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Abstract: Scour induced by currents is one of the main causes of the bridge failure in rivers.
Fundamental knowledge and mechanisms on scour processes due to currents are often taken as a
basis for scour studies, which are the focus of this review. Scour development induced by waves
and in combined wave—current conditions are also briefly discussed. For the design of structure
foundations, the maximum scour depths need to be estimated. The mechanisms of local scour and
predictions of maximum local scour depths have been studied extensively for many years. Despite
the complexity of the scour process, a lot of satisfying results and progresses have been achieved by
many investigators. In order to get a comprehensive review of local scour for vertical piles, major
progresses made by researchers are summarized in this review. In particular, maximum scour depth
influencing factors including flow intensity, sediments, pile parameters and time are analyzed with
experimental data. A few empirical equations referring to temporary scour depth and maximum
scour depth were classified with their expressing forms. Finally, conclusions and future research
directions are addressed.
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1. Introduction

In river hydraulics, bridge failures due to local scour occurred frequently. In the U.S., a large
amount of bridges are vulnerable to scour, and many of them are being scoured critically. More than
1000 bridges in the United States have failed, with 60% of those failures being due to local scour [1].
40% of failed bridges in China are due to local scour between 2007 and 2015 [2]. Ettema [3] stated that
scour damage to pile foundations, especially for bridges over small rivers, is still an important issue
in bridge safety. Meanwhile, in the new field areas of offshore oil and gas engineering, submerged
structures such as caissons, platform foundations, local scour cannot be neglected either [4].

Local scour around vertical piles in steady currents have been studied for a long time. It was
divided into clear-water scour and live-bed scour by Chabert and Engeldinger [5]. When the critical
velocity associated to the sediments is smaller than the approach velocity, the whole bed scours.
Local scour is in live-bed scour condition. On the contrary, clear-water scouring refers to the absence
of sediment in the incoming stream. The advances in hydrodynamic theory, sediment transport
theory, experimental measurement techniques and the numerical simulations have promoted deeper
understandings of the mechanisms of local scour. The process of flow passed a pile is a complex three
dimensional phenomenon [6,7], as is shown in Figure 1. When the flow passes a vertical pile, it is
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blocked and the flow velocity will decrease to zero on the upstream face of the pile. This causes an
increased pressure on the pile face and a pressure gradient that opposes flow direction. In the far field,
the flow is assumed to have a logarithmic vertical profile [4], velocity together with pressure on the
pile face decreases from flow surface to bed. The pressure gradient along the stagnation line (x/D =
-0.5, D = -0.5 in Figure 1) will cause a downward flow, and create a scour hole immediately. As a
result, the bed boundary layers of the flow surface separate along the bed in three dimensions, leading
to forming horseshoe vortexes (Figure 1). The separated boundary layer then forms spiral vortices
near the pile, which will be carried downstream by the current. The overall effect of these changes is
generally to increase the local sediment transport in the case of an erodible bed, resulting in a local
scour around the pile [6].

Figure 1. Brief sketch of the local scour mechanisms (adapted from Roulund et al. [6], with permission
from Journal of Fluid Mechanics, 2005). ¢ is boundary layer thickness, xs is the size of horseshoe vortex.

Large amounts of studies have been conducted to study the local scour regime [3-9]. By using
an acoustic Doppler velocity meter (Micro-ADV) in three-dimensional analysis of bursting process,
for instance, Keshavarzi et al. [7] predicted the transition probabilities, occurrence probabilities and
directions of sediment particles movements. Moreover, [6,10,11] studied the shear stress under a
horseshoe vortex in rigid beds, finding that the bed shear stress changed to more than 1.5 times larger
than the undisturbed bed shear stress. Again, with a high-resolution two-dimensional particle image
velocimetry (2D PIV) system, Guan et al. [12] found that the horseshoe vortex, which was along the
upstream scour slope of the developing scour hole, evolved from one initial small vortex to a main large
vortex, a small vortex upstream of the main vortex and a small junction vortex. Relationships between
the scour hole and the horseshoe vortex have been observed, which indicated that both the strength
and the size of the main vortex increased with the increasing scour hole. Mattioli et al. [13] used particle
tracking velocimetry tracked the sediments particles and concluded that the downstream clockwise
vortices and the upstream anticlockwise vortices influence sediments particles significantly on stirring
them up. These findings have complemented the mechanisms of local scour from [14,15], who ignored
the importance of vortex structure in local scour. Manes and Brocchini [16] examined the experimental
and numerical results from [17,18] and found that the scour hole bottom around the point of the
maximum scour depth is consistently flat. With the Kolmogorov’s theory of turbulence [19,20], Manes
and Brocchini [16] derived the interactions between large-scale and small-scale eddies impinging the
scour hole surface. More recently, Li et al. [21] used a 2D PIV system to study the relationships between
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turbulence horseshoe vortex and shear stress around the piles. The instantaneous bed shear stress
was found to be directly associated with the dynamics of the turbulence horseshoe vortex. Sediments
transport rate based on the mean shear stress could be underestimated as much as 70% compared to
the instantaneous shear stress in clear-water scour conditions. The contracted streamlines around the
pile were also thought to play an important role in local scour [6]. Zhao et al. [15] observed that local
scour always began at the side edges of the pile in clear-water scour conditions. This phenomenon
was attributed to the concentrated streamlines [6,22]. Baker [10] found that the contracted streamlines
at the side edges of the pile amplified the shear stress five to 11 times larger than that of upstream
approach flow. When sediments were transported from upstream of the pile, vortices shedding were
believed to transport them downstream [14]. Dargahi [23] found the wake scouring was caused by the
primary wake vortices and concentrated streamlines. The upstream and wake scouring interactions
are accomplished by the action of the three dimensional horseshoe vortexes, according to [23].

While the scouring process in currents is mainly induced by the horseshoe vortex, scour processes
in waves have been observed to be more affected by vortex shedding at the lee side of the pile [14,24-26],
particularly for small Keulegan—Carpenter (KC) numbers. Sumer and Fredsge [14] summarized the
results from former studies and found that apart from the influencing factors in currents, the KC
number (KC = uwTw /D, uy is the maximum value of the undisturbed orbital velocity at the bed, D
is the cylinder diameter and Ty is the wave period) affects the local scour most in waves. If KC is
less than 6, no horseshoe vortex would be formed in front of the cylindrical pile (For square piles the
value is 4). Sumer and Fredsge [14] has also derived an empirically driven prediction approach for
combined wave-current conditions. Rudolph and Bos [27] have performed laboratory tests on the scour
development at monopiles under combined wave-current conditions in low KC numbers. In addition,
Qi and Gao [28] carried out physical model tests on the scour development in combined wave-current
conditions with small KC numbers and included the assessment of the influence of pore pressure
on the scour process. Zanke et al. [29] have developed an empirically based prediction approach by
introducing a new function between the wave and current generated scour at a singular pile.

