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Preface to ”Environmental Hydraulics, Turbulence

and Sediment Transport”

In the research on environmental hydraulics, its turbulence and sediment transport, constant

challenges have been faced. The complexity of hydraulic impacts towards sediment morphology and

turbulent flow properties makes research in this area a difficult task. However, due to pressure from

climate change and the mounting issue of pollution, environmental flow studies are more crucial

than ever.

Bedforming within rivers is a complex process that can be influenced by the hydraulics,

vegetated field, and various suspended and bedload transports. Changes in flow conditions due

to rain and flood can further complicate a hydraulic system. To date, the turbulence, morphologic,

and bedforming characteristics of natural environmental flows are still not well understood.

This book aims to bring together a collection of state-of-the-art research and technologies to

form a useful guide for the related research and engineering communities. It is useful for authorities

and researchers interested in environmental and civil engineering studies, as well as for river and

water engineers to understand the current state-of-the-art practices in environmental flowmodelling,

measurement and management. It is also a good resource for research, post-, or undergraduate

students who wish to know about the most up-to-date knowledge in this field.

Jaan H. Pu

Editor
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Editorial

Environmental Hydraulics, Turbulence and Sediment Transport

Jaan H. Pu

Faculty of Engineering and Informatics, University of Bradford, Bradford DB7 1DP, UK; j.h.pu1@bradford.ac.uk;
Tel.: +44-01274234556

Within the environmental flows, i.e., river and canal networks or irrigation systems,
hydraulic properties for water flow are usually impacted by eddies and sediment transport.
Thus, the accuracy in predicting natural environmental flow behaviour is heftily related
to the precise knowledge on its morphological characteristics under naturally occurring
turbulence circumstances. The deposition and erosion under sediment-laden flow also play
a crucial role in how the natural flows and watercourses are supposed to be managed to
alleviate and avoid disastrous pollution transport.

In a previous Special Issue (SI) of Fluids entitled “Environmental Sediment Transport:
Methods and Applications”, the sediment transport phenomenon has been explored in the
applications of natural bedform (Pu [1]) and deposition within rainwater (John et al. [2]).
As a continuation, the leading guest editor for that SI decided to launch a new volume to
further advance and expand on the discussion topics. This SI, which contains a collection of
seven papers, gathers recent advances in the fields of environmental hydraulics, turbulence
and sediment transport from various international authors/researchers to tackle the above-
mentioned important and pressing environmental issues.

Owing to the fact that suspended solid transport is among the important factors to
alleviate pollutant propagation, its mathematical modelling has been intensely investigated
in recent literature studies. In the review work by Wallwork et al. [3], the previous research
on mathematical modelling of suspended sediment transport has been summarised and
analysed. Besides numerical models, the suggested analytical approaches in the literature
to represent the suspended load have also been reviewed. Wallwork et al.’s study increases
the potential for researchers to learn from previous experiences and studies in order to
move towards the goal for accurate sediment transport modelling.

Sediment-laden condition is regarded as one of the key mechanisms to the formation
of rough bedform in natural flow (Pu [1]). To add to the complexity, any obstruction like
wood-log or boulder, in particular those obstructions across channel width, can attach with
the bedform during its formation to cause floods. To study the impact of the horizontal
obstruction in rough bed flow, Devi et al. [4,5] have run a series of experiments by bed-
mounted cylinder to investigate their flow velocity [4] and turbulence [5]. Using an
acoustic Doppler velocimetry (ADV) measurement approach, Devi et al. [4] concentrated
on comparison between flow properties impacted by sand and gravel-formed beds, while
Devi et al. [5] considered the turbulence of flow above sand bed by high-order bursting
analysis. The findings by [4,5] are crucial for consolidating the knowledge of turbulence
field induced by the horizontally laying cylindrical obstacle and predicting its actual flow
characteristic over a rough bed.

Tailing dam has been studied by Satyanaga et al. [6], where its sediment tailings have
been investigated by incorporating the unsaturated solid mechanic approach. In their study,
the soil consolidation process was illustrated to observe the stability of sediment within
the dam. The experiment together with numerical analysis proposed within Satyanaga
et al.’s study is particularly crucial to understand and manage the operation of the tailing
dam. To better understand the dynamics of dredging and its impact on sediment transport
within the natural river/watercourse environment, Zikra et al. [7] has studied a case at
Nagan Raya Port of Indonesia. In their work, the numerical modelling and field study have

Fluids 2022, 7, 48. https://doi.org/10.3390/fluids7020048 https://www.mdpi.com/journal/fluids
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been co-utilised, where the results showed a severe impact of dredging towards negatively
promoting the sediment transport surrounding the port. The study by Zikra et al. [7]
presented useful guidelines not only to the local Nagan Raya Port, but also to portA with
similar natural environments.

In supporting structures above the water, various stability research has been performed
for many common water-based structures. In the investigation by Bento et al. [8], the flow
field around the bridge pier’s scour has been studied. The oblong bridge piers have
been concentrated in their study, where the proposed experimental results can explore
the scour development pattern and hence is useful for the stability study of the bridge’s
structure. Besides rigid structures like bridges, the floating structures with high degrees
of flexibility are also popularly used in water-based projects, e.g, as petroleum drilling
platforms. Cui et al. [9] studied the hydrodynamic moment of such flexible structure using
121 sets of detailed experiments. Their results can shed the light on the relative industry in
terms of the structural stability and durability subject to constant hydrodynamic loading.

Finally, it is also important to recognise the effort by anonymous reviewers to the above-
mentioned articles. Without their contributions, this Special Issue would not be possible.

Funding: This research received no external funding.

Acknowledgments: Throughout the editing of the whole Special Issue and the writing of this
Editorial article, the author has been greatly inspired and supported by his family members, Aigul,
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Abstract: This paper reviews existing studies relating to the assessment of sediment concentration
profiles within various flow conditions due to their importance in representing pollutant propagation.
The effects of sediment particle size, flow depth, and velocity were considered, as well as the eddy
viscosity and Rouse number influence on the drag of the particle. It is also widely considered that there
is a minimum threshold velocity required to increase sediment concentration within a flow above
the washload. The bursting effect has also been investigated within this review, in which it presents
the mechanism for sediment to be entrained within the flow at low average velocities. A review of
the existing state-of-the-art literature has shown there are many variables to consider, i.e., particle
density, flow velocity, and turbulence, when assessing the suspended sediment characteristics within
flow; this outcome further evidences the complexity of suspended sediment transport modelling.

Keywords: suspended sediment concentration; dilute-hyper concentration; Rouse number; velocity
lag; bursting phenomena

1. Introduction

Sediment suspension describes the solid particles that have been lifted into the water
column from the channel bed. It is beneficial to have a thorough understanding of sediment
transport and thus two-phase flow to allow for its effective mathematical modelling, since
it is a regular occurrence within large water bodies in the natural environment. This study
looks to review a range of existing literature and compare proven evidence to provide a
sound understanding of solid-fluid interactions within two-phase flow conditions.

When there is sufficient lift force for sediment particles to overcome the friction
between them, the turbulent upward flux will generate sediment suspension. Generally, it
is accepted that the mean concentration decreases with height above the bed, as shown in
Figure 1 and described by [1].

Fluids 2022, 7, 23. https://doi.org/10.3390/fluids7010023 https://www.mdpi.com/journal/fluids
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Figure 1. Sediment Concentration Profile. Reprinted with permission from [1]. 2021 Hanmaiahgari, P.R.

Two-phase flow is the combination of two states of matter flowing together; in this case,
solid and liquid. During two-phase sediment transport flow, there are complex interactions
between the solid and fluid phases. This complexity has been presented in various studies,
such as on natural channel flow [2,3], flow with natural bedform [4,5], and sediment
transport modelling [6,7]. These interactions can be difficult to model mathematically
due to the large number of variables present within open channel flow and the chaotic
nature of fluid dynamics. Early methods of modelling sediment concentration [8–12]
resolved some of these difficulties by ignoring forces acting on the sediment particle.
However, applying these assumptions limits the model accuracy to certain sediment
transport conditions, e.g., light particle transport. To create a more holistic formula, recent
research has incorporated other forces acting on the particle phase [13–15]. This has resulted
in some diverse formulations for predicting the sediment profile.

A popular consensus when assessing two-phase flow is to consider a two-dimensional
(2D) observation, i.e., look at how concentration varies with depth and along the streamwise
space. The considered parameters to assess such flow often include fluid velocity, particle
diameter, Rouse number, and mean concentration [16–19]. Other research has incorporated
the velocity fluctuations due to drift-flux and vortices considering eddy viscosity [19–21].

Most research into sedimentology has associated suspension with a time-averaged
shear stress at the bed, whereas further studies have shown that sediment suspension can
occur due to instantaneous velocity fluctuations in the vertical direction at the channel
bed [22–24]. A concept to describe this is that the sediment near the bed experiences the
highest concentration gradient and thus a high-pressure gradient, which forces the particle
into suspension. This corresponds to the concentration profile shown in Figure 1. However,
recent observations have also further revealed alternative sediment concentration profiles
where concentration peaks at a height above the channel bed region. This has been shown
to be largely dependent on the various concentration of sediment entrained within a flow
from dilute to dense conditions [18].

2. Literature Review

Several methods can be used to model sediment concentration, which the diffusion
and kinetic theories are among the most common. Diffusion theory, which is recognized as
one of the simplest methods for modelling sediment concentration, has been used by many
scientists to describe the solid phase with reasonable accuracy [11,21]. On the other hand,
the kinetic theory is widely regarded as the best approach for concentration distribution
modelling as it includes the response of both the solid and liquid phases as well as the
two-phase interactions [13]. Extensive research has been undertaken to understand and
model these two-phase interactions and their effects on the sediment profile [9,15,19,25,26],
where they will be explored in the coming sub-sections.

4
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2.1. Reynolds Number Approach

Drag is a mechanical force that arises due to the interaction between a body moving.
through a fluid and the induced resultant opposing frictional forces, where it can be
represented by the following equation:

FD =
1
2

CDρ f Aνr
2 (1)

where FD denotes drag force, CD is the drag coefficient, ρ f is the density of fluid, and ur
is the relative velocity of the particle. Of the parameters contained within Equation (1),
CD is the most ambiguous and requires careful consideration. CD can be defined as
a constant [27]:

CD = 0.44 (2)

In multiple studies, constant CD is shown to be inconsistent with reality. Therefore, a
more robust approach was developed. Following further research [28–30], it is generally
considered that CD is proportional to Reynolds number (Re), and extensive studies have
been performed to confirm this relationship.

It has been stated that for a perfectly smooth spherical particle, the drag coefficient
shares an asymptotic relationship with Reynolds number for both laminar and turbulent
flows [28]. Further study concluded that for rough particles, the relationship varies and is
dependent on the flow regime. This is due to stresses and frictional forces arising from the
boundary conditions. For example, Cheng [30] studied the settling velocity and effects of
drag on experimental spherical particles. Within that study, a new equation for CD was
formed and compared with laboratory data. Figure 2 shows Equations (3)–(6) fitted against
experimental data. The curve plotted in Figure 2 is subdivided into three sections. For
laminar flow (Re < 1), CD can be defined as:

CD =
24
Re

(3)

The flow becomes transitional at 1 ≤ Re < 100, where CD is defined as:

CD =
24
Re

(1 + 0.27Re)0.43 (4)

Finally, when the flow becomes turbulent (Re ≥ 100), CD can be represented by:

CD = 0.47
[
1 − exp

(
−0.04Re0.38

)]
(5)

Equations (3)–(5) can then be combined to produce one explicit function for CD,
defined as [30]:

CD =
24
Re

(1 + 0.27Re)0.43 + 0.47
[
1 − exp

(
−0.04Re0.38

)]
(6)

Alternatively, Equation (6) can be rewritten as:

CD =
24

Rep
+ f

(
Rep

)
(7)

where f is a function of Rep, in which Rep is the particulate Reynolds number. The
first term on the right-hand side of Equation (7) relates to laminar flow. The second term
represents the drag force due to turbulence [13].
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Figure 2. Coefficient of Drag and Reynolds Number Correlation (Adapted from Cheng [30]).

2.2. Velocity Lag Approach

The effects of drag force can also be assessed in terms of the velocity lag, which
is the time differential for the momentum to transfer from the fluid phase to the solid
phase [13,20,26]. Utilizing the fluid viscosity, Stokes’ law studies the resistance to motion
when an object is dropped in a fluid. When falling due to gravity, the object is acted upon
by an equal and opposite reaction, as stated by Newton’s third law. Therefore, when a
particle is falling in laminar flow with no turbulent flux, the exerting forces are only those
which arise due to fluid inertia from the falling velocity and its associated acceleration. Due
to that, the drag force must be equal to the submerged weight of the particle, and any lift
forces are caused by turbulence.

When assessing a two-phase flow, it is necessary to assess separate timeframes, i.e.,
the particle

(
tp
)

and integral turbulence timeframes (tt). As shown by Equation (8), FD can
be separated into two factors for laminar and turbulent flows [20]:

FD = ρsc
(

ω0

tp
+

Δwd
tt

)
(8)

where c is the mean concentration, ω0 is the fall velocity of sediment, and Δwd is the
velocity flux difference between the two phases and is considered proportional to ω0.
Particle crowding can have a significant impact on the particle timeframe. Research has
shown that particle flocculation is a function of Reynolds number; however, it has also been
defined as a constant in some studies [14]. Nonetheless, for dilute flows, the gravitational
particle timeframe can be defined as [20]:

tp =
ω0

g
(

1 − ρ f
ρs

) (9)

where ρs and ρ f are the sediment and fluid densities, respectively.
(
tp
)

is often associated
with Stokes’ drag. Stokes’ number, Stb, describes the relationship between the relative
particle velocity and the particulate timeframe. When a particle moves within turbulent

6
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flow, the fluid velocity fluctuation and formation of vortices exert a force on the particle
and causes longer tt, where this timeframe can be determined by [13,14,20,31]:

tt =
tp

Stb − 1
(10)

For light sediment, i.e., sediment moves in equilibrium with the fluid, the flow can
effectively be treated as a uniform medium. In this case, Stokes’ number will be very small.
When a particle experiences considerable inertial forces, Stb will be close to one. Therefore,
substituting Equations (9) and (10) into Equation (8) yields:

FD = cρsg
(

1 − ρ f

ρs

)
+ cρs(Stb − 1)

Δwd
tp

(11)

The first term on the right-hand side of Equation (11) refers to the laminar drag force,
and the second term refers to the turbulent drag force.

