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Abstract. The safety of the foundations of submerged hydraulic structures due to excessive local scour is
threatened by the erosive action of the waves and currents passing around these structures. Fish and aquatic
habitat is seriously affected due to the modiﬁcation of the ﬂow ﬁeld caused by these submerged structures.
Hence, the problems of ﬂow characteristics and erosion around submerged structures were investigated by
various researchers. A comprehensive discussion of the investigations on ﬂow characteristics and local scour due
to steady currents and waves around vertical submerged structures are presented, which comprises scour process,
dimensional analysis, parameters inﬂuencing scour, temporal evolution of scour, ﬂow ﬁeld, ﬂow visualization
techniques, variation of bed shear stress, scour depth determination formulas and scour countermeasures.
Although past investigations establish the effect of various parameters on scour around vertical submerged
structures for live and clear water condition, yet further studies are required to analyze the scour around group of
submerged structures for various bed sediments, understand the ﬂow physics around the group and upscale the
model results for the prototype.
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1. Introduction
Scour is a process caused mainly by the ﬂow of streams and
rivers on erodible sediment beds. Foundations of submerged hydraulic structures may be undermined due to
excessive local scour. Local scour around these submerged
structures are considered in designing the foundation of
these structures.
Hence, over the years, considerable studies were conducted to study the ﬂow and local scour around vertical
submerged structures. This paper attempts to discuss the
past investigations on hydraulics and local scour around
vertical submerged structures. It includes scour process,
parameters inﬂuencing scour, temporal evolution of scour,
ﬂow ﬁeld, ﬂow visualization techniques, variation of bed
shear stress, scour depth estimation formulas and scour
countermeasures.

2. Scour around vertical submerged structures
2.1 Scour process
Sediment particles around submerged structures are on the
threshold to move due to the generation of higher bed shear
stress in comparison to the critical bed shear stress for the
*For correspondence

movement of these particles. Scour is caused by the formation of horseshoe vortex close to the bed, which forms as
the ﬂow gets modiﬁed around vertical submerged structures
as shown in ﬁgure 1. The horseshoe vortex forms due to the
negative pressure gradient at the upstream of the structures.
The adverse pressure gradient creates downﬂow at the
upstream of the structure, which reaches the bottom of the
erodible bed and takes the form of horseshoe vortex. The
mode and the way sediment is transported, lays the basis for
the categorization of the scour process into clear-water and
live bed scour. During clear water scour, although the
stream doesn’t carry any sediment but being only picked up
from the scour hole, whereas, for live bed scour, simultaneously sediment is fed and removed by the stream within
the hole. The pier Reynolds number is an important variable, which affects the intensity of the generated horseshoe
vortices. Various researchers have investigated the ﬂow and
scour around different vertical submerged structures. Hannah [1] carried out pioneering investigations on the scour
mechanism around complex pile groups due to three-dimensional ﬂows around the structures. The various regular
grids of the structures were investigated and the temporal
variation of scour and deposition pattern around these
structures was measured. Albers [2] experimentally studied
the ﬂow around three obstacle clusters and investigated the
effect of depth of ﬂow and spacing between the obstacles
on the ﬂow. It has been found that the cluster behaves like a
single obstacle for center to center spacing between the
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Figure 1. Deﬁnition sketch of ﬂow around bottom-mounted sphere, Shamloo et al [6].

clusters as 1.1 times obstacle diameter or less. It has also
been observed that for this spacing, single horseshoe vortex
is formed, which helps in the development of the bed
around the cluster. Also the scour process around group of
hemispherical structures for various submergence ratios
was reported. Tang and Chang [3] did the experimental and
numerical investigation on vortex formation due to wave
around rectangular submerged obstacles and showed that
scour occurs due to primary and secondary vortex. The
degeneration of primary vortex depends on time and the
size and intensity of the primary vortex inﬂuence the
development of secondary vortex. They found that the
temporal variation of the vortex shedding and changes in
the ﬂow patterns matched well with numerical results.
Voropayev et al [4] experimentally investigated the sand
ripples that were formed due to movement of wave over
erodible beds. Scour and burial around cobbles in oscillatory ﬂow were also investigated. They observed that the
scour process occurred mainly due to the modiﬁcation of
the ﬂow ﬁeld around the cobbles, whereas high local ﬂuid
velocity was formed around the structures leading to the
burial phenomenon. Depending on the location, they also
distinguished the scour process in four different ways;
around, side, bottom and near the cobbles. McNinch et al
[5] investigated the scour process at near shore shallow
water around completely submerged wreck sites and concluded that scour process remains active during severe
storm events. Shamloo et al [6] determined the equilibrium
clear water scour around hemispheres and discussed the
scour process and pattern around the structures. It was
reported that scour occurs due to high velocity and strong
down ﬂow around the spherical structure. The sediments
are eroded, moved and deposited on the downstream side of
the spherical body. Figure 1 shows the typical pattern of
scour, erosion and deposition around the spherical structure
for different regimes in the river. They also observed that
scour initiates at the side of spherical structure and gradually the scour hole moves in the upstream of the structure.