Based on these laws, Miozzi et al. [30] conducted an experimental test with KC = 10. By using the
defocusing digital PIV technique, the dynamic equilibrium scouring state was described by a Eulerian
in-phase analysis of the sand particle motion, which was inferred from Lagrangian data collected over
a large number of wave passages. The five main mobilization or transport mechanisms identified
by [30] are the (i) generation of a coherent structure reminiscent of a horseshoe vortex at the toe, (ii)
intense scouring at the top of the flatbed region, (iii) vortex shedding in the wake during onshore
flow, (iv) shear crossflow on the lee-side of the cylinder and (v) large vertical shearing in the flatbed
region during the offshore flow. Within the phases of wt = 0—48°, sediments particles were lift up by
the horseshoe vortex in front of the pile. An intense acceleration of the flow that interacted strongly
with the bed at the rear side pile was observed. Within the phases of wt = 96-136°, the reverse flow
that started from downstream of the pile interacted with the onshore flow, resulting in shear crossflow
on the lee-side of the cylinder, would lead to the backfilling of the sediments around the rear side of
the pile. Sediments would be mobilized towards upstream once the velocity of whole water space was
offshore direction. The general backfilling mechanism and timescale in case of combined waves and
current conditions was investigated by Sumer et al. [31].

In the backfilling studies, Sumer et al. [25] conducted experimental tests upon equilibrium scour
holes. When KC was smaller than 10, the time for backfilling was far more than scouring time. When
KC was larger than 10, the backfilling time was less than scouring time. Apparently, when waves
are imposed in local scour, the phases governing velocity periodic oscillation at bed bottom makes it
different from the currents cases only.

Laws for flow field around the pile, including velocity and pressure distributions in three
dimensions, characteristics of horseshoe vortex and vortices shedding, boundary layer and shear stress
near the bed were successfully obtained by scholars [6,10,17,21,23]. The transportation of a single
sediment particle was traced in detail [30,32,33], which contributed to the calculation of the sediment
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transport rate. In a project design for scouring protection, the most concerned is the maximum scour
depth, so numerous researchers have studied the factors that influence scour depths. As a result,
many semi-empirical and empirical formulas for sediment transportation of local scour have been
established [16,34—40].

The paper does not study the new findings of recent work from the authors, but mainly reviews
the mechanisms, influencing factors and empirical equations in literature. Investigations and laws
of local scour were adopted and analyzed, especially in flow intensity, sediments particles diameters
and sediments uniformity, pile widths and heights, depth of water and scouring time that affect the
maximum local scour depths. Temporary and equilibrium scour depth equations proposed in literature
are also reviewed. A best method of scouring time for scouring equilibrium is obtained by comparing
these definitions in equilibrium scour time. The empirical equations are summarized and classified
into four expressing forms.

2. Influencing Factors

Reference [14] summarized that the local scour was mainly influenced by the Shields number,
sediment gradation, ratio of boundary layer thickness to pile diameter, ratio of sediment diameter
to pile diameter, geometric parameters of pile, approach flow velocity and its attacking angle and
scour time. That means the flow intensity, water depth, sediment size and its gradation, geometric
parameters of pile and time control the scour process and the scour depth. Due to these influencing
factors, local scour is a complexed process and is very difficult to study. However, laws could still
be obtained when some conditions are restrained. This paper reviewed and studied conditions of
steady currents, circular and square cross vertical piles, non-cohesive sediments and perpendicular
flow angle attacks.

2.1. Intensity of Flow

Flow intensity is a parameter affecting scour depth, which is widely used in most published
papers [15,41,42]. It is defined as the ratio of the average approach flow velocity U to critical average
velocity for the onset of a sediment particle motion U,. The critical average velocity is calculated by
Equation (1)

U, = 5.751.¢ 1og(@), 1)
dso

where the critical shear velocity u.. is determined using the Shields diagram; & is the water depth and
dsp is the medium sediments diameter.

The flow intensity is also a criterion for determining whether a sediment particle is activated.
When U/ U, is smaller than 1 in uniform sediments bed conditions, no sediment particles are activated,
and the local scour hole does not have sediment supplement from upstream. For uniform sediment
materials, live-bed scour occurs when U /U, is larger than 1. However, for non-uniform sediment,
scour conditions are controlled by the limiting armoring velocity U,. In this sense, clear-water scour
and live-bed scour exist for U > 0.8U¢, and U < 0.8U,, separately [41].

The authors collected a number of experimental data from literature as is seen in Table 1. As is
seen in Figure 2a, the maximum local scour depth occurs at U/ U, = 1 in uniform sediments conditions,
and decreases within a period of increasing U/U,. This phenomenon is easy to understand. When
U/ U, is smaller than 1, the bed is under clear-water scour condition. Sediments at upstream cannot
be mobilized by the currents. No sediment will be transported into the scour hole around the pile.
Scour depth will be deeper when the flow intensity is higher, leading to an almost linearly relationship
between U /U, and relative scour depth d;s /D before the first threshold peak. When U/ U, surpasses 1
in uniform sediments, the bed is under live-bed scour condition. With flow intensity increasing, the
relative scour depth decreases to a minimum value. After that, it increases to the second peak, which is
called live-bed peak (Figure 2a). Aksoy et al. [43] obtained this threshold of flow intensity U/ U, = 4,
and thought this peak occurred at about the transition flat bed stage of sediments transport on the bed.
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The authors collected a number of experimental data from literature and drew envelope curves, as is
presented in Figure 2b. When the flow intensity is less than 1, scour depth increased rapidly with flow
intensity. In relatively weak live-bed scour conditions (1 < U/U, < 1.23), the quantity of sediment
particles that transported into the scour hole is larger than that moved out of the scour hole. When the
flow intensity surpasses 2.1, the envelope curve is found to be horizontal. What is more, the former
increases faster than the latter. As a result, the maximum scour depth decreases. However, when the
flow intensity gets strong enough, the quantity of sediment particles in the scour hole will be moved
out more than that of supplements from upstream, leading to scour depth to the live-bed peak.
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Figure 2. Relative local scour depth variations with flow intensity. (a) Reproduced from Melville [44],
with permission from Fourth International Conference on Scour and Erosion, 2008. (b) Experimental
data from literature.