2.3. Lift Force

Conventionally lift is considered to act upwards from the horizontal plane opposing
gravity. However, it is practical to consider lift acting perpendicular to the streamwise
direction [32,33]. Besides lift, the cohesive force between particles can also cause the drag
between them to create a change in suspended sediment transport. However, the cohesive
force is more effective within bedload and not suspended load. This is due to the fact that
the distance between particles in bedload is much shorter than that in suspended load,
which is usually very scattered. Due to this, the cohesive force between suspended particles
is not a determinant factor of its behavior as compared to bedload [34].

Commonly, lift force is considered to be composed of two parts: hydrodynamic
lift and turbulent diffusion. One of the limits of original Rouse suspended sediment
model is that it suggests an infinite concentration at the bed and zero concentration at the
surface. It has been shown that a lower concentration corresponds to a higher horizontal
velocity, where this is represented in Figure 3. The importance of this factor is not fully
understood; however, it is known that hydrodynamic lift is the result of the concentration
variation and thus velocity differential across the sediment particle from the lower to upper
suspension region (Figure 3 presents the pattern of velocity differential across a particle
in non-laminar flow). Additionally, the displacement of fluid around the body causes a
pressure distribution across the particle, which consequently causes a velocity gradient.
Therefore, a lift force is acted on the particle to equalize the pressure gradient [35].

 

Figure 3. Uplift due to shear stresses on a particles surface. Reprinted with permission from [36].
2021 Hanmaiahgari, P.R.
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Turbulence diffusion is the mixing due to the turbulent velocity fluctuation and
vortices. Many studies have been conducted to understand the causes and effects of
turbulence. It has been assessed statistically as an overlaying function of the time-averaged
velocity [20–22]. The wake of a sediment particle (shown in Figure 3) is often considered to
cause turbulent mixing due to the velocity fluctuations. Generally, this turbulent mixing is
associated with large vortices as small eddies relative to the sediment size do not contain
sufficient energy to lift the sediment particle. By this consideration, turbulence can be
correlated with shear velocity [23]. Additionally, turbulent diffusion primarily occurs away
from near-bed flow region. This is due to the lower horizontal velocities apparent at the
region, as sediment concentration is generally higher.

Within the research of sediment-laden flow, Zhong et al. [37] concluded that near
the bed, there is no sufficient space for vortices to form within the fluid. Additionally, it
is also found that a lower eddy viscosity is correlated with a lower bed slope, and thus,
density stratification is more prevalent [21,33,38]. This supports the notion that higher
velocities produce more turbulence. Furthermore, Figure 4 shows that the strongest eddy
viscosity occur within the center of the flow column whereas the highest velocity occurs at
the surface of the flow [39].

 

Figure 4. Eddy viscosity, velocity, and concentration distribution profile (Adapted from Liu and
Nayamatullah [39]).

Upward turbulent velocities are countered by gravity and downward turbulent burst-
ing mechanism, i.e., sweep. Huang et al. [9] suggest that settling velocity is composed of
these two components in the form of

Δwd = Δwg + Δwt (12)

where Δwd is the sediment fluctuation, Δwg is the settling flux due to gravity, and Δwt is
the turbulent diffusive flux. The settling flux due to gravity is well understood, where it
is influenced by the downward gravitional acceleration. However, as stated previously,
the diffusive flux is more chaotic and random in nature and is thus more difficult to
model. Previous studies have described this by analyzing a vertical unit sectional area and
describing the turbulent velocity dependent on the concentration differential at the top and
bottom of the sectional area of flow channel [9,24]. In an alternative and simpler way of
interpreting this, the relative velocity of a particle is described by the difference between
the fluid and particle velocity take in account any drift velocity [13,14,25]:

ur = u f − us ± ud (13)

where ur = u f − us ± ud is the relative velocity, ur = u f − us ± ud is the fluid velocity,
ur = u f − us ± ud is the solid velocity, and ur = u f − us ± ud is the drift velocity. The

8
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difficulty then lies in determining ud. As stated previously, it is known that drift velocity is
a result of vortices and fluid turbulence. The drift velocity can be further defined as [14]:

ud = −D
(

1
c

dc
dy

− 1
1 − c

d(1 − c)
dy

)
(14)

where D is the diffusion tensor and is considered to be dependent on the Reynolds stress,
which, in turn, is related to the vortex viscosity [25]:

D = −ttv′ f v′s = − tp

Stb − 1
v′ f v′s (15)

where v′ f v′s is the Reynolds stress and it can be calculated by:

− v′ f v′s = μ

(
∂u f

∂y
+

∂us

∂y

)
− 2

3
Ekδ (16)

where μ is the eddy viscosity, Ek is the kinetic energy, and δ is the Kronecker delta.
Furthermore, research inspecting the velocity lag of a particle within flow arising from

the drag force shows that the relationship for the lag velocity in dilute flow is defined
as [40]:

ul
u∗

=

⎡⎣√(
8v

u∗d

)2/1.5
+

(
2(h − y)

h

)1/1.5
−

(
16v
u∗d

)1/1.5
⎤⎦1.5

(17)

where u∗ is the shear velocity, and v is the kinematic viscosity. It is worth noting that
Equation (17) is only valid when assessing dilute flow. For alternative cases, i.e., concen-
trated flow, the constants and exponents will be varying [18]. As ul is considered the
difference between u f and us, it can be assumed that:

ur

u∗
=

ul
u∗

+
ud
u∗

(18)

Therefore, inputting Equations (10), (14), (15) and (17) into Equation (18) gives a
conclusive definition of the dimensionless relative velocity:

ur

u∗
=

ul
u∗

+
v′ f v′s ω0

u∗

gc(1 − c)(Stb − 1)
(

1 − ρ f
ρs

) dc
dy

(19)

For a single particle, its effective lift force can be defined as [37,41]:

FL = CL
4π

3
ρ f d3ur

du f

dy
(20)

Alternatively, the lift force per unit of mass is described by [8]:

LF =
6FL

ρsπd3 (21)

Thus, the total lift force exerted on the solid phase can be calculated by:

Msy = cρsLF (22)

9
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Inputting Equation (19) into Equation (20) determines the lift force acting upon a
single particle due to the turbulent diffusion as:

FL = CL
4π

3
ρ f d3

⎛⎝ul +
v′ f v′sω0

gc(1 − c)(Stb − 1)
(

1 − ρ f
ρs

) dc
dy

⎞⎠du f

dy
(23)

Theodore von Karman determined that hydraulic flow within close proximity to
the wall follow a velocity distribution proportional to the logarithm of the distance from
the wall [42]:

u
u∗

=
1
κ

ln
(y

h

)
+ A (24)

where κ is the von Karman constant, and A is the log-law constant. However, this is
generally only for boundaries close to the bed, and it loses its accuracy within the upper flow
region, especially when suspended sediment is detected. The effect of a boundary causes
shear on the particles, which results in secondary currents within the flow. Considerable
research has been undertaken to study the effect of secondary vortices and wake within the
near bed region [16,21]. In Equation (24), when the law of wake has been considered, the
constant A can be defined as [16]:

A =
2Π
κ

(
3
(y

h

)2 − 2
(y

h

)3
)

(25)

where Π is Cole’s wake parameter. Therefore, inputting Equation (23) into Equation (22) produces:

u
u∗

=
1
κ

ln
(y

h

)
+

2Π
κ

(
3
(y

h

)2 − 2
(y

h

)3
)

(26)

Substituting Equation (23) into Equation (21) and then inserting into Equation (22)
with the inclusion of Equation (26) defines the total lift force, which occurs on the sediment
phase from the turbulent velocity and secondary currents:

Msy = cγ2ρs
u2∗
h

[
h
y
+ 12Π

(y
h

)(
1 − y

h

)]{ ul
u∗

+
∅

c(1 − c)
∂c
∂y

}
(27)

where γ2 and ∅ are constants defined as

γ2 =
8CLρ f

kρs
(28)

and

∅ =

ω0
u∗

g(Stb − 1)
(

1 − ρ f
ρs

)μ (29)

2.4. Turbulent Bursting

When mathematically modelled, a time-averaged mean velocity is often employed to
represent the suspended solid phase. However, more recently, studies have shown that
instantaneous turbulent velocities at the near bed region can have significant impact on
the overall sediment concentration distribution in flow [22,43]. These instantaneous flow
properties are also responsible for solid particles to be entrained into the suspended region
from the bed-load, which can be analyzed as turbulent bursting. Additionally, the sediment
particles at the bed experience higher velocity gradients, thus generating larger lift acts on
the particle. In some instances, this can cause scouring of the sea-bed, as well as unexpected
deposition, resulting in risk to marine infrastructure as well as aquatic life [44–46].

Turbulence is hard to consider in modelling terms. Due to the nature of fluid, a vortex
will impose a force on the surrounding fluid producing smaller vortices until the vortex’s

10
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kinetic energy is insufficient to overcome the viscosity of the fluid. Turbulence can be
broken down in to three main stages: production, transfer, and dissipation, otherwise
known as integral scale, inertial scale, and Kolmogorov scale, respectively, as shown
in Figure 5.

Figure 5. Turbulence eddy scaling. Reprinted with permission from [41]. 2021 Hanmaiahgari, P.R.

A vortex can be defined by its diameter, velocity, and timeframe. Andrey Kolmogorov
discovered that within the transfer region (i.e., the inertial scale), the kinetic energy is
proportional to the diameter of the eddy, where it can be described as [47]

K·Ev = Ckε
2
3 k

−5
3 (30)

where Ck is the Kolmogorov constant, ε is the dissipation rate, and k is the wave number in
a function of the eddy size. The eddy scale is defined by varying characteristics dependent
upon the stage of turbulence, i.e., the integral scale is a function of kinetic energy and
dissipation, the inertial scale is a function of dissipation and length, and the Kolmogorov
scale is a function of dissipation and viscosity.

It is understood that a critical velocity value criterion is required to meet for sediment
suspension to occur, and sediment entrained within the fluid phase below the critical
velocity is considered as wash-load [24,48,49]. Salim et al. [22] studied the sediment
suspension at the near-bed level in the Australian ocean for locations with current and
wave velocities lower than the critical value. They found that despite the relatively low
recorded flow velocity, sediment suspension still took place due to turbulent bursting.
Similarly, Tsai and Huang [43] investigated the advection-diffusion method of modelling
sediment concentration and concluded the instantaneous velocity fluctuations are mainly
due to turbulent ejection.

Figure 6 shows a comparison of field data at the seabed for study by Salim et al. [22].
From Figure 6, it is possible to see that a higher mean velocity value commonly corresponds
to higher backscatter and TKE shear stress. Timeframes (i), (ii), and (iii) in the figure all
represent sediment suspension occurrences. This was considered sensible, as the velocity
was at or above the critical value for their study where sediment suspension occurred.
However, conversely at timeframes TS-1 and TS-2, it was observed that there was a high
value for the TKE shear stress and backscatter, whereas there was a low value for the
streamwise velocity, i.e., below the critical velocity value. This increase in the TKE shear
stress suggests the formation of vortices, which could lift the sediment into the suspension
zone, and it is supported by the high backscatter reading, proving sediment suspension
due to bursting’s sweep events.
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Figure 6. Time series showing: (a) 1 min averaged velocity streamwise velocity, (b) turbulent kinetic
energy (TKE) shear stress, and (c) backscatter. The horizontal line shown in (a) represents the critical
velocity value for suspension. Reprinted with permission from [22]. 2021 Hanmaiahgari, P.R.

In recent experimental advances, particle-imaging velocimetry (PIV) has been used
for suspended particle investigation in various wave-induced and turbulent flow condi-
tions [50,51]. It has been evidenced that PIV is a good method to capture the suspended
sediment dynamics as long as relatively good resolution of camera has been deployed.
By this finding, one can project that the suspended sediment transport behavior can be
accurately captured in real-world events in the future.

2.5. Continuity Equations and Modelling Studies

Within common solid-liquid flow modelling, the mass conservation system is usually
assumed, while its acceleration can be variable. The coordinate system of a single particle
is represented in Figure 7.

Figure 7. Polar coordinate system.

Within a fluid flow convection, acceleration can be considered by continuity rule over
time, as defined by [52]:

a = u
du
dx

+
du
dt

(31)

Equation (31) can be decomposed into constituent directions, which include each spa-
tial plane. Thus, the vertical flow acceleration can be expressed by expanding Equation (31)
to give:

ay = gy =
dv
dt

+ v
du
dx

+ v
dv
dy

+ v
dw
dz

(32)

However, within a two-phase turbulent flow, there are other resulting forces acting on
the particle, which cause velocity fluctuations. Stokes and Navier individually derived the
Navier-Stokes equations stemming from Equation (17) to incorporate the additional flow
effects within viscous flow regimes.
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In general, suspended load transport is derived from the continuity equations and
a balancing of forces acting on the solid phase [8,15,20,53–55]. A closed channel model
assumes no particle enters or exits the flow. In a mathematical model, the respective
interactions and boundaries are then considered to give an overall expression for the
sediment profile.

The mass conservation equation is derived from the Navier-Stokes equations in accor-
dance with the closed system assumption and can be expressed as:

c
(

d
dt

+
dus

dx
+

dvs

dy
+

dws

dz

)
= 0 (33)

where c is the mean concentration of the solid phase. Similarly, the conservation of momen-
tum equation is given as:

c
(

∂vs

∂t
+ vs

∂us

∂x
+ vs

∂vs

∂y
+ vs

dws

dz

)
= cgy − c

ρs

∂p f

∂y
+

1
ρs

∂σs

∂y
+

1
ρs

Fsy (34)

where p f is the fluid flow pressure, σs is the tensor stress arising from particle interactions,
and Fsy is the vertical forces arising due to phase interactions. Considering a 2D flow, where
the flow across channel width is considered having ignorable change, the dz term can be
removed from Equation (34). Furthermore, within steady-uniform flow assumption, one
can obtain:

d
dt

=
d

dx
= 0 (35)

gy = g (36)

Therefore, the only varying values are given in the streamwise-vertical plane. Addi-
tionally, for dilute flow conditions, the particle-particle interactions are negligible:

σs = 0 (37)

Thus, if Equations (35)–(37) are inserted into Equation (34), the vertical momentum for
the solid phase can be defined as:

c
(

vs
∂vs

∂y

)
= cg − c

ρs

∂p f

∂y
+

1
ρs

Fsy (38)

Within turbulent flow, Reynolds decomposition is a mathematical method used to
isolate the velocity fluctuation values from the averaged value (as presented by Figure 8),
given by [56]:

u = u + u′ (39)

where u is the time-averaged velocity, and u′ is the velocity flux.
Applying Reynolds decomposition to the solid phase by inputting Equation (39) into

Equation (38) yields:

c
(
v + v′s

)(
v + v′s

) ∂

∂y
= cg − c

ρs

∂p f

∂y
+

1
ρs

Fsy (40)

Expanding and simplifying Equation (40) gives:

c
(
vs + 2v′s

) ∂v
∂y

+ cv′2s
∂

∂y
= cg − c

ρs

∂p f

∂y
+

1
ρs

Fsy (41)

Additionally, applying the assumptions of Equations (35) and (40) to Equation (33) gives:

c
(
vs + v′s

) ∂

∂y
= 0 (42)
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Figure 8. Depiction of turbulent velocity fluctuation.

