1956), Hancu (1971), 

White (1975), and Johnson and Torrico (1994). The clear-water data of Mostafa et al. (1996) 

are also included, as they are an important part of the very few data for scour at skewed piers. 

In Figure 5.8, the 10% underestimation line and 30% overestimation line are also drawn for 

comparison. The tolerance for underestimation is usually much lower than that for 
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overestimation, because significant underestimation threatens pier’s structural safety. It can be 

observed that the modified S-M method provides the best general performance with less 

overestimation, especially with smaller normalized scour depth (mostly with smaller 𝑦0/𝐷 

ratio). Moreover, scour depths for the reference points have been accurately predicted without 

significant underestimation, i.e., the maximum scour depths correspond to those data points 

that lie close to the perfect agreement line of predicted and measured data, and no point is lower 

than the 10% underestimation line. On the contrary, the HEC-18 method leads to significant 

overestimation and some scatter with about 10% underestimation. Therefore, the modified S-

M method is recommended for usage, especially for transition and wide-piers. It should also 

be noted that the modified S-M method does not bring a huge discrepancy to some of the 

existing data. It is reasonable because the original S-M method has been developed for years 

with good accuracy for piers in narrow-pier category and part of the transition-pier category. 

This discrepancy is expected to be magnified with further smaller 𝑦0/𝐷 ratio, which is more 

common for prototype piers. 
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Figure 5.8 Verification of the predictors: (a) HEC-18 method; (b) the original S-M method; 

(c) the modified S-M method. 

5.6 Conclusion 

1. The Sheppard-Melville method has better accuracy than the HEC-18 method for predicting 

live-bed scour depth at piers in the transition- and wide-pier categories, although both methods 

lead to significant overestimation in some situations.  

2. For live-bed tests using large-scale models with non-ripple-forming sediment, scour depths 

at the live-bed peak can be very close to, or even larger than, that at the clear-water threshold.  

3. The decreasing flow shallowness ratio at transition- or wide-piers shows a significant 

influence on the magnitude of normalized scour depth. This influence might affect not only the 
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general scour depth but also the relationship between the scour depths at the clear-water 

threshold and the live-bed peak.   

4. New equation is proposed to improve the performance of the Sheppard-Melville method 

within the existing framework. The modified predictor shows satisfactory improvement in 

accuracy and defines an upper envelope that does not underestimate scour depth at either the 

clear-water or live-bed peaks, and elsewhere provides a suitable safety factor. 

  



199 
 

 

 

 

 

 

Chapter 6  
 

Live-bed scour at aligned complex 

bridge piers 
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6.1 Introduction 

Scour is one of the most common damages to bridge pier. A complex bridge pier often consists 

of three components: a wall-like column supporting the bridge deck and superstructure, a pile-

cap under the column, and a group of piles supporting both the column and the pile-cap. Due 

to mechanical, geotechnical, and structural considerations, this pier form is more widely 

applied around the world than a single pier with uniform cross-section. However, there have 

been fewer studies of scour at complex bridge piers than those for single piers. Published 

research to date on complex piers includes Jones and Sheppard (2000), Coleman (2005), 

Sheppard and Glasser (2009), Ataie-Ashtiani et al. (2010), Grimaldi and Cardoso (2010), 

Moreno et al. (2012, 2014, 2015, 2016a, b, 2017), Ferraro et al. (2013), Amini et al. (2014), 

Baghbadorani et al. (2018) and Yang et al. (2018). Besides, Beheshti & Ataie-Ashtiani (2010, 

2016) investigated the flow field around aligned complex bridge pier with flat and scoured bed. 

It should be noted that all the studies mentioned above considered only clear-water scour at 

complex piers, i.e. without general bed motion and bed-form migration. An obvious gap in 

existing knowledge is therefore how the existence of migrating bed-forms will influence the 

scouring process at complex bridge piers. The interaction between the approaching bed-forms 

and the pier components brings more complexities and uncertainties to the scouring process, 

thereby making such scour prediction much more difficult than for either single piers or 

complex piers under a clear-water flow condition. As pointed out by Ettema et al. (2017), high 

priority should be given to determining the potential scenarios in which the most severe scour 

damage may occur. The main features of the scour mechanism around pier components should 

also be a research priority, especially with bed-form migration under a live-bed flow condition. 

This chapter is aimed at providing new information on live-bed scour characteristics at complex 

bridge piers, including mean scour depth, the trend of scour fluctuation, and the scour 
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mechanism under the influence of bed-forms. Furthermore, an improved scour prediction 

method is also proposed for the convenience of practitioners.  

6.2 Experimental set-up 

The experiments were performed in a 2.4m wide, 0.6m deep and 25m long sediment-

recirculating flume in the Fluid Mechanics Laboratory at The University of Auckland. A 4.0m 

long, 0.6m deep test section for scour experiments is located 11m downstream from the inlet 

section. For live-bed tests, the entire channel was filled with sediment with a thickness of 0.14m, 

and thus the sediment thickness at the test section was 0.74m, which is sufficient for tests with 

large scour depth. The sediment used in the present study is uniform quartz sand with the 

median particle diameter 𝑑50=0.84mm and the geometrical standard deviation 𝜎𝑔=1.30. This 

type of sediment is considered as non-cohesive and non-ripple-forming. 

 

Figure 6.1 Model shape and dimensions (unit: mm): (a) plan view; (b) front view; (c) 3-D 

view. 

The complex pier model used in the present study represents a typical form based on the bridge 

piers that have failed in the past several decades in New Zealand, as described by Melville and 
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Coleman (2000).  These failures include the Bulls Road Bridge on SH1, the Blackmount Road 

Bridge, the Oreti River Road Bridge, and the Whakatane River Road Bridge. This model 

consists of a rectangular wall-like column, a rectangular pile-cap and a 2×4 pile group.  It has 

an approximate geometric scale of 3:50 and is the same as the primary model used by Yang et 

al. (2018). Figure 6.1 shows the shape and the dimensions of this model.  

Table 6.1 Experimental design 

Series 𝑯𝒄 (m) 𝒚𝟎 (m) 𝑫𝒆 (m) 𝑼/𝑼𝒄 

S1 0.12 0.1 0.061 0.9~5.2 

S2 0.09 0.1 0.070 0.9~5.2 

S3 0.06 0.1 0.099 0.9~5.2 

S4 0.03 0.1 0.121 0.9~5.2 

S5 0 0.1 0.132 0.9~5.2 

S6 -0.03 0.1 0.071 0.9~5.2 

S7 -∞ 0.1 0.037 0.9~5.3 
 

Table 6.1 shows the basic experimental configurations of the present study. Experiments were 

designed with seven different pile-cap elevations corresponding to different burial levels of the 

pile-cap relative to the undisturbed bed;for S1 and S2 the pile-cap was entirely above the 

original bed, for S3, S4 and S5 the pile-cap was partially buried at the beginning, for S6 the 

pile-cap was fully buried by the original bed but could also be exposed by the scour hole, while 

for S7 the pile-cap was deeply buried and could not be exposed by scouring.  The pier model 

was kept aligned to the approaching flow, i.e. no skew angle existed. The flow depth was 

constant at 0.10-m, the flow intensity ratio 𝑈/𝑈𝑐 was set from 0.9 to 5.2 with an interval of 0.3, 

where 𝑈 is the mean flow velocity, and 𝑈𝑐 is the critical velocity for sediment incipient motion. 

The critical mean flow velocity for sediment incipient motion ( 𝑈𝑐) was calculated using the 

equations by Melville and Coleman (2000).  
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Depth-averaged velocities were measured by a Vectrino+ side-looking acoustic Doppler 

velocimetry (ADV) made by Nortek (Rud, Denmark). Scour depth and bed-form data were 

obtained using a SeaTek (Gainsville, Florida, USA) multiple transducer array instrument 

(MTA). The calibration and filtering method of the MTA data are described in detail by Guan 

et al. (2015) and Wang et al. (2018) and are further described in the following section. Data 

recording for each test was stopped once an adequate number of bed-forms or scour depth 

fluctuations for statistical analysis had been recorded to ensure convergence of a mean scour 

depth value.  

6.3 Processing MTA data 

Previous studies have shown that the location of the maximum scour depth at an aligned 

complex bridge pier is highly dependent on the pile-cap position relative to the original bed 

level.  The different  locations of maximum scour included the first row of piles (pile group 

highly exposed), the projection of the leading face of the pile-cap (pile group slightly exposed 

or pile-cap partially exposed), and the leading face of the column (column-only). Thus, the 

MTA transducers were set up and fixed at each of these locations to monitor and record the 

instantaneous scour depth with a time interval from s to 0.05s. The time interval was 

determined according to the flow intensity, i.e., for a test with higher flow intensity, a shorter 

time interval was chosen. Figure 6.2 shows a typical set-up of the MTA transducers before the 

start of the experiment (S2) and after draining.  

The primary method introduced by Guan et al. (2015) was applied to process the data of the 

MTA transducers, although no manual filtering process was needed as the improved MTA 

signal processor is capable of keeping the level of noise low enough even with a very high flow 

intensity. Due to the migration of bed-forms and the corresponding fluctuating bed level at the 

tested complex pier, the location of the maximum scour depth may change with time. Thus, the 
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following steps were followed to integrate the data from different transducers: 1) processing 

the data from every single transducer according to the method of Guan et al. (2015) and 

drawing an  envelope to determine the actual scour variation with time; 2) combining all the 

envelopes to make a new envelope by finding the instantaneous maximum scour depth; 3) 

determining scour fluctuation elements (scour maxima and minima) according to the new 

envelope. The mean scour fluctuation is then defined as the mean of the scour maxima minus 

the mean of the scour minima (∆𝑑𝑠 =  𝑑𝑠_max_𝑎𝑣 −  𝑑𝑠_min_𝑎𝑣). Similarly, the mean upstream 

bed-form height (𝐻𝑏) equals to the mean of the bed elevation maxima minus the mean of the 

bed elevation minima. 

 

Figure 6.2 Set-up of MTA transducers and channel condition (S2): (a) close-up of the pile-

cap before running; (b) full view before running; (c) full view after running and draining.  

 

Figure 6.3 shows the steps needed to process MTA transducers data, showing part of the data 

from S3 with 𝑈/𝑈𝑐 =1.6. Specifically, in the 3rd step, the red lines indicate that the maximum 

scour depth occurred at the first-row piles, and the blue lines indicate that the maximum scour 

depth occurred at the projection of the pile-cap’s leading face.  
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Figure 6.3 Procedures of processing MTA transducers data: (a) Enveloping the scatter data 

points of each transducer; (b) Comparing envelopes of all the transducers; (c) Drawing the 

new envelope for analysis. 
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 Table 6.2 Test results 

Test No. 𝑯𝒄  (m) 𝑯𝒄/𝑻 𝑼/𝑼𝒄 
𝒅𝒔_𝒂𝒗 
(m) 

𝒅𝒔_𝒎𝒂𝒙_𝒂𝒗 
(m) 𝒅𝒔_𝒎𝒊𝒏_𝒂𝒗 (m) Δ𝒅𝒔   

(cm) 
𝑯𝒃   

(cm) 
S1.1 0.12 2 0.9 0.123 -- -- -- -- 
S1.2 0.12 2 1.3 0.105 0.124 0.092 3.2 3.5 
S1.3 0.12 2 1.6 0.1 0.122 0.084 3.7 4.1 
S1.4 0.12 2 1.9 0.09 0.115 0.075 4 4.3 
S1.5 0.12 2 2.2 0.093 0.117 0.073 4.4 4.7 
S1.6 0.12 2 2.5 0.085 0.108 0.065 4.4 4.8 
S1.7 0.12 2 2.8 0.087 0.111 0.069 4.2 4.5 
S1.8 0.12 2 3.1 0.083 0.106 0.065 4.1 4.3 
S1.9 0.12 2 3.4 0.086 0.107 0.068 3.9 4.1 
S1.10 0.12 2 3.7 0.082 0.101 0.062 3.9 3.9 
S1.11 0.12 2 4.0 0.085 0.102 0.066 3.6 3.7 
S1.12 0.12 2 4.5 0.084 0.098 0.066 3.2 3.3 
S1.13 0.12 2 5.0 0.08 0.095 0.068 2.7 2.8 
S1.14 0.12 2 5.2 0.077 0.093 0.068 2.5 2.6 
S2.1 0.09 1.5 0.9 0.137 -- -- -- -- 
S2.2 0.09 1.5 1.3 0.108 0.129 0.099 3.1 3.7 
S2.3 0.09 1.5 1.6 0.105 0.124 0.089 3.4 3.9 
S2.4 0.09 1.5 1.9 0.104 0.125 0.083 4.1 4.2 
S2.5 0.09 1.5 2.2 0.099 0.122 0.08 4.2 4.7 
S2.6 0.09 1.5 2.5 0.099 0.123 0.081 4.3 5 
S2.7 0.09 1.5 2.8 0.1 0.125 0.082 4.3 4.7 
S2.8 0.09 1.5 3.1 0.1 0.121 0.079 4.2 4.4 
S2.9 0.09 1.5 3.4 0.103 0.122 0.083 3.9 4.1 
S2.10 0.09 1.5 3.7 0.1 0.12 0.083 3.7 3.8 
S2.11 0.09 1.5 4.0 0.096 0.114 0.08 3.4 3.6 
S2.12 0.09 1.5 4.5 0.095 0.112 0.079 3.3 3.4 
S2.13 0.09 1.5 5.0 0.089 0.104 0.076 2.8 3 
S2.14 0.09 1.5 5.2 0.089 0.1 0.074 2.6 2.8 
S3.1 0.06 1 0.9 0.177 -- -- -- -- 
S3.2 0.06 1 1.3 0.112 0.134 0.102 3.2 3.3 
S3.3 0.06 1 1.6 0.112 0.135 0.096 3.9 4.1 
S3.4 0.06 1 1.9 0.109 0.128 0.091 3.6 4.3 
S3.5 0.06 1 2.2 0.107 0.125 0.087 3.8 4.8 
S3.6 0.06 1 2.5 0.104 0.126 0.085 4.1 4.9 
S3.7 0.06 1 2.8 0.108 0.131 0.089 4.2 4.5 
S3.8 0.06 1 3.1 0.112 0.135 0.091 4.4 4.3 
S3.9 0.06 1 3.4 0.114 0.136 0.098 3.8 4.2 
S3.10 0.06 1 3.7 0.114 0.133 0.096 3.4 3.8 
S3.11 0.06 1 4.0 0.117 0.138 0.103 3.5 3.8 
S3.12 0.06 1 4.5 0.119 0.13 0.1 3 3.3 
S3.13 0.06 1 5.0 0.116 0.132 0.103 2.9 2.8 
S3.14 0.06 1 5.2 0.115 0.128 0.101 2.7 2.6 
S4.1 0.03 0.5 0.9 0.135 -- -- -- -- 
S4.2 0.03 0.5 1.3 0.101 0.115 0.086 2.9 3.0 
S4.3 0.03 0.5 1.6 0.096 0.111 0.076 3.5 4.0 
S4.4 0.03 0.5 1.9 0.099 0.117 0.081 3.6 4.2 
S4.5 0.03 0.5 2.2 0.088 0.101 0.057 4.4 4.6 
S4.6 0.03 0.5 2.5 0.098 0.121 0.076 4.5 4.7 
S4.7 0.03 0.5 2.8 0.100 0.120 0.080 4 4.4 
S4.8 0.03 0.5 3.1 0.110 0.128 0.089 3.9 4.2 
S4.9 0.03 0.5 3.4 0.119 0.135 0.100 3.4 3.9 
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Table 6.2 (continued) Test results 

Test No. 𝑯𝒄  (m) 𝑯𝒄/𝑻 𝑼/𝑼𝒄 
𝒅𝒔_𝒂𝒗 
(m) 

𝒅𝒔_𝒎𝒂𝒙_𝒂𝒗 
(m) 𝒅𝒔_𝒎𝒊𝒏_𝒂𝒗 (m) Δ𝒅𝒔   

(cm) 
𝑯𝒃   

(cm) 
S4.10 0.03 0.5 3.7 0.114 0.132 0.098 3.4 3.8 
S4.11 0.03 0.5 4.0 0.123 0.140 0.108 3.2 3.6 
S4.12 0.03 0.5 4.3 0.127 0.138 0.111 2.6 3.2 
S4.13 0.03 0.5 4.6 0.129 0.148 0.119 2.9 3.2 
S4.14 0.03 0.5 4.9 0.122 0.129 0.104 2.5 2.9 
S4.15 0.03 0.5 5.2 0.127 0.136 0.109 2.7 2.6 
S5.1 0 0 0.9 0.107 −− −− -- −− 
S5.2 0 0 1.3 0.087 0.108 0.062 4.6 3.4 
S5.3 0 0 1.6 0.095 0.121 0.072 4.9 4 
S5.4 0 0 1.9 0.089 0.116 0.058 5.8 4.3 
S5.5 0 0 2.2 0.087 0.103 0.043 6 4.6 
S5.6 0 0 2.5 0.080 0.102 0.043 5.9 4.6 
S5.7 0 0 2.8 0.094 0.119 0.062 5.6 4.3 
S5.8 0 0 3.1 0.088 0.110 0.056 5.3 4.1 
S5.9 0 0 3.4 0.095 0.113 0.063 5 3.8 
S5.10 0 0 3.7 0.104 0.120 0.073 4.7 3.8 
S5.11 0 0 4.0 0.109 0.128 0.080 4.8 3.5 
S5.12 0 0 4.5 0.108 0.121 0.073 4.8 3.2 
S5.13 0 0 5.0 0.105 0.119 0.076 4.3 2.6 
S5.14 0 0 5.2 0.106 0.119 0.079 4 2.4 
S6.1 −0.03 −0.5 0.9 0.048 −− −− -- −− 
S6.2 −0.03 −0.5 1.3 0.073 0.103 0.052 5.1 3.4 
S6.3 −0.03 −0.5 1.6 0.078 0.106 0.045 6.1 4.2 
S6.4 −0.03 −0.5 1.9 0.073 0.109 0.047 6.3 4.3 
S6.5 −0.03 −0.5 2.2 0.064 0.092 0.03 6.2 4.6 
S6.6 −0.03 −0.5 2.5 0.063 0.09 0.028 6.2 4.8 
S6.7 −0.03 −0.5 2.8 0.064 0.092 0.03 6.2 4.4 
S6.8 −0.03 −0.5 3.1 0.064 0.09 0.03 6 4.4 
S6.9 −0.03 −0.5 3.4 0.064 0.091 0.031 6 3.9 
S6.10 −0.03 −0.5 3.7 0.062 0.093 0.031 6.2 4.1 
S6.11 −0.03 −0.5 4.0 0.063 0.087 0.029 5.8 3.7 
S6.12 −0.03 −0.5 4.5 0.066 0.09 0.036 5.4 3.4 
S6.13 −0.03 −0.5 5.0 0.055 0.083 0.034 4.9 2.9 
S6.14 −0.03 −0.5 5.2 0.053 0.082 0.037 4.5 2.6 
S7.1 −∞ −∞ 0.9 0.076 −− −− -- −− 
S7.2 −∞ −∞ 1.3 0.082 0.095 0.068 2.7 3.3 
S7.3 −∞ −∞ 1.8 0.086 0.099 0.063 3.6 4.3 
S7.4 −∞ −∞ 2.3 0.084 0.098 0.057 4.1 4.5 
S7.5 −∞ −∞ 2.8 0.081 0.096 0.054 4.2 4.5 
S7.6 −∞ −∞ 3.3 0.085 0.097 0.06 3.7 4 
S7.7 −∞ −∞ 4.3 0.076 0.089 0.059 3 3.5 
S7.8 −∞ −∞ 4.8 0.057 0.071 0.043 2.8 2.9 
S7.9 −∞ −∞ 5.3 0.058 0.071 0.048 2.3 2.5 
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6.4 Test results 

The results of the 94 tests in total in the present study are shown in Table 6.2, where 𝑑𝑠_𝑎𝑣 is 

the mean scour depth, 𝑑𝑠_𝑚𝑎𝑥_𝑎𝑣  is the mean scour maxima,  𝑑𝑠_𝑚𝑖𝑛_𝑎𝑣  is the mean scour 

minima, ∆𝑑𝑠 is the mean scour fluctuation, 𝐻𝑏 is the mean bed-form height on the undisturbed 

upstream channel. Besides, the pile-cap elevation relative to the original bed, 𝐻𝑐, and the flow 

intensity ratio, 𝑈/𝑈𝑐, are also listed in the table, 𝐻𝑐/𝑇 is the ratio of pile-cap elevation to pile-

cap thickness.   

6.4.1 Characteristics of mean scour depth 

Figure 6.4 shows the measured mean scour depth (𝑑𝑠_𝑎𝑣) and mean scour fluctuation range 

versus the flow intensity ratio 𝑈/𝑈𝑐 for every series of tests. The mean scour fluctuation range 

is marked by the mean values of the real-time scour peaks and valleys.  

Previous studies on live-bed scour at single piers with uniform cross-sectional shape show 

similar general trends for the variation of scour depth with 𝑈/𝑈𝑐, with a descending phase after 

entering the live-bed range followed by a second ascending phase with further increase in 𝑈/𝑈𝑐. 