Table 1. Range of experimental data.

Source dsp(mm) og u/u., h/D D/dx t(hour) ds/D
Askoy et al. [43] 3.47 14 0.48-0.56 0.94.7 12-58 6.7 0.44-0.90
Ettema [45] 0.84-7.8 uniform  0.50-0.95 0.2-21 13-188 9.7-250 0.32-2.09
Ettema et al. [46] 1.05 uniform 0.80 2.5-15.6 61-387 24-48 1.07-1.73
Hancu [47] 2.00 uniform  0.74-1.96 0.8 65 / 0.58-2.07
Jain and Fischer [48] 0.25-2.5 uniform  0.90-4.22 1-4.9 20-406 / 1.61-2.54
Langa et al. [49] 0.86 uniform  0.93-1.04 0.5-5 58-465 168-330  0.94-2.32
Melville [50] 0.24-14 1.22-1.3 1.0-5.25 1.0-2.0 36-423 / 0.91-2.10
Melville and Chiew [51] 0.8-0.96 uniform 0.4-0.96 0.6-12.5 18-222 3.3-119 0.10-2.56
Mia and Nago [34] 1.28 1.29 0.71-0.82 2.7-5 47 2.3-5 1.18-1.77
Pandey et al. [52] 0.4-1.8 1.17-1.2  0.69-0.87 14-2.5 37-288 24 1.21-1.60
Sheppard et al. [53] 0.22-2.9 1.21-1.51 0.75-1.21 0.2-11.6  314-4136 41-616 0.76-1.73
Sheppard and Miller [35] 0.27-0.84 1.32-1.33 0.60-6.10 1.3-3.2 181-563 0.3-332 0.72-2.24
Shen et al. [54] 0.24 uniform  1.08-4.87 0.8-1.0 633 / 1.23-1.82
Yanmaz and Altinbilek [55] 0.84-1.07 1.13-1.28 0.44-0.76 0.7-3.5 44-80 3-6 0.56-2.66

When it comes to non-uniform sediment, the armor layer will take part in. Baker [56] observed
that the maximum local scour depths occurred at U/U, > 1.0. Raudkivi and Ettema [57] found
the armoring effects affected local scour in two different types. One was bed armoring, which was
responsible for bed forms. The other was scour hole armoring, which would reduce the local scour
depth. For the difference between the armor layers in the scour hole and on a streambed, Raudkivi and
Ettema [57] pointed that the former did not have significant fines. The maximum scour depths would
not be affected when the gradation coefficient of the sediments o, was less than 2.0. However, different



J. Mar. Sci. Eng. 2020, 8, 4 6 of 23

conclusions were obtained from Melville [44]. Figure 2a presents the experimental conclusions made
by Melville [44]. The o4 for green line is about 5. It could be seen that Uy, increased with the increasing
o¢ for a given dsg. Apparently, Melville [44] has a higher credibility. The increasing o, leaded to a
decreasing of threshold peak. Figure 2a is also significant for the influences of sediments. It will be
mentioned later in this paper.

2.2. Flow Depth

As velocity distributions along flow depth are not a constant value, flow depth will have an
influence on the onset of the sediment particles. However, for a given value of the ratio of approach
flow friction velocity to critical shear velocity for sediment particles u. /u.., it is identical that the scour
depth will not increase with flow depth when it gets to a threshold value. To explain this phenomenon,
early researchers have done a series of experiments to study it. Among them, the analysis from Ettema
et al. [46] is most popular. The influence of flow depth / on scour depth ds depended on the relative
size of the pile h/D and the relative medium sediments diameter D/dsy. When //D is less than 2,
the volume of down-flow diverted into the scour hole diminished. When //D is larger than 3, the
interactions between anti-clockwise damming near the water surface and the horseshoe vortex in
clockwise will fade to zero. As a result, the horseshoe vortex can act on sediment scour completely.
When /1/D is below 1, a nearly to the water surface height bar will be formed behind the pile, which
will weaken the strength of wake vortex. For the influence of D/dsg, Raudkivi and Ettema [57] came
to the conclusion that the scour depth was independent with //D when D/dsy was in high values.
However, the scour depth did not seem to stop increasing with /D = 6 for a given value of D /ds.

Researches on the relationships between flow depth and scour depth have shown the complexity
in their interactions. However, based on experimental or field data, some laws were obtained by
researchers. Hjorth [11] found that when the flow depth was shallower than some undetermined
multiple of the boundary roughness, the strength of the horseshoe vortex increased with flow depth.
Baker [56] found this increase stopped when the relative flow depth i/D was 4. Similarly, Baykal [42]
obtained i/D = 2.6 by analyzing experimental data from former researchers. Later, [45] divided
h/D into regions of narrow pile (i/D > 1.4), wide pile (h/D < 0.2) and intermediate wide pile
(0.2 < h/D < 1.4). Melville and Chiew [51] stated that the scour depth was independent with flow
depth in narrow pile cases, but increased with flow depth in wide conditions. For intermediate wide
piles, scour depths were between them. When the flow surface was blocked by a pile, an anti-clockwise
damming would interact with the clockwise horseshoe vortex. However, the interaction will fade to
zero when the water depth is deep enough (/D > 3).

A large number of experimental data have been given by researchers (Table 1). Among the
conclusions obtained by these researchers, Melville [50] obtained //D = 1.45 for independence of
ds/ D through their own experimental data as well as data from Sheppard et al. [53]. To investigate the
relationships between d; /D and /D, data was used from Table 1 and presented in Figure 3a,b. For
a safe design, the envelope line presented in Figure 3a was recommended. Although more data for
deeper flow experiments needs to be studied, the envelope line tends to be a constant value when h/D
is larger than 4. When the experimental data was kept for the same conditions except the water depths,
a trend was clearly seen in Figure 3b. The test numbers in Figure 3b were numbers where [46,47,50]
numbered in their own tests. By collecting these experimental data, the authors found that the relative
scour depths increased with the increasing relative water depth k/D until to their own thresholds.
Apparently, due to their differential experimental parameters, the threshold values of /D vary with
the researchers. The results of Ettema et al. [46], who obtained the critical value /D = 4, are consistent
with the envelope line in Figure 3a. The others were a little larger or smaller than [39], but were nearby
h/D = 4. By analyzing a large number of field data and laboratory data, Park et al. [58] stated that the
laboratory data were more dependent on the flow depth than the field data. With flow depth increased,
scour depths in laboratory tended to overestimate more than that of the field data.
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Figure 3. Relationships of water depth with maximum scour depth. (a) Envelope line of maximum
scour depth. (b) Trends of the water depth with maximum scour depth.

