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Abstract: In this review article, the current status of research on pier scour under waves is presented.
This includes a summary of different bridge failure events due to scour, scour mechanism, scour
depth predictors under waves, influence of pier shape on scour depth formation, shape of scour hole
around piers, and many others. Further, this article describes the scour process, development of scour
depth predictors, and the complexity involved in the scour related calculations. Finally, the future
scope of research is delineated.
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1. Introduction

It is well recognized that the cost involved in bridge constructions is enormous and the losses
associated with the bridge failure are unrecoverable. Repairing cost is in the range of US $2 million to
$10 million for a single bridge collapse [1]. Smith [2] investigated the underlying reason for bridge
failure by analyzing the causes of bridge failure in different countries around the world from 1847 to
1975. He found that the scour remains one of the key reasons for bridge failure [3].

A vertical structure, placed in a marine environment, is generally exposed to waves, currents,
and combination of waves and currents. It is obvious that waves are a more dominant factor for scour
processes in the marine atmosphere than currents. However, studies of bridge scour at piers or piles
under currents were largely reported in the literature as compared to those under waves. The scour at
piers under waves was extensively studied by Sumer [4], Kobayashi, and Oda [5], Whitehouse [6],
Carreiras et al. [7,8], Sumer et al. [9-11], Sumer and Fredsee [12], Dey et al. [13,14], Arabi et al. [15],
and many others.

An interaction of a progressive wave with monopile creates a three-dimensional flow field of
wave pressure around the pier. This remains one of the motivating factors of increasing scour depth
around a pier [16]. The magnitude of the wave pressure is influenced by the types of wave, for example,
linear, nonlinear, and so on. The effects of nonlinear waves are mostly prominent at the near-shore.
This implies that the formation of scour depth under nonlinear waves can be determined from the
position of the piers. By contrast, the physical properties of a linear wave, such as shape and size,
remain constant and, hence, the scour depth becomes invariant of a pier position [17].

This article presents a comprehensive review of the local scour around piers under waves.
The complexity involved in scour-related calculations is highlighted. In addition, the future scope of
research is furnished.
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1.1. Concept of Scour

The Federal Highway Administration (FHWA) of the United States defined scour as erosion or
removal of streambed/bank material from the bridge foundation, owing to flowing water, categorizing
it as long-term bed degradation. It is the result of erosive actions of flowing water that may expose
the bridge foundation. Riverbed scour may occur under a normal flow condition or a flood event.
The difference is that the flood accelerates the scour process, and, during flood, there may be continuous
deposition of sediments in the scour hole. Scour reaches its maximum near the peak flood, but it
weakens as the flood recedes.

The rate of scour depends on the bed material and the hydraulic parameters of flow. In particular,
loose sediments, such as sands and fine gravels, are eroded in hours; cohesive or cemented sediments
are eroded in days; sandstone, glacial till, and shale takes a few months to be eroded; limestones require
years, and granites are eroded over centuries. However, the equilibrium scour depths in cohesive and
non-cohesive sediments are almost the same [18].

1.2. Types of Scour

Researchers reported different types of scour, being independent of each other. Figure 1 shows
the classification of total scour [19].

Total scour

Localized
General scour
scour
Long-term Short-term Constricion
Local scour
general scour general scour scour
Clear-water . Clear-water .
Live-bed scour Live-bed scour
scour scour

Figure 1. Hierarchy showing the classification of total scour.

The total scour at a bridge pier can be due to one or several scour types, as demonstrated in
Figure 1. However, all the above-mentioned types of scour stem from different causes. It is therefore
essential to study and identify the actual reasons of every type of scour separately, and then to perform
an algebraic addition in order to estimate the scour depth at a pier.

1.2.1. General Scour

General scour is the overall reduction of riverbed irrespective of the bridge location. It normally
occurs by the natural flow in rivers [3]. It is again categorized into long-term general scour and
short-term general scour. As the name itself suggests, the former takes place over a sufficiently long
duration (of the order of several years) to lower the riverbed. This long duration causes the natural
pattern of the river or some alteration made to the stream. However, the long-term general scour
becomes less significant in designing the life span of a bridge when the scour around a bridge pier
develops at a very slow rate. On the other hand, the short-term local scour results in a short time,
possibly in a single or couple of closely spaced flood events.
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1.2.2. Localized Scour

Localized scour occurs in the neighborhood of a river structure [3]. Typical examples include
scour around bridge piers, abutment, spurs, and embankments.