Voropayev et al [7] experimentally investigated the scour
and burial around the short cylinder due to progressive
shoaling waves and reported four scour regimes (i.e., no
scour, initial scour, developed scour and intermittent burial). It has been observed that scour does not get initiated
till the velocity of water reaches the critical value, initial
scour occurs due to nonlinearity of the waves around the
onshore and offshore sides of the cylinder, but rate of initial
scour is less on the offshore sides of the cylinder. Scour
occurs for larger values of KC number, Shields parameter
and small height of sand ripples. Periodic burial occurs for
sand ripples height larger than the diameter of the cylinder.
Myrhaug and Rue [8, 9] analyzed the scour process below
pipelines as well as around vertical piles due to combined
random waves and currents. It was assumed that the free
surface elevation was stationary and each wave was treated
individually to calculate the scour depth due to random
waves. Myrhaug and Rue [9] studied the scour around
group of vertical piles due to waves for live bed condition
using stochastic approach and experimental data of Sumer
and Fredsøe [10]. It has been found that the value of the
average scour depth depends on the wave characteristics.
Truelsen et al [11] experimentally investigated scour
around spherical bodies due to steady current and waves on
an erodible seabed. Scour occurs mainly due to horseshoe
vortex and a strong downward ﬂow, which scours and
pushes the scoured material behind the spherical body
(ﬁgure 2). A weak upstream vortex and adverse pressure
gradient is formed at the upstream of the spherical body
whereas an arch horseshoe vortex is formed at downstream
of the spherical body due to reattachment from bed as
shown in ﬁgure 2. They found that the recirculation occurs
in the wake of the spherical body and contraction of
streamlines is developed at sides of the spherical body.
They also found that the ratio of scour depth to the spherical diameter is always smaller in waves than in steady
current. On the other hand, Catano-Lopera and Garcia
[12, 13] experimentally studied scour process around
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Figure 2. Typical pattern of erosion and deposition around the spherical structure, Truelsen et al [11].

cylinder due to combined waves and currents. Dey et al
[14] experimentally studied the prediction of scour around
vertical circular piles due to steady current and waves for
clear water and live bed scour condition. It has been
observed that the down ﬂow and horseshoe vortex are the
main scouring agents. Quinn [15] studied the local scour
around shipwreck at the bottom of the seaﬂoor. The modiﬁcation of the ﬂow ﬁeld depends on the horseshoe vortex
at the front and lee vortex at the downstream of the structure. Erosion due to both steady and oscillatory ﬂows is
considered pertinent to a shipwreck site. Hatton et al [16]
numerically studied scour around a short cylinder in wave
and steady ﬂow conditions. They observed scour and
intermittent burial for all ﬂow conditions. It has been found
that scour is maximum at upstream of cylinder when
average ﬂow is greater than 10 cm/s. They also concluded
that with increase in velocity, scour depth increases
whereas deposition decreases around the cylinder. Dey et al
[17] experimentally observed scour around circular cylinders on erodible and plane bed. The scour depth was
observed to increase with decrease of submergence ratio.
However, they only considered the scour depth around
submerged cylinder under clear water condition and compared with scour depth around partially submerged cylinder
of same diameter, ﬂow and sediment bed condition. The
scour hole decreases with decrease in horseshoe vortex and
scour hole is smaller in case of submerged cylinder compared to partially submerged cylinder. Sadeque et al [18]
experimentally investigated the hydraulics around fully and
partially submerged cylindrical structures. The horse-shoe
vortex developed closer to the submerged cylinders in
comparison to the free surface penetrating cylinders. It was
also pointed out that the submerged cylinders suppress the
alternate vortex shedding and rather generate strong threedimensional downstream wakes, which result in very high
bed shear stress at the lateral face of the submerged
cylinder. They also simulated the erosion and deposition of
bed sediments for both coarse and ﬁne sands. Myrhaug et al

[19] also analyzed the scour process below pipelines as well
as around vertical piles due to combined random waves and
currents. It was assumed that the free surface elevation was
stationary and each wave was treated individually to calculate the scour depth due to random waves. However,
Myrhaug et al [19] also conducted experiments on scour
around vertical piles due to waves under live bed condition.
Ataie-Ashtiani et al [20] experimentally studied clear-water
local scour around submerged compound piers. Various
shapes and sizes of the piers were considered. The scour
process reaches equilibrium condition for the cases when
scour hole reaches the pile cap. The scour hole development process varies also with the pile conﬁguration. Euler
and Herget [21] experimentally studied the local scour and
deposition around various structures under clear water
condition and discussed the scour process due to horseshoe
vortex over two different bed conditions (i.e., erodible and
ﬂat rigid bed). The negative pressure gradient at the
upstream of the submerged structure helps in the formation
of a horseshoe shaped vortex close to the bed. Consequently, the shear stress at the bed gets ampliﬁed and
exceeds the critical bed shear stress for the bed material
resulting in the scour process. Steady and subcritical ﬂow
conditions were considered during the experiments and
non- cohesive sediments were used as the bed material.

