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out of the scour hole (Chiew, 1984). In practice, equilibrium scour depth (ds.) can require
many hours or even weeks to develop under clear-water conditions, and even when dg is
eventually reached, some removal and deposition of sediment may still occur in the
vicinity of the scour hole; however, this continued scouring action is typically not
significant enough to affect the “overall scour form” (Ettema et al., 2011).

As described, there are other turbulent structures in the flow field surrounding the
pier which will affect scour. Wake vortices occur as a result of flow around a pier and the
“surface roller” flow structure forms at the air-water interface (Figure 2.1). The
behaviour of wake vortices mimics that of a tornado, removing sediment from the
channel bed in an upward motion. The volume of sediment transported by wake vortices
is smaller than the volume of sediment transported by the horseshoe vortex system.
Trailing vortices are only induced in the case of a pier that is entirely submerged in the
flow (Chiew, 1984), and extend from the top of the pier in a downstream direction
(Breusers et al., 1977).

Once equilibrium has been attained, the scour hole is generally of an inverted-
frustum shape; physically, the upstream slope of the hole tends to be close to the angle of

repose of the sand in which it has formed (Ettema et al., 2011).
2.1.2. Scour as a Failure Mode

A structure (in this case, bridge) can be in danger of failure if one of its structural
components (here, a pier or abutment) fails; pier and abutment foundations are therefore
crucial in bridge stability, since failure of foundation is highly likely to result in the
failure of the column it is supporting. It is necessary to recognize the ways in which a pier

can fail such that the span it is supporting also fails or collapses.



If pier failure is considered primary failure, the pier foundation or foundation
material has failed, and the pier will experience downward motion. The linkage or
connection to the span (and therefore supporting action of the pier) then no longer exists
or is compromised, and the span is therefore susceptible to failure and likely to collapse.

If the pier failure is considered secondary, the failure has resulted from motion of
the pier in a vertical, lateral, or rotational direction. For example, lateral and vertical
movement of the pier can occur as a result of seismic forces, and lateral and rotational
pier motion occurs as a result of debris, ice, and marine traffic colliding with the pier.
Vertical and rotational pier movement can occur due to scouring around the pier
foundation and soil-bearing failure when scour reaches the foundation support (Lebeau
and Wadia-Fascetti, 2007). In general, “piers fail as scour develops” (Ettema et al.,
2011).

If equilibrium scour depth is not reached until after the pier or abutment
foundations have been exposed, or in extreme cases, undermined, then failure of the
foundation is likely to occur, resulting in failure of the pier and subsequent failure of the
bridge itself. Pier structure (or pier type) will also affect the way in which a pier fails.
Behaviour of piers with footings will differ from behaviour of piles during development

of scour (Ettema et al., 2011).
2.2.  Parameters Affecting Scour
2.2.1. Overview

Prediction of equilibrium scour depth can be done through the use of
experimentally-derived empirical equations or computational methods. Temporal scour

depth (time development of scour) can also be predicted using either of these methods.
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Researchers have developed many formulae for predicting scour depth, the majority of
which employ dissimilar combinations of variables to generate an estimated value of
dse/D, or relative scour depth (Deng and Cai, 2010).

The majority of variables which affect scour depth and geometry can be
categorized into one of five groups, which are generally interdependent (Chiew, 1984):

e fluid properties (density, p; kinematic viscosity, v; and temperature, which is not
a primary concern in the lab but rather in the field, where it cannot be controlled)

e time, as scour is a temporal process, is also related to the type of scour under
consideration (live-bed equilibrium is typically achieved within a shorter time
period than in clear-water conditions); in the case of increased scour induced by
flooding after a storm of some magnitude, the length of time of flooding or storm
is pertinent

e flow properties (water depth, h; energy slope; shear stress in uniform flow; angle
of attack, ©; mean flow velocity, U; and critical velocity of bed material, U,),

e pier characteristics (pier diameter, D; shape, Sh; surface condition; pier
orientation; and debris accumulation)

e sediment characteristics (sediment density, ps; median sediment size or diameter,
dso; uniformity of particle size distribution, og; cohesiveness; shape factor; angle
of repose; and fall velocity)

The parameters listed above can be further reduced to a set on which dg. has been
found to rely most heavily. The majority of the formulae normally calculate equilibrium

scour depth as a function of the parameters listed below (Equation 2.1):

dse = f{p, vV, U, Uc, h, Ps, d50, Og, 8, D, Sh, Al} [2.1]
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As denoted by Equation 2.1, pier shape will also alter scour geometry and depth;
a more streamlined pier will induce a weaker horseshoe vortex system, lessening
intensity of scouring action. The scour depth of a square-nosed pier can be 1.2 times
higher than the scour depth of a sharp-nosed pier, and 1.1 times the depth of scour for a
cylindrical or otherwise blunt-nosed pier (Richardson et al., 1990).