Equation (42) can be solved through integration to obtain:

c
(
vs + v′s

)
= 0 (43)

The first term on the left-hand side of Equation (40) is usually considered negligible,
and thus, rewriting and multiplying by ρs, Equation (40) becomes:

c
∂p f

∂y
− cρsg − ρsc

∂v′s
2

∂y
+ Fsy = 0 (44)

The first term accounts for the pressure variation due to increasing depth.
The hydrostatic pressure is a result of the weight of the fluid and can be defined as:

∂p f

∂y
= −ρ f g (45)

Two main interactions that have been discussed within this report are drag and lift.
These forces can be combined by adding Equations (11) and (29) together to produce:

Fsy = cρsg
(

1 − ρ f

ρs

)
+ cρs(Stb − 1)

Δw
tp

+ cγ2ρs
u2∗
h

[
h
y
+ 12Π

(y
h

)(
1 − y

h

)]{ ul
u∗

+
∅

c(1 − c)
∂c
∂y

}
(46)

Therefore, inputting Equations (43) and (44) into Equation (42) produces:

cρ f g − cρsg − ρsc ∂v′s2

∂y + cρsg
(

1 − ρ f
ρs

)
+ cρs(Stb − 1)Δw

tp

+cγ2ρs
u2∗
h

[
h
y + 12Π

( y
h
)(

1 − y
h
)]{ ul

u∗ +
∅

c(1−c)
∂c
∂y

}
= 0

(47)

Rearranging for sediment concentration finally gives:

v′s2 ∂c
∂y

− cγ2
u2∗
h

∅

c(1 − c)
∂c
∂y

= cg
ρ f

ρs

(
1 − ρ f

ρs

)
+ c(Stb − 1)

Δw
tp

+ cγ2x
u2∗
h

[
h
y
+ 12Π

(y
h

)(
1 − y

h

)]{ ul
u∗

}
(48)

Equation (48) is a comprehensive and inclusive approach to mathematically represent
the sediment concentration distribution profile. It accounts for the velocity lag due to
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particle inertia associated with the drag force as well as the velocity fluctuations arising
due to the turbulent flow and formation of vortices. Recently, the non-local theory through
the fractional advection–diffusion equation (fADE) has also been proven to represent
suspension sediment concentration well [57]. In terms of numerical modelling, various
lattice Boltzmann (LB) [58,59] and smoothed particle hydrodynamics (SPH) models [60,61]
have also been investigated for their representation toward flow with suspended and
bed loads, and great success has been achieved in terms of accuracy in reproducing the
experimental and field data.

The above-mentioned final equation (Equation (48)) can also be simplified. If small
particles are measured, then it is justifiable to assume that the solid phase moves in equi-
librium with main flow, and there is no velocity lag. Therefore, Stb can be taken as zero.
Additionally, for fine smooth particles, there would be very little shear stress on the surface
of the particle to give rise to lift forces. Finally, if the formation of eddies due to turbulence
is ignored, these assumptions in Equation (48) can give rise to the following:

Dyy
dc
dy

= −ctp

(
1 − ρ f

ρs

)
g (49)

Inputting Equation (9) into Equation (49) gives:

Dyy
dc
dy

= −ω0c (50)

This equates to Fick’s Law, which defines diffusion theory and states that diffusion
from an area of high concentration to an area of low concentration should be balanced by
settling velocity term.

3. Conclusions

A wide range of research has been reviewed to provide a holistic understanding of
sediment concentration profiles, suspension, and transport for practical use when modelling
hydrodynamic flows. Drag on the sediment particle has been assessed using the Reynolds
number approach. It has been highlighted that the turbulent flow condition plays a
significant role on the drag force experienced by the particle. This is dependent upon
the shear forces between the solid and fluid phase. A study of velocity lag has also been
considered by utilizing the Stokes number, which is a relationship between the particle
velocity and particle transport timeframe. Research has supported the notion that drag
force is significantly affected by the turbulent flow condition.

The idea of velocity fluctuations and vortex mixing has been studied. Velocity fluctua-
tions in the upward direction give lift to the sediment particle. A general approach of the
time-averaged velocity fluctuations has been considered. The effects of turbulent bursting
in the upward motion close to the bed has also been reviewed. Within low flow conditions,
where there are no sufficient velocities for suspension action, a time-averaged velocity
method is not sufficient to describe particle suspension. In this case, research has found
that upward eddies can alternatively lift particles into the flow column. The continuity
equations have been investigated to assess the variance of acceleration with positional
displacement over time. This has been expanded by researchers to incorporate other forces
that act upon the sediment particle such as the fluid-induced lift and drag forces, forces
arising from turbulence, particle inertia, and pressure gradient.

Conclusively, as found from this review study, there are a wide range of flow parame-
ters that affect the suspended sediment transport. Due to this, reasonable assumptions and
simplifications have been proposed to ease the mathematical modelling burden. In-depth
suspended sediment transport study can benefit flow modelling under marine and water
infrastructure influences. For bridge-pier or abutment-induced flow, the flow turbulence
will be significant. This will impact the characteristic of scour and suspended sediment
transport. Thus, in future studies, a more inclusive research strategy will be needed to
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accurately model the suspended solid behavior within flow to foresee any environmental
problem that could be caused in man-made or natural channels.
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Abstract: This research article analyzed the self-preserving behaviour of wall-wake region of a circular
pipe mounted horizontally over a flat rigid sand bed in a shallow flow in terms of mean velocity,
RSS, and turbulence intensities. The study aims to investigate self-preservation using appropriate
length and velocity scales.in addition to that wall-normal distributions of the third-order correlations
along the streamwise direction in the wake region are analyzed. An ADV probe was used to record
the three-dimensional instantaneous velocities for four different hydraulic and physical conditions
corresponding to four cylinder Reynolds numbers. The results revealed that the streamwise velocity
deficits, RSS deficits, and turbulence intensities deficits distributions displayed good collapse on a
narrow band when they were non-dimensionalized by their respective maximum deficits. The wall-
normal distance was non-dimensionalized by the half velocity profile width for velocity distributions,
while the half RSS profile width was used in the case of the RSS deficits and turbulence intensities
deficits distributions. The results indicate the self-preserving nature of streamwise velocity, RSS, and
turbulence intensities in the wall-wake region of the pipe. The third-order correlations distributions
indicate that sweep is the dominant bursting event in the near-bed zone. At the same time, ejection is
the dominant bursting event in the region above the cylinder height.

Keywords: self-preservation in wall-wake; circular pipe; velocity deficit; RSS deficit; turbulence
intensities deficit; third-order correlations

1. Introduction

The wake phenomenon is widespread in the nature, and its prevalent examples are
environmental flows and flows occurring in many engineering applications. The wake
is the highly turbulent region behind the bodies laid on the flat surfaces formed due to
flow separation. The turbulent properties of the cylinder wake are a well-researched
topic in fluid dynamics. Many investigations are available in the past literature [1–7] to
study the cylinder wake. Djeridi et al. [1] conducted experimental research to explore the
turbulent characteristics in the flow field of a circular cylinder in the near-bed upstream
and near-wake region for a high value of Reynolds number equal to 14,000. They also
analyzed the mean and turbulent flow field for a moderate blockage and an aspect ratio.
Konstantinidis et al. [2] experimentally determined the mean and fluctuating velocity fields
in the near wake of a circular cylinder under periodic velocity fluctuations incident on the
mean flow. They described the wake in terms of the recirculation region, vortex formation
region, the maximum intensity of velocity fluctuations, and vortex street’s wavelength.
Braza et al. [3] studied the flow field of a circular cylinder with a high blockage and a low
aspect ratio. The flow field was explored in the starting point of the critical flow regime for
a Reynolds number of 14,000. Akoz [4] experimentally estimated the characteristics of flow
structures behind the cylinder, instantaneous and time-averaged velocity field, vorticity
contours, streamline topology, and Reynolds stress concentrations for the cylinder Reynolds
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number, ReD between 1000 and 7000. They dictated separation point from the cylinder
surface and the variation of length of the primary and secondary downstream separation
regions with Reynolds numbers. Akoz and Kirkgoz [5] investigated the turbulent flow
field of a bed-mounted horizontal cylinder for Reynolds numbers between 1000 and 7000.
Devi and Hanmaiahgari [6] experimentally analyzed a wall-mounted cylinder’s mean and
turbulent characteristics at a downstream location. Devi et al. [7] conducted a comparative
study for the flow field of a wall-mounted cylinder to determine the effect of gravel-bed
roughness compared to sand bed roughness. Despite numerous research in this field, many
issues related to the cylinder wake are still unresolved, especially in shallow flows.

In the shallow flows, the horizontal length scale is generally larger than the wall-
normal length scale [8]. Destabilizing shallow flows are caused by an abrupt change
in topology, such as a bluff body over a flat surface, resulted in shallow wakes. Many
researchers [9–11] have studied the nature of shallow wakes. Akilli and Rockwell [11] used
flow visualization techniques in addition to particle image velocimetry (PIV) to study the
shallow flows in the near wake region of a circular cylinder. They discussed the variation
of mean velocity, Reynolds stress, vorticity, and streamline topology at three different
wall-normal distances. The channel bed can significantly affect the flow characteristics of
the shallow wake, and bed effects are attenuated while moving away from it towards the
free surface. In the near-bed region of the flow, the bed restricts the development of the
wake, diminishes the interaction between shear layers, and stabilizes the flow [12].

Self-preservation of turbulent wakes downstream of a cylinder at high Reynolds
numbers was initially reported by Townsend [13,14] in his elaborate investigations. Out
of these wakes, the one which frequently occurs in the environment is the shallow wake.
The concept of self-preservation of turbulent flows is also known as local similarity or
self-similarity. If some or all statistical characteristics of a turbulent flow are a function of
only scales, the flow is called self-preserving in its behaviour. In other words, a turbulent
flow in its self-preserving condition is the only function of its length and velocity scales.
The far-field of a turbulent free shear layer such as a wake and a jet are classic examples
of self-preserving flows. Maji et al. [15] reviewed the occurrence of von Kármán vortex
streets as a function of solid volume fraction in the wake region of a group of wall-mounted
vertical cylinders. Sadeque et al. [16] analyzed the flow patterns of the near-wakes of the
wall-mounted vertical cylinder in the turbulent shallow flow. They found that flow fields
in the region away from the wall are similar. They also perceived that the turbulent kinetic
energy and the primary Reynolds stress distributions displayed the self-preserving be-
haviour in moderate to deeply submerged cylinders. Balachandar et al. [8] and Tachie and
Balachandar [17] deduced that even in a near-wake region of the flow, the self-preserving
characteristics can be established in terms of the time-averaged velocity distributions by
using appropriate velocity and length scales. Maji et al. [18] analyzed the self-preserving
behaviour in the interior and the wake region of the vegetation patch regarding the mean
flow velocities in the streamwise and wall-normal directions and turbulence intensities,
RSS, and turbulent kinetic energy (TKE). They observed that the time-averaged stream-
wise velocity distributions depict self-preserving characteristics for both emergent and
sparse vegetation patches in their outer, interior, and wake regions when scaled by their
depth-averaged value. The self-preserving behaviour of the time-averaged streamwise
velocity distributions was independent of the aspect ratios and the Reynolds numbers.
Similar observations were also made for the RSS profiles. In the past literature [8,16,17],
different velocity and length scales were used for velocity, RSS, and turbulence intensities
distributions. Balachandar et al. [8] and Tachie and Balachandar [17] used Umax − Umin
as a velocity scale and b as a length scale for the velocity distributions to establish the
self-preserving characteristics of the wake region of a sharp-edged plate. Here, Umax and
Umin are the maximum and the minimum velocities, respectively, in the wake region at a
particular streamwise distance, x/D, and b is the wall-normal distance at which U − Umin
is equal to one half of the Umax − Umin. Sadeque et al. [16] used U1m as the velocity scale
for velocity profiles for the bed-mounted cylinder. In their study, the U1m is equivalent to
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Umax − Umin of Balachandar et al. [8] and Tachie and Balachandar [17]. They also observed
an excellent collapse of the velocity profiles in the near wake region of the cylinder. The
velocity deficit profiles collapse on a narrow band for this scaling, representing that the
wall-wake region of the pipe is self-preserving in nature. Despite that much research
in this area, there are very few studies that explore the self-preserving characteristics of
the wall-wake region of a bed-mounted horizontal circular pipe in the shallow flow with
proper scaling for the velocity, RSS, and turbulence intensities.

Therefore, the main objective of this study is to assess the self-preserving characteris-
tics of the wall-wake flow of a bed-mounted circular pipe in terms of streamwise velocity,
RSS, and turbulence intensities for different inflow conditions. Further, the variation of the
wall-normal distributions of third-order correlations along the streamwise direction in the
wake region was also evaluated. For this purpose, an ADV probe was used to measure
instantaneous three-dimensional (3D) velocity data. After post-processing the velocity data,
it was used to determine turbulence statistics of the flow and their deficits and maximum
values. Henceforth, how the wall-normal profiles of the time-averaged streamwise velocity
u+, RSS τuw

+, streamwise turbulence intensity σu
+, wall-normal turbulence intensity σw

+

in non-dimensional forms and third-order correlations Mjk change in the wake region of
the pipe with streamwise distance, x̂ were also documented. Additionally, the wall-normal
distributions of non-dimensional velocity deficit Δu/(Δu)max, non-dimensional RSS deficit
Δτuw/(Δτuw)max, non-dimensional streamwise turbulence intensity deficit Δσu/(Δσu)max
and non-dimensional wall-normal turbulence intensity deficit Δσw/(Δσw)max were in-
vestigated to determine the self-preserving behaviour of velocity, RSS, and turbulence
intensities, respectively. Besides this, the decay of maximum velocity deficit (Δu)max/u∗,
maximum RSS deficit −(Δτuw)max/u∗2, maximum streamwise turbulence intensities deficit
−(Δσu)max/u∗ and maximum wall-normal turbulence intensities deficit −(Δσw)max/u∗
with streamwise distance, x̂ were also evaluated. This was followed by the analysis of the
streamwise growth of half velocity profile width, z1 and half RSS profile width, z2.