2.3. Sediments

Effect of bed materials on local scour depths has been a subject of research for many years. It is
logical that the equilibrium scour depth depends on the size of bed materials. As sediments are
mostly non-uniform in the field, studies of influences on local scour depths about the sediments
gradation are necessary. The sediment gradation is characterized by geometric standard deviation
of sediment grain size oz, and could be calculated in ways of 0, = dgs/dsy = dso/d16 = ~/dga/d16.
Some researchers have distinguished the uniform sediment with g¢. Dey [59] classified the sediment
material into uniform sediment (og < 1.4) and non-uniform sediment (o > 1.4). Hoffmans [60] defined
0g < 1.3 as uniform sediment, and stated that sediments non-uniformity o5 was about 1.8 in natural
rivers. Researchers found that the scouring rate and scour depth decreased significantly with og
increased [61-63]. Chiew and Melville [62], for an example, observed that the finer particles would be
armored by coarse particles both on the upstream bed and at the scour hole. The scour depth decreased
with o5 when g was less than 5. In accord with Figure 2a,b, Zanke et al. [29] obtained that the scour
depth rarely depended on the sediments non-uniformity in high flow intensity cases. As is shown in
Figure 2a, relative scour depths ds/D were almost the same when flow intensity U/ U, surpassed 4,
though the sediment non-uniformity o, were different. In non-uniform sediments, flow intensity was
determined as the ratio of approach flow velocity U to the armoring velocity U,. The armoring effects
were found to increase with og by Melville [64]. For this reason, the first threshold peaks (Figure 2a)
tended to decrease with the increasing oy.

As many physical variables such as flow velocity, shear stress and sediments transport rate are
depicted in average, the sediment medium size ds( is widely used as a character in scour and deposition.
Melville and Chiew [51] stated that when d5p was finer than about 0.6-0.7, ripples would be formed
when the sediments bed was scoured. Then the movement of sediments particles would be affected
significantly by the ripples. Later, the relationships between ripples and relative scour depths were
obtained by Melville [64]. As is shown in Figure 4, thresholds values of local scour depths occurred in
the two curves when flow intensity U/ U, increased to 1. However, the maximum scour depth for
non-ripple forming bed is larger than that of ripple forming. However, when flow intensity U/ U,
surpasses 1, a drop of the maximum scour depth happens in live-bed scour conditions. This is due to
the fact that sediments were transported to the scour hole from upstream of the pile just as described in
the analysis of flow intensity above. The similar trend was found in Ettema et al. [46], who concluded
the maximum scour depth was 0.3-2.3D, depending on the distributions of the sediment sizes. Chiew
and Melville [62] argued that the formed ripples on bed were responsible for these variations. Ripples



J. Mar. Sci. Eng. 2020, 8, 4 8 of 23

made bed more roughness and increased quantity of sediments particles transported from upstream,
resulting that more sediments particles were transported into scour hole around the pile.

3.0 [ rrrrrrrrT T T T T T ]

20|

/D
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X 5 — Ripple forming -
0.5 F : ]

0.0 s I ......... | I A | RN | RN | R ]

Figure 4. Influence of ripples on maximum scour depth (Adapted from Melville [64], with permission
from Journal of Hydraulic Engineering, 1997).

The influences of sediment medium size d5y on scour depths have been developed to a deeper
understanding. In early years, many researchers believed that the relative scour depth ds /D increased
with the increase of relative medium sediments diameter D /dsy when D /dsy was smaller than 25-50.
When it surpassed 50, d; /D would be independent with D/ds. Nevertheless, with relatively larger
flume experiments and long-time scouring, Sheppard et al. [53] put forward a different view for
D/dsy > 25— 50 cases. As is shown in Figure 5, ds/D decreased with D/d5 increased. Later, a similar
trend was found by Lee and Sturm [65]. However, what differs from Sheppard et al. [53] is that when
D/dso > 300 — 400, ds /D is independent on it.

2.4. Pile

There are many shapes of piles used in engineering, and their effects on the scour are significant.
In this paper, only the most popular piles of vertical circular piles and rectangular piles are presented.
For unsubmerged piles, their widths have been reviewed and discussed in terms of relative flow depth
and sediment size. As is depicted in Figure 6a, scour depth increases with pile diameter. The wider the
pile is, the more significantly it blocks the approach flow, and thus forming a deeper scour hole in
vicinity of the pile Sarkar et al. [66]. However, when the scour depth is normalized with pile width, it
decreases. This trend can also be viewed as the rate of scour depth with pile width. Sooner or later, the
rate will tend to be zero, and thus a threshold of scour depth for independence on pile width will be
obtained. For the influence of pile height (Figure 6b), it is similar with flow depth effect when the pile
is unsubmerged. In the submerged conditions, scour depth increases with pile height when the other
factors are kept the same.
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Figure 5. Dependence of ds/D on D/d5y (Adapted from Sheppard et al. [53], with permission from
Journal of Hydraulic Engineering, 2004).
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Figure 6. Influence of pile width and height on scour depth. (a) Influence of pile width on scour depth.
(b) Influence of pile height on scour depth (submerged).

A few researchers such as Roulund et al. [6] and Sumer and Fredsee [14] stated that the height to
diameter ratio k. /D and submergence ratio hi/h. affected the relative scour depth d; /D significantly.
This section focused on the submerged pile characterized in height to diameter ratio h./D and
submergence ratio h/h.. Although, these were not studied as early as those reviewed above, some
progressive results were obtained by a few scholars. Table 2 is submerged experimental data collected
from the literature. Except for data from Zhao et al. [15], they are all in clear-water scour conditions.
To depict the experimental data concisely, tests numbers in Table 2 were numbered with their own
tests numbers.
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Table 2. Submerged experimental data.