Equation 2.1 can be further reduced to a set of non-dimensional parameters; this
is contingent on maintenance of constant pier shape, flow alignment, high Reynolds

number and subcritical Froude number (Equation 2.2):

dse {U h D
D

f{o b —} [2.2]

Uc’ D’ dgg

Experimentation has contributed to determination of the effect of each of these
variables on scour depth and geometry, particularly in clear-water scour. Clear-water
scour experimentation was more common than live-bed until the 1980s, when a sudden
influx of results demonstrated that scour depth in live-bed conditions could exceed scour
in clear-water conditions (Melville and Sutherland, 1988).

There are other scour-influencing factors which are difficult to quantify; for
example, inter-particle behaviour in any given sediment will affect scour depth and
development. Similarly, the propensity of sediment to develop bed formations (planar
beds, ripples, dunes and anti-dunes) under certain flow conditions will also alter the
magnitude of scour (Richardson et al., 1990). Additional parameters which are similarly

difficult to quantify are discussed in Section 2.2.6.
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2.2.2. Sediment Influences and Sediment-Structure Interaction Influences

2.2.2.1.Relative Sediment Size or Relative Coarseness, D/ds

Perhaps the most influential parameter relating to sediment size is the ratio of pier

diameter to median sediment grain size. The relationship between D/ds, (also known as

relative sediment size or relative coarseness) and relative scour depth (ds/D) has

inconsistencies. It has been shown that relative scour depth is lesser when D/ds is greater

than 50 (Figure 2.2). However, relative scour depth has been shown to fluctuate with

very large values of D/dsg, for reasons which are unclear. One of the greatest challenges

in scour modelling lies in the inability of a model to accurately represent a field value of

D/dsp, which will be discussed further (Section 2.4). As a result, it is very difficult to

glean a distinct relationship between field-level values of relative coarseness and relative

scour depth (Lee and Sturm, 2009).
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2.2.2.2.8ediment Type

1

As discussed above, sediment size does have an effect on scour for D/dso < 200;

however, ds. has also been shown to differ with sediment type. The majority of bridge

pier scour experimentation focuses on flow systems with alluvial sand beds. Scour using
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gravel as bed material has been investigated, with a dso of 3.25 millimetres, for various
pier shapes; the scour rate in gravel was found to be slower around a square cylinder. In
addition, scour hole slopes were steeper around a square-shaped pier than for a circular
pier. It was also observed that, even for gravel, scouring action began at the sides of a
circular cylinder and reached the upstream face of the pier at approximately 1 to 2

percent of total time (Diab et al., 2010).
2.2.2.3.8ediment Cohesion

The effects of clay content, water content, bed shear strength, and pier Froude
number on scour have also been investigated. It has been indicated that maximum
equilibrium scour depth is similar in channel beds composed solely of clay or sand.
However, in mixed-medium beds, a higher percentage of clay results in a lower value of
scour depth. Specifically, scour depth decreased with an increase in clay content in a bed
with a clay-sand mixture, when the bed also had a water content less than 24 percent.
Scour depth decreased as clay content in the clay-sand bed increased up to 50 to 70
percent, after which scour depth increased for a mixed-medium bed with a water content
greater than 27 percent (Debnath and Chaudhuri, 2010). For the purposes of this

investigation, cohesive materials will not be used.
2.2.3. Flow-Structure and Flow-Sediment Interaction Influences
2.2.3.1.Flow Shallowness or Flow Field Scale, h/D

Variables do not affect scour depth solely on an individual basis. Several
variables act collectively to influence scour. In this section, the ratio of h/D is discussed.
Relative flow depth or flow shallowness (h/D) allows experimental or field bridge piers

to be classified as narrow, wide, or intermediate. Narrow piers are the most commonly
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studied class in research, for which h/D is greater than 1.4. For narrow piers, the greatest
scour depth (i.e. the dimension with which researchers are primarily concerned) occurs at
the upstream face of the pier. Wide piers are those whose h/D value is less than 0.2; for
this class of piers, d is at a maximum near the pier flanks. Finally, intermediate piers are
those whose h/D values fall between 0.2 and 1.4. In this range of transition, there is a
further distinction which can be made; when h/D is approximately less than or equal to
one, sediment deposits begin to affect scour hole development (Ettema et al., 2011).