2. Experimental Setup and Data Measurement Procedure

This section presents the experimental channel description, sand bed material analysis,
pipe model details, ADV probe specifications, a summary of the hydraulic and physi-
cal conditions of experimental runs, data measurement procedure, and data processing
techniques used.

2.1. Experimental Setup

A rectangular closed-loop channel of 12 m length with a cross-section of B× H = 0.91 m ×
0.70 m was utilized for the experimental purpose [6,7]. A constant streamwise bed slope of
0.23% was maintained along the channel length for all the experimental runs. The channel
side walls at the test section consisted of transparent glass to facilitate visualization. At the
channel inlet, two flow straighteners were provided to suppress the pump vibrations. A
circular pipe of diameter D was laid on the bed at a distance of 6.5 m downstream of the
channel inlet. The pipe was laid in such a way that it was not allowing the flow underneath
it. Uniform sand having a median size, d50 equal to 2.54 mm, was coated over the bed to
generate the rough surface. A user-configured tailgate was provided at the channel outlet
to regulate the flow depth. The water surface levels were measured by employing two sets
of Vernier point gauges with an accuracy of ±0.1 mm. The ADV system was carried on a
movable trolley supported on two rails over the channel walls.

The streamwise direction of the coordinate system used in the experiment is taken as
the x-axis with the positive in the downstream direction and the negative in the upstream
direction. The transverse direction is taken as the y-axis with the positive towards the
left of the channel centerline and the negative on the right side of the central plane of the
channel. The z-axis was oriented in the wall-normal direction to the channel bed with a
positive in the vertically upward direction. The origin of the coordinate system was located
at the intersection point of the axis of the pipe and the central wall-normal plane (xz).
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A four-receivers down-looking ADV probe (Vectrino plus) manufactured by Nortek
company (Nortek AS, Vangkroken 2, NO-1351 RUD, Norway), operating with an acoustic
frequency of 10 MHz, was utilized to record 3D instantaneous velocity data. The Vectrino
collect the velocity data at a location 5 cm below the transmitting probe. The sampling
volume cylinder diameter and height both are 6 mm. The data were recorded for a sampling
time equal to five minutes with a sampling frequency of 100 Hz. The sampling time of
five minutes was found to be adequate for obtaining self-determining time-averaged flow
velocities [19]. Unwanted spikes mostly corrupted the near-bed data; therefore, despiking
was adopted to separate the noise from the raw data using the despiking techniques
suggested by previous researchers [20–22], and replaced using a cubic interpolation method.
To validate the quality of the data obtained after despiking, the signal-to-noise ratio (SNR)
test as proposed by Chanson et al. [23] was implemented. The data threshold values of SNR
and correlation coefficient as 17 and 70%, respectively, were maintained. The uncertainty
statistics of the ADV probe were analyzed by collecting 10 samples at 10 mm above the
bed level, for a sampling duration of 5 min at a sampling rate of 100 Hz. The uncertainties
in the velocity terms, Reynolds stresses and turbulence intensities terms, and third-order
correlations are less than 5%, 10%, and 13%, respectively.

2.2. Data Measurement Procedure

The channel was left unused for an hour to stabilize the flow after starting the pump.
All data measurements were taken in the central wall-normal plane (xz) of the channel. Four
experimental runs, namely, Run 1, Run 2, Run 3, and Run 4, were conducted corresponding
to four different cylinder Reynolds numbers (ReD). The summary of all four experimental
runs is given in Table 1.

Table 1. The summary of all four experimental runs.

Exp. Run D (m) h (m) U (m/s) u* (m/s) Fr ReD

Run 1 0.05 0.3 0.15 0.0071 0.111 7500
Run 2 0.05 0.3 0.19 0.0092 0.111 9500
Run 3 0.08 0.3 0.15 0.0071 0.087 12,000
Run 4 0.08 0.3 0.19 0.0092 0.111 15,200

Two different pipe diameters, D of 5 and 8 cm, were used as pipe models. A constant
flow depth, h of 0.3 m, was maintained for all four runs. Two approach flow area-averaged
velocities, U of 0.15 and 0.19 m/s, were maintained during the complete experiment. The
cylinder Reynolds number and the Froude number were estimated as ReD = UD/ν, and
Fr = U/

√
gh, respectively. All experimental runs were conducted under subcritical flow

conditions, as is clear from the value of Fr from Table 1. The approach flow shear velocity,
u∗ was determined by linearly extending the RSS profile to the channel bed [24].

The data were recorded at nine streamwise locations (x̂ = −4, 0, 2, 3, 4, 6, 8, 10, and
12) for each run. Here, x̂ is the non-dimensional streamwise distance, taken as the ratio of
streamwise distance, x to the pipe diameter, D and written as x̂ = x/D. The x̂ = −4 is an
undisturbed upstream location, x̂ = 0 is located just above the pipe, and the rest of the data
measurement locations are in the wake region of the pipe. For each measurement location,
data were collected at 26 wall-normal points as z = 0.003, 0.005, 0.007, 0.009, 0.012, 0.015,
0.02, 0.025, 0.03, 0.035, 0.04, 0.045, 0.05, 0.06, 0.07, 0.08, 0.09, 0.1, 0.11, 0.13, 0.15, 0.17, 0.19,
0.21, 0.23 and 0.245 m except at x̂ = 0. At x̂ = 0, it was not feasible to record data below the
top level of pipe, so z = 0.06 and 0.09 m onwards were collected for 5 cm and 8 cm diameter
pipes, respectively. A schematic diagram of the experimental setup showing its plane view
with the streamwise measurement locations for Run 1, Run 2, Run 3, and Run 4, along with
the coordinate system used for the experiments, is shown in Figure 1.
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Figure 1. Schematic diagram of the experimental setup showing its plane view with the streamwise
measurement locations for Run 1, Run 2, Run 3, and Run 4, and the coordinate system used for
the experiments.

Figure 2 depicts the vector plots of the non-dimensional resultant velocity, U+ along
the non-dimensional central wall-normal plane, xz (x̂, z/D) of the channel for Run 3 in the
wall-wake region of the pipe. The diameter of pipe D was used as the streamwise length
scale to non-dimensionalize streamwise distance, x as x̂(= x/D). The vector plots were
shown only up to a wall-normal domain of 2D to depict the flow field in the near-bed
region. The approach flow shear velocity, u∗ is used as velocity scale to normalize the
velocity vector of magnitude, U =

√
u2 + w2 with the direction, θ = tan−1(w/u). Here, θ

is the angle made by the velocity vector with the horizontal direction. It was observed from
Figure 2 that the flow separated at the top surface of the pipe and later reattached to the
channel bed downstream with the formation of a recirculation region in the near-bed flow
zone. The recirculation region is stretched up to x̂ = 7.4. Velocity vectors are pointed in the
opposite direction of the flow in the recirculation region’s near-bed zone, indicating the
existence of the resultant negative velocity in the region. The dotted blue line demarcates
the recirculation region in Figure 2. Beyond this line, the mean velocity becomes entirely
positive. After the reattachment point, the flow starts becoming similar to its undisturbed
upstream form. It is noteworthy that within the streamwise domain of 12D, the mean
velocity is not fully recovered to its undisturbed upstream value.

 x

U+

 =

Figure 2. Vector plot of non-dimensional resultant velocity, U+ along the central wall-normal plane
(xz) of the channel for Run 3 in the wall-wake region of the pipe.
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3. Results and Discussion

The approach flow shear velocity, u∗, was used as the velocity scale to non-dimensionalize
the turbulent characteristics and the flow depth, h, was used as the wall-normal length
scale for the wall-normal distance, z, as z (= z/h). The wall-normal profiles of the non-
dimensional time-averaged streamwise velocity, u+(= u/u∗), in the wake region of the
pipe at a different streamwise distance, x̂, for Run 3 and Run 4 are plotted in Figure 3. It is
clear from Figure 3 that the streamwise velocity, u+, has a negative sign in the near-bed
region because of flow separation while it becomes positive in the region away from the
bed. The velocity in the free-surface region is also affected by the presence of the pipe, and
its magnitude is different from the corresponding approach flow velocity in the free surface
region. The velocity in the free-surface region of the recirculation region is greater than the
undisturbed upstream velocity at the same elevation because of lower near-bed velocities
in the recirculation region which shows mass conservation. In addition, this result reveals
that the flow was diverted upward and accelerated in the near-surface region due to the
separation of the flow from the pipe. The maximum magnitude of the streamwise velocity
is occurring near the free surface for all streamwise locations, x̂. The maximum magnitude
of the streamwise velocity is increasing along with streamwise distance up to x̂ = 6 and
then decreasing with a further increase in x̂. It is noteworthy that the negative velocity
is fully recovered at a streamwise distance of x̂ = 8, in both the runs (Run 3 and Run 4).
The velocity, u+-, distributions in the wake region display an upward concavity in their
profiles, and this asymmetric velocity distribution occurs due to the wall-wake effects.

 

Figure 3. Wall-normal profiles of non-dimensional time-averaged streamwise velocity, u+, in the
wake region of the pipe at different streamwise locations, x̂, for Run 3 and Run 4.

The points of inflection (d2u/dz2 = 0) in the individual u+ profiles are observed near
the top level of the pipe, z/D ≈ 1. In the free-surface region, the velocity u+- distributions
are attaining almost the same velocity gradient, du/dz. The extrapolation of the streamwise
velocity profiles up to the channel bed verified the preservation of the no-slip condition.

Figure 4 depicts the schematic diagram of a typical wall-normal distribution of stream-
wise velocity deficit, Δu, in the wall-wake region of the pipe along with the definition
of the half velocity profile width, z1. The velocity deficit, Δu, is the difference between
the upstream undisturbed time-averaged streamwise velocity at particular elevation z
and the downstream wall-wake time-averaged streamwise velocity at the same eleva-
tion. The velocity deficit, Δu (z), at a specific wall-normal distance, z, can be written as
Δu (z) = uu/s(z) − ud/s(z). Here, uu/s(z) is the upstream undisturbed time-averaged
streamwise velocity at an elevation, z, while ud/s(z) is the downstream wall-wake time-
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averaged streamwise velocity at the same elevation. The half velocity profile width, z1, is
the wall-normal elevation from the bed at which the velocity deficit is equal to one-half of
the maximum velocity deficit, (Δu)max.

 

Figure 4. Schematic representation of a typical wall-normal distribution of streamwise velocity
deficit, Δu, in the wall-wake region of the pipe along with the definition of the half velocity profile
width, z1.

Figure 5a displays the variation of Δu/(Δu)max against z/z1 for Run 1, Run 2, Run 3,
and Run 4 in the wall-wake region of the pipe, depicting the self-preserving characteristics
of the velocity deficit, Δu, distributions. The maximum velocity deficit, (Δu)max, is used
as the velocity scale, and the half velocity profile width, z1, is taken as the wall-normal
length scale. The velocity deficit profile is exhibiting a single peak in its distribution at
z/z1 ≈ 0.25. The self-preserving characteristics of the velocity deficit profiles are found
to be independent of approach flow conditions and diameter of the cylinder, D. All of
the streamwise velocity profiles are showing a good collapse over a narrow band for the
wall-normal domain of the study, z/D < 2, and for the complete streamwise domain
of the research. Above the wall-normal domain, z/D > 2 velocity profiles are not self-
preserving in nature; therefore, they are excluded from the analysis. It can also be observed
that the value of non-dimensional velocity deficit is equal to unity at z/z1 ≈ 0.25, which
simply implied that z ≈ 0.25z1 is the wall-normal location of the maximum velocity deficit,
(Δu)max.

 

z/
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Figure 5. Self-preservation analysis of streamwise velocity distribution in the wall-wake region of
the pipe for Run 1, Run 2, Run 3, and Run 4: (a) variation of Δu/(Δu)max against z/z1, depicting the
self-preservation in velocity deficit (Δu) distribution; (b) streamwise growth of non-dimensional half
velocity profile width, z1/D; and (c) streamwise decay of non-dimensional maximum velocity deficit,
(Δu)max/u∗.

Figure 5b portrays the streamwise growth of non-dimensional half velocity profile
width, z1/D for Run 1, Run 2, Run 3, and Run 4 in the wall-wake region of the pipe.
The diameter of pipe D is used as the wall-normal length scale. It can be observed from
Figure 5b that the half velocity profile width, z1/D, grows consistently and gradually
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except for starting two points. This variation in the half velocity profile width is resulting
from an increase followed by a decrease in the thickness of the wake region downstream
of the cylinder. A similar observation was also made by Tachie and Balachandar [17],
with a slightly different value of streamwise distance as x̂ ≥ 5, the half velocity profile
width grows constantly and gradually with x̂. Contrary to this, Sadeque et al. [16] found
a constant decline in the half velocity profile width with streamwise distance for a bed-
mounted vertical cylinder.

The streamwise decay of non-dimensional maximum velocity deficit, (Δu)max/u∗,
for Run 1, Run 2, Run 3, and Run 4 are demonstrated in Figure 5c. The approach flow
shear velocity, u∗, is taken as the velocity scale to normalize the maximum velocity deficit,
(Δu)max. It is perceived from Figure 5c that the maximum velocity deficit, (Δu)max/u∗,
decays in the streamwise direction with x̂. Its decay indicates the recovery of the wall-wake
flow velocity similar to its undisturbed upstream values. The flow is uniformly and quickly
recovering to its undisturbed upstream values. Schmeeckle and Nelson [16] also made
similar observations.

The wall-normal profiles of the non-dimensional RSS, τuw
+ in the wake region of the

pipe at a different streamwise distance, x̂, for Run 3 and Run 4 are shown in Figure 6. Here,
Reynolds shear stress (RSS), τuw is expressed as τuw = −u′w′. It is visible from Figure 6
that RSS starts with a small positive value at the bed and increases sharply with an increase
in the wall-normal distance, z. It attained its peak at the top level of the pipe (z/D ≈ 1) and
decreased quickly with a further rise in z. Henceforth, the value of RSS becomes very small
and almost invariant of the wall-normal distance, z in the free-surface region. The location
of the peak of the RSS corresponds to the point of inflection (d2u/dz2 = 0) in the velocity
profiles. It is understood that the peaks in RSS at the top level of the pipe are caused by the
enhanced mixing of turbulence at that level.