2.2 Dimensional analysis
Using physical and logical reasoning; and applying Buckingham p-theorem, investigators represented the scour
depth in terms of different parameters related with the scour
process in non-dimensional forms. Catano-Lopera and
Garcia [22] experimentally studied the scour hole characteristics, burial of cylinders and effect of angle of ﬂow on
the scour and burial around cylinders. They observed that
the width and length of evolved bed and burial depth
depend on Shields parameter and KC number around the
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cylinder. Further they expressed depth of scour in terms of
the following parameters:

Ds ¼ f d; h; qc ; e; Dm ; qs ; rgd ; t; Uw ; Umean ; Tw ; m; g; ai ; Bd0
ð1Þ
where Ds = maximum scour at any time t, d = diameter of
pile, h = pier height, qc = density of cylinder, e = surface
roughness of cylinder, Dm = characteristic sediment mean
size, qs = sediment density, rgd = standard deviation,
t = time, Uw = maximum velocity of water at bed,
Umean = mean ﬂow velocity of the current, Tw = period of
oscillation, m = kinematic viscosity, g = acceleration due
to gravity, ai = angle of attack and Bd0 = initial burial
depth. Ataie-Ashtiani et al [20] observed that the scour
depth depends on pile cap elevations, pile sizes, shapes and
presented the following non-dimensional expression of the
scour depth at a single uniform submerged complex pier:


Ds
U h Dp Lu
¼f
; ;
; ; Ks ; Ksp ;
ð2Þ
Uc Dp Dpc Lf
Dp
where Dp = pier width; U = velocity of ﬂow; Uc =
threshold ﬂow velocity; Dpc = pier cap width, Lu and Lf are
the longitudinal and transverse pier extension; Ks = shape
factor of piles; and Ksp = shape factor of pier foundation.
Catano-Lopera et al [23] performed experimental investigation on scour and burial mechanics around conical frustums under wave and combined ﬂows conditions on sand
bed and proposed the following functional representation
for sediment transport phenomenon:
w ¼ f ðD50 ; qs ; rgd ; u; D; hb ; e; Bdo ; qb ; q; m; t; Tw ;
Um ; U; D; W; gÞ;

ð3Þ

where w = function representing burial and scour depth;
D50 = median sand size; / = angle of repose; hb = buried
height; qb = buried density; q = ﬂuid density; Um =
maximum velocity at bed level; and W = width of ﬂume.
Najafzadeh et al [24] numerically studied and predicted
scour at vertical piles for regular waves and expressed the
scour depth due to regular waves in terms of ﬁve nondimensional parameters: pile Reynolds number, grain
Reynolds number, sediment number, KC number, and
Shields parameter.
Ds ¼ f ðD50 ; g; Uvw Usv ; T; m; d; qÞ;

reported to move close to the free surface with increase in
the submergence ratio. Sumer et al [26] studied scour
around vertical pile due to waves and observed that the
scour depth decreases with decrease of KC number.
Sumer et al [27] investigated effects of various cross
sections on scour around piles due to waves. For all three
cases (circular pile with KC number = 6–7, square pile
with KC number = 3–4 for 45° arrangements, and square
pile with KC number = 10–15 for 90° arrangements),
scour depth decreases with decrease of KC number.
However, only live bed conditions were studied. Shamloo
et al [6] experimentally studied the effect of Froude
number on subcritical ﬂow around simple habitat structures. Submergence ratio and Froude number affected the
ﬂow pattern around the submerged hemispherical habitat
structures, which ultimately inﬂuenced the development of
scour hole around these structures. Sumer and Fredsøe
[28] discussed the effect of cylinder height on scour and
observed that scour decreases with the decrease of height
of the cylinder. Voropayev et al [7] discussed the inﬂuence of KC number on scour around the short cylinder
and observed that scour decreases with decrease of KC
number. Voropayev et al [7] discussed the inﬂuence of
Shields parameter on scour around short cylinder and
concluded that the scour depth decreases with decrease of
Shields parameter. Truelsen et al [11] observed that the
ratio of scour depth to sphere diameter increases with
increase of Shields parameter as represented in ﬁgure 3,
but the rate of increase is high for small value of Shields
parameters. Gradually, the non-dimensional scour depth
becomes constant and leads to live bed scour. Figure 3
shows that for small values of Shields parameter, scour
depth increases when scour to diameter of sphere ratio
vary from 0 to 0.25–0.3. After that, although scour
increases with the ratio, the process leads to live bed
scour. In case of live bed scour, the variation of scour to

ð4Þ

where Uvw = oscillatory wave velocity; Usv = maximum
shear velocity during wave period; T = wave period.