Many scour estimation methods (discussed further in Section 2.3) include
“K-values,” or factors which account for various parameter influences. Melville’s
proposed K-value for flow shallowness was intended for an h/D value of 2.6, yielding
unnecessarily high estimates of scour depth for wide piers in shallow flows. This was
demonstrated in the case of two bridges in Maryland, United States, where relative flow
depths were between 0.18 and 1.88, or smaller than Melville’s assumed value of 2.6. In
addition, while most scour prediction formulae require that the Froude number of flow be
less than one, in shallow flows with wide bridge piers, the value of Froude number is
much smaller than this (typically less than 0.2) (Johnson and Torrico, 1994).

Johnson and Torrico (1994) stated that relative scour depth (ds/D) increased with
relative flow depth at a decreasing rate, up until a limiting relative flow depth (typically
at a relative flow depth of 2.6). After this point, h/D was not important but pier size in
itself had a higher impact on scour depth. During experimentation, it is critical that all
other variables that could have an effect on scour depth be held constant, such as flow
velocity and bed material characteristics. In clear-water scour, the effects of flow

shallowness with respect to relative sediment size have been previously shown to affect
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development of local scour (shallow flow depths were shown to have no effect when
D/dsy was very high, but flow shallowness did affect scour depth when D/dsy was low).

In effect, as flow depth increased, its influence on scour depth decreased, and the
influence of pier size on scour depth increased, until a limiting point at which these
influences reversed (Ettema et al., 2011). The results of this experimentation yielded a
new K-value for wide piers in shallow flows, with the intention of predicting more
reasonable estimates for scour depths at lower values of relative flow depth (Johnson and
Torrico, 1994).

More recently, the influences of h/D on ds/D can be defined by the classes of
wide, narrow, and intermediate piers. As shown in Figure 2.3, the influence of h/D on
ds/D is greatest for wide piers, while for the class of narrow piers, there is very little

influence of h/D on relative scour depth (Ettema et al., 2011).
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Figure 2.3. Graphical relationship between d;.//D and h/D based on U/U. (Melville and Coleman,
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Critical velocity of sediment (Uy,) is the flow velocity at which incipient motion of
sediment will occur, and must be determined for each sediment type under consideration.
If flow velocity U exceeds U, (U/U, > 1), then sediment will be transported by the flow
and live-bed scouring action will occur; if U/U, is held below unity, then clear-water
conditions will be maintained, which is typical of flow over alluvial sand beds. In Figure
2.3, it is clear that the effect of U/U, is subdued compared to the influences of flow

shallowness (h/D).
2.2.4. Pier Influences
2.2.4.1.Pier Diameter

Pier size is a governing parameter with one of the greatest influences on scour
depth and geometry. Frequency of vortex shedding and the amount of vorticity in the
wake of a pier are directly related to the projected width of a pier, demonstrating how
influential D is on the surrounding flow field. Because of this, non-dimensional quantities
are typically compared with dse normalized with pier diameter (i.e. h/D and D/ds, etc. are
plotted with ds/D) in order to isolate the effects of these variables without influence from
pier diameter alone (Ettema et al., 2006).

If all test parameters are held constant and pier diameter D is increased, the
frequency of vortex shedding will decrease, causing a subsequent decrease in dy/D;
similarly, as pier diameter is increased, D/dsy will increase and ds/D will decrease,
demonstrating the relationship between relative sediment size and frequency of vortex

shedding (Ettema et al., 2006).
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2.2.4.2.Blockage Ratio, D/b

The effects of blockage of a flow channel have been extensively investigated at
the University of Windsor by Hodi (2009), D’Alessandro (2013), and Tejada (2014). It
has been previously stated in literature that the blockage effects are negligible if blockage
ratio (D/b) is held below ten percent (Chiew, 1984). However, previous experimentation
had been shown to employ testing conditions for which blockage ratio exceeded this
recommended value; since data from these experiments would have been used for
development of empirical equations for pier design, use of this equations might not have
been judicious.