 

z

Figure 6. Wall-normal profiles of non-dimensional RSS, τuw
+, in the wake region of the pipe at

different streamwise locations, x̂, for Run 3 and Run 4.

Figure 7 illustrates the diagram of the typical wall-normal distribution of RSS deficit,
Δτuw, in the wall-wake region of the pipe along with the definition of the half RSS profile
width, z2. The RSS deficit, Δτuw, is the difference between the downstream wall-wake RSS
at an elevation, z, and upstream undisturbed RSS at the same elevation. The RSS deficit,
Δτuw(z), at a particular elevation, z, can be written as Δτuw (z) = τu/s(z)− τd/s(z). Here,
τu/s(z) is the upstream undisturbed RSS at an elevation, z, and τd/s(z) is the downstream
wall-wake RSS at the same elevation. The half RSS profile width, z2, was estimated similarly
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to the half velocity profile width, z1. The half RSS profile width z2 is the wall-normal height
from the bed at which the RSS deficit is equal to 0.5(Δτuw)max.

 

Figure 7. Schematic representation of a typical wall-normal distribution of RSS deficit, Δτuw, distri-
bution in the wall-wake region of the pipe along with the definition of the half RSS profile width, z2.

Figure 8a expresses the variation of Δτuw/(Δτuw)max against z/z2 for Run 1, Run 2,
Run 3, and Run 4 in the wall-wake region of the pipe, by depicting the self-preserving
characteristics in the RSS deficit (Δu) profiles. The self-preservation of the wall-wake
is evaluated based upon the collapse of the RSS deficit profiles on a narrow band. The
maximum RSS deficit, (Δτuw)max is used as velocity scale and the half RSS profile width,
z2 is taken as the wall-normal length scale. The RSS deficit profiles are collapsing on a
narrow band for this scaling, which demonstrates that the wall-wake region of the pipe
is self-preserving in nature. The self-preserving characteristics of the RSS deficit profiles
are found to be independent of the approach flow conditions similar to the velocity deficit
profiles. Similar to velocity profiles, all RSS profiles show good collapse with the streamwise
distance, x̂, for the wall-normal domain of study, z/D < 2. It is noteworthy that the RSS
deficit profiles display a single peak, and it occurs at z/z1 ≈ 0.6. It can also be observed
from Figure 8a that the value of non-dimensional RSS deficit (Δτuw)max was equal to unity
for z/z1 ≈ 0.6. It simply reveals the peak value of the RSS deficit occurs at z ≈ 0.6z1 i.e.,
Δτuw|z=0.6z1

= (Δτuw)max.

 

Figure 8. Self- preservation analysis of RSS distribution in the wall-wake region of the pipe for
Run 1, Run 2, Run 3, and Run 4: (a) variation of Δτuw/(Δτuw)max against z/z2, depicting the
self-preservation in RSS deficit (Δτuw) distribution; (b) streamwise growth of non-dimensional
half RSS profile width, z2/D; and (c) streamwise decay of non-dimensional maximum RSS
deficit,−(Δτuw)max/u∗2.

Figure 8b displays the streamwise growth of non-dimensional half RSS profile width,
z2/D, for Run 1, Run 2, Run 3, and Run 4 in the wall-wake region of the pipe. The diameter
of the pipe, D, is used as the wall-normal length scale. It can be observed from Figure 8b
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that half RSS profile width, z2/D, grows in the streamwise direction with an increase in
the streamwise distance, x̂.

The streamwise decay of non-dimensional maximum RSS deficit, −(Δτuw)max/u∗2

for Run 1, Run 2, Run 3, and Run 4 are depicted in Figure 8c. The negative sign is used
before the maximum RSS deficit −(Δτuw)max/u∗2, since τd/s(z) is greater than τu/s(z).
The approach flow shear velocity, u∗, is taken as the velocity scale to normalized the
maximum RSS deficit, −(Δτuw)max. Figure 8c demonstrates that the maximum RSS deficit,
−(Δτuw)max/u∗2, decays in the streamwise direction with x̂, which indicates the recovery
of the flow with an increase in x̂. Similar results were also revealed by Sadeque et al. [16],
although their case is of a bed-mounted vertical cylinder. These patterns in the variation of
−(Δτuw)max/u∗2 in the streamwise direction are happening due to the dampening of the
turbulence mixing with an increase in x̂ and recovering the flow similar to its undisturbed
upstream form.

The turbulence intensity downstream of the pipe exists due to the fluctuations in the
instantaneous flow velocity influenced by the pipe and bed roughness. Non-dimensional
turbulence intensities in the streamwise, σu

+ and wall-normal directions, σw
+ are given

as σu
+ = σu/u∗ and σw

+ = σw/u∗, respectively. The streamwise, σu

(
=

√
u′u′

)
and

wall-normal, σw (=
√

w′w′) turbulence intensities are the root mean square (RMS) of
the fluctuating velocity components in respective directions, representing the strength of
turbulence. The wall-normal profiles of the non-dimensional streamwise, σu

+ and wall-
normal turbulence intensities, σw

+ in the wake region of the pipe at a different streamwise
distance, x̂ for Run 3 and Run 4 are depicted in Figures 9 and 10. It is observed from
Figures 9 and 10 that the wall-normal distributions of turbulence intensities are akin to
RSS distribution with smaller magnitudes. Similar to RSS distributions, at the bed, σu

+

and σw
+ for both runs, are starting with small positive values, and increasing sharply

with an increase in z until they attain their peaks at the top-level of the pipe (z/D ≈ 1),
which indicates the corresponding high-velocity fluctuations due to enhanced turbulence
mixing at that level. Turbulence intensities are declining with a further rise in z for
z/D > 1. The peaks of turbulence intensities show increasing trends in the near-wake
region and decreasing patterns in the far-wake region along the streamwise direction, x̂.
These patterns are attributed to the enhanced turbulence in the former region and the
attenuated turbulence in the latter region. Below the top level of the pipe, z/D ≤ 1, the
turbulence intensities dampened with a fall in z due to a reduction in the turbulence mixing
with a decline in z. In the free-surface region, z > 0.8, turbulence intensities attained very
small magnitudes and became approximately constant against z. This result indicates that
the free-surface region is far away from the influence of the bed and the cylinder.

Figure 11a,b display the variation of Δσu/(Δσu)max and Δσw/(Δσw)max, respectively,
against z/z2 for Run 1, Run 2, Run 3, and Run 4 in the wall-wake region of the circular
pipe, depicting the self-preserving characteristics of the turbulence intensities distribu-
tions. The self-preservation of the wall-wake is also evaluated based upon the collapse
of the turbulence intensities deficit profiles. The maximum turbulence intensities deficits,
(Δσu)max and (Δσw)max, are used as velocity scales, respectively, for Δσu and Δσw, and
the half RSS profile width, z2, is taken as the wall-normal length scale. The turbulence
intensities deficits, Δσu and Δσw, are calculated as the difference between the downstream
wall-wake turbulence intensities at a particular elevation, z, and upstream undisturbed
turbulence intensities at the same elevation. The turbulence intensities deficits, Δσu(z) and
Δσw(z), at a particular elevation, z, can be written as Δσu (z) = σu(z)d/s − σu(z)u/s and
Δσu (z) = σu(z)d/s − σu(z)u/s, respectively. Here, σu(z)u/s and σw(z)u/s are the upstream
undisturbed turbulence intensities in streamwise and wall-normal directions, respectively,
at an elevation, z, while σu(z)d/s and σw(z)d/s are turbulence intensities in streamwise and
wall-normal directions, respectively, in the wall-wake region of the pipe at particular x̂ at
the same elevation. The turbulence intensities deficit profiles collapse on a narrow band
when scaled by these characteristic scales of velocity and length, representing that the wall-
wake region of the pipe is self-preserving in nature. The self-preserving behaviour of the
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turbulence intensities distributions is found to be independent of approach flow conditions.
All of the turbulence intensities profiles show good collapse with the streamwise distance,
x̂, for the wall-normal domain of the study, z/D < 2.

 

z

Figure 9. Wall-normal profiles of non-dimensional streamwise turbulence intensity, σu
+ in the wake

region of the pipe at different streamwise locations, x̂, for Run 3 and Run 4.

 

z

Figure 10. Wall-normal profiles of non-dimensional wall-normal turbulence intensity, σw
+, in the

wake region of the pipe at different streamwise locations, x̂, for Run 3 and Run 4.

The streamwise decay of non-dimensional maximum turbulence intensities deficits,
−(Δσu)max/u∗ and −(Δσw)max/u∗ for Run 1, Run 2, Run 3, and Run 4 are illustrated
in Figure 11c,d. The approach flow shear velocity, u∗, is taken as the velocity scale to
normalize the maximum turbulence intensities deficits, −(Δσu)max and −(Δσw)max. It
is observed from Figure 11c that the maximum streamwise turbulence intensity deficit
decreases slowly with x̂. However, the maximum wall-normal turbulence intensity deficit
increases in the beginning and attaining maximum value at x̂ = 6, and after that, it falls
with a further rise in the streamwise distance, as is visible from Figure 11d.
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u / u max w / w max

x x

Figure 11. Self- preservation analysis of turbulence intensities in the wall-wake region of the circular
pipe for Run 1, Run 2, Run 3, and Run 4: (a) variation of Δσu/(Δσu)max against z/z2, depicting
the self-preservation in streamwise turbulence intensity deficit (Δσu) distribution; (b) variation of
Δσw/(Δσw)max against z/z2, depicting the self-preservation in wall-normal turbulence intensity
deficit (Δσw) distribution; (c) streamwise decay of non-dimensional maximum streamwise turbulence
intensity deficit,−(Δσu)max/u∗; (d) streamwise decay of non-dimensional maximum wall-normal
turbulence intensity deficit,−(Δσw)max/u∗.

The third-order correlations give valuable information about the fluxes and diffusion
of the Reynolds normal stresses (RNSs) [25]. To be precise, the effective response of the
bursting events can also be determined by the third-order correlations [24]. The third-order

correlations (Mjk) are expressed as Mjk = û′ jŵ′k where j + k = 3, û = u′/
(

u′u′
)0.5

, and

ŵ = w′/
(

w′w′
)0.5

. The third-order correlations can be categorized into four categories,

namely: flux of streamwise RNS in the flow direction, M30 = û3 = u′3/
(

u′u′
)3/2

; flux of

the wall-normal RNS in the wall-normal direction, M03 = ŵ3 = w′3/
(

w′w′
)3/2

; diffusion

of streamwise RNS in wall-normal direction, M21 = û2ŵ = u′2w′/
(

u′u′
)(

w′w′
)1/2

; and dif-

fusion of wall-normal RNS in the streamwise direction, M12 = ûŵ2 = u′w′2/
(

u′u′
)1/2(

w′w′
)

.
The wall-normal profiles of the third-order correlations, Mjk, in the wake region of the pipe
at different x̂ for Run 3 and Run 4 are illustrated in Figure 12.

A closer look at Figure 12 demonstrates that at the upstream undisturbed location
(x̂ = −4), M30 and M12 begin with an insignificantly small negative value in the near-bed
region and then consistently increased (negative magnitude) with a rise in z for both runs
which are typical of turbulent shear flows over rigid surfaces [22]. Although, in the wake
region, M30 and M12 start with small positive values, M30 and M12 decrease with a rise
in the wall-normal distance from the bed and change their signs near the top level of the
cylinder for both the runs. With a further rise in z, their negative magnitude increase
sharply and attain their negative peaks at z ≈ 0.4. After that, negative magnitudes of M30
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and M12 decrease gradually with z and become almost invariant of z in the free surface
zone. It is noteworthy that the variation of M03 and M21 occur very similarly to M30 and
M12, however with the opposite signs. Unlike M30 and M12 distributions, M03 and M21
begin at bed with small negative values in the wake region. The negative magnitudes of
M03 and M21 decrease with a further rise in z, and change their signs at z ≈ D. After that,
the value of M03 and M21 increase gradually with a rise in the vertical distance from the
bed and attain peaks and decrease with a further rise in z, and become almost constant
and invariant of z in the near free surface region. The positive and negative values of M30
and M03, respectively, reveal that the downstream flux of streamwise RNS was associated
with a downward flux of wall-normal RNS in the near-bed region, while the positive and
negative values of M12 and M21 indicate the downstream advection of streamwise RNS
and downward advection of wall-normal RNS in the near-bed region. Therefore, it can
be understood that the dominance of sweep events in the near-bed region makes M30
and M12 to be positive and M03 and M21 to be negative. The negative values of M30 and
M12 and positive values of M03 and M21 away from the boundary indicates the influence
of the ejection events in the disturbed outer layer region. The sweep event represents a
high-speed fluid parcel rushed towards the bed and is mainly responsible for bed mobility.
From overall observations, it is clear that the enhanced contribution of M30 (positive)
and M03 (negative) in the downstream region of the pipe reveal an intense momentum
exchange in the near-bed region.

 

z
z

z
z

Figure 12. The wall-normal profiles of the third-order correlations, Mij in the wake region of the pipe
at different x̂ for Run 3: (a) M30 and M03, (b) M21 and M12; and for Run 4: (c) M30 and M03, and
(d) M21 and M12.
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4. Conclusions

The significance of this research is that it analyze the self-preserving characteris-
tics of turbulent flow statistics in the wall-wake of the bed-mounted horizontal pipe
at different hydraulic and physical conditions. Additionally, the streamwise variations
of the wall-normal profiles of the third-order correlations were evaluated. The self-
preserving characteristics of the wall-wake region of the pipe were evaluated based on
the collapse of the non-dimensional wall-normal profiles of velocity deficit Δu/(Δu)max,
non-dimensional RSS deficit Δτuw/(Δτuw)max, non-dimensional streamwise turbulence
intensity deficit Δσu/(Δσu)max, and non-dimensional wall-normal turbulence intensity
deficit Δσw/(Δσw)max at various streamwise distances, x̂. The velocity deficit, RSS deficit,
and turbulence intensities deficit distributions exhibited good collapse under this scaling,
demonstrating the self-preserving behaviour of the mean and turbulent flow field. The
variation of the half velocity profile width, z1, and half RSS profile width, z2, with stream-
wise distance indicated the expansion or contraction of the wake region in the streamwise
direction. Therefore, it is clear that the wall-wake flow of a bed-mounted horizontal circular
pipe shows the self-preserving behaviour under different inflow conditions. The findings
of this study will be useful for the validation and improvement of numerical models, and
quick prediction of the wall-wake flows for evaluation of self-preservation. Finally, the
important findings of the study are enumerated as follows.