Source Tests dso (mm) D (cm) h (cm) h/D u/u. hih. t (hour) ds/D
Dey et al. [67] 16-24 1.86 8 25 0.38-8.33 0.90 1.0-8.3 48 0.79-1.96
Euler and Herget. [68] 12-15 0.76 3 10.1 0.33-1.33 0.65 2.53-10.1 22 0.07-0.73
Euler and Herget. [68] 20-23 0.75 3 9.7 0.33-1.33 0.6 2497 24 0.07-0.97
Sarkar and Ratha [69] 4,8,12,16,20 0.26 115 20 0.43-1.30 0.89 1.33-4 10 0.52-0.80
Sarkar and Ratha [69] 41, 45,49, 53, 57 0.52 54 20 0.93-2.78 0.89 1.33-4 10 0.96-1.35
Zhao et al. [15] 8-14 0.40 6 50 0.33-8.33 1.02 1-25 45 0.48-1.06
Zhao et al. [15] 22-28 0.40 6 50 0.33-8.33 1.25 1-25 2.35 0.62-1.04

Figure 7 was drawn with data chosen from Table 2, each of which was controlled with its same
sediment characters dsg, g, flow intensity U/ U,, water depth h and scour time ¢. It can be seen that
the dimensionless scour depth increases with the relative pile height /1,/D when h./D is smaller than
3—4. Except the diamond data from Zhao et al. [15], which was in live-bed scour condition and fitted
with a blue line, there is not a curve reflecting the independence of k. /D for ds/D. Zhao et al. [15]
found the maximum scour depth was independent with h./D when h./D was larger than about 2.
The vortices shedding behind the pile was weakened when the height of the pile was small. No scour
was seen behind the edge of the pile when h./D was smaller than 0.25. With numerical simulations
methods, Zhao et al. [15] obtained shear stress around the pile, and found a significant decrease in
smaller value of h./D.

25 . T . T . T . T . T
Symbol  Source Tests
-} Deyetal. [67] 16—24
~%—  Euler and Herget. [68] 20—23
-/\-  Sarkar and Ratha [69] 41,45,49,53,57
>~ Zhaoetal. [15] 8-14
<& -
OO 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10
h, /D

Figure 7. Influence of pile width on scour depth.

The relationships between h/h. and dy/D for submerged cases are also investigated by a few
researchers. According to Hunt et al. [1] and Tsutsui [70], there was a reverse flow and a separation
bubble on the top of the pile instead of the anti-clockwise damming in front of the pile when the pile was
submerged. The additional water down wash flowed on the side and behind the pile. Consequently,
local scour for submerged piles or structures needs to be studied too. However, as far as the authors
are aware, local scour researches in submerged vertical piles were only seen in [4,15,67-69,71]. Among
them, influences of flow depth studies were even fewer. Dey et al. [67] observed that an increase in
h/h, would reduce the block of flow, and thus the horseshoe vortex was weakened in strength and
dimension. They also pointed out that the downward pressure gradient for the submerged pile was
less than that of the unsubmerged pile. In addition, the interaction between the free surface and the
wake region behind the pile was analyzed by Sarkar and Ratha [69]. They found that free surface
was not seen to interact with the wake region when 2.3 < h/h, < 3. However, for h/h. < 2.3, upper
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layer mixes with wake and intensity increases with Froude number, resulting in a weakened vortices
shedding behind the pile. For experimental data in Figure 8, the relative scour depth dy/D decreased
rapidly with the increasing submergence of the pile i/h., especially for clear-water conditions [67-69].
It does not seem to stop at some value of h/h. as data of [15].

It is no doubt that local scour is a complicated process depended on a series of factors including
intensity of water, water depth, sediments and pile parameters. To value the influences of each
parameter, researchers analyzed them in different ways. Muller [72] used partial residuals and multiple
linear regressions to identify the key variables influencing scour depth. With a large number of
experimental data and field data, Muller [72] found that pile width was the most important variable for
estimating the equilibrium of scour depth. The same finding was given by Bateni [73], in which they
applied artificial neural networks and adaptive neuro-fuzzy inference system to estimate equilibrium
of scour depth and obtained that the pile width affected more than that of other parameters such as
water depth, flow intensity and sediment size. However, Yao et al. [71] thought flow intensity was the
most important factor that controls the equilibrium of scour depth.

20 Fg— T T T T T T T T T T T
% Symbol Source Tests Fitted curve
i O Dey et al. [67] 16—24 - i
g A Zhao et al. [15] 22—28
0 ¥ Euler and Herget. [68] 12—15 ~ ------
1.5 X Sarkar and Ratha [69] 4.,8,12,1620 —— | -
D\\
o' ]
'
S 1o ]
= A
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0.5 =
e
0.0 . 1 . 1 . 1 . 1 . 1 . 1 .
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hih

c
Figure 8. Influence of pile height on scour depth.

2.5. Time

The time for an equilibrium scour varies with flow fields and piles [74]. In live-bed scour
conditions, the time needed for the scouring balance is little and accompanied with upper and lower
shocks near the equilibrium position [14,71,75]. In clear-water scour conditions, equilibrium needs a
much longer period of time. An example for this was presented in Figure 9 in which clear-water scour
and live-bed scour tests were taken from Melville and Chiew [51] and Chang et al. [76]. The maximum
scour depth increased asymptotically with time and tended to be a threshold value when it was given
enough scouring time in clear-water water scour conditions. On the contrary, live-bed scour reached
a large scour depth value in very short time and oscillated nearby the equilibrium line, though the
maximum scour depth was as much as 15 cm larger than the minimum scour depth when the scour
depth was oscillating.
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Figure 9. Clear-water and live-bed scour evolution.

Due to the fact that most equilibrium scour depth equations were derived from experimental data,
it is critically important to determine the time for an equilibrium scour depth in an experimental test.
Summarizing from the literature, the authors obtained three concepts of the scour equilibrium. Most
of them are empirical formulas derived from experimental data or field data rather than theoretical
analysis. In fact, it has not been unified yet.

2.5.1. Finite Time

In local scour studies, many researchers have done their experiments in a finite time due to the
fact that the equilibrium of scour is time consuming. Mia and Nago [34] defined that equilibrium of
scour was achieved when scour depth increased by no more than 5%D in 24 hours. Kumar et al. [77]
stopped the experiment when the depth of scouring was less than 1 mm for 3 hours. By assuming that,
they considered the scouring equilibrium was reached. Bozkus and Yildiz [78] and Karimi et al. [79]
found it was appropriate to reach the equilibrium state after 2 hours of scouring. However, Aksoy et
al. [43] concluded that data obtained for less time, such as 10 hours, could underestimate scour depth
as much as 50% of the equilibrium scour depth.

2.5.2. According to Asymptotically Functions

However, some researchers [35,46,80-83] believe that the equilibrium should be obtained according
to fitted curves just as Figure 10 showed. The curves are unusually fitted by asymptotic functions such
as exponential laws [14,34], logarithmic laws [64] and hyperbolic laws [53,84]. These functions will
be discussed in more detail in Section 3. To fit a curve for experimental data, they proposed some
formulas depending on the currents or pile parameters according to their experiments. Summarizing
from experimental data, Ettema et al. [46] classified the curves into three paragraphs. In the initial
phase, a rapid scour rate is caused by the down-flow in front of the pile. As the horseshoe vortex
grows, the scour hole develops slower, but lasts for a longer time. The equilibrium phase is determined
by factors of pile size, sediment and flow field.
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Figure 10. Evolution of maximum scour depth (Reproduced from Langa et al. [81], with permission
from River flow, 2010).