2.3 Role of different parameters on equilibrium
scour depth
Dwivedi et al [25] investigated the ﬂow around ﬁsh
habitat structures in rivers. The backward ﬂow region was

Figure 3. Variation of non-dimensional scour depth versus
Shields parameter Truelsen et al [11].
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diameter of sphere ratio is very small which changes the
mode of sediment transport. These changes occur in the
upstream and inside of the scour hole, but it does not
change the equilibrium scour depth. Dey et al [14] predicted the scour around vertical circular piles due to
steady current and waves in clear water and live bed scour
condition. It has been reported that the KC number and
vortex shedding are the main responsible factors for scour
around the vertical piles. Zhao et al [29] carried out
experiments to determine local scour at submerged circular cylinders in steady currents and validated numerically. The effect of Shields parameter on scour were also
discussed. The rate of change of scour at equilibrium with
respect to height of cylinder decreases with decrease of
Shields parameter. Zhao et al [29] also observed that the
scour increases with increase of non-dimensional cylinder
height as shown in ﬁgure 4. It has also been reported that
the maximum equilibrium scour depth occurs for larger
height to diameter ratio. Maximum scour depth has been
observed to be similar to the results of Roulund et al [30].
The study considered short cylinder. Hence, the vortices at
the downstream of the short cylinder could not develop,
which also explains the absence of scour at the downstream. For constant velocity, scour depth decreases with
decrease in cylinder height. Euler and Herget [31]
experimentally analyzed local scour around submerged
cylinders based on obstacle Reynolds number and Froude
number. The study reported that the equilibrium clearwater scour may be determined with the equivalent length
scale of pier diameter and Froude number. The scour
depth for non-uniform sediments is estimated, multiplying
a factor with the scour depth for case of uniform sediments. Myrhaug and Ong [32] analytically investigated
scour at cylindrical pile foundations due to waves and also
discussed that shields parameter is useful to determine the
two and three-dimensional live bed scour due to random
waves.
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2.4 Scour depth around piles of different crosssections and groups
Melville and Sutherland [33] experimentally studied the
equilibrium scour around bridge piers and observed that the
scour is not affected by water depth for depth to diameter
ratio more than 4. Sumer et al [27] discussed the effect of
the shape of pile on scour process and reported that the
effect is moderate. They also found that scour depth is more
for square cross-section of pile oriented 45° with respect to
the ﬂow direction and less when orientation is 90°. Figures 5(a) and 5(b) show the temporal variation of scour for
square pile. Scour depth is taken as average value of eight
locations, four of them at the corner of the piles and other
four at the midpoint of the sides of piles. In case of circular
piles, scour depth is taken as average value of four locations; upstream, downstream and two side edges of the pile.
However, it has also been observed that the scour depth
reaches the equilibrium condition at the transitional period.
Salim and Jones [34] investigated local scour at submerged
complex pile groups and determined the effect of pile
spacing on scour depth. It was observed that scour
decreases with increase of lateral spacing and increases
with the increase of streamwise spacing. Salim and Jones
[34] investigated the effect of angle of ﬂow on scour around
the submerged complex pile groups. The scour depth
decreases with increase of angle of ﬂow. Martinuzzi and
AbuOmar [35] experimentally studied the ﬂow around
surface mounted pyramids and observed the effect of angle
of attack on the ﬂow for square based pyramids. The turbulent ﬂow around pyramids is a function of apex angle,
angle of attacks, mean ﬂow, pressure and velocity. At small
angle of attack, the periodic vortex shedding is different for
slender and broad pyramids. But for, larger angles of attack,
periodic vortex shedding inﬂuences the wake periodicity
around these structures. Sumer et al [36] conducted
experiments to evaluate the variation of the scour hole
dimensions for various pile spacing. The scour process was
observed to be different for single and multiple piles.
Interference amongst the individual scour holes were
observed with the decrease of pile spacing and the scour
hole resembles a single large scour hole. Also, increase of
spacing led to the decrease of scour depth. Myrhaug and
Ong [37] analytically studied the burial and scour due to
waves and currents. The effects of the random waves and
currents on the dimensions of scour hole were determined.

2.5 Bed shear stress

Figure 4. Variation of non-dimensional scour depth with cylinder height, Zhao et al [29].

Bed shear stress induced by the approach ﬂow is pertinent due
to its relation with scour and sediment transport. Shamloo
et al [6] showed the value of shear stress to be zero at the
central plane and negative at the nose of the hemispherical
submerged body (ﬁgures 6(a–f) and ﬁgures 7(a–f)). For
different regimes of ﬂow, ﬁgures 6(a–f) and 7 (a–f) show the

1044

Krishna Pada Bauri and Arindam Sarkar

Figure 5. Time development of scour depth for (a) 90° arrangements and (b) 45° arrangements, Sumer et al [27].

development of the shear stress in the streamwise and
transverse directions for smooth and rough beds. They also
computed the region of negative shear stress in the wake and
found that erosion starts at the sides of the body. Truelsen
[38] studied the ﬂow and scour around spherical bodies due to
waves and steady current in the marine environment and
estimated the shear stress at the sphere. The shear stress at the
sphere decreases compared with circular pile. Dixen et al
[39] developed numerical and experimental model around a
partially buried sphere in steady current and found the
increase of the shear stress. Horseshoe vortices and the
streamlines around the partially buried sphere led to the
increase of shear stress at the bed.