Two similar peaks of mean scour depth occur at the clear-water threshold and the live-bed flat-

bed phase (normally when 𝑈/𝑈𝑐=4~5), and their relationship of size is also affected by the test 

scale. However, in the present study we have found that the existence of the pile-cap will also 

influence the trend of mean scour depth as a function of 𝑈/𝑈𝑐.  In Figure 6.4, when the pile-

cap is close to the original bed (S3~S5), the ‘descend-ascend’ trend as with a single pier can 

still be observed, but the descent is more pronounced with higher pile-cap elevation, for which 

the clear-water scour hole is deeper. When the pile-cap is above the original bed and the 

influence of pile group on scour hole becomes dominant (S1~S2), only a continuous 

descending trend can be observed while approaching a minimum value asymptotically in the 

live-bed transitional flat-bed stage. When the pile-cap is under the original bed (S6~S7), the 
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column induces scour like that at a single pier when the scour is initiated and the pile-cap 

provides protection after being exposed. Under such circumstances, the mean scour depth as a 

function of the flow intensity ratio 𝑈/𝑈𝑐  follows a different trend, i.e. the scour depth varies 

only weakly with 𝑈/𝑈𝑐 but does drop slightly at the transitional flat-bed stage.  

 

Figure 6.4 Measured mean scour depth and scour fluctuation range versus the flow intensity 

ratio 𝑈/𝑈𝑐: (a) S1, 𝐻𝑐 = 0.12m; (b) S2, 𝐻𝑐 = 0.09m; (c) S3, 𝐻𝑐 = 0.16m; (d) S4, 𝐻𝑐 =

 0.03m; (e) S5, 𝐻𝑐 = 0 m; (f) S6, 𝐻𝑐 = -0.03; (g) S7, 𝐻𝑐 = -∞. 
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Figure 6.5 Comparisons of mean scour depth of each series: (a) S2~S5; (b) S1~S2 and 

S6~S7. 

The mean scour depths of each series are compared directly in Figure 6.5. In Figure 6.5(a), the 

maximum clear-water scour depth occurs when the pile-cap is undercut by the original bed (S3, 

𝐻𝑐=+6cm).  This is in accord with the conclusion of previous studies that the maximum clear-

water scour depth occurs when the pile-cap is close to the original bed level, as stated by 



211 
 

Coleman (2005), Ataie-Ashtiani et al. (2010), and Moreno et al. (2015), and Yang et al. (2018). 

However, the live-bed scour depth of S3 is only two-thirds of the clear-water depth. The S3 

depth is smaller than that of S4 for flow intensity ratios exceeding 3. The relationship of S3, 

S4 and S5 suggests that the ratio of the two scour peaks (clear-water threshold and live-bed 

peak) is also related to the burial depth of the pile-cap. The difference between the two scour 

peaks diminishes with a pile-cap that is initially just completely buried (S5, 𝐻𝑐=0cm) and is 

greatest with a pile-cap that is initially just completely exposed (S3, 𝐻𝑐=+6cm). More study on 

the flow field around complex piers with different configurations is needed to better understand 

this observation. 

When the pile-cap is totally above the original bed (S1 and S2), the mean scour depth decreases 

with increasing flow intensity ratio 𝑈/𝑈𝑐 , at least up to a ratio of 5. This trend is probably 

because the strong turbulent recirculation (e.g. wake vortices) among the piles traps the 

sediment under the pile-cap, which is also too high to effectively accelerate the water volume 

underneath.  

When the pile-cap is entirely buried by the original bed (S6 and S7), the flow intensity ratio 

that produces the maximum mean scour depth is approximately the ratio that produces the 

maximum bed-form height (𝑈/𝑈𝑐=2~3), and a convex trend with flow intensity ratio can be 

observed, the opposite to the other series. This trend is different to the normal phenomena 

found for live-bed scour. Under such circumstances, the maximum mean scour depth occurs 

when the bed-form height is the maximum (𝑈/𝑈𝑐=2~3), as the scouring process may be to 

some degree aggravated when a deep trough passes the scour hole. Generally, the trend of mean 

scour depth with flow intensity ratio is highly dependent on the pile-cap’s level and may be 

significantly different to the trend for a single pier.  
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Figure 6.6 Typical real-time scour depth recordings with different pile-cap elevation (colour): 

(a) S6, 𝐻𝑐= -0.03m; (b) S5, 𝐻𝑐= 0 m; (c) S4, 𝐻𝑐= 0.03m; (d) S3, 𝐻𝑐= 0.06m; (e) S2, 𝐻𝑐= 

0.09m; (f) S1, 𝐻𝑐= 0.12m. 

6.4.2  Characteristics of scour fluctuation 

In the present study, the maximum scour depth was found to occur at either the first row of 

piles or the leading edge of the pile-cap (or its projection). Figure 6.6 shows typical real-time 

scour records for different pile-cap elevations, and illustrates where the maximum scour depth 

occurred. Specifically, the blue (or red) lines indicate that the maximum scour depth occurred 

at the first row of piles (or the pile-cap’s leading edge).  
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Previous studies, including Chiew (1984) and Melville and Coleman (2000), concluded that 

the mean scour fluctuation (∆𝑑𝑠) at a single pier is linearly related to the mean height of 

approaching bed-forms (𝐻𝑏 ), with this linear relationship varying between ∆𝑑𝑠 = 0.5𝐻𝑏 

and ∆𝑑𝑠 = 𝐻𝑏. Thus, the design approach of adding one-half the mean bed-form height to the 

mean scour depth for design safety has been widely accepted by many researchers, including 

Chiew (1984) and Melville and Coleman (2000). However, in Figure 6.6, scour fluctuation 

may vary for different relative pile-cap positions. When the pile-cap is entirely buried by the 

original bed (𝐻𝑐= -0.03m and 0m), ∆𝑑𝑠 is much larger than that for cases when the pile-cap is 

entirely above the original bed ( 𝐻𝑐 =0.06m, 𝐻𝑐 =0.09m, and 𝐻𝑐 =0.12m).  The scour 

characteristics of the latter resemble those of a single pier. A transitional case was observed 

with 𝐻𝑐 =+0.03m (the pile-cap half buried by the original bed), where the scour hole is 

occasionally fully filled by the large approaching dunes (forming the ‘spikes’ in the figure) 

while the pile group remains completely exposed most of the time.  

The location of the maximum scour depth also varies according to the position of the pile-cap. 

This location tends to be at the first row of piles when the pile-cap elevation is high (especially 

when the pile-cap is entirely above the original bed) but at the leading edge of the pile-cap (or 

its projection) when the pile-cap is low (especially when it is fully buried by the original bed).  

6.4.3 Mean bed-form height and mean scour fluctuation  

The relationship between the mean scour fluctuation ∆ds and the mean bed-form height 𝐻𝑏 is 

shown in Figure 6.7. The shaded area shows the range between ∆𝑑𝑠 = 0.5𝐻𝑏 and ∆𝑑𝑠 = 𝐻𝑏, 

where pier-scour data lie for simple cylindrical piers. The results show that a large number of 

data (solid scatters) in the present study lie in this area close to the perfect agreement line 

(∆𝑑𝑠 = 𝐻𝑏). This trend is similar to that found by Chiew (1984). However, when the pile-cap 

is fully buried by the original bed but can still be exposed occasionally during the scour process 
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(𝐻𝑐=0m and -0.03m), the mean scour fluctuation ∆𝑑𝑠 is significantly larger than the mean bed-

form height 𝐻𝑏, as mentioned in the last section. Under such circumstances, ∆𝑑𝑠 still varies 

linearly with 𝐻𝑏, while the positive interceptions on the X-axis suggest that scour fluctuation 

may still exist when bed-form height is zero (ideal transitional flat-bed condition).  It is also 

suggested that the current design approach may significantly underestimate the actual risk of 

scour at a complex pier under a live-bed flow regime. Possible solutions include adding a value 

larger than 𝐻𝑏 to 𝑑𝑠_𝑎𝑣, or performing physical modelling to determine the potential risk for 

specific cases. Researchers have not reported any similar results. More analysis addressing this 

phenomenon and tentative explanations is provided in the following sections. 

 

Figure 6.7 Relationship between mean scour fluctuation and mean bed-form height in the 

present study. 

6.5 Discussion 

6.5.1 Scour fluctuation analysis 

To investigate the relationship between bed-forms and scour fluctuation, synchronous 

measurements of bed levels at the piers and upstream of the scour hole, representing real-time 
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scour depth and bed-form height, are plotted in Figure 6.8. Two scenarios are plotted:  the pile-

cap completely buried by the original bed and the pile cap completely exposed. The light grey 

lines connect the same dunes that are significantly deformed during migration from the 

upstream bed into the scour hole. The zero value of Y-axis means the position of the original 

bed. It should be noted that the scour fluctuation was measured at the pile-cap’s leading edge 

in Figure 6.8(a) and at the first-row piles in Figure 6.8(b).  

 

Figure 6.8 Synchronous measurement of bed elevations: (a) pile-cap was entirely buried by 

the original bed; (b) pile-cap was entirely above the original bed. The grey connection lines 

suggest the same dune crests at both locations with time lag. 

It can be seen in Figure 8a that, when pile-cap was entirely buried by the original bed, many of 

the dune crests and dune-trough amplitudes were significantly enlarged when approaching the 

location where the maximum scour depth occurred, i.e., under the leading edge of the pile-cap. 

The coalescence of bed-forms reported by Radice and Lauva (2017) for single piers were also 

observed but not as a regular mechanism during migration, while most of the bed-forms still 

tended to maintain their individual features when entering the scour hole. In Figure 6.8(b), 

when the pile-cap was entirely above the original bed, the scour fluctuation values were close 
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to and slightly smaller than the corresponding bed-from heights with significantly distorted 

crest shapes and slopes. In addition, a large dune crest tends to be damped and split into two or 

smaller scour peaks with shorter period, part of which are marked by the dashed circles. This 

phenomenon is different to what was reported by Radice and Lauva (2017) for single piers that 

the scour fluctuations have a similar amplitude to the approaching dunes.  

 

Figure 6.9 Spectra of temporal bed level variation at specified locations: (a) pile-cap was 

entirely above the original bed; (b) pile-cap was entirely buried by the original bed. 

The data presented in this chapter show that the relative elevation of the pile-cap affects its 

influence on the flow field around it.  The pile-cap may have a significant effect on the 

approaching bed-forms. The power spectra shown in Figure 6.9 support this conclusion from 

another perspective. In Figure 6.9(a), when the pile-cap is entirely above the original bed, the 

higher frequency scour fluctuations are enhanced at the first-row piles, especially for period 

smaller than 100s. It indicates that scour at this location tends to have more rapid and smaller 

fluctuations within a few minutes, which is in accord with the findings in Figure 6.8(b). The 

spectral profile and amplitude of the approaching bed-forms is otherwise maintained when just 

they just enter the scour hole (under the leading edge of pile-cap).    
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In Figure 6.9(b), when the pile-cap is entirely buried by the original bed, the fluctuation at the 

leading edge of pile-cap shows higher power at the range of normal bed-form frequencies, as 

marked by the dashed rectangle. It indicates that the approaching bed-forms basically maintain 

their original features while showing larger amplitude. This is in accord with the findings in 

Figure 8a.  

Cross-correlation analysis has been conducted to show the similarity between real-time data 

series at different locations. Figure 6.10 shows cross-correlations when the pile-cap was 

entirely above the original bed. The bed-forms had very little deformation when migrating 

within an undisturbed region (Figure 6.10(a)), showing a distinct peak with much weaker sub-

peaks. In Figure 6.10(b), the correlation between upstream bed-form and scour fluctuation 

under the pile-cap’s leading edge was weakened with a lower but still distinct main peak. This 

implies that the bed-forms entering the scour hole underwent deformation to some extent, but 

the basic shapes and periods were still maintained. However, in Figure 6.10(c), no distinct peak 

can be found in the expected range, while general fluctuation is weaker than the other two 

subplots. This means that the bed-forms’ original shapes and individual features were entirely 

“destroyed” on the short path from the pile-cap to the first-row piles. It also supports the 

conclusion made from Figure 6.8(b) and Figure 6.9(a) confirm that the pressurized flow under 

the pile-cap distorts the approaching dunes.  
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Figure 6.10 Cross-correlation analysis of Test S2 with pile-cap entirely above the original 

bed: (a) bed-form (1) – bed-form (2); (b) bed-form (1) – leading face of pile-cap (3); (c) bed-

form (1) – first-row piles (4). 

Figure 6.11 shows cross-correlations when the pile-cap was entirely buried by the original bed. 

The strong correlations resemble those in Figure 6.10(a) and 6.10(b), confirming that bed-

forms tend to maintain their original shapes when approaching the leading edge of the pile-cap. 

However, the vertical piles supporting the pile cap were buried most of the time, and thus the 

maximum scour depth and the greatest fluctuation in scour depth both occurred at the leading 

edge of the pile-cap rather than at the first-row piles. The phenomenon stated in this section 

indicates that the relationship between bed level variations at upstream bed and the pier is 

affected by the relative pile-cap elevation, which is also presumed to affect the flow field 

around the pier.  
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Figure 6.11 Cross-correlation analysis of Test S6 with pile-cap entirely buried by the original 

bed: (a) bed-form (1) – bed-form (2); (b) bed-form (1) – leading face of pile-cap (3). 

6.5.2  Flow field variation with bed-form migration 

Beheshti and Ataie-Ashtiani (2006, 2010) investigated the flow field at complex bridge pier on 

a fixed flat-bed and a scoured bed under clear-water flow regime. It was found that the main 

flow features producing scour come from the interaction between separate flows created by the 

pier components. Figure 6.12 has been prepared for this chapter to illustrate the main flow 

features. The flow approaching the pile-cap is deflected upward and downward by the pile-

cap’s frontal face. The downward flow is then pressurized by the pile-cap and accelerated 

toward the vertical pile (flow (2)) with amplified turbulence energy, while the upward flow 

interacts with the down-flow created by the column (flow (1)) around the top of the pile-cap 

and is then deflected laterally. The deflected flows meet at the both sides of the pile-cap and 

produce vortices (flow (3)) counter-clockwise on the right-hand side, entraining and carrying 

sediment at the both sides. In addition, the flow coming out from the space under the pile-cap 
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meets the downward flow behind the pile-cap and produce another vortex (flow (4)) entraining 

the sediment particles. The exposed vertical piles can also produce separate horseshoe vortex 

at the bottom enhancing the scouring effect by flow (2). Beheshti and Ataie-Ashtiani identified 

flow (2) as the most important flow feature for scour development, and its scouring capacity 

was found to be inversely proportional to the height between the pile-cap and the bed.  

 

 

Figure 6.12 Schematic drawing of the flow field around a complex bridge pier as reported by 

Beheshti and Ataie-Ashtiani (2010, 2016).  
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Figure 6.13 Schematic drawing of flow field variation in front of the pier with bed-from 

migration in the present study. The pile-cap is completely buried by the original bed.  
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In the present study, no flow measurement or visualization could be made due to the high flow 

velocity and the corresponding sediment suspension and aeration around the piers. However, 

possible explanations are given according to the observed fill-erosion processes and the 

reported flow mechanism by Beheshti and Ataie-Ashtiani (2010, 2016). Figure 6.13, prepared 

for the present chapter, shows schematic drawings of the flow field in front of a pier with a 

completely buried pile-cap, as it varies over five stages of scour hole fluctuation. The sediment 

volume marked as red and green represent the first and the second dune crests.  In Figure 

6.13(a), a scour maximum occurs when one of the dune troughs passes the front face of the 

pier. At this stage, the space under the pile-cap has been cleared by the scour mainly caused by 

the flow deflected downwards. When the following dune crest approaches and collapses into 

the scour hole, as shown in Figure 6.13(b), the scour hole is filled by the incoming sediment 

quickly in spite of this high scour capacity, while the pressurized flow also diminishes once the 

pile-cap is undercut. As a result, the scour capacity is weakened when the incoming sediment 

fills the space under the pile cap.  Further deposition then elevates the bed to be flush to the 

pile-cap’s top, as shown in Figure 6.13(c). The remained sediment supply will be quickly 

removed downstream along the top of the pile-cap top without accumulating. At this stage, the 

scour capacity is minimized as the main flow features responsible for scour, the downward 

flow, the pressurized flow under the pile cap, and the vortices caused by the pile-cap’s frontal 

face, have all disappeared. After the dune crest completely passes the pier face, in Figure 

6.13(d), the approaching dune trough again lowers the bed level in front of the pier and 

significantly reduces the sediment supply, while the scouring capacity is enhanced accordingly, 

especially after the pile-cap’s face is entirely exposed. Eventually, in Figure 6.13(e), a complete 

cycle ends when a new dune trough reaches the pier’s face with the similar deep scour and pile-

cap exposure as Figure 13a.  
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Figure 6.14 provides a typical data record (Test S5.5) showing how scour developed, with the 

pile-cap being entirely buried by the original bed, as in Figure 6.13. The data support the above 

inferences about the flow mechanism from another perspective. In Figure 6.14, a typical cycle 

of scour variation is highlighted with five marked stages corresponding to the five stages 

illustrated in Figure 6.13. The stage of (a)-(b) and (d)-(e) represent the processes of the flow 

path under the pile-cap being steadily buried and rapidly excavated during bed-form migration. 

Stage (c) is a quasi-steady condition that often occurs when the bed is elevated to the top of 

pile-cap. Sediment supplied from upstream moves downstream quickly without further 

accumulation, creating undulant and sustained ‘flat peaks’ as marked by the brackets. The 

maximum accumulation rate and the maximum erosion rate both usually occur from when the 

bed elevation passes the bottom of the pile-cap (dashed horizontal line), indicating that the 

exposure of any part of the pile-cap increases the capacity for scour. The scour fluctuations are 

generally much larger than the upstream bed-form heights.  

 

Figure 6.14 A typical recorded data showing the enlarged scour fluctuation (Test S5.5). The 

pile-cap was completely buried by the original bed. Stage (a)-(e) in Figure 12 are marked, 

and the arrows suggest the moments when scour developed rapidly once a flow path under 

the pile-cap was created. 
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To summarise, in contrast to single piers, the scouring capacity of complex piers tend to vary 

as a series of bed-forms pass the scour hole. This variation is enhanced when the pile-cap can 

be buried and then uncovered by the approaching bed-forms. The enhancement (or weakening) 

of the scouring capacity originates with the decrease (or increase) of upstream sediment supply, 

and (depending on the elevation of the pile cap) there may be enlarged scour fluctuation 

compared to the upstream bed forms. Therefore, this study indicates that when bridge designers 

calculated design scour depths they need to allow for scour aggravation caused by bed-form 

migration. .   

6.5.3 Existing scour predictors for complex pier 

So far, the HEC-18 (Arneson et al., 2012) method and the Sheppard-Melville (S-M) method 

(Sheppard et al., 2011) are the most widely used prediction methods for local scour at bridge 

piers. Specifically, the S-M method is recommended by Sheppard et al. (2014) and Ettema et 

al. (2017) as the most accurate method, and one that is more readily adapted as further 

information becomes available.  

For complex bridge piers, the HEC-18 method provides an independent set of equations for 

calculation of equivalent pier width, while the S-M method needs the prior calculation of 

equivalent pier width using equations from other sources. Two sets of equations for equivalent 

pier width have been proposed, by Sheppard and Renna, 2010 (FDOT Scour Manual) and 

Coleman (2005), respectively. Yang et al. (2018) evaluated the performance of combining the 

S-M method with each of these two methods.  The results showed a better accuracy for aligned 

complex piers with the combination ‘S-M+Coleman’ and for skewed complex pier with the 

combination ‘S-M+FDOT’.  

A new equation for equilibrium scour depth was also proposed by Yang et al. (2018), based on 

the original S-M method for clear-water scour at skewed complex bridge piers.  
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These four combinations of prediction methods were selected to evaluate their performances 

in the present study, as shown in Table 6.3. It should be noted that in Method 3, the equation 

by Yang et al. (2018) was developed only for clear-water scour. Thus, an extension of this 

equation to the live-bed range of this method was necessary for this study. 

Table 6.3 The existing predictors for scour at complex bridge piers 

Method Equation for equivalent pier width Equation for equilibrium scour depth 

Method 1 FDOT (Sheppard and Renna, 2010) Original S-M (Sheppard et al., 2011) 

Method 2 Coleman (2005) Original S-M (Sheppard et al., 2011) 

Method 3 Coleman (2005) Yang et al. (2018) 

 Method 4 HEC-18 (Arneson et al., 2012) 

 

6.5.4 Modified prediction method  

Yang et al. (2018) proposed a new set of equations according to the original Sheppard-Melville 

method for complex bridge piers with typical structure and in the clear-water flow regime 

(𝑈/𝑈𝑐  ≤ 1). The equation can be expressed as follows.  

𝑑𝑠𝑒
𝐷𝑒

= 3.17𝑓1𝑓2𝑓3                                                                         (1) 

𝑓1 = 𝑡𝑎𝑛ℎ [(
𝑦0
𝐷𝑒
)
0.65

]                                                                   (2) 

𝑓2 = 1 − 1.2 [𝑙𝑛 (
𝑈
𝑈𝑐
)]
2

                                                              (3) 

𝑓3 =
 𝐷𝑒/𝑑50

69.25( 𝐷𝑒/𝑑50)−0.34 + 0.14( 𝐷𝑒/𝑑50)1.41
                                    (4) 

where 𝑑𝑠𝑒 = equilibrium scour depth (i.e. mean scour depth at equilibrium stage for live-bed 

scour), 𝑦0 = flow depth, 𝐷𝑒 = equivalent pier width, and 𝑑50 = median diameter of sediment 
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particles. To extend the equations to the live-bed flow regime (𝑈/𝑈𝑐  > 1), the framework of 

the original Sheppard-Melville method is applied with modification to take the full range of 

flow intensity into account. The new extended equations can be expressed as below. 