1.2.3. Constriction Scour

Constriction scour occurs when the streamflow cross-sectional area is reduced either due to a
natural contraction of a stream or due to a bridge guide-bank [3]. From the continuity, when the
flow area decreases, the flow velocity increases, and, consequently, the bed shear stress increases.
As a result, the erosive force becomes stronger, eroding the bed material. However, the constriction
scour eventually attains an equilibrium, because the flow area increases, owing to an increase in flow
depth, and, therefore, the bed shear stress gradually reaches its critical value for the initiation of
sediment motion.

1.2.4. Local Scour

When a river or hydraulic structure causes interference to a natural stream, vortices are formed at
the base of such a structure, eroding the bed material at its base, and forming a scour hole, called local
scour [20]. Scour at the surrounding of a bridge pier, abutment, spur dykes, and river training works
are a few examples of local scour.

1.2.5. Clear-Water Scour and Live-Bed Scour

Both the constriction and local scour are classified into two types. They are the clear-water scour
and live-bed scour. The classification is based on the sediment-carrying capacity by the approaching
flow [21]. Clear-water scour occurs when the flow, responsible for causing the scour, is not fed with
the sediment load by the approaching flow to the scour hole [18,22]. On the other hand, live-bed
scour occurs when there is a transport of sediment particles by the approaching flow. It suggests that
the scour hole, which is formed during the rising period of flood, is again replaced by the sediment
particles during the falling period [18]. Melville [22] also emphasized the definition of live-bed scour,
proposed by other researchers as the scour hole, where the sediments are continually supplied by the
approach flow to the scour hole.

The clear-water scour takes a sufficiently long time to reach its maximum scour depth, as compared
to the live-bed scour. This is depicted in Figure 2. This is because the clear-water scour normally occurs
for comparatively coarser sediments, and, once the scour initiates, it goes on increasing continuously.
In clear-water scour, the scour depth initially rises linearly with respect to time. However, the clear-water
scour depth becomes invariant with respect to time as soon as the flow is unable to remove sediment
from the scour hole (Figure 2). The scour depth in this situation is considered to have reached its
maximum value, called the maximum clear-water scour depth. On the other hand, in live-bed scour,
the scour depth fluctuates with respect to time. The resulting scour depth is called the equilibrium
scour depth, which takes place when the quantity of sediment transported into the scour hole equals
that carried out from the scour hole.
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Figure 2. Development of scour depth around a pier, with time and approach velocity. Here, (dse)max
corresponds to the maximum scour depth at equilibrium condition.

2. Scour under Waves

The flow pattern in a normal streamflow undergoes a sudden change when it encounters a pier on
its path. As a result of separated flow, the large-scale eddy structures or the system of vortices develop
at the base of a pier. The downflow, the horseshoe vortex (HSV), and the wake vortices play a decisive
factor in governing the local scour around a bridge pier under a steady current [18,23-25]. On the other
hand, when the pier is exposed to a wave, the wave stirs up the sediment particles, and, eventually,
the particles are transported away from the vicinity of the pier. The scour around a pier under waves
is mainly influenced by the Keulegan—Carpenter number, the KC number [5,26,27], and the diffraction
parameter, the D/L, where D is the pier diameter and L is the wavelength [10]. The KC number is
expressed as the following:

UnTw
===, @
where Uy, is the maximum wave-induced velocity, and Ty, is the wave period. For 6 < KC < 100,
the vortex shedding is the only governing factor of the scour process under waves [26,27] (see Figure 3).
In the case of scour under waves, each shed vortex formed due to the presence of a pier moves the
sediment particles away from the vicinity of the pier, directing them downstream. As a result, the scour
hole is formed around the pier for every half period of waves.

KC
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Figure 3. Pictorial view of scour hole around a vertical pier. (a) Scour under waves, where the vortex
shedding is the main mechanism for 6 < KC < 100. (b) Scour under steady current, where downflow,
horseshoe vortex, and wake vortices are the key mechanisms.