2.6 Velocity distributions
Flow ﬁeld around partially or fully submerged structures
plays an important role in understanding the mechanism

and mode of sediment transport around these structures.
Formation of the horseshoe vortex at the upstream of these
structures plays a major role in the erosion process as
shown in ﬁgures 8(a, b) and 9(a, b). Figures 8(a, b) show
the horseshoe and wake vortices, bow wave, and down ﬂow
for partially submerged case, whereas for fully submerged
case, ﬁgures 9(a, b) show the trailing vortices formed at top
of cylinder. Castro and Robins [40] experimentally studied
the ﬂow characteristics around cubes at various ﬂow conditions and observed the ﬂuctuation of velocity and variation of turbulence and shear in the wake. The separated
ﬂow reattached back at the wake of the cube. They also
concluded that the reattachment occurs at the wake of the
cube when height of cube is larger than the thickness of the
boundary-layer. Hunt et al [41] experimentally investigated
ﬂows around surface-mounted obstacles using ﬂow visualization techniques and discussed the line of origin of the
vortices and separation regions on the downstream side of
the obstacles. For three-dimensional obstacles, existence of
streamline concentration near the ﬂow separation was not
observed. Whereas, for the bluff obstacles, the separated
streamline does not get reattached to the surface. Cooker
et al [42] numerically and experimentally looked at interaction of wave and submerged semicircular cylinder and
discussed the two-dimensional irrotational ﬂows for uniform depth over a semicircular obstacle on ﬂat bed. Martinuzzi and Tropea [43] experimentally studied the two and
three-dimensional ﬂows around surface-mounted prismatic
obstacles. The ﬂow shows two-dimensional characteristics
for obstacles with ratio of width to height greater than six
and three-dimensional ﬂow characteristics with the ratio
greater than 10. Hussein and Martinuzzi [44] experimentally observed the energy balance for turbulent ﬂow around
a cube placed in a channel. The three-dimensional ﬂow at a
high Reynolds number around various structures were
studied. Voropayev et al [45] experimentally studied the
motion of cobbles due to oscillatory ﬂow and found out that
oscillatory ﬂow occurs in the coastal water regions due to
wave breaking. Kim and Lee [46] studied turbulent ﬂow
around obstacles over plane bed in front of the vertical
fence. It was observed that relatively smooth ﬂow occurs at
the far upstream of the submerged structures in absence of
the peak of the streamwise turbulent intensity. Testik et al
[47] experimentally investigated the steady and oscillatory
ﬂows around fully submerged short cylinder and reported
the existence of two types of vortex ﬂow around the
structures; horseshoe vortex and lee wake vortex. Demir
and Garcı́a [48] experimentally studied burial of cylinders
due to oscillatory ﬂow and presented the oscillating ﬂow
characteristics in large water sediment tunnel. They determined the relationship between the Shields parameter and
burial depth. Also, correlation between Keulegan–Carpenter and burial depth number was proposed. The burial depth
does not depend on the ratio of diameter and density.
Manes et al [49] conducted experiments for open channel
ﬂow with shallow submergence using particle image
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Figure 6. (a–f) Variation of the bed shear stress in the longitudinal and transverse directions for the smooth bed for the different
regimes [6].

velocimetry (PIV). They observed that the logarithmic
velocity distribution decreases with the increase of depth of
ﬂow and ﬂow is not inﬂuenced by the bed roughness. Smith
and Foster [50] numerically observed ﬂow around a short
cylinder on a plane bed. The ﬂow characteristics around
two different shape of structures; square and circular
cylinder was investigated. The horseshoe vortex varied with
time at the upstream side, whereas the arch vortex breaks
down at the downstream side. They investigated the ﬂow
characteristics for various shapes of obstacles. They also
discussed the ﬂow ﬁeld for wide obstacles having aspect
ratio (length/diameter) of ﬁve for wide range of Reynolds
number. Abad et al [51] numerically investigated the bank
erosion pattern of submerged weir along the meandering
streams. They measured the three-dimensional velocity
distribution around the submerged weir with acoustic

Doppler velocimeter (ADV) and observed good agreement
between numerical model results and experimental data.
Dey et al [17] discussed ﬂow characteristics around submerged and partially submerged structures. It has been
found that the size and intensity of the horseshoe vortices
increase with decrease of submergence ratio. On the other
hand, horseshoe vortex core is smaller for submerged
cylinders than for partially submerged cylinders. However,
the size of the core reduces with an increase in submergence ratio, whereas velocity increases with decrease of
submergence ratio. The vorticity developed at the top of the
cylinder due to trailing vortex and magnitudes of the circulation decreases with increase in submergence ratio.
Feeble positive vorticity develops near the dune due to the
ﬂow separation and negative vorticity develops above the
dune due to the reverse ﬂow in the downstream of the
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Figure 7. (a–f) Variation of the bed shear stress in the longitudinal and transverse directions for the rough bed for the different regimes
[6].

cylinder. Sarkar and Ratha [52] experimentally and
numerically studied the ﬂow at submerged cylinders for
low submergence and described the velocity distributions
around different submerged structures. They measured the
velocity distribution of streamwise and vertical velocity
components along radial directions from the submerged
structure. It has been observed that the non-dimensional
time-averaged velocity decreases when the diameter of the
cylinder is big compared to when the diameter of the
cylinder is small.