2.5.3. According to Critical Shear Stress

Another idea of the equilibrium is about the critical shear stress of sediment particles.
References [16,52] thought that when shear stress reduced to critical shear stress of a sediment
particle in a scour hole, no sediment would be stirred up by the horseshoe vortex. Kumar et al. [77]
used a critical sediment size of d;, above which the sediment could not be mobilized. Scouring would
be in an equilibrium state when the sediment in scour hole was larger than the calculated d.. For
non-uniform sediment, the equivalent sediment size of mixing layer d,, was chosen to represent
dc.. Nevertheless, the critical shear stress of sediment particles in scour hole is usually measured
indirectly in laboratory. An example of bed shear stress associated with turbulence horseshoe vortex
was given by Li et al. [21]. With a 2D PIV system, Li et al. [21] measured the time-averaged flow field
in approach flow and the instantaneous velocity in front of the pile. Instantaneous bed shear stress
was obtained by 7 =]p(v + vr) %, with v is water dynamic viscosity, vt is the eddy viscosity in the
approach flow and u; and y; are the streamwise velocity and vertical position of the first measurement
point above the bed. The direct methods need to be helped with numerical simulations. Manes
and Brocchini [16] assumed the length scale of large eddies approximates the maximum scour hole
depth. Through dimensional analyses and drag force acting on the cylinder, Manes and Brocchini [16]
proposed an approach that combined theoretical analyses with empirical considerations in equilibrium
scour depth estimation. In clear-water scour condition, the equilibrium scour depth was expressed as

FENY ds0
all the non—cfimensional groups identified by [41,71,85]. The dimensionless equation obtained from
Figure 4 in [16] can be written as In( dffzg) =2 ln(%) +4.42.

In order to compare these definitions above, a long-time scour experiment numbered test 2 in [81]

is selected. The test parameters are shown in Table 3. Comparisons of equilibrium scour depths are

dse ~ ( U2 )(S]—f])(cd)” 3(2)2/3 (where C; is assumed a constant drag coefficient), which contained

calculated with criteria of [16,34,46,77,79,81]. The scour evolutions are presented in Figure 10 and the
calculated results are shown in Table 4. The minimum value is from Karimi et al. [79], who stated
scouring for 2 hours was enough for equilibrium in clear-water scour conditions. However, Figure 10
shows that scouring for 80% of equilibrium scour depth just needs 80 hours, which accounts for only
7.3% of 1094.5 hours. In fact, it can be seen from Figures 9 and 10 that scour depth reached a relatively
large proportion for a very short time in initial stage. In accord with Ettema et al. [46], Melville and
Chiew [51] found the scour rate decreased gradually during a scouring process. The scouring rate
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reached 31%, 38% and 49% respectively within 0.3%, 0.6% and 1.7% of the equilibrium time, while
the scouring rate reached 87% and 95% respectively at 33% and 67% of the equilibrium scouring time.
Recently, Yao et al. [71] found that flow intensity had a much greater impact in time-scale than changes
in aspect ratio.

Table 3. Parameters of Test 2 in Lanca et al. [81].

Parameters  dsy (mm) og D (cm) U (cm/s) u/u. h (cm) t (hour) ds (cm)
Test 2 0.86 1.40 8 27.0 0.86 16 1094.5 19.55

Table 4. Comparisons of equilibrium scour depths.

Source Manes and Ettema etal. Batenietal. Karimi etal. Mia and Lanca et al.
Brocchini [16] [46] [73] [79] Nago [34] [81]
t (hour) Independent 52 59 2 229 1094.5
ds (cm) 12.7 14.72 14.98 8.96 17.45 19.55
Percentage 64.9% 75.3% 76.6% 45.8% 89.3% 100%

For non-uniform scour, Chang et al. [76] conducted a series of tests, finding that the equilibrium
time and the maximum scour depth decreased with og. This conclusion is in good agreement
with [43,86].

3. Empirical Equations

To predict the maximum scour depth related to time, investigating the temporary scour depth
is necessary. As is defined by Pandey et al. [87], it was the variation of maximum scour depth
near the pile or other hydraulic structure that developed with different time intervals. Based on
laboratory experiments, prototype data or numerical simulations, several formulas have been proposed
in the literature.

By solving the sediments continuity equations, Chiew and Melville [36] proposed a semi-empirical
formula to predict temporary scour depths in uniform bed and steady currents conditions. Guo [37]
developed a semi-analytical model for temporal clear-water scour at prototype piles. Kothyari et
al. [86] attributed the scour to the horseshoe vortex, and computed the temporary scour depth with
critical shear stress. Later, based on the similitude of Froude, [38] and [61] developed new relationships
by relating the scour depth to the difference between the actual and entrainment densimetric particle
Froude numbers. Mia and Nago [34] proposed a method for calculating the scour depth at any time by
studying the effect of flow history on the local scour depth, and obtained the dimensionless formula of
temporary scour depth. Lanca et al. [81] conducted five long time scouring experimental tests, and
developed the polynomial functions proposed by Bertoldi and Jones [88]. Analyzing some available
formulas, Choi and Choi [89] obtained a new dimensionless formula. Pandey et al. [87] compared
the formulas of [34,38,41,61,89,90] and obtained that the most accurate in predicting the maximum
scour depth was the formula proposed by [61]. They stated that [87] showed more agreement in the
equilibrium of scour time.

Since experiments were carried out in different sizes, piles materials, flow fields, sediments,
measuring methods and equilibrium criteria, formulas of temporary scour depth were proposed with
different types. According to their expression forms, the formulas can be classified with exponential,
logarithmic, hyperbolic and numerical functions.

3.1. Exponential Formulas

It was first proposed by Breusers [91], and was developed by [14,34,39,92]. The model is in a
form of equation (2). To determine coefficient C, exponent n and time scale T, they studied factors that
affected the equilibrium scour depth and fitted them with curves. This equation is meaningful for
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evaluating the maximum scour depth with various times. Nevertheless, as the coefficient C, exponent
n, and time scale T are variables that change with scour conditions, equilibrium scour depth could
not be calculated without equation (2). Moreover, this equation is strictly limited with conditions of
narrow pile width, uniform sediments and unsubmerged vertical circular piles.