Sumer et al. [27] observed that no vortex shedding occurs if KC < 6 for circular piers. They examined
KC =3 to 4 for a diagonally aligned square pier, and KC =10 to 11 for a side-facing square pier. The HSV
starts to form for KC > 6, and the flow is separated because of the adverse pressure gradient induced
by the vertical pier.

Sumer et al. [9] observed the significant role of HSV on scour for KC > 100. However, Sumer et al. [28]
noticed that the HSV has less impact on scour process for KC = 6 to 30, because it is weak.

2.1. Scour Depth

Zanke [29] performed an experimental study of scour around a pier under waves, at the Franzius
Institute, University of Hannover, Germany. The flume length, width, and height were 50, 0.6,
and 1.25 m, respectively. Two piers of diameters 6.5 and 9 m were tested. The median sediment size
was 2.4 mm. He presented a design curve for the estimation of equilibrium scour depth, which was
later validated by Sumer et al. [26].

Sumer et al. [26] performed three sets of experiments in three different flumes at the Technical
University of Denmark. They used laser Doppler anemometer (LDA) to measure velocity. In addition to
their experimental data, they considered the data of Das [30] and Kawata and Tsuchiya [31], to propose
an empirical formula for calculating the equilibrium scour depth S under waves for KC > 6 as follows:

= = 1.3{1 —exp[-0.03(KC - 6)]}. 2)

Kobayashi and Oda [5] performed clear-water scour experiments and validated the above equation
with the help of their experimental data.

It is worth noting that Equation (2) was formulated based on small-scale flume under regular
waves and live-bed condition. In essence, regular waves may produce large-scale bed undulations,
especially when the test duration is in the order of several hours. To overcome this effect, Sumer
and Fredsee [10] used irregular waves and modified Equation (2). They calculated the KC number
in irregular waves based on root mean square wave orbital velocity U;;s and the peak wave period
Twp, following the procedure of Zyserman and Fredsee [32], with the addition of suspended sediment
concentration. They expressed the KC number as the following:

. Uyms Twp

K
c D

®)
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(o)

where Uy is V204, af, is f Su(wa)dws, Su(w,) is the spectrum of the instantaneous near-bed

wave-induced velocity u(t), afld w, is the angular frequency of wave.

Sumer et al. [33] reported the wave-influenced scour depth at piers for three different types of soil
having relative densities, D,, of 0.74, 0.38, and 0.23. While changing the D, from 0.23 or 0.38 to 0.74,
they found 1.6 to 2 times the increment of scour depth.

Prepernau et al. [34,35] performed experiments to calculate the wave-induced scour depth at the
Hannover Great Wave Kanal, GWK. They considered pier diameter of 0.55 m, median sediment size of
0.33 mm, critical inflow velocity of 0.3 m/s, wave heights ranging from 0.75 to 1.0 m, wave periods ranging
from 5.05 to 8.66 s, KC number ranging from 11 to 39, and flow depth of 2.1 m. They reported that the
formula of Sumer and Fredsee [10] is less significant for the calculation of scour depth under irregular
waves, in most of the measurements. However, they found an agreement with the results of Sumer and
Fredsee [10] when the maximum orbital velocity of wave and the average wave period were used.

Importantly, Zanke et al. [36] revised the existing scour depth formula. They argued that the scour
depth under waves is affected not only by the KC number, but also by the relative water displacement.
For a shorter wave period, they noticed an increment in the scour depth at the front side of a pier,
whereas the scour depth at the rear side is fed by the sediment from the other side. They modified

Equation (2) as follows:
S

Z= 2.5(1 - 0.5%);%1, @)
where u,, is the critical inflow velocity for the initiation of sediment motion, u is the orbital velocity, x,
is the relative water displacement [= x.g/(1 + x.f)], and x,p is the effective water displacement [= 0.03(1
— 0.35u¢/u)(KC — 6)]. It is worth highlighting that, unlike Equation (2), Equation (4) considers not only
the effects of the KC number, but also the effects of critical velocity of sediment on scour depth.