2.7 Flow visualization techniques
Flow visualization techniques help to visualize the ﬂow of
transparent ﬂuids. Kline [53] discussed various

methodologies for ﬂow visualization around fully and
partially submerged structures. There are several methods
of ﬂow visualization: marker methods using dye or smoke,
surface powder, neutral density particles, etc.; optical
methods using shadow graph, interferometer, etc.; wall
trace methods like evaporative and chemical change at
wall; bi-refringence and self-visible phenomena like luminous and phase interfaces. Furuya and Miyata [54] experimentally studied the ﬂow visualization of the wake
downstream of a roughness element placed on a wall, using
dye and hydrogen bubbles. Hunt et al [41] experimentally
investigated ﬂows around cuboids and humps using ﬂow
visualization techniques. They used an oil ﬁlm, which is
mixture of 10% zinc oxide powder and 90% Crisco oil for
the visualization and concluded that the technique is useful
for highly turbulent ﬂows. However, the rate of
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2.8 Scour depth estimation formulas
Sumer et al [27] developed expression for time variation
equilibrium scour at transitional period, which is given
below:


t
DS ¼ DS0 1  exp 
;
ð5Þ
Ts
where DS0 = equilibrium scour depth; Ts = time scale that
can be calculated from the information of scour depth
versus time by calculating the slope of the tangent to the
S(t) curve at t = 0. Sumer and Fredsøe [28] developed the
equation for calculating the scour depth near the submerged
vertical cylinder, which is given below


DS
hc
¼ 1  exp A
;
ð6Þ
DSa
dc
where DSa = scour depth for a pile with inﬁnite height;
A = 0.55 is a ﬁtted coefﬁcient; hc = height of the cylinder
and dc = diameter of the cylinder.
Myrhaug et al [58] analytically studied scour at spherical
bodies and burial due to waves. It was observed that the
formula to express scour due to waves may also be applied
for estimating scour depth due to random waves. Following
equations are proposed to calculate the scour and self-burial
depth:

Figure 8. (a) Flow around unsubmerged pier on rigid ﬂat bed
[17]. (b) Scour around unsubmerged pier on erodible bed [17].

development of the surface ﬁlm was very slow. Ziegler
[55] experimentally studied the two and three-dimensional
ﬂows at prismatic objects in channels of various dimensions using various techniques like laser-sheet visualization
techniques and static pressure measurements. Dimaczek
et al [56] used ﬂow visualization technique to study ﬂows
around objects at high Reynolds numbers. Martinuzzi and
Tropea [43] also experimentally studied the two and threedimensional ﬂows at prismatic objects in channels of various dimensions and used various techniques like lasersheet visualization techniques and static pressure measurements. Chou and Chao [57] investigated shedding of
horseshoe vortices from rectangular cylinders. They applied
two types of ﬂow visualization technique; one is dye
streaks at the upstream of the test section while another one
is surface dye sheet for the downstream of the cylinder.
They observed that the horseshoe vortices evolve into wavy
structure at the downstream of the cylinders. Sadeque et al
[18] applied the ﬂow visualization techniques to estimate
the shear stress and ﬂow characteristics around the cylinders. The generated horseshoe vortex remain closer to the
structure for the fully submerged cylinder in comparison
with the partially submerged cylinder.

Ds
¼ 0:3f1  exp½0:3 lnðKC Þg
d

KC  1

ð7Þ

KC  r;

ð8Þ

for

and
e
¼ 0:5f1  exp½qðKC  r Þg
d

for

where e = self-burial depth; q and r are constants, the
values of which are 0.08 and 1.4 respectively. Amini et al
[59] experimentally studied local scour around pile groups
on uniform bed material in shallow-water ﬂow and measured the scour depth at vertical pile groups for steady
ﬂows. They observed that the scour depth depends on
diameter of pile, spacing and submergence ratio. The following equations were proposed for computing the scour
depth (Ds) at pile groups:
Kphf ¼ S3rs  2:4S2rs þ 2:4Srs
Kphf ¼ 1:7S3rs  4S2rs þ 3:3Srs
Kcps ¼ Cm

0:05 0:44

n

for
for

R2 ¼ 0:95;
R2 ¼ 0:97;

 0:38
S
d

Ds ¼ Kphf Kcps ys

ð9Þ
ð10Þ
ð11Þ
ð12Þ

where Kphf = pile group height adjustment factor, which
depends on correlation coefﬁcient (R2); Srs = submergence
ratio; Kcps = correction factor for pile spacing;
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Figure 9. (a) Scour around submerged pier on rigid ﬂat bed (b)
on erodible bed, Dey et al [17].

C = constant; m and n = number of rows and columns in
the group respectively; S = pile spacing; ys = scour depth
at equilibrium for partially submerged cylindrical pier.