When 1 < 𝑈/𝑈𝑐 ≤ 𝑈𝑙𝑝/𝑈𝑐: 

𝑑𝑠𝑒
𝐷𝑒

= 𝑓1

{
 

 
2.3 [1 − (

𝑈
𝑈𝑐
−
𝑈𝑙𝑝
𝑈𝑐

𝑈𝑙𝑝
𝑈𝑐

− 1
)]

1.1

+ 3.17𝑓3 (

𝑈
𝑈𝑐
−
𝑈𝑙𝑝
𝑈𝑐

𝑈𝑙𝑝
𝑈𝑐

− 1
)

1.1

}
 

 
                       (5) 

When 𝑈/𝑈𝑐 > 𝑈𝑙𝑝/𝑈𝑐: 

𝑑𝑠𝑒
𝐷𝑒

= 2.3𝑓1                                                                      (6) 

𝑈𝑙𝑝 = 𝑚𝑎𝑥{5𝑈𝑐 , 0.6√𝑔𝑦0}                                                       (7) 

Specifically, 𝑈𝑙𝑝  represents the flow velocity where the bed-form is washed out, i.e., the 

transitional flat-bed condition. Many researchers, including Chee (1982), Melville (1984) and 

Chiew (1984), have found a scour peak occurring under this bed regime for single piers, i.e. 

the live-bed peak. With the extension as listed above, Method 3 of Table 6.3 can be used to 

predict scour depth at complex bridge piers under both clear-water and live-bed flow regimes.   

6.5.5 Evaluation of predictors 

The existing predictors listed in Table 6.3 are compared for each test series in the present study 

in Figure 6.15. Method 4 (the HEC-18 method) produces an unrealistic trend. The predicted 

scour depth at the clear-water threshold is realistic, but there is a rapid increase in scour depth 

with increasing flow intensity after entering the live-bed flow regime. This is because the 

equation of the HEC-18 method includes the channel Froude number rather than flow intensity 

ratio 𝑈/𝑈𝑐 when taking flow velocity into account.  
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Method 1 and Method 2 are based on the original framework of the Sheppard-Melville method 

with alternative input of equivalent pier width for each method. The results show that Method 

2 is more accurate than Method 1 when the pile-cap is near or buried by the original flat-bed 

(S3~S6). For other series (S1~S2, S7), the results of Method 1 and Method 2 are similar due 

to the two methods calculating the same pier equivalent width. These results show the equation 

of Coleman (2005) giving the more realistic value of pier equivalent width for complex bridge 

piers aligned to the approaching flow, as found by Yang et al. (2018).  Generally, Method 1 

and Method 2 are capable of capturing both the scour peaks at clear-water threshold and live-

bed transitional flat-bed stage respectively, while the scour depth between the two peaks is 

approximated using a linear relation. By comparison, the equation proposed in the present study 

(Method 3) predicts a more natural and realistic trend including both of the scour peaks and the 

descend-ascend trend after entering live-bed flow regime. In addition, estimation of the scour 

depth at clear-water threshold, underestimated by Method 2, has also been improved.  

Several statistical indicators were selected for a quantitative test of the accuracy of the four 

Methods (Table 6.4).  These indicatots included the root-mean-square error (RMSE), mean 

absolute percentage error (MBPE), the number of data above the +30% error line (P30), the 

number of data below the perfect agreement line (M0), the number of data below the -10% 

error line (M10), and the MBPE of the under-estimated data (MBPE_M0).  Method 3 gave 

slightly larger RMSE and MBPE values than Method 2, while the number of under-estimated 

data, especially those below the -10% error line, was significantly reduced. The MBPE value 

of data under-estimated by Method 3 was also 50% smaller than the corresponding value for 

Method 2. For these data, Method 3 was generally more accurate, with a more natural scour 

trend, and therefore provided a larger safety margin by reducing under-estimation.  

It should also be noted that Method 3 has been shown by Yang et al. (2018) to be more suitable 

for clear-water scour at skewed complex piers and thus is extended in the present study to cover 
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the full range of flow intensity ratio 𝑈/𝑈𝑐. This method can also be more readily modified 

when further live-bed scour data become available. 

 

 

Figure 6.15 The comparisons of the existing predictors for each test series in the present 

study: (a) S1, 𝐻𝑐 = 0.12m; (b) S2, 𝐻𝑐 = 0.09m; (c) S3, 𝐻𝑐 = 0.16m; (d) S4, 𝐻𝑐 = 0.03m; (e) 

S5, 𝐻𝑐 = 0 m; (f) S6, 𝐻𝑐 = -0.03; (g) S7, 𝐻𝑐 = -∞.  
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6.7 Conclusions 

This chapter is focused on live-bed scour at complex bridge piers with bed-form migration, 

about which no available information has been reported yet. Melville and Coleman (2000), as 

well as other more recent studies mentioned in the introduction section, only proposed solutions 

for complex piers under clear-water condition. The conclusions drawn in this chapter are listed 

below.  

1. At a complex pier, the variation of mean scour depth (𝑑𝑠_𝑎𝑣 ) with flow intensity ratio 

depends on the pile-cap elevation (𝐻𝑐) and may differ from the typical ‘descend-ascend’ 

trend found with a single pier. Thus, the existence and size relationship of both the scour 

peaks (at the clear-water threshold and the transitional flat-bed stage) are significantly also 

different for complex bridge piers. 

2. At complex piers in live-bed conditions, scour depth fluctuates. The mean scour fluctuation 

(∆𝑑𝑠) depends on the relative pile-cap position. When the pile-cap is completely buried by 

the original bed, ∆𝑑𝑠 may be much larger than the upstream bed-form height.  

3. Synchronous measurements, power spectra analysis, and cross-correlation analysis of bed 

elevation data both near the pier and at on the upstream channel bed indicate that, when the 

pile-cap is completely buried by the original bed, bed-forms approaching the scour hole may 

be significantly magnified at the pile-cap’s leading edge while still keeping their individual 

form, resulting in high scour fluctuation. When the pile-cap is above the original bed, the 

approaching bed-forms are typically “destroyed” among the vertical piles, showing less 

correlation with upstream bed-forms. The “destroyed” bed-forms bring more rapid 

flotations with smaller periods. Under such circumstances, the mean scour fluctuation is 

found to be slightly less than the bed-form height upstream. 
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4. Scour depth, as well as flow field, at complex bridge pier vary with the arrival of the 

upstream bed-forms. The pile-cap plays an important role. When the pile-cap is entirely 

buried by the original bed, scour fluctuation is enlarged due to the cyclic exposure/burial of 

the pile-cap. In such a cycle, decreased (or increased) sediment supply lowers (or elevates) 

the bed level at the pier and then further increases (or decreases) the flow’s scouring capacity.   

5. A new method is proposed according to the equation from Yang et al. (2018) to calculate 

the scour depth at a complex bridge pier under the live-bed flow regime (𝑈/𝑈𝑐>1). The new 

method is found to provide better accuracy and less underestimation than the existing 

methods and is more suitable for further improvement when more data for live-bed scour at 

skewed complex piers become available. The natural trend of 𝑑𝑠_𝑎𝑣 as a function of 𝑈/𝑈𝑐 

can also be better represented. 

6. It should also be noted that many different geometric designs for complex bridge piers are 

built, and the scour design approach may need to vary for the different complex pier designs. 

Ettema et al. (2017) emphasized that actual pier designs should be scour-tested. Although 

the general trends reported in the present chapter can be applied to all pier designs, physical 

testing may still be needed.  
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Chapter 7  
 

Influence of pier proximity on local 

scour at complex bridge piers 
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7.1 Introduction 

Scour is one of the most common damages to bridges in fluvial environments. The approaching 

flow diverted by a pier leads to a series of large-scale turbulence coherent structures, e.g. 

horseshoe vortex, surface roller, and wave vortices, which consequently increase the kinetic 

energy and the eroding capacity of the flow. A scour hole forms around the pier when the 

surrounding erodible bed materials are significantly entrained and eroded away by the flow 

features while, at the same time, the pier itself is further exposed. The existence of the scour 

hole significantly alters the inherent frequency, stress or bearing conditions of the pier and 

leads to either settling, bending or aggravated wobbling effect. The failure of a bridge 

foundation damages not only the engineering purposes of the bridge itself but also possibly the 

downstream ecological environment, e.g., spawning beds (Melville and Coleman, 2000). 

Bridge piers are usually built with complex geometry due to mechanical, geotechnical and 

structural considerations, and thus complex pier forms are more widely adopted around the 

world than the single pier form with uniform cross-sections. A typical complex bridge pier 

often consists of a wall-like column supporting the bridge deck and superstructures, a pile-cap 

under the column, and a group of piles supporting the pile-cap. Complex bridge piers are 

usually built in close proximity to each other for large bridges with multiple lanes, parallel 

companion bridges (especially highway-railway bridges combination), and bridges with 

continuous spans on flood plains. The remnants of previously existing bridges that have been 

demolished or destroyed may also influence adjacent newly built ones. Figure 7.1 show the 

typical cases of complex piers in close proximity. The flow field and sediment transport 

mechanism are significantly altered at a complex pier with another one nearby, and thus the 

existing scour predictors may not be applied to such situations directly and need further 

adjustment with caution. 
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Figure 7.1 Typical cases of complex bridge piers in close proximity. (Photos from internet.) 

Previous studies have paid much attention to current-induced scour at multiple piles ( Hannah， 

1978; Elliott and Baker,1985; Zhao and Sheppard, 1999; Sumner et al., 2000; Sumer et al., 

2005; Ataie-Ashtiani and Beheshti, 2006; Amini et al., 2011; Liang et al., 2012; Lança et al., 

2013; Das and Maxumdar, 2015; Wang et al., 2016; Khaple et al., 2017; and Kim et al., 2017) 

and scour at complex piers (Jones and Sheppard, 2000; Coleman, 2005; Sheppard and Glasser, 

2009; Ataie-Ashtiani et al., 2010; Grimaldi and Cardoso, 2010; Beheshti & Ataie-Ashtiani, 

2010, 2016; Moreno et al., 2015, 2016a, 2016b; Ferraro et al., 2013; Amini et al., 2014; 

Baghbadorani et al., 2018; and Yang et al., 2018), respectively. However, there is still no 

solution for dealing with scenarios with multiple complex piers, indicating an obvious gap of 

the existing knowledge. This gap is the impetus of the present study. As a result of the 

insufficient knowledge, people usually tend to design with large safety redundancy when 

dealing with real engineering practices, leading to excessive cost and push the original budget 

much higher. In addition, it is also worth mentioning that the interaction between bridge piers 

and other bridge foundation components, e.g. the abutments, has also been studied by Oben-

Nyarko and Ettema (2011) and Sturm et al. (2011, 2017). They found that the extent and depth 

of the abutment’s scour hole is much greater than that of a nearby pier, and thus the scour 

aggravation caused by pier proximity is usually negligible.  
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This chapter is aimed at providing an insight into the scour pattern at complex bridge piers in 

close proximity and determining the quantitative and qualitative scour features under both 

clear-water and live-bed flow regime. The morphological response of the erodible bed at the 

adjacent piers may vary significantly with or without general sediment transport and bed-form 

migration, which are common fluvial factors that should not be neglected. 

7.2 Experimental set-up  

The experiments in the present study were performed in a 2.4-m wide, 0.6-m deep and 25-m 

long sediment-recirculating flume in the Fluid Mechanics Laboratory at The University of 

Auckland. The flume slope is adjustable up to a 1% slope. The flume is equipped with two 

water pumps, allowing a maximum of 1100 litres per second discharge, and one sand pump. A 

4.0-m long, 0.6-m deep sediment recess box, i.e. the test section for scour experiments, is 

located 11-m downstream from the water outlet section. The sediment used in the present study 

was uniform quartz sand with median particle diameter 𝑑50 =0.84-mm and geometrical 

standard deviation 𝜎𝑔=1.30. This sediment grain size is coarse enough to be considered as non-

cohesive and non-ripple-forming.  

The complex pier model used in the present study was made from solid materials and represents 

a form typical of the bridge piers that have failed in the past several decades in New Zealand, 

as described by Melville and Coleman (2000). These failures include the Bulls Road Bridge on 

SH1, the Blackmount Road Bridge, the Oreti River Road Bridge, and the Whakatane River 

Road Bridge. The model consists of a rectangular wall-like column (310-mm long and 30-mm 

wide), a rectangular pile-cap (362-mm long, 120-mm wide, and 60-mm thick) and a 2×4 pile 

group (25-mm in diameter for each vertical pile).  The model has a geometric scale of 3:50 and 

is similar to the primary model used by Yang et al. (2018). Figure 7.2 shows the schematic 

drawings of the configuration of the complex pier model. 
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Figure 7.2 Model shape and dimensions (unit: mm): (a) plan view; (b) front view; (c) 3-D 

view. 

 

Figure 7.3 Set-up of four different pier arrangement. The small red circles represent the 

locations where the MTA transducers were set and real-time bed level data are available. 
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Depth-averaged velocities were measured by a Nortek Vectrino+ ADV made in Norway. A 

relationship was found between the measured flow velocity, the reading of the electromagnetic 

flow meter, and the working frequency of the pump controller. The scour depth was measured 

using a SeaTek multiple transducer array (MTA) made in USA. Each transducer has a 

cylindrical shape and is 12.7-mm in diameter and 25.4-mm in length. The transducers were 

fixed onto a transversal frame across the flume and in holes drilled in the pile cap, to measure 

instantaneous scour depth around the pier and at each pile throughout the duration of the tests. 

The transducers emit ultrasound pulses with a frequency up to 20-Hz and thereby measure the 

distance by analyzing the reflected signal. 

Four different pier arrangements were used to represent typical scenarios of complex pier 

proximity in the field, including: (a) two adjacent side-by-side complex piers that are both 

aligned to the approaching flow; (b) two adjacent side-by-side complex piers are that are both 

skewed to the approaching flow with 𝛼 = 30°; (c) two aligned complex piers that are staggered 

with 30° angle between the flow direction and the line connecting the pier centres; (d) two 

aligned complex piers with tandem arrangement. Besides the side-by-side arrangements, two 

adjacent complex piers can also support different bridge decks, which are common for 

companion bridges with multiple lanes. If so, the position relationship between two adjacent 

piers can be either staggered or tandem. The distance between two adjacent piers is based on 

typical real cases, while a closer distance is rarely adopted in engineering practices. Figure 7.3 

shows the schematic drawings and photos of the experimental set-ups before filling the flume. 

The red circles mark the locations where the MTA transducers were placed to monitor real-

time bed level data. Further transducers were also set upstream of the pier to monitor 

undisturbed bed-forms but are not located in the figure. Figure 7.4 provides more detailed set-

up information of the MTA transducers at one of the piers, as well as the numbering scheme 

for the transducers. Previous studies, including Zhao and Sheppard (1999), Lança et al. (2013) 
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and Yang et al. (2018), have shown that, for scour at a group of piles or a stand-alone skewed 

complex pier, the maximum scour depth usually occurs at the downstream end of the upstream 

pile column, i.e. A3 or A4. 

 

Figure 7.4 Definition and numbering scheme of the MTA transducers. 

The experimental design in the present study in shown in Table 7.1. The flow depth 𝑦0 was 

fixed at 0.15m. The pile-cap elevation was fixed at 𝐻𝑐=0.06m, and the base of the pile-cap was 

at the original bed level. This position is typical and leads to enlarged scour hole, as previous 

studies (Ataie-Ashtiani et al., 2010; Moreno et al., 2015; and Yang et al., 2018) have shown 

that the scour depth is maximized when the pile-cap is near the original bed level. For each pier 

arrangement, a wide range of flow intensity ratios (𝑈/𝑈𝑐) were tested, from 0.9 to 4.0-5.2, to 

investigate scour features under both clear-water (𝑈/𝑈𝑐 ≤ 1) and live-bed (𝑈/𝑈𝑐 > 1) flow 

regimes. When 𝑈/𝑈𝑐 > 1, the sediment particles over the entire channel bed start to move 

downstream and lead to consecutive migrating dunes with wavy patterns.  

 



238 
 

Table 7.1 Experimental design 

Series Pier 
arrangement Pier alignment Pier distance Supporting the same bridge 

deck? 

1 Side-by-side Aligned 2𝐷𝑝𝑐 Yes 

2 Side-by-side 30° skewed 2𝐷𝑝𝑐 Yes 

3 Staggered Aligned 2𝐷𝑝𝑐 No 

4 Tandem Aligned 𝐿𝑝𝑐 No 

7.3 Clear-water scour experiments 

7.3.1 Temporal evolution 

The temporal evolutions of the experiments in the present study are shown in Figure 7.5, 

displaying the development with time of scour depth at the transducers. Due to the many 

measuring locations, the data are displayed with increased transparency towards downstream 

for a clearer distinction. To reduce the potential distraction caused by excessive lines, part of 

the data of minor significance are deleted from the graph, while the general trends can still be 

shown clearly. It should also be noted that the transducers are not functional when they are 

buried or the distance to the bed is smaller than 0.03-m. Thus, part of the scour data at the 

beginning stage are not available, such that some of the curves start at a non-zero value. 

Figure 7.5(a) shows the scour temporal evolution for the side-by-side arrangement with aligned 

flow. Data from just one of the complex piers are displayed, as the scour patterns are 

symmetric. Scour at two pile columns of any one of the adjacent piers are very close, and the 

scour depth at each column decreases towards downstream. Scour between the two complex 

piers, where the flow is usually contracted and accelerated, is minor during the first 300,000 

seconds (≈3.5days), followed by comparatively rapid scour when the scour holes produced by 

the two piers expand and merge. It indicates that the current level of proximity for this 

arrangement will not lead to significant contraction scour between two piers under clear-water 



239 
 

flow regime. The maximum in-between scour depth occurs at the upstream end of the space 

and decreases towards downstream, which is similar to the natural profile of the merged scour 

holes.  

When there is a 30° skew angle (which is common for river bends or braided channels), as 

shown in Figure 7.5(b), the scour temporal evolutions at all the measuring locations suggest 

consistent trends with rapid deepening during the first 100,000 seconds followed by 

comparatively slow development of the scour holes to reach equilibrium. Similar to the scour 

features at stand-alone skewed complex piers (Yang et al., 2018) and pile groups (Zhao and 

Sheppard, 1999; Lança et al., 2013), the maximum scour depths at both of the adjacent piers 

occur at the downstream ends of the upstream pier flanks (pile A4). Thus, only the data of the 

pile column at the upstream pier flank (pile A1~A4) of each pier are shown. Generally, the 

scour depth at each pile column increases towards downstream, in contrast to the aligned 

arrangement. The scour between the two piers initiates rapidly at the beginning of the 

experiment without significant stagnation, and the maximum equilibrium scour depth occurs 

at the middle section of the in-between space.  

Figure 7.5(c) shows the scour temporal evolution at two staggered complex piers. The 

downstream pier shows an “ascend-descend-equilibrium” trend, which is conjectured to be due 

to the incoming sediment eroded from the upstream pier filling the downstream scour hole. A 

similar trend can also be observed for the bed-level data between the piers. The sediment 

particles entrained and eroded away from the scour hole at the upstream pier are transported 

towards downstream by wake vortices with a certain skew angle to the pier’s centerline, and it 

is observed that the inner path of transport may partially overlap with the downstream pier. As 

a result, the scour depths at the downstream complex pier are significantly smaller than the 

upstream pier. The maximum scour depth at each pier still occurs at the first-row piles. 
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However, for the downstream pier, the scour at the inner side (pile A1) is reduced by the 

upstream sediment supply.  

 

Figure 7.5 . Temporal evolution of clear-water scour depths (𝑈/𝑈𝑐=0.9) measured with: (a) 

side-by-side arrangement without skew angle; (b) side-by-side arrangement with 30° skew 

angle; (c) staggered arrangement; (d) tandem arrangement. 