A detailed description of the scour mechanism and the timescale under waves was given by
Dey et al. [14]. They presented the nondimensional scour depth, S/D, around circular piers, embedded
in sand-clay mixtures, as a function of the KC number for different values of n. Here, n is the
fraction of clay in sand—clay mixtures. To be explicit, n = 0 signifies only sand content in the mixture.
They modified Equation (2), considering different values of n as the following:

%(KC > 6) = {1 - exp|-m(KC - 6)]}, 5)
where c and m are the coefficient and the exponent, respectively. They were obtained based on the
value of n; for example, c = 1.3 and m = 0.03 correspond to n = 0. The cornerstone of Equation (5) is
that it was formulated considering the live-bed scour condition and, therefore, is free from the effects
of sediment size. In fact, the scour depth does not depend on the Shields parameter © for live-bed
scour condition [27].

Figure 4 shows the variations of scour depth, 5/D, with the KC number for different values of .
Here, Equation (2) is considered to be a reference curve for n = 0. Figure 4 indicates that, for a given
KC number, the S/D declines with an increase in n. This is attributed to the fact that, with a higher
clay proportion, the vortices are not strong enough to erode the sediment bed. The reduction in scour
depth appears to be almost the same for n = 0.3 and 1. It suggests that, when the amount of clay in
the sand-clay mixture reaches 30%, the total mixture of sand—clay is deemed to be clay dominated to
calculate the scour depth.
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Figure 4. Nondimensional scour depth, S/D, versus Keulegan—Carpenter number, KC number,
for different values of clay fraction n in sand—clay mixtures, where the solid line for n = 0 represents
Equation (2), given by Sumer et al. [26].

Dey et al. [14] checked the impact of the wave Reynolds number, R.p, and the seabed ripples on the
formation of scour depth. However, they found that these two parameters are less significant in the scour
process under waves. Myrhaug and Ong [37] used the data of Dey et al. [14] and presented a stochastic
approach for calculating the maximum scour depth around a pier for two kinds of nonlinear random
waves: 2D long-crested and 3D short-crested waves. They reported an increment in the wave-induced
scour depth, with a reduction of clay content in a sand—clay mixture for both the 2D and 3D waves.

Guven et al. [38] studied the applicability of gene-expression programming and artificial neural
network (ANN) to predict the scour depth under waves in a sand and medium-dense silt bed. The ANN
delivers an empirical prediction of scour depth based on experiential data. They performed the
regression analysis of the experimental results of Sumer et al. [33] and proposed the following equation:

% — 98199 x 10~° Re—é.% (0095028 KC1-3025 437 Rg—dz.sz D; 8461, )
where ¢ is the bias, N; is the sediment number, R, is the grain Reynolds number based for the bed
grain diameter, d, and D, is the relative density.

Afzal et al. [39] introduced a 3D numerical model to calculate the scour depth and the sediment
deposition around a cylindrical pier, using the level set method. It may be noted that the 3D numerical
model is used to provide insight into the scour mechanism. They captured the evolution of the elevation
of the mobile bed. They performed simulations for a cross-sectional channel of 4 m (streamwise) X 2 m
(spanwise) x 0.8 m (vertical). In the simulations, the flow depth and pier diameter were considered to
be 0.3 and 0.2 m, respectively.
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Ong et al. [40] presented a stochastic approach for determining the maximum scour depth under
regular waves on a mild slope. They used the Battjes and Groenendijk wave height distribution [41].
Their study explored how a mild slope increases the scour depth.

Baykal et al. [42] presented a numerical model for scour around a pier exposed to waves. They used
the experimental data of Sumer et al. [26,27] and simulated their model with a k-w turbulence closure.
They noticed a substantial amount of changes in the HSV and lee-wake vortex, when the flow was
shifted from steady current to wave.

A comparative study on the variations of nondimensional scour depth, S/D, with the KC number is
shown in Figure 5. One of the reasons for the data scatter of Sumer et al. [26], Kawata and Tsuchiya [31],
and Chen and Li [43], with respect to the curve obtained from Equation (2), is the variations of Shields
parameter © in different test performances [44].