1. The recirculation region is stretched up to x̂ = 7.4, which is more than the value found
in the existing literature on the topic.

2. The self-preserving characteristics such as turbulence intensities and Reynolds shear
stresses start from x̂ = 3 and the flow field is found to be not yet recovered even at
x̂ = 12.

3. In the wall normal direction, self-preserving of velocity profiles, RSS profiles, and
turbulence intensities is found for z/D < 2 and self preservation is not found for
z/D > 2.

4. The points of inflection (d2u/dz2 = 0) in the individual u+ profiles are observed near
the top level of the pipe, z/D ≈ 1. Therefore, RSS and turbulence intensities are
attaining their peaks at z/D ≈ 1.

5. The velocity deficit profile exhibits a single peak in its distribution at z/z1 ≈ 0.25, the
RSS deficit profiles display a single peak at z/z1 ≈ 0.6, and the turbulence intensities
deficit profiles display a single peak at z/z1 ≈ 0.8.

6. The streamwise decay of peak values of non-dimensional velocity defect, non-
dimensional RSS defect, and non-dimensional turbulence intensity defect indicates
recovery of flow.

7. The half RSS defect profile width, half velocity defect profile width, and the half
turbulence defect profile width grow in the streamwise direction, which indicates
weaning of the wake strength.

8. In the wake region, third-order moments M03 and M21 begin at the bed with small
negative values, whereas M30 and M12 begin at the bed with small positive values.
They change their signs at z ≈ D, which proves that sweep events are dominant
below the level of the cylinder and ejection events are dominant above the level of
the cylinder.
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Abstract: In nature, environmental and geophysical flows frequently encounter submerged cylin-
drical bodies on a rough bed. The flows around the cylindrical bodies on the rough bed are very
complicated as the flow field in these cases will be a function of bed roughness apart from the
diameter of the cylinder and the flow velocity. In addition, the sand-bed roughness has different
effects on the flow compared to the gravel-bed roughness due to differences in the roughness heights.
Therefore, the main objective of this article is to compare the mean velocities and turbulent flow
properties in the wake region of a horizontal bed-mounted cylinder over the sand-bed with that
over the gravel-bed. Three experimental runs, two for the sand-bed and one for the gravel-bed with
similar physical and hydraulic conditions, were recorded to fulfil this purpose. The Acoustic Doppler
Velocimetry (ADV) probe was used for measuring the three-dimensional (3D) instantaneous velocity
data. This comparative study shows that the magnitude of mean streamwise flow velocity, stream-
wise Reynolds normal stress, and Reynolds shear stress are reduced on the gravel-bed compared to
the sand-bed. Conversely, the vertical velocities and vertical Reynolds normal stress are higher on
the gravel-bed than the sand-bed.

Keywords: ADV; bed-mounted horizontal cylinder; gravel-bed; sand-bed; turbulence; wake region

1. Introduction

Turbulent flows over rough surfaces occur in engineering applications and natural
sciences. Determining the roughness effects on the turbulent flows in engineering ap-
plications is very important since the mechanisms of production, diffusion, and energy
transfer between the mean and the turbulent fields, especially in the near-wall region, are
influenced by surface roughness.

There has been considerable work carried out to understand the dynamics of turbulent
flows over rough surfaces. The numerous studies in the past, before 1990, are related to
the universal aspects of rough-walled flows. Most of them have highlighted the effects
of uniformly distributed roughness elements of standard shapes, such as spheres, bars,
racks, cylinders, ribs, dunes, and vegetation [1–6]. Though, very recently, a few researchers
have focused on illustrating the realistic roughness effects on various features of turbulent
flows [7,8]. The realistic roughness is quite different from the regular (or ‘modelled’)
roughness. It is described by a wider spectrum of wavelengths and random distribution of
structures of each scale.

Robert et al. [8] and Bigillon et al. [9] analyzed the turbulence statistics on the transi-
tionally rough bed, while Bergstrom et al. [10] investigated the effects of surface roughness
on the mean velocity distribution in a turbulent boundary layer. Bergstrom et al. [10] found
that the outer flow was significantly affected by the roughness properties. Volino et al. [11]
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used two-dimensional roughness fabricated by laying the transverse bars on the chan-
nel bed to determine the turbulence structure in a boundary layer. Bomminayuni and
Stoesser [12] used a channel bed artificially roughened by hemispheres to analyze the tur-
bulent statistics in the flow. The roughness effects on the near-wall turbulence in terms of
Reynolds stress budget were determined numerically by Yuan and Piomelli [13]. Essel and
Tachie [14] examined the wall roughness effects on the turbulent flow field downstream of
the backward-facing step. They observed a significant reduction in the longitudinal and
vertical spatial coherence of the turbulence structures due to the surface roughness. Wu
and Piomelli [15] investigated the effects of surface roughness on the separating boundary
layer over a flat plate by using large-eddy simulations.

Flow around submerged cylindrical bodies occurs in many environmental and geo-
physical systems—for example, water, oil, and gas pipelines, a communication cable laid
on a river or sea bed, fish habitats, submerged horizontal or vertical pipes, sewer pipelines,
hydraulic structures, etc. The flow field around a cylindrical object on a surface has been
experimentally and numerically studied extensively in the past for many years. Though,
most of the studies determined the wall-proximity effects on the flow characteristics such
as the point of separation of wall-boundary layer [16], the drag and lift coefficients [17],
the location of front stagnation point [18], distribution of the pressure on the cylinder sur-
face [19], vortical flow structures [20], Strouhal number and vortex shedding phenomenon
and flow [21], and turbulence properties of the wake region of the cylinder [22]. A few investi-
gations have analyzed the turbulent flow field of a bed-mounted horizontal cylinder [23–25].

When the cylinder is laid on the rough bed like the sand-bed and gravel-bed, the
complexities of the flow may enhance many folds since the flow, in this case, will be a
function of bed roughness apart from the diameter of the cylinder and the flow velocity. In
addition to that, the flow field on the sand-bed might be quite different from the gravel-bed
due to differences in properties of bed roughness.

Due to their practical importance and complexity, several experimental investiga-
tions have been carried out to enhance our knowledge of the rough wall turbulent flows.
However, there are very few studies that show the effects of gravel-bed roughness on the
flow field of a circular cylinder. As per the author’s knowledge, there is no comparative
investigation between sand and gravel-bed to date to show the effects of bed roughness
heterogeneity on the wake flow of the bed-mounted horizontal cylinder. From the literature
survey, it is clear that no experimental data are available to understand the bed roughness
heterogeneity effects on the mean velocities and turbulent quantities of flow over the cylin-
der. In addition to that, experimental data are needed to validate the numerical models.
Therefore, the present research aims to analyze the roughness heterogeneity effects on
the wake region of a bed-mounted circular cylinder in terms of the mean velocities and
turbulence quantities.

2. Experimental Details

2.1. Experimental Instrumentations

Experiments were performed in a recirculating rectangular flume (narrow open chan-
nel having an aspect ratio less than 5) with dimensions of L × B × H = 12 × 0.91× 0.70;
12 × 0.91× 0.70 [25] and 10 × 0.60 × 0.65 for the sand-bed (Run 1 and Run 2) and gravel-
bed (GB 1), respectively. The channel bed was provided with a constant longitudinal slope
(S0) of 0.23%, 0.23%, and 0.22% throughout the flume length for Run 1, Run 2, and GB 1,
respectively. The experimental set up for Run 1 and Run 2 is the same as used by Devi and
Hanmaiahgari [25]. The schematic diagram of the experimental setup with a coordinate
system for GB 1 is shown in Figure 1. Photographs of flumes for sand-bed and gravel-bed
experiments are shown in Figures 2 and 3. The flume has transparent glass sidewalls to
facilitate the visual observation of the flow. The inflow discharge was controlled by a valve
and metered by a calibrated V-notch weir located at the inlet tank, upstream of the stilling
basin through which the flow enters the flume. The flow depth in the flume was adjusted
by controlling tailgate water depth using a tailgate located at the downstream end of the
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flume. The cylinder was laid on the flume, covering the entire width of the flume at a
distance of 6.5, 6.5, and 5.82 m from the flume inlet for Run 1, Run 2, and GB 1, respectively.
The test section was chosen at a distance of 6.3, 6.3, and 5.5 m downstream of the inlet for
Run 1, Run 2, and GB 1, respectively. It was ensured that the flow was fully developed in
the test section.

 

hx =

x

yz

z =

Figure 1. Schematic diagram of the experimental setup for the gravel-bed (GB 1).

 

Figure 2. The flume setup for the sand-bed (Run 1 and Run 2).
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Figure 3. The flume setup for the gravel-bed (GB 1).

In this study, the x, y, and z axes were oriented in the longitudinal, spanwise, and
vertical directions, respectively. The origin of the coordinate system was located at the
bottommost point of the cylinder at the central vertical plane in the case of the sand-bed.
The origin for the z-axis is the crest level of the top layer of the gravel particles. The nadir
of the cylinder is in contact with the crest level. The z is taken positive vertically upwards
and negative in the vertically downward direction from the crest level. The bed elevation
was measured along the centerline of the flume. The coordinate system for GB 1 along
with the schematic diagram of the experimental set up is shown in Figure 1. The time-
averaged components of velocity are denoted by u, v, and w while u, v, and w represent
the instantaneous velocity components in the x, y, and z directions, respectively. Here, u′,
v′, and w′ symbolize the fluctuating velocity components in the respective directions.

2.2. Bed Settings

The sand-bed (Run 1 and Run 2) was prepared by coating the uniform sand (d50 = 2.54 mm)
over the flume bed. The gravel-bed (GB 1) was fabricated by arbitrarily spreading the
well-sorted gravel of median size, d50 = 42.00 mm in four layers over the flume bed. The
gravel particles were spread over the flume bed layer by layer in a compact and packed
form. All the gravel particles crests over the gravel-bed were not at the same level as
can be seen from the flume set up depicted in Figure 3. The geometric mean size, dg

(= (d84.1d15.9)
0.5) for the sand and gravel are 2.5 and 42.7 mm, respectively. The geometric

standard deviation σg (=
√

d84.1/d15.9) for both the sand and gravel material was calculated
as 1.1. The gradation coefficient G (= 1

2 (d84.1/d50 + d50/d15.9)) for the sand sample was
1.10 (< 1.4), which implies that it is uniform sand. Here, d84.1 and d15.9 represent the size of
sediment for which 84.1% and 15.9%, respectively, of the mixture are finer. The particle
size distribution curves for the sand-bed (Run 1 and Run 2) and gravel-bed are shown in
Figure 4a,b, respectively. A closer look at Figure 4 shows that the sediment size in the case
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of the gravel varies over a wider range as compared to the sand. The median size (d50) for
the sand and gravel samples are demarcated in Figure 4.

 

, d

, d

Figure 4. Particle size distribution curve for (a) the sand-bed (Run 1 and Run 2) and (b) the gravel-bed material (GB 1).

2.3. Experimental Conditions and Measuring Stations

The experiments were conducted under a uniform steady flow condition in a narrow
open channel (aspect ratio Ar < 5). The experiments were conducted for flow depths (h) of
0.30, 0.30, and 0.25 m for Run 1, Run 2, and GB 1, respectively (Table 1). The flow depth
was measured with the help of a point gauge with an accuracy of ± 0.1 mm by a Vernier
scale attachment. The approach flow shear velocity (u∗), which estimates the bed resistance
to the flow, was obtained by extrapolating the RSS profile to the flume bed [26]. The values
of approach flow shear velocity (u∗) at upstream location (x = −4D) for Run 1, Run 2, and
GB 1 are 7.1, 9.2, and 27 mm/s, respectively. The hydraulic and physical parameters of all
experimental runs (Run 1, Run 2, and GB 1) are given in Table 1. Here, the aspect ratio (Ar)
is defined as the ratio of channel width (B) to flow depth (h). For GB 1, the flow depth h
was measured with respect to the crest level of the gravel particles, z = 0. Fr is the Froude
number (= U√

gh
) and Re is the flow Reynolds number (Re = Uh/υ). The shear Reynolds

number (R∗) is calculated using Equation (1):

R∗ = ksu∗/υ (1)

where ks is the equivalent roughness height, and υ is the kinematics viscosity of water.
Here the median particle size, d50 was considered equivalent to the equivalent roughness
height, ks.

Table 1. Hydraulic and physical parameters of all experimental runs (Run 1, Run 2, and GB 1).

Exp.
Run

D (m) S0(%) h (m)
U

(m/s)
Ar d50(m) Re Re* Fr

Run 1 0.05 0.023 0.30 0.15 3.1 0.00254 45,000 18.03 0.09
Run 2 0.05 0.023 0.30 0.19 3.1 0.00254 57,000 23.37 0.11
GB 1 0.06 0.022 0.25 0.25 2.4 0.04200 62,500 1050 0.16

Velocity profiles were measured in the central vertical plane (xz-plane) of the channel
at nine (x = −4D, 0, 2D, 3D, 4D, 6D, 8D, 10D, and 12D) different measuring stations in
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the longitudinal direction of the flow for all runs. At x = −4D, the flow is undisturbed,
and it is located upstream of the cylinder. The cylinder is fixed at streamwise location x = 0.

2.4. ADV System and Data Collection Procedure

The instantaneous flow velocities were measured by a Three-Dimensional Acoustic
Doppler Velocimetry (3D ADV) instrument. A four-receiver down-looking ADV probe,
named Vectrino plus (manufactured by Nortek), was used, which significantly reduces
the noise signal of the measurements compared to a three-receivers probe [27]. It was
functioning with an acoustic frequency of 10 MHz to capture the instantaneous 3D flow
velocities, and the sampling rate was 100 Hz as used by Maji et al. [28]. Since the measuring
location was 5 cm below the probe, the data acquisition was not possible near the free
water surface.