For the tandem pier arrangement, as shown in Figure 7.5(d), the temporal trend is much simpler 

than the staggered arrangement. The scour at the downstream pier is significantly mitigated by 

the upstream pier, which leads to strong vortex shedding observed and thereby the weakened 

scouring capacity in the lee-wake area.  
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7.3.2 Equilibrium bed level 

The equilibrium scour depths are calculated using the temporal evolution curves shown in 

Figure 7.5 and the extrapolation method validated by Yang et al. (2018). Figure 7.6 shows the 

equilibrium bed level for each pier arrangement in the present study with a viewing direction 

perpendicular to the approaching flow. This figure acts as a supplement to the temporal 

evolution data to clearly illustrate the maximum range of scouring excavation that can possible 

happen under clear-water flow regime. The scour at inner and outer pile columns are generally 

symmetric for aligned complex piers, while an oblique alignment leads to more complex scour 

patterns at and between the two piers. The scour between piers under clear-water flow regime 

is found to be caused by the expansion and merging of the scour holes rather than contraction 

scour due to the symmetric scour pattern observed in Figure 7.6(a), and thus the spatial 

distribution of in-between scour generally follows the natural profile of the scour holes. For 

the staggered and tandem pier arrangement tested, the greatest scour occurred at the leading 

side (pile A1 and B1) of the upstream pier. The protection effect of the upstream pier is similar 

to the performance of sacrificial piles as stated by Melville and Hadfield (1999). This protection 

is due to the increased sediment supply for the downstream pier and, as also mentioned above 

and observed during the experiments, the lee-wake turbulence and the vortex shedding path 

caused by the upstream pier overlapped with the downstream pier. 
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Figure 7.6 Equilibrium bed-levels: (a) side-by-side arrangement without skew angle; (b) side-

by-side arrangement with 30° skew angle; (c) staggered arrangement; (d) tandem 

arrangement. The measuring locations can also be referred in Figure 3 for more detailed 

information.   
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7.4 Live-bed scour experiments 

7.4.1 Mean scour depth at complex piers 

A live-bed flow regime occurs when the mean flow velocity exceeds the threshold of sediment 

incipient motion. The general sediment motion on the bed surface leads to the formation of 

bed-forms, and there is general transport of sediment downstream. Under a live-bed flow 

regime, the scouring process fluctuates due to the alternate arrival of the crests and troughs of 

the bed-forms, and thus the instantaneous bed level data are time-averaged to obtain a mean 

scour depth. A dynamic equilibrium may be reached with mean scour depth constant over time. 

The equilibrium mean scour depth is dependent on the flow intensity ratio (𝑈/𝑈𝑐) and may 

show a “descend-ascend” trend with increasing 𝑈/𝑈𝑐 , as reported by Chee (1982), Chiew 

(1984), and Melville (1984).  

Figure 7.7 shows the mean scour depths as functions of flow intensity ratio 𝑈/𝑈𝑐 at selected 

measuring locations, including the most scoured pile of each complex pier and the upstream, 

downstream and middle sections of the space between piers. It should also be noted that the 

bed-forms observed in the present study were dunes or washed-out dunes (for large flow 

intensity) migrating towards downstream. Other bed-form patterns, including ripples and anti-

dunes, were not observed due to the characteristics of non-ripple-forming coarse sand (usually 

with 𝑑50>0.6-mm).  

Figure 7.7(a) shows the scour variation of a side-by-side pier arrangement with aligned flow. 

The maximum scour depth at the two adjacent complex piers stays reasonably constant with 

increasing flow intensity, while the peak value at the transitional flat-bed stage (𝑈/𝑈𝑐 = 4~5) 

is smaller than the peak at the clear-water threshold, which is in accord with the conclusion of 

Chee (1982), Chiew (1984), and Melville (1984) for non-ripple-forming coarse sediment. The 

typical “descend-ascend” trend with flow intensity is absent for scour between the two piers, 
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and the scour peak occurs for 𝑈/𝑈𝑐 = 2~3, when the approaching bed-form size is usually 

maximized. The location of maximum scour between the piers moves to the downstream 

section with flow intensity increasing above 3.5.  

 

Figure 7.7 Relationship between equilibrium mean scour depth and flow intensity ratio at 

various locations. 

When there is a 30° skew angle between the piers and the flow direction, the mean live-bed 

scour depth at the downstream pier exceeds that at the upstream pier (Figure 7.7(b)). It is 

conjectured that the incoming sediment is rapidly eroded away without further accumulation 

between the piers due to the strong wake vortices and the contracted flow. Thus, the scour at 

the inner side of the downstream pier (upstream pier flank) will be subjected to less influence 

of the approaching bed-forms, while, in contrast, a stronger filling effect exists at the outer side 
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of the upstream pier. Furthermore, the “descend-ascend” trend is present for scour between the 

two piers, which indicates that, compared with Figure 7.7(a), this scour more resembles that in 

a unified scour hole, i.e. the two scour holes have merged to form a single extensive scour hole.  

The scour trend of the staggered pier arrangement is shown in Figure 7.7(c). Under a clear-

water flow regime, the scour at the downstream pier is significantly reduced by the lee effect 

and by the sediment supply from the upstream pier. However, the scour depth at the upstream 

pier drops sharply with increasing flow after entering the live-bed flow regime due to the 

approaching dunes, while, in contrast, the downstream pier is much less subjected to the 

influence of bed-forms with a live-bed peak larger than that at the clear-water threshold. The 

live-bed scour depths at the two piers are generally close but the downstream pier is slightly 

more scoured, which is in contrast to the trend with clear-water scour. A possible explanation 

is that, with high flow intensity, the lee protection of the upstream pier disappears while the 

diverted flow acting directly on the downstream pier with a certain skew angle actually 

strengthens the downstream scouring capacity. This is also in accord with the observed diverted 

flow path behind the upstream pier. In addition, the attenuation effect of downstream vortex 

shedding becomes negligible due to the stronger flow.  

In Figure 7.7(d), the scour trend at the upstream pier in the tandem arrangement is similar to 

the staggered arrangement, which indicates that, for both arrangements, the upstream piers are 

not significantly affected by the downstream pier and still maintain the same scour features as 

a stand-alone pier. In contrast, the scour at the downstream pier is greatly attenuated. The 

downstream pier, as well as the measuring locations between the piers, suggest similar and 

uniform trends of slightly more scour with increased flow intensity and show a live-bed scour 

peak greater than that at the clear-water threshold. This feature is similar to the downstream 

pier in staggered arrangement and presumably tends to disappear with increasing distance 

between the two piers. Generally, for staggered or tandem arrangements with significant 
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upstream/downstream distinction, the most hazardous scour overall may occur at the leading 

piles of the upstream pier under a clear-water flow regime.  

7.4.2 Bed-form migration between adjacent piers 

Besides the live-bed scour at each complex pier, it is also important and useful to understand 

the scour pattern and the varying trend within the space between two bridges, where the altered 

hydrodynamic and morphological features may affect human activity or natural processes, e.g., 

debris drifting and accumulating, boating, etc. Figure 7.8 shows both the clear-water and live-

bed scour features between two piers. The shaded areas represent the varying range of bed level 

under a live-bed flow regime, and the data with 𝑈/𝑈𝑐 = 2.2 are plotted specifically because 

the bed-form size is usually maximized at this flow intensity with a medium celerity, and thus 

the features are usually most typical. In addition, the mean magnitude of bed level fluctuation 

at each measuring location is also shown in the small embedded graphs within Figure 7.8. 

 

Figure 7.8 Live-bed scour range between adjacent piers. The embedded subplots show the 

trend of mean scour fluctuation at each measuring location. 
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In Figure 7.8(a) for side-by-side arrangement with aligned approaching flow, the range of bed 

level between two piers under live-bed condition is always lower than that at the clear-water 

threshold, and the most significant additional scour occurs at the downstream section.  

An opposite relationship can be observed in Figure 7.8(b) when a 30° skew angle exists, where 

the scour depth at the clear-water threshold stays larger than live-bed scour for any flow 

intensity, and the difference is also maximized at the downstream section. A feature shared by 

the side-by-side arrangements with or without pier skewness is that the maximum live-bed in-

between scour between the piers tends to occur at the central measuring location.  

In Figure 7.8(c), for the staggered arrangement, the increased flow intensity and the 

corresponding approaching bed-forms attenuate the scour at the upstream end (adjacent to the 

rear of the upstream pier) but, in contrast, aggravate the scour at the downstream end (adjacent 

to the face of the downstream pier). In accord with the conjecture in the last section, this 

phenomenon is also the outcome of the weakened lee-wake protection to the downstream pier 

with large flow intensity.  

In Figure 7.8(d), the scour depths under clear-water and live-bed flow regimes are similar. Only 

very minor scour occurs between the piers except close to the face of the downstream pier as 

part of the natural profile of the downstream scour hole.  

For all the pier arrangements in the present study, the mean magnitude of the bed level 

fluctuation between the piers always decreases from upstream to downstream, regardless of the 

varying trend of the mean bed level, as shown by all the embedded graphs in Figure 7.8. This 

indicates that the bed-forms are damped when migrating downstream between the two adjacent 

complex piers.  This damping effect can be influenced by other factors besides the bed level 

profile. This effect is discussed further below.  
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Figure 7.9 Cross-correlation analysis for the four different pier arrangements in the present 

study (𝑈/𝑈𝑐=2.2). 

Cross-correlation analysis is used to determine the level of similarity of two data series.  With 

time series (such as instantaneous bed-level data in the present study) a time lag between two 

series can be identified by a cross-correlation analysis performed after displacing one series 

relative to the other. Guan et al. (2015) used cross-correlation analysis to calculate the 

migrating celerity of bed-forms between two locations, which can be determined by dividing 

the known distance between the locations by the calculated time lag of the correlation peak. In 

the present study, correlation analysis has been performed on data from pairs of adjacent 

measuring locations between the piers.  Data with 𝑈/𝑈𝑐 = 2.2 (a typical value as mentioned 

above) are shown in Figure 7.9, and the trends with other flow intensity ratios are similar. In 

the figure, a higher correlation peak represents a greater similarity between the time series (i.e. 

less deformation of the bed-forms), and a smaller time lag represents a faster migrating celerity 

between the two adjacent measuring locations. The correlation coefficients are normalized by 

the largest peak value in each subplot.  
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In Figure 7.9(a), for a side-by-side pier arrangement with aligned flow, bed-forms keep 

accelerating and are damped continuously when passing between the piers, although the bed 

level does not vary significantly as shown in Figure 7.8(a). The acceleration is probably due to 

the flow contraction that is magnified with large flow intensity under a live-bed flow regime. 

In contrast, with a 30° skew angle (Figure 9(b)), bed-forms tend to pass between the piers with 

a constant celerity but are damped to a much greater extent than with the aligned arrangement. 

The enhanced damping effect can be attributed to the larger vertical (and also horizontal) extent 

of the scour hole, in which the approaching bed-forms may collapse and lose the original shape 

features. This is also in accord with the findings of our previous unpublished study on the 

relationship between mean scour fluctuation and scour depth.  

In Figure 7.9(c) for the staggered pier arrangement, a process of repeated acceleration and 

deceleration can be observed. A possible explanation is that the migrating bed-forms firstly 

leave the region dominated by the upstream pier and then enter the region that is significantly 

affected by the downstream pier. The flow tends to be more contracted and accelerated in the 

region closer to either one of the piers, and thus the celerity of the migrating bed-forms also 

tends to behave in the same way.  

For the tandem arrangement, as shown in Figure 7.9(d), the bed-forms tend to decelerate behind 

the upstream pier due to the lee-wake protection and then accelerate after entering the 

downstream scour hole before collapsing to the bottom of the leading piles. Damping of the 

bedforms is marked. 

Generally, the bed-forms tend to accelerate in contracted flow near the piers regardless of the 

pier arrangement, and deceleration may occur when the lee-wake protection effect prevails. 

Furthermore, the magnitude of the bed-forms will always be damped during migration 
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downstream while being eroded by the turbulence in the scour hole, which is also in accord 

with the decreasing mean fluctuation magnitudes shown in Figure 7.8.  

7.5 Discussion  

Predicting scour depth at complex piers has always been a problem due to the difficulty of 

analysing the complexity of flow field and pier geometry, as reviewed extensively by Ettema 

et al. (2017). As a result of the limitation of contemporary computing capability, numerical 

modelling has not been practical and efficient enough to provide reliable scour simulation. 

Thus, engineers still rely heavily on empirical or semi-empirical equations based on 

dimensional analysis to calculate the equilibrium scour depth at piers, although errors may be 

significant and modifications are usually needed for unusual conditions. To date, a few 

prediction methods have been well developed and widely adopted around the world for 

complex piers, including the Coleman method (Coleman, 2005), the FDOT method (Sheppard 

and Renna, 2010), HEC-18 method (Arneson et al., 2012), and the Sheppard-Melville (S-M) 

method (Sheppard et al., 2011). The S-M method is a meld of the equations of Sheppard and 

Miller (2006) and Melville and Chiew (1999). Ettema et al. (2017) has noted that the S-M 

method is more readily adapted than the other methods as further information becomes 

available. However, the S-M method was originally developed for single piers and does not 

deal with geometric complexity. Yang et al. (2018) proposed a modification for clear-water 

scour at complex piers by replacing the pier diameter in the original S-M method with the 

equilibrium pier width calculated by other equations. Yang et al. (unpublished) extended the 

modification mentioned above to the live-bed flow range. The newly extended method can be 

expressed as below. 

When 𝑈/𝑈𝑐 ≤ 1: 



251 
 

𝑑𝑠𝑒
𝐷𝑒

= 3.17𝑓1𝑓2𝑓3                                                                    (𝐸𝑞. 7.1) 

𝑓1 = 𝑡𝑎𝑛ℎ [(
𝑦0
𝐷𝑒
)
0.65

]                                                              (𝐸𝑞. 7.2) 

𝑓2 = 1 − 1.2 [𝑙𝑛 (
𝑈
𝑈𝑐
)]
2

                                                         (𝐸𝑞. 7.3) 

𝑓3 =
 𝐷𝑒/𝑑50

69.25( 𝐷𝑒/𝑑50)−0.34 + 0.14( 𝐷𝑒/𝑑50)1.41
                            (𝐸𝑞. 7.4) 

When 1 < 𝑈/𝑈𝑐 ≤ 𝑈𝑙𝑝/𝑈𝑐: 

𝑑𝑠𝑒
𝐷𝑒

= 𝑓1

{
 

 
2.3 [1 − (

𝑈
𝑈𝑐
−
𝑈𝑙𝑝
𝑈𝑐

𝑈𝑙𝑝
𝑈𝑐

− 1
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1.1

+ 3.17𝑓3 (

𝑈
𝑈𝑐
−
𝑈𝑙𝑝
𝑈𝑐

𝑈𝑙𝑝
𝑈𝑐

− 1
)

1.1

}
 

 
               (𝐸𝑞. 7.5) 

When 𝑈/𝑈𝑐 > 𝑈𝑙𝑝/𝑈𝑐: 

𝑑𝑠𝑒
𝐷𝑒

= 2.3𝑓1                                                            (𝐸𝑞. 7.6) 

𝑈𝑙𝑝 = 𝑚𝑎𝑥{5𝑈𝑐 , 0.6√𝑔𝑦0}                                           (𝐸𝑞. 7.7) 

Specifically, 𝑈𝑙𝑝 represents the flow velocity where the bed-forms are washed out, i.e. the 

transitional flat-bed stage. The equivalent pier width 𝐷𝑒  is calculated by the method of 

Coleman [16] for aligned complex piers and that of Sheppard and Renna [38] for skewed 

complex piers.  

The performance of Eq. 7.1~7.7 is compared with the HEC-18 and FDOT methods in Figure 

7.10. Supplementary experiments were also performed to investigate the scour at stand-alone 

piers, and the results are also included in the figure for comparison. In Figure 7.10(a), for the 

side-by-side arrangement with aligned flow the live-bed scour is aggravated by the proximity 
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of another pier, while no significant difference exists under the clear-water flow regime. In 

contrast, in Figure 7.10(b) with a 30° skew angle, the scour depths at both the piers are reduced 

by the presence of another pier, although the horizontal extent of the merged scour hole is 

typically somewhat larger than the hole produced by any individual complex pier. It is counter-

intuitive that a larger flow blockage usually leads to greater scour depth. A possible explanation 

is that the presence of a downstream pier causes a greater flow separation that starts from a 

longer distance upstream of the pier site, then the attacking angle of the flow is actually reduced 

due to enhanced flow diversion. More analysis, both physical and numerical, is needed to better 

describe the mechanism of scour attenuation in similar situations.  

 

Figure 7.10 Scour comparison with single complex pier without proximity and performance 

of predictors. 

For staggered and tandem pier arrangements, in Figure 7.10(c) and 7.10(d), the upstream pier 

is not significantly affected by the downstream pier. The modified and extended S-M method 
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then provides an adequate but not excessive safety margin even if the scour depth is aggravated 

due to an adjacent pier, and the natural “descend-ascend” trend with increasing flow velocity 

in the live-bed regime can also be captured with good accuracy. In contrast, although the FDOT 

method and the HEC-18 method show fair accuracy for clear-water scour, they both tend to 

over-simplify the scour trend under the live-bed flow regime and may lead to significant errors. 

The HEC-18 method uses Froude number (rather than 𝑈/𝑈𝑐 as used in other popular methods) 

to account for the influence of flow velocity, and this may be the reason for the excessive 

overestimation that can be observed in Figure 10. Therefore, it is suggested, for engineers and 

researchers, to use the modified and extended S-M method expressed by Eq. 7.1~7.7 to predict 

the scour depth at the upstream pier when aligned to the approaching flow. Attention should 

also be paid to special conditions that may lead to scour aggravation due to the skew angle as 

shown in Figure 7.10(a). In the meantime, the information provided in Figure 7.8 can be used 

to evaluate the regional bed topography, the potential location for severe scour damage, or bed 

level stability during bed-form migration.   

It should be noted that the scour pattern at bridge sites can also be significantly influenced by 

other artificial structures or natural topography, e.g. weirs, sluice gates or shoals, which may 

even be far enough away to be neglected in error sometimes. Wang et al. (2018a) studies the 

scour aggravation caused by an adjacent submerged weir set downstream of the pier under live-

bed conditions. The scour pattern for a staggered or tandem pier arrangement will be more 

prone to be affected by the downstream weir. In addition, the existence of the weir leads to 

upstream bed aggradation and consequently changes the relative pile-cap elevation to the 

original bed level. The relative pile-cap elevation has been considered as a key factor affecting 

the scour development and equilibrium scour depth at complex piers (Coleman, 2005; Ataie-

Ashtiani et al., 2010; Moreno et al., 2015; Yang et al., 2018). Similar effects can also be caused 

by general bed degradation that usually occurs downstream of sluice gates.  Furthermore, 



254 
 

natural topography, e.g. shoals, bends and sand bars, may cause oblique flow that much 

complicate the scenario for scour depth analysis.  

Generally, the analysis of scour at complex bridge piers is complicated. A reliable prediction 

can be obtained only when the influence of pier proximity is accurately integrated with the 

influences of many other factors that are not addressed by this chapter. The current study is 

still limited and only investigates the general scour pattern with typical pier arrangements and 

a fixed pile-cap elevation. More research needs in the future include testing extensively the 

influence of pier complexity, sediment type and gradation, large flow blockage due to 

consecutive piers, and unconventional pier arrangements, which may help creating an updated 

scour prediction framework that is not discussed by the current study.  

7.6 Conclusion 

The present study investigates the clear-water and live-bed scour characteristics at complex 

bridge piers in close proximity to each other with four different pier arrangements: side-by-

side arrangement with aligned flow, side-by-side arrangement with 30° skew angle, a staggered 

arrangement, and a tandem arrangement. The main conclusions drawn from the chapter 

include: 

1. The pier arrangement has a significant effect on the temporal evolution of scour at 

individual vertical piles of each pier and also in between the two piers. Compared with the 

side-by-side pier arrangement with aligned flow, a flow skew angle leads to more rapid but 

asymmetric scour development. The extended scour holes merge between the piers and 

aggravate the scour development in this region. The staggered and tandem pier 

arrangements provide significant protection to the downstream pier by reducing the scour 

rate at the downstream scour hole and facilitating the filling process there.   
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2. The equilibrium clear-water scour pattern is also heavily dependent on the pier arrangement. 

For side-by-side, staggered and tandem arrangements with aligned flow, the scour patterns 

at the upstream piers (or either one of the piers for side-by-side scheme) are similar to that 

at a stand-alone complex pier under the same conditions. The upstream-to-downstream 

protection effect is maximized for a tandem arrangement because the downstream pier is 

entirely in the lee-wake zone, and meanwhile the flow blockage is also the minimum.   

3. With live-bed flow, the original scour patterns for all the pier arrangements under clear-

water conditions may be altered significantly. The live-bed scour depths for side-by-side 

arrangements are much larger than the others due to the enhanced flow contraction between 

the two piers with large flow intensity. For staggered and tandem arrangements, the mean 

scour depth at the upstream pier drops markedly after entering the live-bed range. In 

contrast, at the downstream piers that are well protected under clear-water flow regime, the 

live-bed scour may significantly exceed the clear-water scour and even exceed scour at the 

upstream pier. It is conjectured that the lee-wake protection disappears with more intense 

flow and general sediment transport.  

4. Under a live-bed flow regime, bed-forms migrate downstream via the bridge opening and 

are damped continuously. Thus, the bed profile and the morphological response at the 

erodible bed between the two piers are different to those under clear-water conditions. The 

relationship of the difference between the clear-water and live-bed scour depths also varies 

for different pier arrangements. Between two piers the mean bed level fluctuation decreases 

continuously with distance downstream, regardless of the bed profile. The flow near either 

one of the piers is diverted and accelerated, thereby increasing the bed-form celerity.   

5. Compared with a single complex pier, the live-bed scour at side-by-side piers with aligned 

flow is greater. On the contrary, with a 30° flow skew angle, live-bed scour at both the 
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adjacent piers is less than a stand-alone pier. For both the staggered and tandem 

arrangements, scour at the upstream pier is barely affected by the downstream pier. The 

modified and extended Sheppard-Melville method provides an adequate safety margin for 

most of the scenarios, while attention should still be paid to the side-by-side piers with 

aligned flow, for which there is a risk with high flow intensity of higher scour than the 

method predicts.  