10 7
E . N
l -
S
%53
0.1 o
Equation (2)
+ Sumer et al. [26]
¢ Kawata and Tsuchiya [31]
O Chen and Li [43]
0.01 ———rrr ——rrrr ———rrrr ———rrrr ———rrr
0.01 0.1 1 10 100 1000 10000

KC

Figure 5. Nondimensional scour depth, S/D, versus Keulegan—Carpenter number, KC number,
under waves.

Figure 6 presents the variations of nondimensional scour depth, S/D, with Shields parameter,
©. For a given range of KC numbers, the scour depth generally increases with an increase in Shields
parameter, @. The maximum scour depth is obtained at ® = @, where O, is the critical Shields
parameter. However, the S/D decreases with a further increase in Shields parameter, ©, due to sediment
backfill into the scour hole [44].

Recently, Khosronejad et al. [45] used the ANN to predict the scour depth around a pier under
waves. They used two types of ANNSs: the multilayer perception and the radial functions. A large-scale
experimental study of live-bed scour around a pier under waves and combined wave-current was
carried out by Chen and Li [46]. They found that the impact of wave-produced ripples on the
development of scour depth was trivial.
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Figure 6. Variation of nondimensional scour depth, 5/D, with Shields parameter, ©, for different sets of
KC numbers under waves.

2.2. Scour-Hole Shape and Size

Kobayashi and Oda [5] reported that the area covered by the wave-induced scour hole was
approximately 3—4D, whereas Rudolph et al. [47] found the area to be nearly 33D. The former and
the latter were based on the test results and the field observations, respectively. The reason for such a
difference is attributed to the selection of the flow conditions and the development of the dynamic
condition, such as the HSV. The backfilling effects in the laboratory scale may also be the cause of such
a deviation of the test results from the field measurements [48].

Nishizawa and Sawamoto [49] categorized the shapes of scour holes under waves as twin horn
shape (THS) and cone shape (CS). The THS corresponds to a pair of similar scour points located
downstream from the pier, and the CS corresponds to one scour point near the upstream side of the
pier. Later, Kobayashi and Oda [5] introduced transition shape (TS) scour hole, which is the transitional
phase from THS to CS.

An almost-similar kind of THS scour hole was observed by Chen and Li [43] at smaller KC
numbers (=8.41 and 11.87). However, for a larger KC number (=16.9), they noticed different kinds
of scour shapes with respect to the shapes reported by Kobayashi and Oda [5] and Nishizawa and
Sawamoto [49]. It may be noted that Chen and Li [43] conducted a large-scale flume study, whereas
Kobayashi and Oda [5] and Nishizawa and Sawamoto [49] performed small-scale flume measurements.
The wave generated in the study of Chen and Li [43] was highly nonlinear, with a wave height of 1.3 m,
wave period of 7 s, and flow depth of 2.5 m. This produced a stronger flow intensity at the side of the
wave crest as compared to the side of the wave trough, resulting in a larger scour depth downstream
from the pier.

The shape and size of a pier are among the important parameters for the variation of scour depth.
A detailed description of their effects was reported by Farooq and Ghumman [50]. Sumer et al. [27]
studied the impact of cross-sectional shape of the pier on the development of scour depth. In fact, they
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modified Equation (2), which was formulated for a circular pier, based on the pier shapes. For a 90°
orientation of a square pier, they proposed the following:

%(KC > 11) = 2{1 - exp[~0.015(KC — 11)]}. %

In addition, for a 45° orientation of a square pier, they proposed the following:

(KC > 3) = 2{1 — exp[-0.019(KC - 3)]}. @)

Ol »

2.3. Timescale

The equilibrium scour depth remains an important aspect in the study of the scour process around
a pier or a group of piers. The equilibrium condition is reached when there remain no significant
changes in scour depth over time. It is therefore necessary to ascertain the timescale and the temporal
variation of scour depth [51].

The timescale is defined as the time period of equilibrium scour depth, as shown in Figure 7.
Sumer et al. [26] proposed an exponential law for the temporal variation of scour depth S;(t) as
the following:

Sy = S[l - exp(—%)], )

where T is the timescale. The timescale can be calculated by drawing a tangent to the slope of the S4(t)
curve at t = 0 (Figure 7). The T can also be achieved by differentiating Equation (9) with respect to
time, t.

S.
A Time scale T

e

> !