It was ensured that the sampling volume did not touch the flume bed during data
collection. The sampling duration was taken as 300 s to ensure that the time-averaged
velocities are statistically time-independent. During the experiments, the least value of
the signal-to-noise (SNR) ratio and the correlation coefficient were retained as 17 and 70,
respectively. The signal captured by the Vectrino in the near-bed flow zone contained
spikes due to the interaction between the incident and reflected pulses. Therefore, the
raw data were filtered by a spike removal algorithm, known as the phase-space threshold
method developed by Goring and Nikora [29].

3. Results and Discussion

The time-averaged longitudinal (u) and vertical flow velocities (w) were estimated
as an ensemble average of the instantaneous velocities of the respective directions and
mathematically expressed by Equations (2) and (3) as used by Devi and Hanmaiahgari [25]:

u =
1
N ∑N

i=1 ui (2)

w =
1
N ∑N

i=1 wi (3)

where ui and wi indicate the longitudinal and vertical components of instantaneous velocity,
respectively, and N is the total number of data samples collected. The method of Reynolds
decomposition gives the components of fluctuating velocity in the longitudinal (u′) and
vertical directions (w′) by Equation (4) and (5), respectively as:

u′ = ui − u (4)

w′ = wi − w (5)

Reynolds normal stresses in the longitudinal (σuu) and vertical (σww) directions are
expressed as the mean of quadratic product of the fluctuating components of the velocities
in the corresponding directions and are evaluated by Equations (6) and (7):

σuu = u′u′ = 1
N ∑N

i=1(ui − u)2 (6)

σww = w′w′ = 1
N ∑N

i=1(wi − w)2 (7)

Reynolds shear stress per unit mass (τuw) was estimated by using Equation (8).

τuw = −u′w′ = − 1
N ∑N

i=1(ui − u)(wi − w) (8)

The maximum longitudinal time-averaged velocity occurs within a 5 cm depth from
the water surface. Due to the limitations of the ADV probe, it was not possible to collect
data within a 5 cm depth from the water surface. It is assumed that the free surface effect
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in the subcritical flows is limited to a very shallow region near the free surface and it will
not change underlying hydrodynamics. Therefore, the approach flow maximum velocity
(Umax) is taken as the maximum velocity of each run at x = −4D from the available data
measuring points. The mean and turbulent flow characteristics for all three runs were
normalized by the approach flow maximum velocity (Umax) and the vertical distances (z)
were normalized by the flow depth (h). The normalized vertical distance is denoted by
z (= z/h). The normalized mean velocities, normalized RNS, and normalized RSS were
plotted against normalized vertical distance (z) for Run 1 and Run 2 together, and GB 1
separately at all nine measuring stations. The plots are analyzed and compared to examine
the surface roughness effects on the wake region of the cylinder.

The entire flow field of the cylinder is divided into three flow zones, namely undis-
turbed upstream, recirculation region, and redevelopment region, as used by Essel and
Tachie [30] in the case of forward-facing step. The recirculation and redevelopment regions
are in the wake region of the cylinder. The measuring station x = −4D is located upstream
of the cylinder; x = 2D, 3D, 4D, and 6D are in the recirculation region; and x = 8D, 10D,
and 12D fall in the redevelopment region. It is noteworthy to mention that the flow is still
under the recovery process at x = 12D, and it is not yet fully recovered. A schematic of
the upstream, recirculation, and redevelopment regions of a circular cylinder is shown
in Figure 5.

 

Figure 5. Schematic of different regions of flow field upstream and downstream of a circular cylinder.

The main findings of the proposed experimental research are discussed below.

3.1. Mean Velocities

The time-averaged velocities in the longitudinal (u) and vertical directions (w) are
normalized by the approach flow maximum velocity (Umax) and are written as u/Umax and
w/Umax, respectively. Figure 6 examines the vertical profiles of normalized time-averaged
longitudinal velocity (u/Umax) for Run 1, Run 2, and GB 1.

41



Fluids 2021, 6, 239

 u Umax u Umax u Umax

x = - D x = x = 2D

x = D x = D x = D

x = D x = D x = D

Figure 6. The vertical profiles of normalized time-averaged longitudinal velocity (u/Umax) at different measuring stations
(x) for Run 1, Run 2, and GB 1.

From Figure 6, it is clearly visible that the streamwise velocity is higher for Run 2
compared to Run 1. The former case has a higher Reynolds number (Re) compared to
the latter, resulting in higher streamwise velocity. It is also observed that at upstream
undisturbed location (x = −4D), the vertical profile of u/Umax for both types of beds
follows logarithmic law. All the velocity profiles in the wake region preserve no-slip
conditions. No negative longitudinal velocity is observed in the near-bed flow of the
recirculation region over the gravel-bed, which shows a diminished separation zone on
the gravel-bed. This observation is contrary to the observation made in the case of the
sand-bed, where the longitudinal velocity in the near-bed flow of the recirculation region
is negative in magnitude. This comparative study shows that the magnitude of mean
streamwise flow velocity is smaller on the gravel-bed than the sand-bed, although the
Reynolds number is higher for the flow on the gravel-bed (Figure 6). Figure 6 infers that
the gravel-bed profiles are ‘less full’ than the sand-bed profiles. This phenomenon is similar
to a reduction in longitudinal velocity due to roughness upstream and downstream of
the rough backward-facing step (Wu et al. [31]). A closer look at Figure 6 shows that the
vertical location of a point of inflection (d2u/dz2 = 0) in the u/Umax distribution is higher
in the case of the gravel-bed (z ≈ 0.30) as compared to the sand-bed (z ≈ 0.25). Hence,
it is concluded that the vertical location of the point of inflection (d2u/dz2 = 0) for the
gravel-bed shifted away from the bed, implying a decrease in the longitudinal near-bed
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velocity caused by the gravel-bed roughness and increase in the thickness of roughness
sublayer on the gravel-bed.

Figure 7 depicts the variation of normalized time-averaged vertical velocity (w/Umax)
against normalized vertical distance (z) at different measuring stations (x) for Run 1, Run
2, and GB 1. It is very clear from Figure 7 that the vertical velocity is higher for Run
2 compared to Run 1 throughout the vertical domain. In the upstream of the cylinder
(x = −4D), on the sand-bed, w/Umax starts with a small positive value and increases very
slowly with z and becomes almost constant with z above z ≈ 0.2. Unlike the sand-bed, in
the case of gravel, the w/Umax starts below the gravel-bed with a small positive value, then
suddenly changes to a negative value and then with a further rise in z, its negative value
declines, and it becomes positive for z ≥ 0.06. Thereafter, the vertical velocity increases
slowly with vertical distance and become almost invariant of z like over the sand-bed. It
is also observed that for x = −4D, 0, and 2D, the profiles are positive on both the sand
and gravel-beds with an exception at x = −4D on the gravel-bed. As already mentioned,
at x = −4D on the gravel-bed, below the bed level velocity is negative up to z ≈ 0.06. In
the wake region, the vertical velocity starts with a small negative value and then increases
(negative value) abruptly with a rise in z and attains a negative peak. Thereafter, the
negative value quickly declines with an increase in vertical distance from the bed and
become almost constant with z variation above z ≈ 0.4. These patterns in the w/Umax
distribution is similar on the sand and gravel-beds for the wake region with an exception
at x = 2D. At x = 2D, for both beds, the w/Umax profiles are completely positive, unlike
at other locations, where they are negative. The vertical location of the peak at x = 2D
on the sand-bed corresponds to the top level of the cylinder (z ≈ 1), while this is not true
over the gravel-bed. The vertical location of the peak of w/Umax over the gravel-bed has
shifted away from the bed due to the damping of the longitudinal velocity resulting from
the heterogeneity of the gravel-bed. In the recirculation region, the vertical location of the
peak of w/Umax shifted towards the bed with the increase in x. On the contrary, in the
redevelopment region, for both the sand and gravel-beds, the vertical location of the peak
moved away from the bed with an increase in x. In the recirculation region, the magnitude
of the negative peak of w/Umax increases in the streamwise direction with x. Conversely,
the declining patterns in the magnitude of the negative peak with an increase in x are
observed in the redevelopment region for both the sand and gravel-beds. The location
of peak (z > 0.4) on the gravel-bed is higher than the location of the peak (z < 0.4) on
the sand-bed. It is clearly observed from Figure 7 that the maximum negative vertical
mean velocity on the sand-bed and gravel-bed is about 0.1Umax and 0.05Umax, respectively.
Hence, an inference is made that gravel-bed roughness has dampened the value of the
maximum negative vertical mean velocity.

3.2. Reynolds Normal Stress (RNS) Distribution

The Reynolds normal stresses (RNSs) define the strength of the turbulence and give
an idea about the fluctuating velocity components. The RNSs are affected by factors such
as velocity, roughness size, roughness orientation, etc. These are denoted as σuu and σww
in the longitudinal (x) and vertical (z) directions, respectively. They are normalized by
the approach flow maximum velocity Umax

2 and are given as σuu/Umax
2 and σww/Umax

2,
respectively. The normalized streamwise (σuu/Umax

2) and vertical (σww/Umax
2) RNSs are

plotted against the normalized vertical distance (z) for all the three runs (Run 1, and Run 2,
and GB 1) in Figures 8 and 9, respectively, at different measuring stations (x).
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Figure 7. The variation of normalized time-averaged vertical velocity (w/Umax) against normalized
vertical distance (z) at different measuring stations (x) for Run 1, Run 2, and GB 1.

 

z
z

z

Figure 8. The vertical profiles of normalized longitudinal RNS (σuu/Umax
2) at different measuring

stations (x) for Run 1, Run 2, and GB 1.
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Figure 9. The variation of normalized time-averaged vertical RNS (σww/Umax
2) against normalized

vertical distance (z) at different measuring stations (x) for Run 1, Run 2, and GB 1.

From Figures 8 and 9, it is noticed that the value of both σuu and σww are higher in
the case of Run 2 compared to Run 1. It is observed that in the uninterrupted upstream
flow (x = −4D), the σuu/Umax

2 and σww/Umax
2 profiles demonstrate diminishing trends

against a rise in the z over the sand and gravel-beds. In the recirculation region, σuu/Umax
2

and σww/Umax
2 start with a small positive value and increase sharply with the rise in

z and attain a peak. Thereafter, it declines abruptly with further increase in z and then
attains a small positive value and becomes almost invariant with z. In the recirculation
region (x = 2D, 3D, 4D, and 6D), the vertical locations of the peaks of normal stresses are
occurring near the bed. In contrast, they shifted away from the bed in the redevelopment
region for both the sand- and gravel-bed flows. Their peaks were increasing in the recir-
culation region, but they decrease in the redevelopment region for both the sand- and
gravel-bed flows. However, it is observed that the magnitudes of σuu/Umax

2 peaks on
the gravel-bed are smaller than the sand-bed. Contrary to this, the peaks of σww/Umax

2

on the gravel-bed are larger than the sand-bed. The gravel-bed roughness considerably
diminished σuu/Umax

2 in both the recirculation and redevelopment regions compared to
the sand-bed, which is similar to the observation of Wu et al. [31]. Although, σww/Umax

2

are enhanced significantly on the gravel-bed as compared to the sand-bed in both the
regions, which is contrary to the observation of Wu et al. [31]. In fact, Wu et al. [31] have
observed that due to forward-facing step roughness, the RNS decreased downstream of
the step. Furthermore, σuu/Umax

2 on the gravel-bed is more significantly diminished as
compared to the increase in σww/Umax

2 on the gravel-bed. In Figure 8, σuu/Umax
2 profiles

over GB 1 show kinks at X/D = 2, 6, and 10 at z/h = 0.2, which is attributed to measurement
error at that location. Finally, it is concluded that the peak normal stresses (turbulence
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intensities) show increasing trends in the recirculation region and decreasing patterns in the
reattached region due to the enhanced turbulence in the former region and the attenuation
of turbulence in the latter region.

3.3. Reynolds Shear Stress (RSS)

The Reynolds shear stress (RSS) is the time-averaged value of the quadratic terms of
the fluctuating velocities components. The Reynolds shear stress has a similar influence on
the flow as viscosity. The RSS offers resistance to the flow in the corresponding plane and
governs secondary flows. The RSS in the xz plane per unit weight is denoted as τuw and the
RSS normalized by the approach flow maximum velocity (Umax

2) is written as τuw/Umax
2.

The vertical profiles of normalized RSS (τuw/Umax
2) at different measuring stations (x) for

Run 1, Run 2, and GB 1 are shown in Figure 10.

 
Figure 10. The vertical profiles of normalized RSS (τuw/Umax

2) at different measuring stations (x) for
Run 1, Run 2, and GB 1.

As evident from Figure 10, RSS is higher for Run 2 compared to Run 1 throughout
the study domain. In the upstream of the cylinder, the RSS varies linearly with the vertical
distance for both sand-bed and gravel-bed. The RSS magnitude in the wake region is
slightly smaller on the gravel-bed than the sand-bed, although the Reynold number (Re)
is considerably higher in the former case than the latter. The vertical location of the RSS
peak is more elevated on the gravel-bed in the wake flow, which shows that roughness is
extended farther in the gravel-bed flows. Interestingly, peaks of RSS are occurring at the
top level of the cylinder on the sand-bed. In the recirculation region, τuw/Umax

2 starts with
a small positive value and increases sharply with a rise in the vertical distance and attains
a peak much above the cylinder height. After that, it reduces sharply with a further rise in
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z from the bed, then attains a minimal positive value and becomes almost invariant with z.
In the recirculation region (x = 2D, 3D, 4D, and 6D), the vertical location of the peak of the
RSS shifted towards the bed. In contrast, the peak is moved away from the bed for both the
beds in the redevelopment region. The magnitude of the τuw/Umax

2 peak increases in the
recirculation region, but it decreases in the redevelopment region for both the sand- and
gravel-bed flows. In the wake flow, the peak of RSS is occurring at z ≈ 0.2 for x = 2D while
moving away from the cylinder, and the vertical location of the peak is shifted towards the
bed. The RSS peaks values are declining along the streamwise direction downstream of the
cylinder over both the sand-bed and gravel-bed. This finding on the gravel-bed is similar
to the flow pattern downstream of the rough forward-facing step (Wu et al. [31]).