It has since been determined that scour depth is greater in tests with smaller flume
widths and higher blockage ratios, and that there are changes to ds. even when very small
changes in D/b are applied (between 2.2 percent and five percent). As blockage ratio
increased, there were greater discrepancies in both scour depth and geometry (Hodi,
2009). This was also confirmed for small values of D/dsy (D’Alessandro, 2013).
However, when compared with tests performed for larger values of D/ds, the influences

of blockage ratio on ds/D when D/dsy < 100 were shown to be “minimal” (Tejada, 2014).

2.2.4.3.Pier Configuration

The mechanisms by which bridge pier configuration alters scour geometry have
also been investigated. During the design process, bridge piers are typically treated as
isolated and effects of proximity are ignored; however, scour geometry has been shown
to experience a change as a result of mutual interference of flow fields around closely-
spaced piers. Thus, treatment of piers as isolated during the design process can lead to

bridge failure. This investigation showed that when the centerline pier spacing between
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piers was zero, the scour depth was 95 percent higher than that of an isolated pier of
diameter D under the same conditions. When pier spacing was equal to D, the scour
depth was still relatively larger by a factor of 1.21. As the ratio of spacing to D increased,
scour depth continued to decrease from this point, until spacing was 8D, at which point

the scour depth had approached that of an isolated pier (Beg, 2010).
2.2.5. Time Development of Scour
2.2.5.1.Unsteady Flow

Unsteady flow in natural flow systems poses a unique scouring situation. Varying
flow may not only affect scour geometry, but time development of scour as well. The
effects of varying flow on temporal scour were investigated by Lai et al. (2009), and were
quantified using the flood or flow hydrograph. An unsteady flow factor was derived using
peak-flow intensity and time-to-peak of the hydrograph, and then utilized in a relation to
estimate d,. for uniform bed material conditions.

When using empirical equations to estimate scour depth, the flow depth and
velocity quantities correspond to peak flow conditions. In order to estimate scour depths
under unsteady flow conditions, tests were performed for two types of flow (steady flow,
and linearly rising followed by steady flow). The length and nature of the rising portion
of the hydrograph was shown to affect scour, and relations for predicting scour under

unsteady flow conditions were derived (Lai et al., 2009).
2.2.6. Other Parameters

As discussed in Section 2.2.1., there are several conditions which exist at bridge
pier sites which are difficult to quantify. Among these characteristics is pier length,

which does not affect scour depth unless the pier is at an angle to the flow, in which case
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the scour depth can be 1.33 times greater for a pier twice as long as its diameter if it were
a cylindrical pier. This also emphasizes the importance of angle of attack on scour depth
(Richardson et al., 1990).

The nature of the channel itself can also have an effect on scour depth; for
example, if a bridge is located in close proximity to a bend in the flow channel, oncoming
flow will increase in magnitude and scour may be enhanced. Rainfall and floodplain
behaviour can also alter scouring action; if flooding is to be expected on a seasonal basis,
scour can become cyclic in nature (Richardson et al., 1990).

Flow systems in which ice is formed and debris is prominent will modify scour
depth; when ice and debris such as tree branches and litter are caught around bridge piers,
this effectively increases the pier width, subsequently increasing scour (Richardson et al.,

1990).
2.3.  Scour Depth Estimation Methods
2.3.1. Overview

Despite the wide and varied nature of scour-affecting parameters, many
researchers have found that scour depth can be defined by three quantities:

1. Flow intensity (upstream depth-averaged velocity divided by critical depth-
averaged velocity of sediment), U/U,

2. Relative flow depth or flow shallowness (water depth divided by pier diameter or
width), h/D

3. Relative sediment size or relative coarseness (pier diameter divided by median
sediment grain size), D/ds (principal differentiating factor between laboratory and

field)
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Empirical equations that were developed comparatively early on in bridge pier
scour research attempted to predict equilibrium scour depth using the various
permutations of similar variables. They have been mainly been developed for systems
under clear-water conditions with non-cohesive sediments (Guo, 2012).