Figure 7. Temporal scour depth, S:(t).

Sumer et al. [26] expressed the timescale, T, under waves as a function of KC number and Shields
parameter ®. In nondimensional form, they expressed the timescale as the following:

KCy?
T =105 10
= (10)
where T*is T [(1 — s)g ng]O'S/DZ, s is the relative density of sediment, g is the acceleration due to gravity,
and ds is the median sediment size. It is evident that the T* increases with an increase in KC number.
This is because of the fact that the amount of sediment to be transported from the scour hole increases
as the KC number increases. By contrast, the T* reduces with an increase in Shields parameter, ®.
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For a large pier diameter, the scour process is not controlled by the vortex shedding but by the
steady streaming [12]. Sumer and Fredsge [12] studied the timescale of scour around a large pier of
1 m in diameter exposed to a progressive wave. They expressed the timescale as a function of the KC
number, Shields parameter ® and diffraction parameter D/L. The effects of D/L on scour depth were
found to be similar to those of the KC number.

Chen and Li [46] calculated the temporal variation of scour depth under waves along the radial
direction of 0°, 90°, 135°, and 180° (Figure 8). They used ultrasonic sounder for the data acquisition,
with periods of monitoring ranging from 50 to 500 s. They observed an almost-similar kind of temporal
variations of scour depth for 0° and 90°, being lower than that at the rear side of the pier (180°, 0.82D).
This signifies the dominant role of the wake vortices over HSV and flow contraction on the temporal
variation of scour depth.

0.45

Equation (9)

Chen and Li [46]
+ (0°,0.52D)
(0%, 0.22D)
(90°,0.22D)
(135%,0.42D)
(180°, 0.82D)

0.3 1

4> 0O 9

Sy/D

0.15

L B o e e e N S m e s e ey e s S S S S S L m e e e e s
0 500 1000 1500 2000 2500 3000 3500 4000 4500

Time (s)

Figure 8. Temporal variation of nondimensional scour depth, S;/D, under waves at different points
around a circular cylinder.

Briaud et al. [52] used a hyperbolic function to estimate the timescale as follows:

t

5 =5(—=) 1

T ()

The influence of sediment mass density on timescale, T, was investigated by Sumer et al. [33].

They found the largest timescale for dense silt and the smallest timescale for sand. In particular,

Ong et al. [41] found that the equilibrium scour is reached when the duration of random waves is more
than the timescale of scour.

3. Closure and Future Prospects

As of this date, most of the scour-related studies are based on laboratory experiments under
controlled steady flow conditions. However, in the field, the scour around bridge piers during an
event of extreme flooding is a highly unsteady phenomenon, which is difficult to model accurately
in the laboratory scale. In addition, the existing equations of scour depth produce widely varying
results. Furthermore, most of the studies deal with the local and the contraction scours separately.
However, it may be noted that, when a pier is placed in a flow, both of them occur simultaneously [3,53].
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Most of the manuals providing the guidelines for the design of bridge piers consider the maximum
equilibrium scour depth as a reference depth against the extreme flood conditions, with a return period
ranging from 100 to 200 years [53]. However, in several cases, this equilibrium scour depth was found
to be lesser than the actual scour depth under a high flood condition, resulting in bridge failure. One of
such examples is the case study of South Carolina [54]. Thus, many uncertainties associated with the
scour calculation are involved in designing the bridge pier foundation.

To obtain a promising mechanism of scour around piers, the combined effects of waves and
current should be considered. Waves produce a stirring mechanism that causes the vibration of the
sediment particles close to the pier, and the current-induced turbulence diffuses the sediment particles,
leading to a net transport. However, the combined effects of waves and currents on the mechanism of
scour and sediment transport are yet to be understood precisely.

The pore pressure gradient within the sediment bed remains another key aspect to be considered.
It reduces the effective stress of the sediment bed very quickly, giving rise to scour in the bed.

Sediment transport formulas of Dey [55] and Engelund and Fredsee [56,57] considered the
internally formed turbulence. However, little is known about the mechanism of scour, the role of HSV,
and vortex shedding for the externally influenced turbulence. These aspects need be studied more
precisely, in order to advance the present knowledge of this topic.
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