ﬁ =1- exp[—C(%)n]. 2)

se

A widely used formula in the literature was proposed by Sumer and Fredsee [14], who attributed
the local scour to Shields parameter 0, and involved other factors such as pile width, medium sediment
diameter and boundary layer thickness. The semi-empirical formula Equation (3) obtained by them
adopted the sediments particles inception theory and the fitted curves with experimental data gave a
relatively satisfactory solution in recent years.

d(t) = dse[1 —exp(—-t/T)], 3)

2 . . 20 . . .
where T = [(?WT* is the time scale of scour, T* = m@sz'z is non-dimensional time scale
g\~ 1)d5

_ s _
of scour, 65 = TP =

2

fs
8(s—1)dso
is friction velocity associated with skin friction, 75 =]pCpU? is shear stress due to skin friction,
Cp = {i/[In(dso/12h)] + 1}, |p is the flow density, g is the acceleration due to gravity, s is the specific
gravity of sand, 6 is the boundary layer thickness and « is the Karman constant.

is the Shields parameter due to skin friction, Uz, = (75/ ]p)0'5

3.2. Logarithmic Formulas

With Equation (4) proposed by Melville [41], Melville [64] used Equation (5) for predicting the
time variation with maximum scour depth. The equation they proposed is easy to use, but is not
accurate for different sizes of pile width. Limitations of flow intensity U/U, are restricted for the
range of 0.4-1.0. In addition, the pile shape should be vertical circular piles. Nevertheless, as was
stated by Melville [64], D and U must be expressed in a consistent system of units, e.g., meters and
meters per second, respectively. The formula for calculating the equilibrium time of scour depth t, is
dimensional inconsistency.

dse = KyWKIKszKQKGr 4

where Kyw, K1, Ky, Ks, Ko and K¢ are empirical expressions of the flow depth, flow intensity, sediment
size, pile shape, pile alignment and channel geometry separately.

1.6
}/ ®)

0.25
where t,(days) = % (% —0.4), when h > 6D and t.(days) = W(% - 0.4)(%) when h < 6D.
Another equation in the logarithmic form was proposed by Oliveto and Hager [61,82]. It was

Zem(z)

ds = exp{—0.0S L

dSE

developed by Kothyari [38] with Equation (6). They believed that the dominant parameter controlling
the scour process was a densimetric particle Froude number F;. Equation (6) is very meaningful,
for it could be used for circular and rectangular piles in clear-water scour. Moreover, the sediments
non-uniformity was included. As scour depth is an incremental function of time T in Equation (6),
scour depth will be infinite when the time is infinite. Fortunately, they obtained Equation (9) for
the equilibrium time of scour depth Te. However, some limitations were given by them too. Firstly,
the dimensionless sediments gain sizes D" should be less than 15. Where D* = (g’/ v2)1/3d50, v is
kinematic fluid viscosity. Secondly, approach flow depth /i cannot be smaller than 5 cm in a rectangular
channel. Thirdly, the ratio of pile width to channel width should be less than 0.05. What is more, the
densimetric particle Froude number F, is required to be far more larger than the densimetric particle
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Froude number of scour entrainment Fyg. Lastly, Equation (6) could only be used in clear-water scour
conditions with a threshold Froude number F; < 1.2.

Z =z/zg = 0.2720,"/*(F4 - Fg3)*"* log(T), (6)

where z is the maximum scour depth, zr = (th)l/3 is the reference length for the circular or
rectangular pile, F; = U/ (g'ds0)"/? is the densimetric particle Froude number, og = (dga/ die)'/%, U
is the approach flow velocity, ¢’ = g(]ps—]p)/]p is the relative gravitational acceleration, |p; is the
sediments density, |p is the flow density, ds is the sediments median grain size, t is the scour time,
T = t/tg is the dimensionless time and tg = zg/[01/3( g’d50)1/ 2] is the relative time.

The densimetric particle Froude number of scour entrainment was calculated by Equation (7).
Fop =0 *[Fai=126) ) ) B~/ (Ru/dso)' '), )
S «ca

where F; is the densimetric particle Froude number for incipient sediment entrainment in the approach
flow channel and is calculated by Equation (8), shape parameter ), = 1 for circular and ), = 1.25
rectangular piles, ) g is submergence parameter, ), is cascade parameter, ) s = ) ., = 1 for circular
and rectangular piles, § = D/B is ratio of pile width to channel width and R, is the hydraulic radius.

2.33D; V4R, /d50)Y® , D.<10
Fii =4 1.08DY'2(R,/d50)"® , 10<D. <150 , 8)
1.65(Ry/ds)Y® ,  D.>150

where D, = (g'/ v2)1/3d50 is the dimensionless grain size, v kinematic fluid viscosity.
log T, = 4.8F./°, ©)

Fe=Uu/U, (10)
where U; = 1.65(g’ds0)"/?61/3(Ry,/dsg) '/ is the threshold approach flow velocity.

3.3. Hyperbolic Functions

A few studies found that the hyperbolic functions predicted the scour depth versus scouring time
better [4,35,88]. With more than 15 days scouring data for cylindrical piles, Bertoldi and Jones [88]
proposed Equation (11) to fit evolutions of scour depths in clay bed. Zhao et al. [4] conducted a series
of live-bed scour experiments with square piles in sandy bed and concluded that Equation (11) fitted

better than Equation (3).

t
ds(t) = dse =) (11)

where T, is the equilibrium scouring time.

Sheppard and Miller [35] and Langa et al. [81] fitted their local clear-water scour experimental data
with a hyperbolic function as is seen in Equation (12) and Equation (13). The hyperbolic function gives
a more fitted curve for the development of the scour with time. However, it is purely mathematical
rather than physical when compared to the other types of empirical formulas.

ds(t) =al]l - —— 1-——— 12
() =al (1+abt)]+c[ (1+cdt)]' (12)
where 4, b, c, d are coefficients fitted with experimental data.
ds(t) =p1[l - ———= | +ps[l - ———=] + [1—;] (13)
T W) TP T W) Y T (W pspet)
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where p1, p2, p3, pa and ps are coefficients fitted with experimental data.