2.9 Time variation of scour depth
Time variation of scour depth is important to predict the
evolution of the scour hole as well as the deposition pattern
around the submerged structures. Melville and Raudkivi
[60] conducted experiment on local scour around compound pier, measured and plotted the variation of scour
depth versus height of pile cap. It has been noticed that the
initial scour develops behind the compound pier due to
wake vortex and after that it gradually reaches around the
compound pier. Briaud et al [61] plotted multiple hydrographs of the temporal variation of scour depth for piers in
deep water and found that the pier length is important
parameter inﬂuencing the scour depth. Truelsen et al [11]

studied time scale of the scour process and expressed it as a
function of the Shields parameter in case of steady current
and Shields parameter and KC number in the case of waves.
They showed that the variation of non-dimensional time
scale of scour process versus Shields parameter and KC
number and showed that the scour depth increase with
increase of Shields parameter and KC number. They also
showed that the time scale for the self-burial process is
dependent on Shields parameter and KC number. AtaieAshtiani et al [20] also conducted experimental investigation on local scour around compound pier, measured and
plotted the variation of scour depth versus height of pile cap
as shown in ﬁgure 10. The pile cap extensions on either
side of the complex pier, when at the bed level, protect the
mobile bed from scour. For pile cap extension at the bed
level, initiation of scour as well as the equilibrium condition takes relatively longer time in comparison to different
height of the cap to the bed level. For pile cap at the bed
level, it has also been noticed that the initial scour develops
behind the compound pier and subsequently it reaches
around the compound pier. However, the scour zone does
not cover the pier completely; rather sediment is transported from the upstream of the pier and deposited at the
downstream. Zhao et al [29] observed that the time taken
for the scour process to achieve equilibrium was much
smaller for smaller values of the Shields parameter (ﬁgure 11). It can be seen that the scour depth reaches equilibrium condition for all the experiments. Zhao et al [29]
also observed the evolution and characteristics of scour bed
proﬁles at the upstream and downstream of the submerged
structures and reported the differences in the bed proﬁles
based on the Shields parameter. For smaller values of
Shields parameter, small ripples are formed at the upstream
and ridge shaped sand dune formed at the downstream
wake of the submerged structure. Whereas, considerably
larger ripples formed at the upstream of the structure for
higher values of Shields parameter and also the dunes at the
downstream moved further with the wakes of the structure.
Kim et al [62] numerically investigated the clear water
scour around cylinders for various conﬁgurations. They
discussed the development of scour at different time
intervals. In case of side by side conﬁguration, initially,
scour occurs around the side of the cylinders. Gradually,
scour upstream of cylinder emerges due to the effect of
horseshoe vortices close to the bed. Later on, scour hole of
cylinders join together, which increases in size before it
reaches the equilibrium dimension. For tandem cylinder
arrangement, initially the scour characteristics remain same
but later, with the progress of time, scour starts at the nose
and sides with deposition at the downstream of the cylinder.

2.10 Scour protection
Quinn [15] applied combination of various processes in the
column of water from surface to bottom to protect scour in
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the top of the pile cap. The pile cap creates an obstruction
for the downﬂow and the horseshoe vortex to reach bed
level. For the case of undermining of the pile cap due to
excessive scour, the ﬂow penetrates further down and the
scour depth increases further below the pile cap.

3. Other aspects of scour around vertical
submerged structures

Figure 10. Temporal development of scour depth for various pile
cap elevation, Ataie-Ashtiani et al [20].

Figure 11. Time history of scour depth at the most updtream
point of the cylinder surface [29].

the shipwreck site with the constant interaction of different
materials and energy across the boundaries. Ataie-Ashtiani
et al [20] experimentally studied the scour protection
around compound pier with addition of pile cap. With
increase of pile cap height, scour depth was observed to
increase or decrease depending on the width of the complex
pier. Scour depth increases, when pile cap position is above
the bed level, and it decreases, when the pile cap position is
at the bed level. Ataie-Ashtiani et al [20] obtained that the
equilibrium scour depth decreases if the scour hole touches

Olsen and Melaaen [63] applied the unsteady Navier–
Stokes equation to study scour around obstacles, whereas
steady Navier–Stokes equation has been applied by Olsen
and Kjellesvig [64]. Baglio et al [65] experimentally
studied the measurement of the three-dimensional scour
processes due to wave around vertical cylindrical pile on
sand bed using a stereo vision approach and compared
equilibrium scour depth with the relation of Sumer et al
[26]. It has been validated with Sumer et al [26]. Li and
Zhu [66] applied three-dimensional k-e model to simulate
the free surface above a submerged structure. The model
results of the variation of the free surface and the velocities
are validated using numerical simulations of the passage of
a wave over a submerged cube. Sousa [67] conducted
experiments on ﬂow around objects using two-dimensional
digital particle image velocimetry. Correlation between
kinetic energy and vortices in the ﬂow were established.
The swirling strength and normalized angular momentum
of large scale vortical structures were also identiﬁed.
Coleman [68] conducted experiments on scour at complex
pile groups. Various bed levels were considered during the
experiments. Considering linear variation in scour depth, a
methodology was developed with the existing equations to
calculate scour depth around complex piers. Liu et al
(2008) experimentally and numerically studied the effect of
the turbulence modelling on sediment transportation along
with the effect of turbulent eddy viscosity term and
observed good matching with experiments. Zhao et al [69]
experimentally studied local scour around subsea caissons
in steady currents. Experiments show that the horseshoe
vortex is dominant in comparison to increase in velocity at
the corners of the caisson. Ong et al [70] analytically
estimated the equilibrium scour depth due to two and threedimensional waves plus current around vertical piles using
stochastic method and the empirical formulas of Sumer and
Fredsøe [71]. It has been found that equilibrium scour depth
for linear waves is larger than for nonlinear waves.