This literature review and subsequent analysis will focus on five predictive
methods, which have been developed over the past half-century. The equations were
selected on the basis of commonality of use in practice, practicality or applicability to

considered results in analysis, and relative recentness of development.
2.3.2. Jain’s Equation (1981)

Jain’s equation was derived though analysis of available experimental data. This
investigation noted that there was a large amount of scatter in the available data, and that
it was difficult to determine any meaningful relationships or curves between dy./D and
other parameters at particularly high and low values of Fr and h/D. Jain also stated that, at
the time of publication, previously-developed scour estimation equations were only
applicable under the “same conditions in which they were derived.” The equation that
was eventually derived from this analysis calculates relative scour depth as a function of

h/D and critical Froude number, Fr,:

dse h 0.3 .
S 184 (B) Fr.®% 2.3

2.3.3. Melville and Sutherland Equation (1988)

The Melville and Sutherland equation was developed based on envelope curves
drawn to fit laboratory data. The equation is based on a maximum estimation of dg/D,

which has conventionally been accepted as 2.4; this maximum value is then reduced

21



through a series of “K” parameters, which are each intended to account for a specific

condition in the scouring process:

S = KKK KoK K [2.4]

where, K, 1s a flow intensity parameter, K, is a flow depth parameter, Kq is a sediment
size parameter, K, is a sediment gradation parameter, K; is a pier shape parameter and K,
is a pier alignment parameter. The Melville and Sutherland equation takes the form of a
design method, following a series of calculations, derivations, and extrapolation steps,

each of which yields a separate K value, allowing for final calculation of ds/D.
2.3.4. Froehlich Equation (1988)

Unlike many of its predecessors, the Froehlich equation was developed through
the use of field data. Regression of over 70 field data points was employed in order to
develop a predictive formula which accounted for pier shape and approach flow angle of

attack (where a* is the effective pier diameter and ¢ is a pier nose shape factor):

%: 0.32([)1:;).2(3;;)0.62 (%>0.46 (d%o)o.os 1 [2.5]

2.3.5. HEC-18 or Colorado State University Equation (2001)

The most commonly used equation for prediction of equilibrium scour depth is
the HEC-18 or CSU equation, which was published by the Hydraulic Engineering
Circular No. 18 in 1993. The HEC-18 equation, also known as the CSU equation, also
uses “K” correction factors and can be used for clear-water and live-bed conditions
(Deng and Cai, 2010).

The first version of the HEC-18 equation included three correction factors, which

accounted for pier nose shape, angle of attack of approach flow, and bed condition,
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respectively; a fourth K factor was added to the equation in 2001, and was intended to

adjust dse/D based on armoring conditions by bed material size:

dse

_ h 0.35 043
See 2.OK1K2K3K4(B) F, [2.6]

2.3.6. Sheppard-Melville (S/M) Equation (2011, 2014)

The Sheppard-Melville or S/M equation (2011, 2014) approaches scour depth
prediction through consideration of interactions between flow, structure, and sediment, in

order to obtain the maximum potential scour depth:
dse
7 = 25f] f2f3 [2.7]

where f; is representative of flow-structure interactions, f, accounts for flow-sediment

interactions, and f; is indicative of sediment-structure interactions.

f1= tanh[(%)m] [2.7a]

£, = {1 ~12[in (Ui)]z} [2.7b]

@

= 2 \12 2\ 013
0.4(—) +10.6(—)
Dso Dso

2.3.7. Evaluation of Estimation Methods

[2.7¢]

While the majority of provisions in the United States utilize the HEC-18 or CSU
equation for hydraulic design of bridge piers, recent developments in scour research have
indicated the need for an updated equation (Ettema et al., 2011). Several investigations
have served to compare these equations with experimental results and determine which of

them, if any, offer an accurate prediction of bridge scour. Many have also compared such
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predictions with field data for model-prototype accuracy. The HEC-18 equation appeared
to rarely offer a low estimate of scour depth, but often generated an unnecessarily high
prediction. For serviceability concerns, conservative estimates are clearly more desirable
than low estimates; however, such estimation will yield an uneconomical design (Guo,
2012). As discussed, this over-estimation occurs as a result of various phenomena. One of
these, which is a primary weakness of currently used equilibrium scour depth estimation
methods, lies in their failure to include or articulate some pertinent influences (Ettema et
al., 2011).

An evaluation of various estimation methods, including several of those detailed
above (Sections 2.3.2. through 2.3.6.) was carried out through graphical relations.
Experimental data was compared with several predictive methods (Figure 2.4), in order
to determine any limitations on their use. It was determined that the HEC-18 equation,
Froehlich equation, Melville and Sutherland equation, and Sheppard-Melville equation
all over-predicted dy/D to varying degrees, except in cases where the investigations in
question dealt with scale effects. For large-scale tests, the HEC-18 equation was the most
accurate method of prediction. For tests with values of U%/gD greater than 0.1, the
Froehlich equation resulted in the lowest over-prediction; conversely, the same equation
over-predicted dgo/D to the highest degree for values of U*/gD less than one (Williams et

al., 2013).
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Figure 2.4. Comparison of scour equations for various investigations (Williams et al., 2013)
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Early on in the quest for accurate scour prediction methods, it was evident that the
aforementioned variety of parameters which contribute to scour geometry complicated
prediction. The goal of many researchers was to develop a means of predicting scour in
natural flow systems, with the hope of alleviating the high rates of bridge failure due to
scour.