6. Due to the complexity of predicting scour depth at complex piers, the conclusions drawn in 

the present study should be integrated with other factors that may also influence the scour 

pattern, e.g. the proximity to other artificial structures or natural topography, general bed 

level variation and channel bends.  
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Chapter 8  
 

Scour at complex bridge piers induced 

by combined waves and current 
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8.1 Introduction 

Scour at bridge piers in fluvial and costal environments is one of the most common causes of 

damage to bridge foundations, and has caused many bridge failures around the world in past 

decades. The exposure of the buried pier body impairs the entire structure’s bearing capacity 

and may lead to exacerbated force and stress conditions. According to Douglass and Krolak 

(2008), a large number of bridges in the USA (and also in many other countries) are located in 

coastal areas, including bay inlets, river mouth crossings, and causeways, and those bridge 

foundations are subjected to the influence of both waves and current. However, most previous 

studies on scour at bridge piers are focused on current-only situations, while the scour 

mechanism under the influence of waves and wave-current is significantly different. As 

summarized by Melville and Coleman (2000), the main scour-inducing flow features under 

steady current include a down-flow at the pier face, the corresponding horseshoe vortex system 

at the pier base, and wake vortices in the lee-wake zone. These flow features are persistent and 

steady after time-averaging despite turbulent fluctuations. In contrast, wave-dominated scour 

is caused by the oscillating motion of the water body around the pier and the corresponding 

cyclic occurrence of scour-related flow structures:  flow contraction at the sides of the pier, a 

cyclic horseshoe vortex, and wake vortices. The latter two flow features are relatively weak 

due to the limitation on flow boundary layer under near-bed oscillation. The key wave scour 

mechanism at single circular piers has been well summarized by Sumer and Fredsøe (2002), 

which is based on the research of Sumer et al. (1992a, b, 1997) and Sumer and Fredsøe (2001a, 

b). More recent important studies on wave and wave-current scour at pier-like structures 

include Sumer et al. (2007), Prepernau et al. (2008, 2009), Nielson et al. (2012), Petersen et al. 

(2012), Umeda (2013), Sumer et al. (2013), Ong et al. (2013), Zanke et al. (2013), Qi and Gao 

(2014), Chen and Li (2018, 2019), Corvaro et al. (2018), Miozzi et al. (2018), and Qi et al. 

(2019).  
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However, it should be noted that the range of structures tested by these studies is strictly limited 

to single or multiple circular piles. Most of the bridge piers constructed nowadays have a much 

more complex pier form that commonly consists of a wall-like column supporting a bridge 

deck and other superstructures, a pile-cap sitting under the column, and a group of piles 

supporting the pile-cap. This form has been developed in response to hydraulic, structural, and 

geotechnical considerations and has been widely adopted around the world. The scour 

mechanism and scour pattern at complex piers are also much more complicated than at single 

piles or pile groups, due to the corresponding flow-field complexity (Ettema et al, 2017). There 

is an obvious research gap that prevents a better understanding of, and accurate prediction of, 

scour at complex bridge piers under waves and combined waves and current. 

In the last two decades, numerous studies on current-induced scour at complex bridge piers 

have been conducted and reported, including Jones and Sheppard (2000), Coleman (2005), 

Sheppard and Glasser (2009), Ataie-Ashtiani et al. (2010), Grimaldi and Cardoso (2010), 

Moreno et al. (2012, 2014, 2015, 2016a, b); Ferraro et al. (2013), Amini et al. (2014), 

Baghbadorani et al. (2018), and Yang et al. (2018). In addition, Beheshti and Ataie-Ashtiani 

(2010, 2016), Gautam et al. (2018), and Alemi et al. (2019) investigated the flow field around 

a complex bridge pier with and without the influence of the scour hole. Ettema et al. (2017) 

pointed out that the long-term goal is understanding scour complexity by depicting the detailed 

flow information that reveals the real scour mechanism beyond empiricism. However, due to 

limitation of measuring technique and computing capability, the current short-term goal is 

building a more practical analysis framework based on the existing approaches to predict scour 

depth in complex scenarios with confidence. Considering that we have already had well-

established knowledge of current-induced scour at complex piers, the aim of the present study 

is to fill the research gap by investigating scour at complex piers under wave-current and to 

incorporate the resulting new findings within an integrated analysis framework.  
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To deal with the extra complexity caused by pier geometry, it is necessary to review the scour 

mechanism at single circular piers first. As stated by Sumer et al. (1992), the Keulegan–

Carpenter (𝐾𝐶 for short) number is the parameter governing the scouring process around a 

single pier under the wave action. The 𝐾𝐶 number can be expressed as: 

𝐾𝐶 =
𝑈𝑤𝑇𝑤
𝐷

                                                           (𝐸𝑞. 8.1) 

where 𝑈𝑤 = the maximum orbital velocity near the undisturbed bottom caused by waves, 𝑇𝑤 = 

wave period, and 𝐷 = pier diameter. 𝐾𝐶 represents the intensity of the wave-induced scouring 

process near the pier base, and a steady current condition is considered as one with infinite 𝐾𝐶 

number (𝐾𝐶 → ∞). Most of the previous studies were performed with the 𝐾𝐶 number in a 

common range (𝐾𝐶 ≤ 10), within which the existence of horseshoe vortex is significantly 

limited in both space and time domain and will lead to much smaller scour depth than under a 

steady current comparable to 𝑈𝑤. 

When waves and current coexist, the scour mechanism becomes more complicated as the 

sediment may be lifted by the oscillating motion of waves and washed away by the current. 

The effect of the wave-current combination is therefore more than a simple superposition of 

the parameters. Sumer et al. (1997) stated that a three-dimensional separation of the wave-

current boundary layer flow will lead to a complex time-dependent three-dimensional flow 

field at the base of the pier. Thus, it is also assumed that the three-dimensional nature of the 

flow field will be magnified by the non-uniform cross-section of complex piers. Sumer et al. 

(2001a) pointed out that scour caused by combined wave-current flows at single piers is 

governed by the KC number and the relative current strength: 

 𝑈𝑐𝑤 =
𝑈𝑐𝑡

𝑈𝑐𝑡 + 𝑈𝑤
                                                    (𝐸𝑞. 8.2) 



261 
 

where 𝑈𝑐𝑡  is the mean current velocity measured at the near-bed region. Therefore, it is 

reasonable to state that the scour pattern and normalized scour depth under combined waves 

and current are influenced by a set of wave-affected non-dimensional parameters, including 

𝐾𝐶 ,  𝑈𝑐𝑤 , and 𝜃/𝜃𝑐𝑟 , where 𝜃 and 𝜃𝑐𝑟  are the Shields parameter (dimensionless bed shear 

stress) and the critical Shields parameter for incipient sediment motion. The three non-

dimensional parameters are usually interdependent and may vary together if flow condition 

changes. The influence of 𝜃/𝜃𝑐𝑟, which has not been well discussed yet by previous studies on 

wave-induced pier scour, is presumed to be somewhat similar to that for current-induced scour 

at bridge piers, where sediment motion and bed-form migration significantly affect the 

development of the scour hole. Therefore, the scope of the present study includes investigating 

wave-current scour patterns and processes at complex piers, and the influences of the 

abovementioned non-dimensional parameters on the final scour depth and scour development. 

In addition, it is valuable to mention that the existing scour prediction methods, for steady 

current, waves, and wave-current were developed separately and have significantly different 

structures. Thus, researchers and engineers usually have to resort to different sets of equations 

when dealing with scour problems under complicated flow conditions, which creates a risk of 

confusion. Regarding this issue, Ettema et al. (2017) recommended the Sheppard-Melville 

method (Sheppard et al., 2011) for usage and further adaption for current-induced pier scour. 

The modified Sheppard-Melville method proposed by Yang et al. (2018, 2019) has shown good 

accuracy for current scour at a complex bridge pier, so the next step expected is taking wave 

components into account by incorporating more modifications that feature wave-related 

parameters based on the framework of Sumer and Fredsøe (2001a), which has been widely 

accepted for predicting scour at single piles.   
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8.2 Experimental set-up 

8.2.1 Facility 

The experiments were performed in a 26m long, 1.2m wide and 2m deep wave flume, as shown 

in Figure 8.1, in the Fluid Mechanics Laboratory of The University of Auckland. The flume is 

built of concrete blocks with a 1.6m×1.6m glass observation window about 14m from the wave 

generator. A false floor 0.4m in height was built to lift the flume floor, creating a 4m long 

sediment recess box at the observation window for scour testing. A piston-type wave generator 

is located at the upstream end of the flume and can generate either regular or irregular waves. 

A 3.9m-long newly designed wave absorber has been built at the downstream end of the flume 

to attenuate the incident wave energy and thus minimize wave reflection. The absorber consists 

of two parts: a 3.5m-long parabolic ramp with 11% perforation, and several vertical perforated 

boards behind the ramp. The ramp induces shoaling and breaking of the incident waves to 

attenuate wave energy, and some wave overtopping is allowed to let the breaking bore uprush 

be dissipated by the vertical perforated boards. This design was inspired by Ouellet and Datta 

(1986) and Tiedeman et al. (2012).  

 

Figure 8.1 The schematic drawing of the wave flume used in the present study. 

8.2.2 Model geometry and test conditions 

The complex pier model used in the present study represents a typical complex pier form based 

on the bridge piers that have failed in the past several decades in New Zealand, as described by 

Melville and Coleman (2000).  These failures include the Bulls Road Bridge on SH1, the 



263 
 

Blackmount Road Bridge, the Oreti River Road Bridge, and the Whakatane River Road Bridge. 

This model consists of (from  top to bottom) a rectangular wall-like column, a rectangular pile-

cap and a 2×4 pile group.  It has an approximate geometric model scale of 3:50 and is the same 

as the primary model used by Yang et al. (2018). Figure 8.2 shows the shape and the dimensions 

of this model. The sediment used in the present study is uniform quartz sand with a median 

particle diameter 𝑑50=0.84mm and a geometrical standard deviation 𝜎𝑔=1.30. This particle size 

is considered as non-cohesive and non-ripple-forming.  

The flow conditions used by the present study can be categorized as regular waves, steady 

current, and combined wave and current. The depth-averaged flow velocity of the steady 

current was set constant at 0.25m/s, with a near-bed velocity therefore around 0.21m/s. The 

near-bottom steady current and wave orbital velocity were  measured at 2cm above the 

undisturbed sand bed during calibrations for the determination of 𝐾𝐶 number. Regular waves 

were generated in the wave-only and wave-current experiments with the same propagation 

direction as the steady current. The wave period was in the range 1.25s~2.66s. Experiments 

were undertaken under both clear-water and live-bed flow regimes, and the bed motion 

condition was determined by the normalized Shields parameter 𝜃/𝜃𝑐𝑟. The Shields parameter 

𝜃 and the critical Shields parameter 𝜃𝑐𝑟 were calculated by the approach proposed by Soulsby 

(1997).  Specifically, the maximum bed shear stress calculated by the analytical model of Grant 

and Madsen (1979) was used to determine the bed Shields parameter. It should also be noted 

that waves propagating in shallow water are usually subject to significant non-linearity, i.e. 

amplified steep wave crest (larger streamwise orbital velocity) and damped and elongated wave 

trough (smaller backward orbital velocity). This feature caused net transport towards 

downstream and influenced the observed scour phenomenon. 

Four pile-cap elevations relative to the original bed and three pier skew angles were used in the 

present study to simulate the variety of  field situations. The pile-cap elevation 𝐻𝑐 was set as -
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0.03m, 0m, 0.03m, and 0.09m, corresponding respectively to a fully buried pile-cap (𝐻𝑐/𝑇 =

−0.5), the top of pile-cap flush to the original bed (𝐻𝑐/𝑇 = 0 ), a half-buried pile-cap 

(𝐻𝑐/𝑇 =+0.5), and a fully exposed pile-cap (𝐻𝑐/𝑇 = +1.5). The pier skew angle 𝛼 was set as 

0° (aligned pier), 15° (slightly skewed pier), and  30° (highly skewed pier). According to the 

findings of Yang et al. (2018), the effect of pier skew angle becomes insignificant for 𝛼 > 30°, 

which is also rare in field situations.  

 

Figure 8.2 Model shape and dimensions (unit: mm): (a) plan view; (b) front view; (c) 3-D 

view. 

8.2.3 Data acquisition and processing 

The flow velocity under waves was measured by a Vectrino+ acoustic Doppler velocimetry 

(ADV) made by Nortek, Norway. The AVD was fixed on an adjustable frame attached to the 

transversal beams across the top of the flume. The scour depth was measured using a multiple 

transducer array (MTA) made by SeaTek, USA. Each transducer is cylindrical, 2.54-cm in 

length and 1.27-cm in diameter. Transducers were fixed in the holes drilled on the pile-cap (or 

close to the pile-cap and the column, when the pile group was not initially exposed) to measure 
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the instantaneous scour depth at each pile during the entire duration of the tests, using a 

specified sampling interval (e.g., one second). The approach to calibration and filtering of the 

MTA data has also been used by Guan et al. (2015, 2016) and Wang et al. (2018a, b, c). After 

each test, the scour depth was verified using a point gauge to calibrate the transducer data.  

In the present study, regular sinusoidal wave signals were transmitted to the wave-maker via 

an interface built by LabView.  The resulting instantaneous variation of water surface was 

monitored by wave probes made by Edinburgh Designs, UK. The three-point method 

introduced by Mansard and Funke (1980) was used to calculate the wave reflection rate, while 

the three wave probes were fixed at the test section at 0.5m intervals. This method is based on 

a least-squares technique and was also recommended by Isaacson (1991). The calibration data 

show that the reflection rate for wave-only situations was restricted to less than 5%, which is 

considered to have only a minor effect on the experiments.  

8.3 Results 

Table 8.1 shows the experimental parameters and the measured scour data:  𝐻𝑐 is the elevation 

of the top of the pile-cap relative to the original bed; 𝛼 is pier skew angle; 𝑇𝑤 is wave period; 

𝑈𝑤 is the maximum near-bed wave orbital velocity (crest velocity); 𝑈𝑐𝑤 is the relative current 

strength that can be expressed by 𝑈𝑐𝑤 = 𝑈𝑐𝑡/(𝑈𝑚 + 𝑈𝑐𝑡), where 𝑈𝑐𝑡 is the near-bed steady 

current velocity that was set constant as 0.21-m/s in the present study; 𝐷𝑒 is the equivalent pier 

width calculated by the approach proposed by Yang et al. (2018); 𝐾𝐶  is the Keulegan-

Carpenter number expressed by Eq. 8.1; θ/𝜃𝑐𝑟 is the normalized Shields parameter, where 𝜃𝑐𝑟 

is the critical Shields parameter for incipient sediment motion; 𝑡𝑠 and 𝑡∗ are two forms of time 

scale that will be further discussed in the following sections; and 𝑑𝑠/𝐷𝑒  is the normalized 

equilibrium scour depth.  
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Table 8.1 Experimental parameters and results. 

𝑯𝒄 
(m) 

𝜶 
( ° ) 

𝑻𝒘 
(s) 

𝑼𝒘  
(m/s) 𝑼𝒄𝒘 𝑫𝒆  

(m) 𝑲𝑪 𝜽/𝜽𝒄𝒓 𝒕𝒔 𝒕∗ 𝒅𝒔𝒆/𝑫𝒆 

 0 -- 0 1.00 0.063  -- 0.59  44660 0.179  1.04  
 0 1.25 0.11  0.65 0.063  2.21  0.97  4947 0.178  1.20  
 0 1.50 0.15  0.58 0.063  3.62  1.27  4032 0.196  1.10  
 0 2.00 0.23  0.48 0.063  7.25  1.92  2810 0.199  1.06  
 0 2.00 0.26  0.44 0.063  8.43  2.31  1945 0.183  1.17  
 0 2.00 0.29  0.42 0.063  9.20  2.58  1341 0.140  1.06  
 15 -- 0 1.00 0.090  -- 0.59  41551 0.146  1.09  
 15 1.25 0.11  0.65 0.090  1.54  0.98  8451 0.129  1.09  
 15 1.50 0.15  0.58 0.090  2.52  1.27  6068 0.141  1.08  

+0.09 15 1.50 0.19  0.52 0.090  3.19  1.66  6270 0.140  1.08  
 15 2.00 0.23  0.48 0.090  5.05  1.92  3501 0.132  0.99  
 15 2.00 0.26  0.44 0.090  5.87  2.31  2590 0.122  0.97  
 15 2.00 0.29  0.42 0.090  6.40  2.58  1903 0.083  0.97  
 30 -- 0 1.00 0.106  -- 0.59  43774 0.125  1.33  
 30 1.25 0.11  0.65 0.106  1.31  0.98  11758 0.091  1.29  
 30 1.50 0.15  0.58 0.106  2.14  1.27  4924 0.123  1.23  
 30 1.50 0.19  0.52 0.106  2.70  1.66  5814 0.124  1.26  
 30 2.00 0.23  0.48 0.106  4.28  1.92  2316 0.091  1.05  
 30 2.00 0.26  0.44 0.106  4.98  2.31  2201 0.086  1.05  
 30 2.00 0.29  0.42 0.106  5.43  2.58  238 0.068  1.07  
 0 -- 0 1.00 0.061  -- 0.59  38700 0.203  1.04  
 0 1.30 0.11  0.66 0.061  2.36  0.97  3700 0.185  0.99  
 0 1.57 0.16  0.56 0.061  4.26  1.38  1451 0.199  0.83  
 0 2.02 0.21  0.49 0.061  7.15  1.78  1152 0.211  0.73  
 0 2.06 0.24  0.47 0.061  8.01  1.98  1158 0.185  0.60  
 15 -- 0 1.00 0.127  -- 0.59  41000 0.145  0.83  
 15 1.25 0.11  0.65 0.127  1.09  0.98  4187 0.126  0.66  
 15 1.50 0.09  0.69 0.127  1.10  1.10  4014 0.122  0.63  
 15 1.50 0.15  0.58 0.127  1.78  1.27  7881 0.134  0.64  

+0.03 15 1.50 0.19  0.52 0.127  2.25  1.66  4000 0.145  0.66  
 15 2.00 0.23  0.48 0.127  3.57  1.92  4431 0.148  0.58  
 15 2.00 0.26  0.44 0.127  4.15  2.31  336 0.137  0.54  
 30 -- 0 1.00 0.158  -- 0.59  41323 0.128  1.03  
 30 1.30 0.11  0.66 0.158  0.90  0.94  4421 0.090  0.92  
 30 1.57 0.16  0.56 0.158  1.63  1.38  2603 0.104  0.83  
 30 2.02 0.21  0.49 0.158  2.73  1.78  3019 0.107  0.80  
 30 2.06 0.24  0.47 0.158  3.06  1.98  1967 0.099  0.78  
 30 2.66 0.28  0.42 0.158  4.77  2.38  2664 0.087  0.82  
 0 1.25 0.11  0.65 0.075  1.84  0.98  8100 0.165  0.60  
 0 2.00 0.29  0.42 0.075  7.63  2.58  1177 0.171  0.86  

0 15 -- 0 1.00 0.144  -- 0.59  42000 0.135  0.71  
 15 1.25 0.11  0.65 0.144  0.96  0.98  9316 0.102  0.62  
 15 1.50 0.19  0.52 0.144  1.98  1.66  617 0.121  0.58  
 15 2.00 0.23  0.48 0.144  3.14  1.92  1049 0.107  0.60  
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Table 8.1 (continued) Experimental parameters and results. 

𝑯𝒄 
(m) 

𝜶 
( ° ) 

𝑻𝒘 
(s) 

𝑼𝒘  
(m/s) 𝑼𝒄𝒘 𝑫𝒆  

(m) 𝑲𝑪 𝛉/𝜽𝒄𝒓 𝒕𝒔 𝒕∗ 𝒅𝒔𝒆/𝑫𝒆 

 15 2.00 0.26  0.44 0.144  3.65  2.31  654 0.112  0.57  
 30 -- 0 1.00 0.185  -- 0.59  40500 0.115  0.84  
 30 1.25 0.11  0.65 0.185  0.75  0.98  11597 0.083  0.84  

0 30 1.50 0.15  0.58 0.185  1.23  1.27  3716 0.104  0.82  
 30 1.50 0.19  0.52 0.185  1.55  1.66  2150 0.108  0.85  
 30 2.00 0.23  0.48 0.185  2.45  1.92  2920 0.097  0.83  
 30 2.00 0.29  0.42 0.185  3.11  2.58  3431 0.076  0.81  
 15 -- 0 1.00 0.166  -- 0.59  38305 0.103  0.60  
 15 1.25  0.11  0.65 0.166  0.83  0.98  3018 0.092  0.52  
 15 1.50  0.19  0.52 0.166  1.72  1.27  238 0.101  0.34  

-0.03 15 2.00  0.26  0.44 0.166  3.18  2.58  465 0.089  0.30  
 30 -- 0 1.00 0.215  -- 0.59  41597 0.079  0.73  
 30 1.25  0.11  0.65 0.215  0.64  0.98  5829 0.073  0.64  
 30 1.50  0.19  0.52 0.215  1.33  1.27  1785 0.067  0.63  
 30 2.00  0.29  0.42 0.215  2.67  2.58  1195 0.050  0.57  

 

8.4 Scour hole pattern 

The scouring process under the influence of waves is significantly different to that under steady 

current due to the less developed flow boundary layer that constrains the development of 

horseshoe vortex system (Chen and Li, 2018). Thus, the wave-scour mechanism tends to be 

dominated by the lateral flow contraction and the wake vortices of each half cycle, leading to 

a different scour hole evolution pattern and final topography compared with steady current. 