3.4. Numerical Functions

Based on sediment continuity equations and sediment pickup function proposed by Dey and
Debnath [93], Yanmaz [40] developed a semi-empirical equation for estimating the temporal variation
of clear water scour at circular cylinders. It considered flow, pile, sediment properties and time.
Though Equation (13) could predict time-dependent scour depths well in some cases, the calculation is
a complex solving process with differentiation and derivation. It has a validation scope for its own
flow intensity, relative pile width, and parameter a.

ds  aS®¥7[25(cot]¢ + 1)]
dTs — T9%(S2cotlep +S)

/ (14)

-0.95

where o = 0.231(tan]¢)*% (—H~2—) Td9'24oé'9, S = ds/D and d. = 17150(Ag/v2)1/3 is
dso V/(s—1)gds0

dimensionless sediment size, T = (1, — Tj)/ T is the transport-stage parameter due to scour,

Ts = tdsp[(s—1) g]0'5 /D?a, ]¢ is the sediment angle of repose, T, is the bed shear stress on flat bed and
Tpe is the critical bed shear stress on flat bed.

The equilibrium scour depth under wave-only conditions is found to be mainly dependent on the
KC number. Sumer et al. [90] proposed an empirical formula as follows:

oo = 1.3{1—exp[-0.03(KC=6)]} , KC>6, (15)

where ds , is equilibrium scour depth under wave-only conditions.
The equilibrium scour depth under combined wave-current conditions is dependent on both U,

(the relative velocity Uy = %uw) and KC number, and may be calculated by the equation from Sumer
and Fredsee [14]:
dse,wc = dse{l —exp[-A(KC-B)]} , KC>B, (16)

where dg, . is equilibrium scour depth under combined wave-current conditions, ds. is equilibrium
scour depth under steady current conditions and A and B are fitted factors, A = 0.03 + 0.75U2%¢ and
B = 6exp(—4.7Ucy).

Since the above equation is only validated in the range KC > 4 and the predicted results showed
obvious deviation for lower KC numbers, the Raaijmakers and Rudolph [94] formula (16) can be
adopted. It was extended from the current-only scour formula of Breusers et al. [91] to combined
wave-current conditions by introducing a parameter K., to account for the wave effects.

h
Asewe = 1.5Dtanh( D VK, Ky, (17)

C

where Kj, = (%)0'67 is the correction factor of the pile height to account for piles that are partly
submerged in water and K, = 1 —exp(—C) is the correction factor accounting for the wave action,
C = 0.012KC + 0.57KC'77u37e.

For current-only conditions, the shedding frequency and vorticity of wake vortices can account
for the discrepancy between the large and small piles [46,95]. For wave-only conditions, the main
mechanisms for local scour around pile with relatively large pile, i.e., the case of smaller KC numbers,
are due to the wave-induced steady streaming flow [96], which is different from the vortices system
(e.g., horseshoe vortex and vortex shedding) around the slender pile [90].

4. Conclusions

Local scour at pile foundations is an important issue due to its complexity and practical application.
Recent works on the local scour of the vertical piles due to current were systematically reviewed.
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In this work, a literature review was also presented with a brief description of local scour
induced by wave and current. This review highlighted the main progresses of local scour in currents.
Mechanisms of local scour including the factors affecting the maximum scour depth were summarized.
A number of experimental data were adopted for illustrating the relationships between them. Existing
equations developed for predicting or estimating the maximum scour depths were analyzed. The main
conclusions could be drawn as follows.

(1) A local scour around a vertical pile involves interactions between sediments and flow fields,
which is a process with complicated three-dimensional turbulence. Down-flow in front of a pile
and the existed incoming boundary layer are essential in forming the horseshoe vortex. Shear
stress at the pile edges, which are produced by the concentrated streamlines, will be amplified to
a range of 5-10 times compared to that of the approach flow. Due to this amplification, scour was
found to start at the pile upstream corners. Interactions between the three-dimensional horseshoe
vortex and vortices shedding are responsible for scour behind the pile.

(2) The flow intensity U/ U, in uniform sediments or U/ U, non-uniform sediments connects the
approach flow velocity and sediment particles. In clear-water scour conditions, flow intensity is
smaller than 1. Maximum scour depths were found at the transition from clear-water scour to
live-bed scour conditions. The existing equilibriums of local scour in clear-water scour conditions
indicated that shear stress in scour hole was smaller than the critical shear stress of sediment
particle. In live-bed scour conditions, due to the supplements of sediments particles from
upstream, equilibrium scour depth oscillates near the mean value. Both uniform and non-uniform
sediments attained to their second scour depth peaks when the flow intensity was about 4.0.

(3) Flow depth is an important factor in local scour. The unsubmerged vertical piles have been
studied far more than that of submerged cases. In unsubmerged conditions, the maximum scour
depth increased with the increasing flow depth until to a critical value. A curve (Figure 3a), which
enveloped large amounts of experimental data, could give a reference in scour depth design
when considering the flow depth effects. Due to the different flow fields, more studies are needed
in submerged cases such as caissons, manifolds in offshore engineering.

(4) Sediments parameters of medium size and non-uniformity in local scour were connected with
flow intensity. Armoring effects, which decreased scour depth in non-uniform sediments, were
found to increase with the increasing sediments gradation. However, reviews and conclusions in
this paper were only for non-cohesive sediments.

(5) Scour depth increases with pile width and pile height. In submerged cases, relative scour depth
ds /D decreases with the increasing submergence ratio /1/h.. For live-bed scour conditions, the
relative scour depth tends to be a constant value when the submergence ratio surpasses 2.

(6) Certifications for equilibrium of scour depth used by researchers vary broadly. Categories of
finite time, according to asymptotically functions and according to the shear stress in scour hole
were classified. Different equations based on these certifications with experimental data have
been adopted in literature. Empirical equations were categorized into four types: exponential
formula, logarithmic formula, hyperbolic functions and numerical functions.

However, due to the complexity of the scouring process, there is not an equation in estimating the
maximum local scour depth based on the theoretical analysis completely. The turbulent boundary
layer, variations of fluid with time and the mechanisms of sediments transport in scour pit also limit the
development of scour equations. In addition, there are many other factors affecting scour depth such
as pile shapes, cohesive sediments, flow attack angle, pile groups, measurement methodologies, etc.

As steady currents are ideal flow that could be only seen in laboratory or numerical model other
than the fields, empirical equations were mostly fitted with experimental data. These models have
limited accuracy when applied to estimating scour depth in engineering. In future works, larger scales
and more advanced experiments need to be conducted so that to minimize the scale effects and to
approach the prototype conditions in fields.
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As theoretical solutions of mathematics and physics in solving the maximum scour depths may
take a long time for researchers to attain to, alternative ways for modeling the maximum scour depth
may needed. Numerical software, such as Fluent [97], Flow3D [98], SSSIIM2 [99] and open source
software EllipSys3D [6], OpenFOAM [100], REEF 3D [101], etc. have been found functional in modeling
the local scour process and may be able to resolve these issues.
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