Field measurements were also taken to observe scale effects from the field to
laboratory, with the bridge site in question chosen such that local scour, not contraction
scour, was the main cause of bed degradation, and angle of attack of flow was in the
same plane as the bridge pier. Accumulated debris was also found to have an adverse
effect on scour depth; a suggestion for design was to include an “arrestor,” or protection
at the base of the pier, approximately the size of the predicted scour hole, in order to
alleviate scour depth (Laursen and Toch, 1956).

Although the presented formulae provide an acceptable prediction of scour depth
in the field, actual conditions in natural flow systems are not a consideration here; for
example, clear-water scour in channels with uniform sediment is uncommon. The
formation of armored beds in natural flow systems is an example of this lack of
uniformity.

Taking into consideration these complexities, it is evident that use of a single
formula is not an adequate means of predicting scour. It is suggested that local scour be
estimated by multiple methods in order to arrive at the best possible estimate.
Recommendations include dimensional analysis of the variables involved, consideration

of the relationship of bed material transport (total transport into the hole — total transport
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out of the hole = rate of transport), and regression analysis of available data (Sheppard et
al., 2004).

While development of empirical equations for scour prediction is ongoing,
another form of scour prediction is being investigated as well. The use of artificial neural
networks (ANN) and computational fluid dynamics (CFD) has been initiated for the
purposes of flow simulation and scour prediction. Raw data in the form of such
parameters acts as the input layer of the network, and the ANN is “trained” to determine
relationships between these parameters and produce an output layer. Examples of the
input parameters that have been used for the input layer are flow depth, mean velocity,
critical flow velocity, mean grain diameter, and pier diameter. As previously mentioned,
the use of computational methods for scour prediction is still new and complicated by the
intricacies of the scouring process; further investigation into this estimation method is
required (Guo, 2012).

2.4. The Scale Effect

2.4.1. Scale Effects in Hydraulic Modelling

In modelling, scaling is defined by scale ratio or scale factor, A, which is the ratio
of some characteristic length or dimension in the prototype or field to that same length or
dimension in the model or laboratory. In general, as A increases, so do scale effects.
Physical models such as those involved in hydraulic experimentation may avoid scale
effects if geometric, kinematic, and dynamic similarity is observed between model and
prototype. In scour modelling, inertial, gravitational, and viscous forces are of particular

importance for similarity (Heller, 2011).
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2.4.2. Scale Effects in Scour Modelling

In scour modelling, pier Reynolds number (Re) is typically high and resulting
scale effects are taken as negligible. Therefore, Froude number constancy is considered
most relevant and experimental design adheres to this form of similitude. Re has been
shown to have little to no effect on scour depth as long as flow around the pier is fully
turbulent (Heller, 2011).

The scale effect of laboratory to field results of scour depth has demonstrated that
laboratory conditions yield deeper values of relative scour depth than will occur in
natural flow systems. This indicates that experimentally-derived formulae generally over-
predict scour depths. One of the main causes for this deviation is due to sediment size
scaling (Ettema et al., 1998).

Scale effects in scour modelling occur due to the difficulty in simultaneously
satisfying three length scales in scour models: h, D, and dso. The similitude in energy and
frequency of vortex shedding between model and prototype piers (previously discussed in
Section 1.1) can be described by the non-dimensional quantities of pier Euler number
(Eug = Uz/gD, where g is equal to gravitational acceleration) and pier Reynolds number
(Re = pUD/u = UD/v). Euy is of particular use in relating energy gradients in the flow
field surrounding a bridge pier; physically, it is it the ratio of stagnation head at the
upstream face of the pier (U2/2g) to pier width, D (Ettema et al., 2011).

As previously described, sediment size cannot truly be scaled in the same fashion
as flow and pier characteristics. Adequately small sediment sizes that would achieve
similar scaling exist in cohesive soils, whose behaviour would not accurately replicate

that of the actual bed material in the field (Ettema et al., 1998). This scaling inaccuracy
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