The scour hole topography at single piles caused by waves has been extensively studied (e.g. 

Nishizawa and Sawamoto (1988), Kawata and Tsuchiya (1988), and Kobayashi and Oda 

(1994)). It has been found that the shape of scour hole caused by waves can be classified as 

either twin-horn-shaped (for small 𝐾𝐶 numbers) or cone-shaped (for large 𝐾𝐶 numbers), and 

the location of the maximum scour depth is directly related to the classification. A twin-horn-

shaped scour hole is characterized by a pair of symmetric maximum scours located at the 

downstream side of, and are apart from, the pier, while a cone-shaped scour comes with single 

maximum scour location attached to the upstream face of the pier, which is similar to a scour 
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hole caused by steady current. A transitional stage may exist between the above two categories. 

More recently, Chen and Li (2018) tested the scour hole topography at large-scale single piles 

under waves alone and under both waves and current. It was found that both a greater current 

portion or a stronger wave stroke (i.e. larger 𝐾𝐶) facilitate the scour hole transforming to the 

cone-shaped form, and, in the meantime, the location of the maximum scour depth migrates 

upstream and becomes more attached to the pier face. 

In the present study, a few tests were performed under wave-only conditions to provide a 

comparison with steady current and combined wave-current tests. Figure 8.3 shows typical 

scour patterns under regular waves with different pile-cap elevations and pier skew angles. The 

extent of the scour hole is also marked by curved lines in each subplot. For skewed complex 

piers with a fully buried pile-cap, the scouring effect was concentrated at the downstream 

lateral corner of the column. The scouring capacity was significantly weakened once the 

scoured hole exposed the top of the pile-cap, which is non-erodible and impeded further scour 

excavation. As shown in Figure 8.3(a) and 8.3(b), the scour holes were restricted to the lee side 

of the pile-cap, and only very minor scour was observed at the upstream corner of the column.  

For a skewed pier with a half-buried pile-cap, as shown in Figure 8.3(c), the scour hole was 

mainly restricted to near the most upstream corner of the pier and slightly exposed the bottom 

of the pile-cap before ceasing to enlarge. When the pile-cap was fully exposed, only negligible 

scour hole can be observed around the complex pier even with a relatively large skew angle 

(Figure 8.3(d)). Therefore, it can be reasonably concluded that, unlike pier scour under steady 

current, the main flow feature contributing to scour under waves is the flow contraction at the 

upstream pier flank, at the lateral corners of the column and at the pile-cap. The twin-horn-

shaped scour pattern reported by previous studies was not observed in the lee-wake zone of the 

piers, and the previous classification for monopiles might not be applicable to complex piers 

due to the completely different flow structure.   
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Figure 8.3 Scour patterns in wave-only situations: (a) 𝐻𝑐/T=-0.5, α=15°; (b) 𝐻𝑐/T=-0.5, 

α=05°; (c) 𝐻𝑐/T=+0.5, α=30°; (d) 𝐻𝑐/T=+1.5, α=30°. The dash and solid lines mark the 

extent of scour holes. The crosses mark the locations of the maximum scour depth. 

Experiments under a steady current were also undertaken for comparison and are shown in 

Figure 8.4. The scour patterns are similar to those described by Yang et al. (2018), who 

extensively investigated clear-water scour at skewed complex piers. It was found that, for 

highly skewed (𝛼 = 30°) complex piers (Figure 8.4(a) and 8.4(d)), the scour holes were 

extensive, with semi-cone or semi-trapezoid shapes. The maximum scour depth tended to occur 

at the downstream face of the upstream pile column. For slightly skewed (𝛼 = 15°) and for 

aligned piers (Figure 8.4(b) and 8.4(c)), the maximum scour depth was constrained at the front 

face of the pier (i.e. under the pile-cap face or at the first-row piles). The main flow features 

contributing to scour have been identified by previous studies (Beheshti and Ataie-Ashtiani, 
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2010, 2016; and Alemi et al., 2019) as the down-flow caused by vertical sides of the pile-cap, 

the pressurized flow under the pile-cap, and the vortex systems at the sides and rear of the pier. 

The scour patterns observed in these experiments are in accord with previous findings 

The typical wave-current scour patterns observed in the present study are shown in Figure 8.5. 

For combined wave-current tests, the development of the scour hole was under live-bed flow 

regime and in most cases subjected to long-crested sand ripple migration, and thus the scour 

depth tended to be smaller than that under steady current, due to sediment infilling. Similarly, 

the extent of the scour hole tended to be smaller and less uniform than those under steady 

current. Due to the co-existence of the unidirectional current and wave components, most of 

the experiments ended with the scour features shown in both Figure 8.3 and Figure 8.4.  For 

highly skewed piers (𝛼 = 30°) with the pile-cap completely or partially buried by the original 

bed, as shown in Figure 8.5(a), 8.5(b) and 8.5(g),  the maximum scour depth still tended to 

occur at the rear of the upstream pile column. However, the growth of the scour hole at both 

sides of the pier was significantly restrained because the main flow features contributing to 

scour were weakened by the reverse phase of wave orbital velocity. In Figure 8.5(c) – 8.5(f), 

for aligned (𝛼 = 0°) and slightly skewed (𝛼 = 15°) piers, the wave component had only a very 

minor influence on the scour pattern at the front face of the pier, and the geometry of the scour 

holes resembled those in current-dominated situations. It confirmed the findings reported for 

wave-only experiments that the wave-related scouring capability at the pier face is fairly weak 

due the absence of a persistent horseshoe vortex, and, consequently, the scour pattern at aligned 

or near-aligned piers is insensitive to the variation of wave parameters under wave-current. In 

Figure 8.5(h), for highly skewed piers with fully exposed pile-cap, the extent of the scour hole 

was significantly smaller than those with a lower pile-cap position, and thus the scour pattern 

is more similar to that observed for a pile group (e.g. by Sumer et al., 2005), i.e. local scour at 

each pile merging into one larger scour hole surrounding the entire structure. It can also be 
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concluded that the bed-form migration tends to cause bed level fluctuation at the bottom of the 

pile-cap, but only when the pile-cap is high enough and the extent of the scour hole is relatively 

small.  

 

 

Figure 8.4 Scour patterns in current-only situations: (a) 𝐻𝑐/T=-0.5, α=30°; (b) 𝐻𝑐/T=+0.5, 

α=15°; (c) 𝐻𝑐/T=+1.5, α=0°; (d) 𝐻𝑐/T=+1.5, α=30°. The dash and solid lines mark the extent 

of scour holes. The crosses mark the locations of the maximum scour depth. 
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Figure 8.5 Scour patterns in combined wave-current situations: (a) – (b) highly skewed piers with 

fully buried pile-cap; (c) - (f) aligned and slightly skewed piers with fully and partially buried 

pile-cap; (g) – (h) highly skewed piers with partially buried and fully exposed pile-cap. 
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8.5 Temporal evolution  

8.5.1 Classification of scour depth evolution 

Scour at bridge pier is time-dependent. Previous studies, including Franzetti et al. (1982), 

Raudkivi (1986), Melville and Chiew (1999), Oliveto and Hager (2002), Simarro and Martín-

Vide (2004), Sheppard et al. (2004), and Lança et al. (2010), all concluded that clear-water 

scour development at single circular piers shows an asymptotic trend approaching the 

equilibrium value with time, and the trend can be expressed by either exponential or polynomial 

functions. Ferraro et al. (2013) and Moreno et al. (2015) reported different trends for complex 

piers, which may lead to several scour evolution stages corresponding to the progressive 

exposure of the pier components. For live-bed scour under steady current, the equilibrium 

condition is reached relatively quickly followed by continuous fluctuation of scour depth due 

to the migrating bed-forms. Under such circumstances, defining the initiation-equilibrium stage 

will be impractical and of little importance.  

In the present study, the trend of scour evolution under combined waves and current was found 

to be unlike any trend reported before and can be classified into three typical types: ascend-

descend, asymptotic, and transferred. Figure 8.6 shows the three types using recorded real-time 

scour depth data. The ascend-descend type (Figure 8.6(a)) occurred for complex piers with 

much restrained scour hole extent and relatively small scour depth. The scour depth increased 

quickly after the scour initiation until reaching a maximum value in a short time, which 

followed by an apparent descend trend due to the formation of sand ripples and sediment 

infilling. Then an equilibrium stage was reached after the scour depth ceased to reduce. The 

equilibrium stage was either fluctuating or quasi-steady depending on the magnitude of the 

migrating ripples.  
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The asymptotic type (Figure 8.6(b)) occurred for most of the tests with large skew angle and 

resembles that for clear-water scour under steady current. This type is similar to the typical 

type for single pier, and the influence of  migrating bed-forms is relatively minor. The 

transferred type (Figure 8.6(c)) identifies situations where the maximum scour depth switches 

from one location to another during scour hole development . One example is displayed in 

Figure 8.6(c), showing that the maximum scour depth was initially at one of the pile-cap 

corners but that a deeper hole developed at the rear of the upstream pile column after the pile 

group was significantly exposed.  

For the asymptotic and transferred types, if the equilibrium stage is not reached within the test 

duration, the equilibrium scour depth can be estimated by using one of the curve fitting and 

extrapolation methods proposed by  Franzetti et al. (1982), Sheppard et al. (2004), and Lança 

et al. (2010), whichever produces the least deviation of the curve from the measured data.  For 

the transferred type, this is done on the latter part of the curve corresponding to the final scour 

hole.  

 

Figure 8.6 Three typical scour temporal evolution types: (a) ascend-descend; (b) asymptotic; 

(c) transferred. 

8.5.2 Scour initiation and development 

As shown in the previous sections, the scouring process observed in the present study around 

skewed piers was significantly asymmetric. To better illustrate the topography, Figure 8.7 
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includes schematic drawings showing the progressive exposure of the pier components under 

waves, steady current, and waves and current combined, for highly skewed piers with fully and 

half-buried pile-caps.  

Figure 8.7(a1) and 8.7(a2) reproduce the scour patterns shown in Figure 8.3(b) and 8.3(c) from 

waves alone, to clearly display where the scour holes initiated and developed. The scouring 

process in wave-only situations was mainly caused by the flow contraction at the lateral corners 

of the column (or pile-cap), and only very minor scour was observed at the upstream lateral 

corner, where the approaching flow was basically diverted laterally. Due to wave non-linearity, 

the maximum forward orbital velocity was significantly larger than the maximum backward 

orbital velocity, and thus the scouring mechanism of the flow at first and second half cycles 

were also asymmetric.  

Under steady current, as shown in Figure 8.7(c1) and 8.7(c2), scour initiated at both lateral 

corners of the column (or the pile-cap) and developed at similar rates, and the pile-cap was 

exposed uniformly until it was undercut. Due to the fully developed flow boundary layer and 

persistent horseshoe vortex system, the scour holes developed extensively with well-defined 

boundaries in front of and at both sides of the pier.  

Under combined waves and current, as shown in Figure 8.7(b1) and 8.7(b2), the scouring 

process was intermediate between the wave-only and current-only processes, showing scour 

features of both flow types, due to the co-existence of a persistent horseshoe vortex and near-

bed oscillations. Scour tended to initiate at both lateral corners of the column (or the pile-cap), 

in the form of cyclic ejections of sediment from the pier-bed junction, and the scouring effect 

at the middle section of the sides of the pier is not as strong as that under steady current, causing 

non-uniform exposure of the pile-cap. The existence of both waves and current led to a stream 

power that was much weaker than that a steady current characterized by (𝑈𝑐𝑡 + 𝑈𝑤) during 
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most of time within a wave period. Thus, the scour hole was much less developed and expanded 

compared with that under steady current with a near-bed velocity equal to (𝑈𝑐𝑡 + 𝑈𝑤), as a 

result of the existence of the backward wave orbital velocity that prevails in every half-cycle. 

Due to migrating sand ripples, the boundary of the scour hole in front and at both sides of the 

pier was relatively indistinct.  

The experiments for a fully exposed pile-cap (𝐻𝑐/𝑇 = +1.5) are not included in Figure 8.7 

because the exposing processes were relatively uniform compared with those under the 

significant influence of pile-cap, and the scour patterns were similar to those for a pile group 

under steady current, as shown in Figure 8.5.  

 

Figure 8.7 Schematic drawings of the scour initiation and development stages at skewed 

complex piers: (a1)-(a2) sour caused by waves; (b1)-(b2) scour caused by wave-current; (c1)-

(c2) scour caused by steady current. The pile-cap is either fully or partially submerged by the 

original bed.  
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Figure 8.8 illustrates the typical trajectories of sediment entrained and removed within a 

complete wave period,  during which the steady current was superimposed on either a 

streamwise or backward wave orbital velocity. The example wave-current test (𝐾𝐶 = 3.06 and 

𝑈𝑐𝑤 = 0.47) had a half-buried pile-cap (𝐻𝑐/𝑇 = +0.5) at the initiation of scour with a 30° pier 

skew angle. The photographs show the scour pattern when the vertical piles had been exposed 

while the scour holes kept deepening relatively quickly. In Figure 8.8(a), a significant swirling 

effect was observed at the side of the pile-cap, suspending the sediment particles entrained 

from underneath the pile-cap, as marked by the blue arrows. This mechanism appeared during 

the half-cycle of the backward orbital velocity and was caused by the convections of flow 

components with opposite directions. Then in the next half-cycle with a streamwise orbital 

velocity the swirls disappeared, with the suspended sediment particles being rapidly 

transported downstream, as marked by red arrows. At the same time, the superimposed co-

directional flow components (current and wave) also eroded sediment laterally at the pier face, 

due to a much stronger horseshoe vortex than that under regular waves. A similar phenomenon 

was also observed at the upstream side of the pier, as shown in Figure 8.8(b). The swirls were 

concentrated at the rear corner of the pile-cap, where the upward flow from underneath the 

pile-cap met the backward flow component, which formed strong convections. After the pile 

group was significantly exposed, a similar cyclic ‘swirling – transporting’ mechanism was also 

found at the base of each vertical pile, while the most severe scour tended to occur at the rear 

of the upstream pile column. In general, a similar process occurred for all the experiments 

undertaken under combined waves and current in the present study, especially for those with a 

pile-cap elevation close enough to the original bed to create a strong upward flow. This upward 

flow has also been reported by a few previous studies on the flow field around complex piers 

under steady current, including Beheshti and Ataie-Ashtiani (2010, 2016) and Alemi et al. 

(2019). 
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Figure 8.8 Sediment removal trajectories for steady current superimposed by streamwise and 

backwards wave orbital velocity: (a) downstream pier flank; (b) upstream pier flank. 

(𝐻𝑐/𝑇 = +0.5, 𝛼 = 30°, 𝐾𝐶 = 3.06, 𝑈𝑐𝑤 = 0.47) 

8.5.3 Time scale 

Time scale is usually used to quantify the influence of time on scour evolution ratio at bridge 

piers. However, researchers tend to use different definitions of time scale for various flow 

conditions and scour evolution trends. Melville and Chiew (1999) proposed the non-

dimensional time scale for steady current as: 

𝑡∗ = 𝑈𝑡𝑒/𝐷                                                     (𝐸𝑞. 8.3) 

where 𝑈 = mean flow velocity, 𝑡𝑒 = equilibrium scour time, and 𝐷 = pier diameter. Sumer et 

al. (1992) defined the time scale for wave scour as, when processing scour evolution graph, the 

intercept at 𝑑𝑠(𝑡) = 𝑑𝑠𝑒 by applying a tangent to the scour curve at 𝑡 = 0. This approach was 

also adopted by Petersen et al. (2012) but is only suitable for scour depth increasing smoothly 

in general and asymptotically approaching the equilibrium scour depth. To mitigate the 

influence of scour fluctuation, which can usually be observed for live-bed wave scour or tidal 

current scour, Fredsøe et al. (1992), Fuhrman et al. (2014), Zhang et al. (2017), Schendel et al. 
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(2018) and Welzel et al. (2019) applied an area integration method to calculate both the 

dimensional and non-dimensional time scale, which can be expressed as: 

𝑡𝑠 = ∫
𝑑𝑠𝑒 − 𝑑𝑠(𝑡)

𝑑𝑠𝑒

𝑡𝑒

0

𝑑𝑡                                                            (𝐸𝑞. 8.4) 

𝑡∗ =
(𝑔(𝑠 − 1)𝑑50

3)0.5

𝐷2
𝑡𝑠                                                        (𝐸𝑞. 8.5) 

In the present study, another definition of non-dimensional time scale is proposed based on Eq. 

8.4 to represent the scour evolution features in a clearer way without the influence of pier size 

and equilibrium scour time. The new definition can be expressed as:  

𝑡∗ = ∫
𝑑𝑠𝑒 − 𝑑𝑠(𝑡)
𝑑𝑠𝑒𝑡𝑒

𝑡𝑒

0

𝑑𝑡                                                          (𝐸𝑞. 8.6) 

Both Eq. 8.4 and Eq. 8.6 are able to represent the scour development rate well for non-

asymptotic or fluctuating trends. More specifically, the time scale 𝑡𝑠 still depends on the total 

equilibrium scour time, while the non-dimensional time scale 𝑡∗ calculated by Eq. 8.6 can 

better represent the relative scour rate and the avoid the influence of total timespan. The value 

of  𝑡∗ always sits between 0 and 1 and is usually much less than 0.5 due to the convex shape of 

the scour evolution curve. Figure 8.9 illustrates the above definitions using scour evolution 

data from one of the tests in the present study. It is apparent that a smaller value of 𝑡∗ indicates 

faster initiation and development stages and a relatively longer equilibrium stage, i.e. the scour 

depth reaches the most of its maximum value in a small proportion of 𝑡𝑒 while undergoing a 

long-lasting phase with progressing slowly until stop further deepening.  
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Figure 8.9 Definition of dimensional and non-dimensional time scale used by the present 

study: (a) dimensional time scale 𝑡𝑠; (b) non-dimensional time scale 𝑡∗. In Eq. 8.4 and 8.6 the 

shaded area is integrated to obtain 𝑡𝑠; and 𝑡∗respectively. 

Figure 8.10 shows the relationship between the time scales, both  𝑡𝑠  and 𝑡∗ , and other 

parameters, including Shields parameter 𝜃 and the relative current strength 𝑈𝑐𝑤. The data are 

separated and congregated in different subplots according to the pile-cap elevation 𝐻𝑐, and data 

for different skew angles are differentiated by distinct markers in each subplot. As mentioned 

before, the steady current component for combined wave-current experiments was set constant. 

Thus, 𝐾𝐶,𝑈𝑐𝑤 𝑎𝑛𝑑 𝜃 are inter-dependent in the present study, and their relationships with time 

scales should be similar and do not need to be addressed separately. In Figure 8.10(a1) - (a4), 

the variation of time scale 𝑡𝑠 with Shields parameter 𝜃 displays a power functional relationship, 

i.e. a linear trend when plotted on logarithmic axis scales. This finding is in accord with the 

conclusions from a few previous studies, including Fredsøe et al. (1992) and Sumer et al. 

(1992a), although the definitions of time scale and the specific functions are slightly different. 

This relationship also indicates that, with higher Shields parameter (i.e. higher bed mobility), 

the scouring process reaches equilibrium sooner.  
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Figure 8.10 Parameter dependence of different forms of time scale: (a1)-(a4) variation of 𝑡𝑠 

with Shields parameter 𝜃; (b1)-(b4) variation of 𝑡∗ with relative current strength 𝑈𝑐𝑤; (c1)-

(c4) variation of 𝑡∗𝐷𝑒  with relative current strength 𝑈𝑐𝑤. 

Figure 8.10(b1) – (b4) shows the relationship between the non-dimensional time scale 𝑡∗ 

expressed by Eq. 8.6 and the relative current strength 𝑈𝑐𝑤. As mentioned before, the steady 

current component for combined wave-current scour experiments was set constant with a near-

bed flow velocity 𝑈𝑐𝑡 = 0.21𝑚/𝑠, and thus the increase of 𝑈𝑐𝑤 represents a stronger wave 

component with larger maximum streamwise orbital velocity, larger Shields parameter and 

larger 𝐾𝐶 number. As a result, the 𝑡∗ − 𝑈𝑐𝑤 , 𝑡∗ − 𝜃 and 𝑡∗ − 𝐾𝐶 relationships are identical 

and do not needed to be presented and discussed separately. For each pile-cap elevation, the 

non-dimensional time scale 𝑡∗ is inversely proportional to the pier skew angles, i.e. a lower 

pier skewness results in a larger 𝑡∗. It indicates that, for aligned piers, the duration of initiation 

and development stages relative to the total timespan is shorter. Generally, 𝑡∗ increases with 

𝑈𝑐𝑤, up to a peak value occurring for 𝑈𝑐𝑤 ≈ 0.5~0.6 and decreases with increasing 𝑈𝑐𝑤 above 
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this. The peak value of 𝑡∗ can be as high as around 0.2 for 𝐻𝑐/𝑇 = +0.5 and +1.5, However, 

this peak value under combined wave and current is generally equal to or less than the value of 

𝑡∗ under steady current (shown in the far right of the subplots).  