4. Limitations
Research works have been conducted to predict the local
scour and ﬂow characteristics around different submerged
structures for various ﬂow conditions. Most of the previous
studies that have been carried out have limitations so far as
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the KC number, orientation of the submerged structures to
the ﬂow, aspect ratio, surface tension, Reynolds number,
cross-sectional area, speciﬁc gravity, sediment size, submergence ratio, ﬂow conditions, etc. are concerned. Even
the studies were limited to the determination of scour depth
around regular shapes of submerged structures. Moreover,
most of the reported studies have been conducted over
cohesionless sediment beds and temporal evolution of the
scoured bed around these structures of various cross sections has not been modeled. Further, methodology of predicting various parameter values for the prototype from the
results acquired from the model experiments have not been
proposed.

to mention that no attempt has been made to upscale the
laboratory results and predict the same for the prototype.
Hence, more laboratory investigations and large-scale
model studies are required to understand the problem of
scour around various submerged structures. Moreover,
theoretical or numerical approach may be developed for the
validation of the experimental and ﬁeld measurements for
wide range of ﬂow conditions.

5. Achievements
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Various investigations have been carried out on the
hydraulics and local scour around submerged structures.
Different empirical relations are established to express the
scour depth in terms of structure diameter, KC number,
sediment size, Reynolds number, submergence ratio, ﬂow
conditions, etc. Scour depth around submerged cylinders
under clear water and live bed conditions have been
determined and compared with partially submerged cylinder scour depth. The equilibrium scour depth has been
investigated around the submerged cylinder under clear
water scour condition in coarse uniform sand. However,
more of such studies are encouraged to understand the ﬂow
physics around the submerged structures and the interaction
mechanism of the ﬂow along with the sediment particles.

6. Future scope of research
Various studies have been carried out on ﬂow and scour
around different vertical submerged structures and experiments, numerical and analytical studies have been conducted for better understanding the problem. Yet, there is
deﬁnite dearth of information regarding different aspects of
ﬂow and erosion around these structures and it remains
unexplored in many cases. Different investigators have
urged the need to study scour around practical shapes of
ﬁsh habitat structures. Also, doubts were raised about the
two or three-dimensional nature of the ﬂow close to the
submerged structures. Studies need to be conducted to
generalize the expression representing the scour depth
around single and group of submerged structures for wide
variations in various parameters like KC number, orientation of the submerged structures, aspect ratio, Reynolds
number, cross-sectional area, sediment size, submergence
ratio, ﬂow conditions, live bed conditions, etc. Further,
research works are needed to explore erosion around these
submerged structures for live bed conditions, unsteady ﬂow
and cohesive sediments. In this context, it is also pertinent

Notation
The following symbols and their meanings are used in this
paper:
0.55 is a ﬁtted coefﬁcient
initial burial depth
constant
ﬂow depth or water depth
characteristic sediment mean size
pile width
pier cap width
maximum scour at any time t
scour depth for a pile with inﬁnite height
equilibrium scour depth
median sand size
diameter of pile
diameter of the cylinder
diameter of hemispherical obstacle
self-burial depth
acceleration due to gravity
wave height
pier height
buried height
height of the cylinder
Keulegan–Carpenter number
correction factor for pile spacing
pile group height adjustment factor
shape factor of piles
shape factor of pier foundation
wave length
length of the cylinder
transverse pier extension
length of parallel wall
longitudinal pier extension
number of rows in the group
sediment number
number of column in the group
constants
Reynolds number
pile spacing
scour depth at time t = 0
submergence ratio
wave period
time scale
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Tw
t
U
Uc
Um
Umean
Usv
Uw
Uvw
W
x
ys
z
a
ai
e
h
m
q
qb
qc
qs
r0
rgd
svn
svs
uc
w
/

period of oscillation
time
velocity of ﬂow
threshold ﬂow velocity
velocity at bed level
mean ﬂow velocity of the current
maximum shear velocity during wave period
maximum velocity of water at bed
oscillatory wave velocity
width of ﬂume
longitudinal distance measured from the center of
the obstacle
scour depth at equilibrium for unsubmerged
cylindrical pier
transverse distance from the center plane of the
ﬂume and the body
skew angle of pile group
angle of attack
surface roughness of cylinder
angle between parallel and perpendicular wall
kinematic viscosity
ﬂuid density
buried density
density of cylinder
sediment density
bed shear stress in the approaching ﬂow
standard deviation
transverse bed shear stress
streamwise bed shear stress
shields parameter
burial depth and scour depth
angle of repose
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