The phenomena stated above mean that, when the strength of wave and current portions are 

similar under combined wave-current conditions, the duration of scour initiation and 

development stages, relative to time-to-equilibrium, is maximized. Thus, it takes a larger 

proportion of the time-to-equilibrium to reach a certain percentage of the equilibrium scour 

depth. In addition, this time proportion may be even larger under steady current.  

The trends displayed in Figure 8.10(b1) – (b4) show that the 𝑡∗ - 𝑈𝑐𝑤 relationship is dependent 

on the pier skew angle 𝛼, i.e., from another perspective, dependent on the pier equivalent width 

𝐷𝑒  for fixed 𝐻𝑐/𝑇. Thus, the variation of 𝑡∗𝐷𝑒  with 𝑈𝑐𝑤 is also shown separately in Figure 

10(c1) – (c4) to incorporate the effect of pier configuration. Data for any particular pier skew 

angle generally follow the same trend of 𝑡∗ peaking for 𝑈𝑐𝑤 ≈ 0.5. The maximum peak values 

of 𝑡∗𝐷𝑒 (around 0.02) can be found for 𝐻𝑐/𝑇 = 0 and +0.5, where the top of the pile-cap is 

close to the original bed level. Under such circumstances, scour depth is also usually 

maximized according to the conclusions of some previous studies, e.g. Coleman (2005), Ataie-

Ashitiani et al. (2010), Moreno et al. (2015), and Yang et al. (2018). Due to the fact that 𝑈𝑐𝑤 

and 𝜃 are inter-dependent in the present study, more investigation will be needed in the future 

to further separate the effect of each parameter. Despite of the limitation, the general trends in 

Figure 8.10(b1) – (b4) and Figure 8.10(c1) – (c4) are of reliability as similar findings were also 

reported by Petersen et al. (2012) and Chen and Li (2018).  

These results may well also apply to any single non-circular pier shaped so that that the area it 

presents to the waves and current varies with its skew angle.  A value of 𝑡∗ ≈  0.2 is 

conservative enough to safely estimate the scour duration. A conservative curve for percentage 



283 
 

scour development similar to Figure 8.9(b), can be obtained by plotting either exponential or 

polynomial functions to ensure 𝑡∗ ≈ 0.2. This method avoids underestimating the time needed 

to reach a certain fraction (such as 90%) of the equilibrium scour depth.  

In Figure 8.11, all the data of the experiments conducted under combined wave-current 

conditions are aggregated to show the general relationship of time scale 𝑡𝑠 to 𝑈𝑐𝑤 and 𝜃. In the 

present study, an increase in 𝑈𝑐𝑤 represents a decrease in wave strength as well as a decrease 

in bed Shields parameter. Thus, Figure 8.11(a) and 8.11(b) integrate the data displayed in 

Figure 8.10(a1) – (a4) and show that the 𝑡𝑠 − 𝑈𝑐𝑤 and 𝑡𝑠 − 𝜃 relationships can be well depicted 

by power functions, regardless of pier configurations (pile-cap elevation, skew angle, etc). 

Therefore, an approximate estimation of equilibrium scour duration can also be obtained by 

calculating 𝑡𝑠/𝑡∗ using the equations calculated by curve fitting as shown in Figure 8.11. The 

determination of the values dependents on the needs of conservation. t should also be noted 

that the empirical relationships are expected to be refined when more data become available, 

especially for those with different inter-dependency between U_cw and θ as the present study. 

Caution should be exercised when used for different conditions. 

 

Figure 8.11 Variation of time scale 𝑡𝑠 with relative current strength 𝑈𝑐𝑤 and Shields 

parameter 𝜃, with all the data aggregated.   
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8.6 Parameter influences on equilibrium scour depth 

Equilibrium scour depth is usually more concerned regarding long-term design criterion. As 

introduced in the sections about scour temporal evolution, the equilibrium scour depth in the 

present study was obtained using different approaches according to the classification of 

temporal scour curve, which can be referred in Figure 8.6. For the ‘asymptotic’ and ‘transferred’ 

type, the equilibrium scour depth was calculated by curve fitting and extrapolation to infinite 

time, while, for the ‘ascend-descend’ type, the equilibrium scour depth is defined differently 

as the peak value that occurred before comprehensive bed-forms initiated. As that under steady 

current, the equilibrium scour depth, either normalized (𝑑𝑠) or non-normalized (𝑑𝑠/𝐷𝑒), under 

waves or combined wave-current is affected by a series of non-dimensional parameter, 

including 𝐾𝐶 number, relative current strength 𝑈𝑐𝑤, normalized Shields parameter 𝜃/𝜃𝑐, and 

relative pile-cap elevation 𝐻𝑐/𝑇. In this section, the influences of the parameters above are 

discussed separately for a better understanding of the scour-flow-pier relationships and 

facilitating further improvement of scour prediction method, which will be discussed in detail 

in the next section.  

8.6.1 Influence of 𝑲𝑪 and relative current strength 

The combined influence of 𝐾𝐶 and 𝑈𝑐𝑤 is shown in Figure 8.12. According the study of Yang 

et al. (2018), the maximum normalized scour depth at complex piers under clear-water flow 

regimes can be as large as 3.17, which is considered as the upper limit of wave-current scour 

in the present study. This upper limit is approached asymptotically with increased wave strokes 

(e.g. larger 𝐾𝐶 number) when the flow condition within half wave period resembles steady 

current. This trend is in accord with the previous studies, e.g. Sumer et al. (1992), Sumer and 

Fredsøe (2001a), Qi and Gao (2014), etc. In Figure 8.12(a), the dash lines represent the 

regression trends for data points grouped by certain value ranges of  𝑈𝑐𝑤. It can be found that, 
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for a fixed value of 𝐾𝐶 number, a larger 𝑈𝑐𝑤 leads to a significantly greater scouring effect. 

The dependence of 𝑑𝑠/𝐷𝑒 on 𝐾𝐶 is much weakened for 𝑈𝑐𝑤 =0.65~0.69 compared with other 

ranges as shown in the figure, and it can also be reasonably assumed that a regression line with 

higher 𝑈𝑐𝑤 will be more close to the upper limit and become irrelevant to 𝐾𝐶. By using the 

definition of 𝑑𝑠/𝐷𝑒 , the influence of the pier geometric complexity can be effectively 

integrated, and thus the general trends can be compared with those for single circular piers.  

 

Figure 8.12 Variation of normalized equilibrium scour depth with 𝐾𝐶 for different range of 

relative flow strength 𝑈𝑐𝑤: (a) the data of the present study; (b) comparison with the trends 

proposed by Qi and Gao (2014) for single piles. 

Figure 8.12(b) shows the comparison between the trends in the present study and those 

summarized by Qi and Gao (2014) for circular piers. It is obvious that the normalized scour 

depth at a complex pier tends to be much larger than that at a single circular pier for the same 
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value of 𝐾𝐶 and 𝑈𝑐𝑤. The values of 𝑑𝑠/𝐷𝑒 for wave-only situations in the present study are 

similar to those for circular piers with  𝑈𝑐𝑤 = 0.45 ± 0.5, and the distances between the curves 

for complex piers are significantly smaller. It can also be concluded that, compared with 

circular piers, scour depth at complex piers is less subjected to the variation of the relative 

current strength. A convincing explanation about this relationship requires more extensive 

investigation, both experimental and numerical, on the flow features around complex piers 

under wave-current, which is beyond the scope of this chapter.  

8.6.2 Influence of normalized Shields parameter 

Under steady current, the intensity of the flow and the bed mobility are usually depicted by the 

ratio of 𝑈/𝑈𝑐 , where 𝑈 is the depth-averaged flow velocity, and 𝑈𝑐 the critical velocity for 

sediment incipient motion. When 𝑈/𝑈𝑐 > 1, the sediment particles on the entire bed surface 

(not just that around the structure) start to move comprehensively, and thus this condition is 

termed live-bed flow regime. The dependence of scour depth on 𝑈/𝑈𝑐 has been extensively 

studied by previous studies, e.g. Chee (1982), Melville (1982), and Chiew (1984). A consensus 

reached is that, with increasing 𝑈/𝑈𝑐, the mean scour depth undergoes an ‘descend-ascend’ 

trend and then reach another peak value at the transitional flat-bed stage when the bed-forms 

are basically washed out.  

However, under the influence of waves or combined wave-current, the abovementioned 

classification may not apply due to the existence of the near-bed oscillation of flow velocity. 

In a complete wave period, the maximum orbital velocity occurs where the wave crest passes, 

and thus live-bed scour is re-defined using the maximum bed Shields parameter 𝜃 as when 

𝜃/𝜃𝑐𝑟 > 1, where, similarly, 𝜃𝑐𝑟 is the critical Shields parameter for sediment incipient motion. 

This definition has been widely accepted and adopted by most of the previous studies. Even 
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under live-bed conations, the comprehensive sediment motion on the bed can only be observed 

for the phase angles close to the wave crests.  

Figure 8.13 shows the variation of the equilibrium scour depth 𝑑𝑠 and the normalized scoured 

depth 𝑑𝑠/𝐷𝑒  with the normalized Shields parameter 𝜃/𝜃𝑐 . Similar to Figure 8.10, the data 

points are separated in different subplots by the pile-cap elevation 𝐻𝑐 and marked according to 

the pier skew angle. In each subplot, the data at the far-left side are under steady current, and 

the wave components starts to increase when moving towards right-hand side with increasing 

𝜃/𝜃𝑐. It can be found in Figure 8.13(a1) – (a4) that scour depth does not peak, as what is usually 

observed for steady current, at the clear-water threshold. At this stage, the wave orbital velocity 

facilitated the cyclic incipient motion of a small ratio of the fine grains on the bed, causing the 

formation of ripples with small scale. The existence of small ripples leaded to an insignificant 

but visible sediment infilling, thereby preventing the further deepening of the scour hole. In 

general, the equilibrium scour depth decreases with increased 𝜃/𝜃𝑐, and the influence of bed 

Shields parameter tends to be insignificant when 𝜃/𝜃𝑐  approaches 2.5~3.0. Although the 

experiments performed in the present study did not reach such high bed mobility, it can be 

reasonably assumed that the bed-forms will resemble that under steady current for a much 

larger 𝐾𝐶 number by increasing the wave strength, and thus the scour depth may increases 

again and reach another live-bed peak. In Figure 8.13(b1) – (b4), the values of 𝑑𝑠/𝐷𝑒 for a 

certain pile-cap elevation collapse into a single trend line, which indicates that, by using the 

definition of pier equivalent width 𝐷𝑒. 
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Figure 8.13 Variation of scour depth with relative Shields parameter 𝜃/𝜃𝑐𝑟: (a1) - (a4) 

equilibrium scour depth 𝑑𝑠; (b1) - (b4) normalized equilibrium scour depth 𝑑𝑠/𝐷𝑒. 

8.6.3 Influence of relative pile-cap elevation 

Further analysis is made and shown in Figure 8.14 to illustrate the influence of relative pile-

cap elevation 𝐻𝑐/𝑇. Only the scour data obtained under combined wave-current are included 

for the consistence of test condition, and thus the increase of 𝐾𝐶 represents higher bed mobility. 

It can be found that the dependence of 𝑑𝑠 on pile-cap elevation is not as pronounced as on pier 

skew angle as shown in Figure 8.13(a1) – (a4). For aligned and slightly skewed (𝛼 = 15°) 

complex piers, the maximum scour depth tended to occur when the pile-cap is entirely above 

the original bed, and the pile-cap can effectively obstruct the development of the scour hole 

when fully or partially buried. In contrast, for largely skewed piers (𝛼 = 30°), the maximums 

scour depth occurs when the top of the pile-cap is flushed to the original bed, which is similar 

to the trend under steady current. In general, the influence of pile-cap elevation on the 

equilibrium scour depth is much stronger under steady current than wave-current, and the 

detailed relationship also differs due to the varied scour mechanism.  
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Figure 8.14 Variation of equilibriums scour depth with 𝐾𝐶 and pile-cap elevation 𝐻𝑐,  for 

combined wave-current scour tests: (a) pier skew angle 𝛼 = 0°; (b) pier skew angle 𝛼 = 15°; 

(c) pier skew angle 𝛼 = 30°. 

8.7. More discussion 

8.7.1 Prediction of scour depth 

Previous studies on scour under combined waves and current, including Sumer and Fredsøe 

(2001a), Rudolph and Bos (2006), Raaijmakers and Rudolph (2008), and Zanke (2011), have 

concluded that the equilibrium scour depth can be predicted by a certain function of 𝐾𝐶 number 

and relative current strength 𝑈𝑐𝑤. In the previous sections of this chapter, the scour depth at 

complex bridge piers under combined wave-current is also found to be affected by the 

parameters related to pier configuration, e.g. pile-cap elevation and pier skew angle. Thus, for 

the purpose of improving the accuracy of scour depth prediction, a modified method is 

proposed based on that recommended by Sumer and Fredsøe (2001a), and thus the influence 

of pier geometric complexity can be incorporated into the equation and quantified. The new 

equation can be expressed as: 

𝑑𝑠
𝑑𝑠_𝑐𝑢𝑟𝑟𝑒𝑛𝑡

= 1 − exp{−𝐴(𝐾𝐶 − 𝐵) × exp(𝐶)}                                (𝐸𝑞. 8.7) 

where 𝑑𝑠  = target scour depth under combined wave-current; 𝑑𝑠_𝑐𝑢𝑟𝑟𝑒𝑛𝑡  = scour depth in 

current-only situation, which is under clear-water flow regime and can be calculated by the 
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method proposed by Yang et al. (2018); and the other terms, including 𝐴, 𝐵 and 𝐶, can be 

expressed as:  

𝐴 = 0.0044 + 1.21𝑈𝑐𝑤5.85                                           (𝐸𝑞. 8.8) 

𝐵 = 1019exp(−9.3𝑈𝑐𝑤)                                          (𝐸𝑞. 8.9) 

𝐶 = 0.00094 (
𝐻𝑐
𝑇
)
14.98

+ 2.09 (
𝛼
90
) + 0.11                           (𝐸𝑞. 8.10) 

where the pier skew angle 𝛼 is in form of degrees, or the term can be expressed as 2.09(2𝛼/𝜋) 

for 𝛼 in form of radian.  

Figure 8.15 shows the performance of the scour prediction approaches proposed in the present 

study and by Sumer and Fredsøe (2001a). In the subplots, the solid lines represents the perfect 

agreement between the predicted and measured scour depth data, and the dash lines represent 

±20% error that is usually an acceptable range for overestimation and underestimation. It can 

be found that, in Figure 8.15(a), the newly proposed equations provides satisfactory accuracy 

without significant underestimation, and basically all of the data scatters locate within the range 

of ±20% error. In contrast, the method of Sumer and Fredsøe (2001a) that was originally 

developed for single circular piers produces greatly underestimated scour depth, as shown in 

Figure 8.15(b), and may lead to the potential risk of pier damage if applied directly without 

deliberation.  

It should also be noted that Eq. 8.7-8.10 are developed only for combined wave-current 

scenarios with KC numbers no larger than those in the present study. Caution should be 

exercised when applying the equations above to other situations. Despite of limitations, Eq. 

8.7-8.10 provide a structured framework for further modification when more data become 

available with various wave-current combinations. 
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Figure 8.15 Evaluation of scour predictors: (a) the new method proposed by Eq. 8.7-8.10; (b) 

the equation proposed by Sumer and Fredsøe (2001a). 

8.7.2 Recommendation 

The complex pier model tested in the present study is clearly much more sensitive to 

wave/current direction than circular piles due to the large aspect ratio. For non-sensitive 

structures, e.g. circular/square piles or the jack structure tested by Welzel et al. (2019), 

perpendicular (or opposite) waves and current directions tend to produce less scour depth 

compared with co-directional ones, as reported by Sumer and Fredsøe (2001a) and Qi and Gao 

(2014). Therefore, if this complex pier type is not prone to skewness significantly greater than 

the present study (>30° relative to the predominant flow direction), the conclusions drawn in 

this chapter should be reliable. Directional sensitivity assessment should still be implemented 

with caution for more complicated or varying conditions before further research becomes 

available.   

According to the scour characteristics reported in the previous sections, for wave-dominated 

situations, designing a fully exposed pile-cap may effectively weaken the flow contraction at 

the upstream pier flank as well as reduce the final scour depth if the pier is prone to skewness. 
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For current-dominated situations, the most practical way to attenuate scour risk is keeping the 

pier aligned to the predominant current direction. Then, it is suggested to estimate the 

maximum possible scour depth using the new equation proposed in the present study, assuming 

the current and waves are co-directional. For further risk control considerations, it is also 

suggested to put the top of the pile-cap slightly higher than the predicted scoured bed caused 

by an assumed single pier identical to the column to maximize the protection effect of the pile-

cap. Furthermore, if scour countermeasures (e.g. riprap) are applied, the key locations for scour 

initiation and development, as discussed in section 8.5.2, should be given extra attention, e.g. 

using larger riprap size or layer thickness.   

Due to the limitations existing in the present study, especially the interdependency between 

key parameters, further research is recommended for a more comprehensive parameter analysis. 

Nevertheless, the findings reported in this chapter provide sufficient new information for the 

determination of a more advanced design criterion for bridge piers with complex geometry in 

coastal and estuarine areas subject to wave action with or without river current. 

8.8 Conclusion 

An experimental study was performed to investigate the scour characteristics at complex bridge 

piers under regular waves and combined co-directional current. More experiments were also 

undertaken for wave-only and current-only situations to provide a wider data range and a basis 

for comparison.  From these data the temporal and spatial distribution of the scouring process 

was analyzed and presented. By presenting the phenomena observed and the data obtained, this 

paper provides novel insights into many aspects of the scouring process at complex piers, 

including scour pattern, temporal evolution, time scale, and the influence of particular 

parameters on the equilibrium scour depth. The main conclusions drawn include: 
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1. The scour pattern depends heavily on the flow type. Under regular waves, the scouring 

effect is restricted at the middle and rear part of the side of the upstream pier if there is a 

significant skew angle, while scour at the pier face is fairly weak due to the absence of a 

persistent horseshoe vortex. Under steady current and a clear-water flow regime, the scour 

hole area is relatively larger with an explicit boundary. Under combined waves and current, 

the development of the scour hole resembled that for steady current but was limited due 

to sediment infilling. Generally, when the steady current component dominates, for 

aligned or slightly skewed piers, scour hole development is insensitive to the strength of 

the wave component. 

2. Three typical types of scour depth evolution were observed, termed here ascend-descend, 

asymptotic, and transferred. The ascend-descend type occurred for situations with a 

relatively small scour hole extent:. the scour depth quick peaks before the comprehensive 

migration of ripples and then decreases until reaching equilibrium. The asymptotic type 

occurred for situations with a relatively large scour hole extent: the scour depth increased 

continuously to an upper limit (the equilibrium scour depth). The transferred type 

represents the situations where the maximum scour depth initially occurs at one location 

but is later found at  another location, due to the progressive exposure of the pier 

components. This evolution type usually occurs when the pile-cap is close to the original 

bed and affects the scouring process significantly.  

3. The scouring process is also related to the flow type. In wave-only situations, scour 

initiates at the rear lateral corner of the pier, where the development stage was also 

restrained due to the strong protection effect of the pile-cap and the significant stagnation 

stage. In contrast, scour under steady current tended to initiate and develop at the both 

lateral corners with the pile-cap exposed uniformly until being undercut. Under combined 

wave-current, the general scour initiation and development stages were identified as a 
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combination with scour features of both flow components. In these situations, scour 

initiated at both flanks of the pier in form of cyclic ejections of sediment removed from 

the solid-erodible junction. When backward wave orbital velocity prevailed, the entrained 

sediment particles were suspended by swirls caused by flow convection. Then in the next 

half cycle with streamwise orbital velocity, the swirls disappeared with the suspended 

sediment particles being rapidly transported downstream. 

4. The data in the present study show that the dependence of time scales on various 

parameters, including 𝐾𝐶  number, relative current strength 𝑈𝑐𝑤 , and bed Shields 

parameter 𝜃, are different. It was found that the time scale 𝑡𝑠 increases with larger 𝑈𝑐𝑤 or 

smaller 𝜃. In contrast, the non-dimensional time scale 𝑡∗ peaks for 𝑈𝑐𝑤 = 0.5 − 0.6 and 

drops when 𝑈𝑐𝑤 either increases or decreases. 

5. The normalized scour depth 𝑑𝑠/𝐷𝑒  increased with the rise of wave strength (𝐾𝐶) and 

approached an upper value about 3.17, which is higher than the value commonly 

determined for a single pile.  𝑑𝑠/𝐷𝑒 also increased with larger 𝑈𝑐𝑤, but the dependence 

was much weakened for 𝑈𝑐𝑤 =0.65~0.69 or higher. The 𝑑𝑠/𝐷𝑒 − 𝐾𝐶  relationship for 

complex piers in the present study was found to be significantly different to and much 

steeper than that for single piers.  

6. The influence of 𝜃/𝜃𝑐  on equilibrium scour depth was found to be different to the 

influence of 𝑈/𝑈𝑐 for steady-current scour, and no abrupt variation of scour depth was 

observed with increasing bed mobility. Furthermore, the influence of pile-cap elevation 

under wave-current is much weaker than that under steady current.  

7. The parameter relationships observed in the present study are still subject to uncertainties 

due to limited value ranges and inter-dependencies. Caution should be exercised when 

applying the relations to significantly different conditions before further parameter 

analysis. 
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8. A new prediction method for scour depth at complex piers is proposed based on the 

equations of Sumer and Fredsøe (2001a). The new method incorporates extra terms taking 

the influence of pile-cap elevation and pier skewness into account, and the accuracy is 

improved significantly. However, caution should still be exercised for different wave-

current combination and 𝐾𝐶 range when more data become available in the future.  

9. For engineering practices, it is suggested to adjust pile-cap elevation according to the 

relative strength of waves/current and to set the pier aligned to the predicted predominant 

flow direction, which is prone to variability in field situations. In addition, key locations 

for scour initiation and development should be paid more attention to if countermeasures 

are applied.   
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Summary and recommendation 
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9.1 Summary 

This thesis includes a comprehensive experimental study on local scour at complex bridge piers. 

Six independent but also closely related research projects are conducted, respectively, to 

investigate the general characteristics of scour at complex bridge piers under steady current 

(either under clear-water or live-bed flow regime), regular waves, and combined wave-current. 

The most important experimental parameters tested include pier form, pile-cap elevation, pier 

skew angle, sediment incipient motion and flow intensity, bed-form magnitude (influenced by 

flow intensity), pier proximity, test duration, and flow type combination (waves and current 

features). The experiments were performed in four flumes, in total, with various sizes and 

capabilities using scaled-down models and uniform quartz sand to simulate typical scour 

scenarios in field situations. The models were built using solid and impermeable materials and 

represent simplified forms of real bridge piers that failed in past decades. The instantaneous 

sour depth data were measured using a group of ultrasonic transducers and were also calibrated 

using data measured manually.  

Chapter 1 and Chapter 2 give a summary of the research needs that should be emphasized, a 

brief introduction to the up-to-date progress of research on local scour at complex bridge piers, 

and detailed review of the contributions made by previous researchers. 

Chapter 3 presents the study on clear-water local scour at skewed complex bridge piers. The 

experimental results show that a slight skew angle 𝛼 imposed on an originally aligned pier can 

significantly increase the equilibrium scour depth 𝑑𝑠𝑒. When a pier is skewed to the flow, the 

column makes the largest contribution to the scour depth, as its wide-pier feature becomes 

dominant. Three categories of the pier skewness are defined, namely an aligned pier (𝛼=0°), a 

slightly skewed pier (𝛼≈15°), and a highly skewed pier (𝛼≥30°). The influences of the pile-cap 

and the pile group on the scouring process are weakened with increasing 𝛼. Additionally, for 
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highly skewed piers with fully submerged pile-cap, the equilibrium scour holes tend to equally 

expose the pier components, no matter where the undisturbed bed level is. A new scour 

prediction method based on the Sheppard-Melville method for estimating equilibrium scour is 

presented, involving modifications for the effect of sediment coarseness. The new method leads 

to a higher safety margin with significantly reduced underestimation. 

Chapter 4 presents the study on temporal evolution of clear-water local scour at complex bridge 

piers, both aligned and skewed to the approaching flow. New functions are proposed to fit 

temporal data and determine the equilibrium scour depth with better accuracy. The results show 

that the locations for scour initiation and the maximum scour depth may be different, and their 

relationship varies with pile-cap position and pier skew angle. Highly skewed piers tend to 

overcome the influence of width ratio of column to pile-cap (𝐷𝑐/𝐷𝑝𝑐) on scour evolution, as 

the column itself becomes dominant. The sensitivity of scour evolution to pier skew angle 

decreases with higher pile-cap position, especially when it is entirely above the original bed. 

Four scour development stages were identified for complex piers, including initiation, 

stagnation, a developing stage and equilibrium, each stage being highly dependent on the 

degree of exposure of each of the pier components. The description of each development stage 

for different situations is given.  It is found that the equilibrium time scale 𝑡∗  and the 

equilibrium scour depth 𝑑𝑠𝑒 for complex piers have similar dependence on flow shallowness 

ratio (𝑦0/𝐷𝑒) and sediment coarseness ratio (𝐷𝑒/𝑑50), as per the equation proposed by an 

authors’ previous study (Yang et al., 2018). A new equation is proposed to correct the 

percentage rate of scour development. The correction is especially useful for aligned complex 

piers, for which the rate of scour time development may be much lower than that for single-

column piers. In general, the modified Sheppard-Melville method proposed in Chapter 3 and 

the corrected time-scale equation in this chapter are recommended to predict clear-water 

equilibrium scour depth and scour evolution at complex bridge piers.  
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Chapter 5 presents the study on live-bed scour at wide circular and long skewed (slab) piers in 

comparatively shallow water, which represents typical scenarios that occur when the pile-cap 

of a complex pier is deeply buried and only the column part can be exposed during the entire 

scouring process. 110 tests were performed in total using three different pier models and a wide 

range of flow intensity ratio (𝑈/𝑈𝑐). Based on flow shallowness, i.e., the ratio of approaching 

flow depth (𝑦0 ) to pier diameter (𝐷 ), the new data span the wide-pier (𝑦0/𝐷<0.2) and 

transition-pier (0.2≤𝑦0/𝐷<1.4) scour ranges. The Sheppard-Melville (S-M) method shows 

better performance and is more readily modified. The results show the considerable influence 

of flow shallowness ratio on scour depth at piers in comparatively shallow water, and that, even 

for non-ripple-forming sediment, the scour depth at the live-bed peak may still exceed that at 

the clear-water threshold. Modification to the equation for the flow shallowness factor in the 

S-M method is proposed, based on both the data from the present study and those from 

literature. The modified predictor is designed for single piers (column only) and provides better 

accuracy than the original Sheppard-Melville method for piers with 𝑦0/𝐷<1, and no significant 

underestimation of the maximum scour depth is observed. 

Chapter 6 presents the study on live-bed scour at complex bridge piers that aligned to the 

approaching flow. The results show that the variation of the mean scour depth as a function of 

flow intensity ratio 𝑈/𝑈𝑐  depends on the pile-cap elevation and is significantly different to 

single piers. Instantaneous bed level, cross-correlation analysis, and power spectra show that 

bed-forms approaching an exposed pile group may be damped, leading to mean bed level 

fluctuation that are slightly smaller than the bed-form heights. In contrast, when the pile-cap is 

completely buried by the original bed but can be exposed during scour, approaching bed-forms 

tend to keep their individual features and cause larger scour fluctuation at pile-cap’s leading 

edge. The enlargement is due to the concurrence between the enhanced (or weakened) scouring 

capacity and the decreased (or increased) upstream sediment supply. The scour predictor 
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proposed by previous studies is extended to live-bed range and performs better than existing 

predictors. 

Chapter 7 presents the study on the characteristics of local scour at complex bridge piers in 

proximity under both clear-water and live-bed flow regimes. Results are compared with those 

for a single complex pier, and the performance of existing predictors are discussed.  Four 

typical pier arrangements are adopted, including side-by-side with aligned or 30° skewed flow, 

staggered, and tandem. The results show that the skew angle for a side-by-side arrangement 

significantly accelerates the clear-water scour development at all the vertical piles as well as 

between the piers, and the most scoured pile shifts from the upstream end to the downstream 

end of the upstream pier flank. The staggered and tandem pier arrangement show significant 

protection to the downstream pier for both developing rate and the equilibrium scour depth. 

When the flow velocity exceeds the threshold for general bed motion, the clear-water scour 

pattern for all the pier arrangements may be altered significantly due to the upstream sediment 

supply, the weakened protection effect, and the enhanced flow contraction. The bed-forms 

migrate via the bridge opening and are damped gradually by the flow, and thus the response of 

the bed morphology under live-bed conditions is quite unsteady. 

Chapter 8 presents the study on local scour at complex bridge piers under the influence of 

regular waves and combined wave-current. The experiments were performed in a wave flume 

that generates co-directional steady current and waves. The key parameters tested and 

discussed include Keulegan–Carpenter (𝐾𝐶) number, relative current strength 𝑈𝑐𝑤, pile-cap 

elevation, and pier skewness. The scour hole pattern and scour mechanism were found to 

depend on the flow type combination, and, compared with steady current, the superposition of 

waves may restrain the development of scour hole due to the migration of ripples. Three types 

of scour temporal evolution (i.e. ascend-descend, asymptotic, and transferred type) were 

identified, and the scouring processes (structure exposure, cyclic sediment motion, etc) at the 
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scour initiation and development stages were also discussed. The dimensional time scale 

decreases for higher bed mobility with a power functional relationship, while the non-

dimensional time scale peaks when the maximum near-bed velocity components contributed 

by current and waves are similar. The dependence of the equilibrium scour depths, both original 

and normalized, on the tested parameters was also analysed. It is found that the normalized 

scour depth at complex piers increases with greater 𝐾𝐶 and 𝑈𝑐𝑤 and tends to be much larger 

than that for single piers. The increase of bed mobility, which was caused by the increase of 

wave strength, did not lead to scour peaks at the clear-water threshold as what is usually 

observed for current-induced scour. On the contrary, the equilibrium scour depth decreased 

continuously with increasing bed mobility until reaching a plateau stage. The influence of pile-

cap elevation on the equilibrium scour depth was found to be much weaker than that under 

steady current. Furthermore, new scour predictions method is proposed to incorporate extra 

terms taking the influence of pile-cap elevation and pier skewness into account. The prediction 

accuracy is improved significantly. Finally, more suggestions regarding design considerations 

are also given. 

9.2 Design approach 

According to the prediction methods proposed in different chapters in this thesis, the 

recommended design approach is summarized as below. 

9.2.1 Clear-water scour at single piers 

For clear-water scour at single piers in narrow-pier category, the original Sheppard-Melville 

method proposed by Sheppard et al. (2011) is recommended. This method includes two 

sections for predicting equilibrium scour depth and scour temporal evolution, respectively. The 

first section can be expressed as:  
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In the clear-water scour range (0.47<𝑈
𝑈𝑐

<1): 

𝑑𝑠
𝐷
= 2.5𝑓1𝑓2𝑓3                                                                        (𝐸𝑞. 9.1) 

In the live-bed scour range up to the live-bed peak (1<𝑈
𝑈𝑐

<𝑈𝑙𝑝
𝑈𝑐

): 

𝑑𝑠
𝐷
= 𝑓1 {2.2(

𝑈
𝑈𝑐
− 1

𝑈
𝑈𝑙𝑝

− 1
) + 2.5𝑓3 (

𝑈𝑙𝑝
𝑈𝑐

− 𝑈
𝑈𝑐

𝑈𝑙𝑝
𝑈𝑐

− 1
)}                                (𝐸𝑞. 9.2) 

In the live-bed scour range above the live-bed peak (𝑈
𝑈𝑐

>𝑈𝑙𝑝
𝑈𝑐

): 

𝑑𝑠
𝐷
= 2.2𝑓1                                                                                (𝐸𝑞. 9.3) 

The factors 𝑓1, 𝑓2 and 𝑓3 in Eq. 9.1 ~ 9.3 are expressed as: 

𝑓1 = 𝑡𝑎𝑛ℎ [(
𝑦0
𝐷
)
0.4
]                                                                 (𝐸𝑞. 9.4) 

𝑓2 = 1 − 1.2 [𝑙𝑛 (
𝑈
𝑈𝑐
)]
2

                                                              (𝐸𝑞. 9.5) 

𝑓3 =
𝐷/𝑑50 

0.4(𝐷/𝑑50)1.2 + 10.6(𝐷/𝑑50)−0.13
                                          (𝐸𝑞. 9.6) 

The flow velocity for the live-bed peak, 𝑈𝑙𝑝, can be calculated according to: 

𝑈𝑙𝑝1 = 5𝑈𝑐                                                                         (𝐸𝑞. 9.7) 

𝑈𝑙𝑝2 = 0.6√𝑔𝑦0                                                                   (𝐸𝑞. 9.8) 

𝑈𝑙𝑝 = max(𝑈𝑙𝑝1, 𝑈𝑙𝑝2)                                                           (𝐸𝑞. 9.9) 

The second section can be expressed as: 
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𝑑𝑠𝑡 = 𝐾𝑡𝑑𝑠𝑒                                                                     (𝐸𝑞. 9.10) 

𝐾𝑡 = 𝑒𝑥𝑝 {𝐶1 |
𝑈𝑐
𝑈
𝑙𝑛 (

𝑡
𝑡𝑒
)|
1.6

}                                                  (𝐸𝑞. 9.11) 

𝑡𝑒 (𝑑𝑎𝑦𝑠) = 𝐶2
𝐷𝑒
𝑈
(
𝑈
𝑈𝑐
− 0.4) ,    𝑓𝑜𝑟 

𝑦0
𝐷𝑒
> 6  𝑎𝑛𝑑  

𝑈
𝑈𝑐
> 0.4                     (𝐸𝑞. 9.12) 

𝑡𝑒 (𝑑𝑎𝑦𝑠) = 𝐶3
𝐷𝑒
𝑈
(
𝑈
𝑈𝑐
− 0.4)  (

𝑦0
𝐷𝑒
)
0.2
,    𝑓𝑜𝑟 

𝑦0
𝐷𝑒
≤ 6  𝑎𝑛𝑑  

𝑈
𝑈𝑐
> 0.4              (𝐸𝑞. 9.13) 

𝑡90 (𝑑𝑎𝑦𝑠) = 𝑒𝑥𝑝 (−1.83
𝑈
𝑈𝑐
) 𝑡𝑒                                               (𝐸𝑞. 9.14) 

where 𝑑𝑠𝑡 =  time-dependent scour depth, 𝑑𝑠𝑒 =  equilibrium scour depth, 𝐾𝑡 =  time-scale 

factor, 𝐶1 = −0.04, 𝐶2 = 200 𝑑𝑎𝑦𝑠/𝑠𝑒𝑐, 𝐶3 = 127.8 𝑑𝑎𝑦𝑠/𝑠𝑒𝑐, 𝑡𝑒 = equilibrium reference 

time and 𝑡90 = time to reach 90% of equilibrium scour depth. 

9.2.2 Clear-water scour at complex piers 

For clear-water scour at complex piers, the first section of the original Sheppard-Melville 

method is modified according to the new experimental findings and can be expressed as: 

𝑑𝑠𝑒
𝐷𝑒 

= (
𝑑𝑠𝑒
𝐷𝑒 
)𝑚𝑎𝑥 × 𝑔1𝑔2𝑔3                                                     (𝐸𝑞. 9.15) 

where 𝑔1  and 𝑔3  represent the effect of shallowness and sediment coarseness, and 𝑔2 

represents the effect of flow intensity that is independent of the pier design. Thus, 𝑔2 is similar 

to the corresponding term in the Sheppard/Melville method: 

𝑔2 = 1 − 1.2 [𝑙𝑛 (
𝑈
𝑈𝑐
)]
2

                                                      (𝐸𝑞. 9.16) 

The other three factors on the right side of Eq. (1) are determined by the modification that can 

be expressed as: 

(
𝑑𝑠𝑒
𝐷𝑒 
)
𝑚𝑎𝑥

= 3.17                                                            (𝐸𝑞. 9.17) 
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𝑔1 = 𝑡𝑎𝑛ℎ [(
𝑦0
𝐷𝑒
)
0.65

]                                                      (𝐸𝑞. 9.18) 

𝑔3 =
 𝐷𝑒/𝑑50

69.25( 𝐷𝑒/𝑑50)−0.34 + 0.14( 𝐷𝑒/𝑑50)1.41
                            (𝐸𝑞. 9.19) 

9.2.3 Temporal evolution of clear-water scout at complex piers 

For the temporal evolution of clear-water scour at complex piers, the time-scale factor 𝐾𝑡 is 

significantly influenced by the pier geometric complexity, especially the pile-cap elevation. 

Thus, a suggested design area with both upper and lower limit is proposed: 

𝐾𝑡_𝑢𝑙 = 𝑒𝑥𝑝 {−0.025 |
𝑈𝑐
𝑈
𝑙𝑛 (

𝑡
𝑡𝑒
)|
1.6

}                                         (𝐸𝑞. 9.20) 

𝐾𝑡_𝑙𝑙 = 𝑒𝑥𝑝 {−0.12 |
𝑈𝑐
𝑈
𝑙𝑛 (

𝑡
𝑡𝑒
)|
1.6

}                                            (𝐸𝑞. 9.21) 

where 𝐾𝑡_𝑢𝑙 and 𝐾𝑡_𝑙𝑙 are the proposed upper and lower limit for time-scale factor.  

9.2.4 Live-bed scour at wide and long skewed single piers 

For live-bed scour at wide and long skewed piers (pier column only situations), the flow 

shallowness factor is modified according to the experimental data performed in large flumes. 

The new equation is able to reduce the excessive overestimation for very small flow depth-to-

pier width ratio. The modified factor can be expressed as: 

𝑓1_𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑 = 𝑡𝑎𝑛ℎ [(
𝑦0
𝐷
− 0.04)

0.52
+ 0.047]                                (𝐸𝑞. 9.22) 

It should be noted that the new factor was obtained according to the upper envelop of the 

congregated data points to avoid significant underestimation.  
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9.2.5 Live-bed scour at complex piers 

For live-bed scour at complex piers aligned to the approaching flow, Eq. 9.15~9.19 are 

extended to the live-bed range with 𝑈/𝑈𝑐 > 1. The newly extended equations can be expressed 

as: 

When 1 < 𝑈/𝑈𝑐 ≤ 𝑈𝑙𝑝/𝑈𝑐: 

𝑑𝑠𝑒
𝐷𝑒

= 𝑓1

{
 

 
2.3 [1 − (

𝑈
𝑈𝑐
−
𝑈𝑙𝑝
𝑈𝑐

𝑈𝑙𝑝
𝑈𝑐

− 1
)]

1.1

+ 3.17𝑓3 (

𝑈
𝑈𝑐
−
𝑈𝑙𝑝
𝑈𝑐

𝑈𝑙𝑝
𝑈𝑐

− 1
)

1.1

}
 

 
               (𝐸𝑞. 9.23) 

When 𝑈/𝑈𝑐 > 𝑈𝑙𝑝/𝑈𝑐: 

𝑑𝑠𝑒
𝐷𝑒

= 2.3𝑓1                                                              (𝐸𝑞. 9.24) 

Specifically, 𝑈𝑙𝑝 represents the flow velocity where the bed-form is washed out and can still 

be calculated using Eq. 9.7~9.9. 

9.2.6 Combined wave-current scour at complex piers 

Under combined waves and current, the scour depth is related to that under steady current in 

the form an exponential function. The relationship can be expressed as: 

𝑑𝑠
𝑑𝑠_𝑐𝑢𝑟𝑟𝑒𝑛𝑡

= 1 − exp{−𝐴(𝐾𝐶 − 𝐵) × exp(𝐶)}                                (𝐸𝑞. 9.25) 

where 𝑑𝑠  = target scour depth under combined wave-current; 𝑑𝑠_𝑐𝑢𝑟𝑟𝑒𝑛𝑡  = scour depth in 

current-only situation, which is under clear-water flow regime and can be calculated by the 

method proposed by the previous chapter in this thesis; and the other terms, including 𝐴, 𝐵 and 

𝐶, can be expressed as:  

𝐴 = 0.0044 + 1.21𝑈𝑐𝑤5.85                                           (𝐸𝑞. 9.26) 



306 
 

𝐵 = 1019exp(−9.3𝑈𝑐𝑤)                                          (𝐸𝑞. 9.27) 

𝐶 = 0.00094 (
𝐻𝑐
𝑇
)
14.98

+ 2.09 (
𝛼
90
) + 0.11                           (𝐸𝑞. 9.28) 

where the pier skew angle 𝛼 is in form of degrees, or the term can be expressed as 2.09(2𝛼/𝜋) 

for 𝛼 in form of radian. Eq. 9.25-9.28 are developed only for combined wave-current scenarios 

with KC numbers being not significantly larger than 10. 

9.3 Recommendation for future research 

Further research is still needed to investigate the scour characteristics at complex bridge piers 

with more insights and basic mechanism of scouring processes. The recommended research 

topics for future studies include:  

1. Study on flow field at complex bridge piers, especially with bed-form migration, to further 

unveil the turbulence features with more details. Both numerical simulation (e.g. LES or 

DES) and experimental measurement (e.g. PIV) should be conducted.  

2. Study using various complex pier forms to further quantify the influence of the dimension 

of pier components on scour. 

3. Study on scour at complex bridge piers under the influence of debris accumulation. 

Presumably, the exposed pile-cap and pile group tend to trap more drifting debris and 

significantly exacerbate the scour development.  

4. Study on scour at complex bridge piers adjacent to other hydraulic structures, e.g. abutments, 

weirs, sluice gates, that can significantly complicate the flow field and alter the scour pattern.  

5. Study on scour at complex bridge piers with vertically pressurized flow due to bridge deck 

submergence, ice cover, etc.  

6. Study on scour countermeasures at complex pier, especially on a smarter and more flexible 

riprap distribution scheme according to the asymmetric scour patterns at complex piers.   

7. Study on the influence of sediment gradation, sediment armoring, and layered sediment.   
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