4. Conclusions

This analysis conveys a clear understanding that gravel-bed roughness in compar-
ison to sand-bed roughness significantly modifies the turbulence levels downstream of
a horizontally mounted cylinder. In addition to that, the higher values of streamwise
velocity, vertical velocity, RNSs, and RSS were observed in the case of a higher Reynolds
number flow over the sand-bed due to a higher level of turbulence. In contrast, for similar
Reynolds flow over sand- and gravel-beds, turbulence statistics such as RNSs and RSS
are higher on the sand-bed than the gravel-bed. The peak values of streamwise velocity,
vertical velocity, RSS, and RNSs have been dampened by the gravel-bed roughness. The
enhanced roughness over the gravel-bed shifts the location of the peak of vertical velocity
over the gravel-bed away from the flume bed compared to the location of the peak of
vertical velocity over the sand-bed. Similarly, the vertical location of the point of inflection
in the streamwise velocity profile is higher in the case of the gravel-bed than the sand-bed.
The peak RNSs and RSS show increasing trends in the recirculation region and decreasing
patterns in the reattached region over and sand- and gravel-beds. Finally, it is observed
that the flow is mainly affected in the near-bed region downstream of a cylinder over and
sand- and gravel-beds. The proposed research findings are important for the validation of
numerical modelling results and improvement of the current numerical models.

Author Contributions: K.D.: writing—original draft preparation, writing—review and editing, and
data curation; P.R.H.: writing—original draft preparation, writing—review and editing, funding
acquisition, project administration, data curation, and supervision; R.B.: writing—review and editing,
data curation, and funding acquisition; J.H.P.: writing—review and editing, funding acquisition
and data curation. All authors contributed to the work. All authors have read and agreed to the
published version of the manuscript.

Funding: The Author Ram Balachandar acknowledges the grant support from Natural Sciences and
Engineering Research Council of Canada the author Jaan H. Pu acknowledges the grant support
from the Hidden Histories of Environmental Science Project (at Seedgrant Stage) by the Natural
Environment Research Council (NERC) and Arts and Humanities Research Council (AHRC), part of
UK Research and Innovation (UKRI).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on reasonable request
from the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Tachie, M.F.; Bergstrom, D.J.; Yang, Z.; Fang, X.; Wang, B.-C. Highly-disturbed turbulent flow in a square channel with V-shaped
ribs on one wall. Int. J. Heat Fluid Flow 2015, 56, 182–197. [CrossRef]

2. Tsikata, J.M.; Tachie, M.F.; Katopodis, C. Open-channel turbulent flow through bar racks. J. Hydraul. Res. 2014, 52, 630–643.
[CrossRef]

3. Balachandar, R.; Bhuiyan, F. Higher-Order Moments of Velocity Fluctuations in an Open-Channel Flow with Large Bottom
Roughness. J. Hydraul. Eng. 2007, 133, 77–87. [CrossRef]

47



Fluids 2021, 6, 239

4. Djenidi, L.; Antonia, R.A.; Amielh, M.; Anselmet, F. A turbulent boundary layer over a two-dimensional rough wall. Exp. Fluids
2008, 44, 37–47. [CrossRef]

5. Krogstad, P.Å.; Andersson, H.I.; Bakken, O.M.; Ashrafian, A. An experimental and numerical study of channel flow with rough
walls. J. Fluid Mech. 2005, 530, 327–352. [CrossRef]

6. Wu, Y.; Ren, H. On the impacts of coarse-scale models of realistic roughness on a forward-facing step turbulent flow. Int. J. Heat
Fluid Flow 2013, 40, 15–31. [CrossRef]

7. Ren, H.; Wu, Y. Turbulent boundary layers over smooth and rough forward-facing steps. Phys. Fluids 2011, 23, 045102. [CrossRef]
8. Robert, A.; Roy, A.G.; Serres, B. De Turbulence at a roughness transition in a depth limited flow over a gravel bed. Geomorphology

1996, 16, 175–187. [CrossRef]
9. Bigillon, F.; Nino, Y.; Garcia, M. Measurements of turbulence characteristics in an open-channel flow over a transitionally-rough

bed using particle image velocimetry. Exp. Fluids 2006, 41, 857–867. [CrossRef]
10. Bergstrom, D.J.; Kotey, N.A.; Tachie, M.F. The effects of surface roughness on the mean velocity profile in a turbulent boundary

layer. J. Fluids Eng. Trans. ASME 2002, 124, 664–670. [CrossRef]
11. Volino, R.J.; Schultz, M.P.; Flack, K.A. Turbulence structure in a boundary layer with two-dimensional roughness. J. Fluid Mech.

2009, 635, 75–101. [CrossRef]
12. Bomminayuni, S.; Stoesser, T. Turbulence Statistics in an Open-Channel Flow over a Rough Bed. J. Hydraul. Eng. 2011, 137,

1347–1358. [CrossRef]
13. Yuan, J.; Piomelli, U. Roughness effects on the Reynolds stress budgets in near-wall turbulence. J. Fluid Mech. 2014, 760, 1–12.

[CrossRef]
14. Essel, E.E.; Tachie, M.F. Roughness effects on turbulent flow downstream of a backward facing step. Flow, Turbul. Combust. 2015,

94, 125–153. [CrossRef]
15. Wu, W.; Piomelli, U. Effects of surface roughness on a separating turbulent boundary layer. J. Fluid Mech. 2018, 841, 552–580.

[CrossRef]
16. Agbaglah, G.; Mavriplis, C. Three-dimensional wakes behind cylinders of square and circular cross-section: Early and long-time

dynamics. J. Fluid Mech. 2019, 870, 419–432. [CrossRef]
17. Zhou, B.; Wang, X.; Guo, W.; Gho, W.M.; Tan, S.K. Experimental study on flow past a circular cylinder with rough surface. Ocean

Eng. 2015, 109, 7–13. [CrossRef]
18. Cao, S.; Ozono, S.; Tamura, Y.; Ge, Y.; Kikugawa, H. Numerical simulation of Reynolds number effects on velocity shear flow

around a circular cylinder. J. Fluids Struct. 2010, 26, 685–702. [CrossRef]
19. Cao, S.; Ozono, S.; Hirano, K.; Tamura, Y. Vortex shedding and aerodynamic forces on a circular cylinder in linear shear flow at

subcritical Reynolds number. J. Fluids Struct. 2007, 23, 703–714. [CrossRef]
20. Akoz, M.S. Flow structures downstream of the horizontal cylinder laid on a plane surface. Proc. Inst. Mech. Eng. Part C J. Mech.

Eng. Sci. 2009, 223, 397–413. [CrossRef]
21. Gu, F.; Wang, J.S.; Qiao, X.Q.; Huang, Z. Pressure distribution, fluctuating forces and vortex shedding behavior of circular cylinder

with rotatable splitter plates. J. Fluids Struct. 2012, 28, 263–278. [CrossRef]
22. Ikegaya, N.; Morishige, S.; Matsukura, Y.; Onishi, N.; Hagishima, A. Experimental study on the interaction between turbulent

boundary layer and wake behind various types of two-dimensional cylinders. J. Wind Eng. Ind. Aerodyn. 2020, 204, 104250.
[CrossRef]

23. Akoz, M.S.; Sahin, B.; Akilli, H. Flow characteristic of the horizontal cylinder placed on the plane boundary. Flow Meas. Instrum.
2010, 21, 476–487. [CrossRef]

24. Kirkgoz, M.S.; Oner, A.A.; Akoz, M.S. Numerical modeling of interaction of a current with a circular cylinder near a rigid bed.
Adv. Eng. Softw. 2009, 40, 1191–1199. [CrossRef]

25. Devi, K.; Hanmaiahgari, P.R. Experimental analysis of turbulent open channel flow in the near-wake region of a surface-mounted
horizontal circular cylinder. In Proceedings of the River Flow 2020: Proceedings of the 10th Conference on Fluvial Hydraulics,
Delft, The Netherlands, 7–10 July 2020; pp. 194–202.

26. Pu, J.H. Velocity Profile and Turbulence Structure Measurement Corrections for Sediment Transport-Induced Water-Worked Bed.
Fluids 2021, 6, 86. [CrossRef]

27. Blanckaert, K.; Lemmin, U. Means of noise reduction in acoustic turbulence measurements. J. Hydraul. Res. 2006, 44, 3–17.
[CrossRef]

28. Maji, S.; Pal, D.; Hanmaiahgari, P.R. Hydrodynamics and turbulence in emergent and sparsely vegetated open channel flow.
Environ. Fluid Mech. 2017, 17, 853–877. [CrossRef]

29. Goring, D.G.; Nikora, V.I. Despiking Acoustic Doppler Velocimeter Data. J. Hydraul. Eng. 2002, 128, 117–126. [CrossRef]
30. Essel, E.E.; Tachie, M.F. Upstream roughness and Reynolds number effects on turbulent flow structure over forward facing step.

Int. J. Heat Fluid Flow 2017, 66, 226–242. [CrossRef]
31. Wu, Y.; Ren, H.; Tang, H. Turbulent flow over a rough backward-facing step. Int. J. Heat Fluid Flow 2013, 44, 155–169. [CrossRef]

48



fluids

Article

Stability and Consolidation of Sediment Tailings Incorporating
Unsaturated Soil Mechanics

Alfrendo Satyanaga 1, Martin Wijaya 2, Qian Zhai 3, Sung-Woo Moon 1, Jaan Pu 4 and Jong R. Kim 1,*

Citation: Satyanaga, A.; Wijaya, M.;

Zhai, Q.; Moon, S.-W.; Pu, J.; Kim, J.R.

Stability and Consolidation of

Sediment Tailings Incorporating

Unsaturated Soil Mechanics. Fluids

2021, 6, 423. https://doi.org/

10.3390/fluids6120423

Academic Editor: Mehrdad Massoudi

Received: 21 September 2021

Accepted: 15 October 2021

Published: 24 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Civil and Environmental Engineering, Nazarbayev University, 53 Kabanbay Batyr Ave.,
Nur-Sultan 010000, Kazakhstan; alfrendo.satyanaga@nu.edu.kz (A.S.); sung.moon@nu.edu.kz (S.-W.M.)

2 Department of Civil Engineering, Faculty of Engineering, Parahyangan Catholic University,
Jl. Ciumbuleuit No. 94, Bandung 40141, Indonesia; mwijaya@unpar.ac.id

3 Key Laboratory of Concrete and Prestressed Concrete Structures of Ministry of Education,
Southeast University, Nanjing 210096, China; 101012332@seu.edu.cn

4 Faculty of Engineering and Informatics, University of Bradford, Bradford DB7 1DP, UK;
j.h.pu1@bradford.ac.uk

* Correspondence: jong.kim@nu.edu.kz; Tel.: +7-7172-70-9136

Abstract: Tailing dams are commonly used to safely store tailings without damaging the environment.
Sand tailings (also called Sediment tailings) usually have a high water content and hence undergo
consolidation during their placement. As the sediment tailings are usually placed above the ground
water level, the degree of saturation and permeability of the sediment tailing is associated with
the unsaturated condition due to the presence of negative pore-water pressure or suction. Current
practices normally focus on the analyses saturated conditions. However, this consolidation process
requires the flow of water between saturated and unsaturated zones to be considered. The objective
of this study is to investigate the stability and consolidation of sediment tailings for the construction
of road pillars considering the water flow between saturated and unsaturated zones. The scope
of this study includes the unsaturated laboratory testing of sediments and numerical analyses of
the road pillar. The results show that the analyses based on saturated conditions overestimate the
time required to achieve a 90% degree of consolidation. The incorporation of the unsaturated soil
properties is able to optimize the design of slopes for road pillars into steeper slope angles.

Keywords: unsaturated soil; stability; consolidation; sediment

1. Introduction

Many major tailing dams have experienced failures in the past 30 years. Some re-
searchers [1,2] indicate that the failure of tailing dams have contributed to catastrophic
damages to environments. Several previous studies have indicated that the failures of tail-
ing dams are normally attributed to the concurrent factors, such as: slope stability problems,
bearing capacity failures, liquefactions due to earthquake and the effect of rainfall [3–8].
Some tailing dams are constructed using sand with high water content [3,9]. Hence, the
sand is hydraulically placed to build the containment dam. Based on soil mechanics theory,
sand as a coarse particle has high permeability under fully saturated conditions [10,11].
However, sand may have very low permeability under unsaturated conditions [12,13]. As
a result, there may be some delay in the draining process of water within the sand layer
during construction stages.

Sediment transport may be encountered during the water flow with high velocity
within the high permeability materials. Two-phase flow is usually subjected to a complex
mixture between the solid and fluid phases. It is complex to mathematically model, in
particular when one considers the unsaturated conditions of the sediments [14–16]. Seep-
age, consolidation and stability analyses for sand tailing have been performed historically
by either assuming that the soil to be completely dry, or the entire fill layer undergoing
consolidation [17]. Ito and Azam [18] developed a 1-D consolidation model to estimate the
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behavior of sand tailing during the filling process. However, this method does not take
into account the unsaturated soil mechanics principles during the construction of sand
tailing. The unsaturated state of these materials may develop as a result of them being
situated either above a water table or due to percolation of water down to the soil beneath
the tailing because of gravity force during construction stage. In both cases, an unsatu-
rated zone will be formed within the formation of the slope during the filling process [19].
In the unsaturated zone, the pore-water pressure within the soil becomes negative with
respect to the atmospheric pressure. The negative pore-water pressure or matric suction
contributes to the additional shear strength and improvement to the overall stability of the
slope [20,21]. However, the permeability will drop significantly and the unsaturated zone
will have very low permeability which delay the dissipation of excess pore water pressure
from the saturated zone.

The objective of this study is to investigate the stability and consolidation of sand
tailings road pillars constructed using the hydraulically deposited coarse sand tailings by
considering the flow of water between saturated and unsaturated zones. The scope of this
works includes (1) the experimental works in the laboratory to determine the saturated and
the unsaturated properties of the soils and materials used in this study; (2) the assessment of
the consolidation characteristics of the road pillars in order to determine the time required
for full settlement to occur using Seep/W and Sigma/W [22]; (3) the determination of the
design (slope angle) of road pillars to ensure the required factor of safety with respect to
the additional backfilling of sediment tailings adjacent to the already constructed road
pillars using Slope/W [23].

2. Saturated and Unsaturated Laboratory Testing

This study is part of the project to evaluate the feasibility of constructing road pil-
lars using hydraulically placed coarse sand tailings as part of the rehabilitation of the
Fingerboards Mineral Sands Project [24]. The road pillar is targeted to be constructed to a
height of 51 m in Glenaladale, Victoria, Australia. The project lies within the Glenaladale
Deposit that occurs within unconsolidated sediments and contains heavy minerals such
as zircon, rutile, ilmenite and rare-earth bearing minerals (monazite and xenotime). The
project represents the first phase of mineral sands production (up to 20 years) from the
Glenaladale Deposit. The project area, which targets what is known as the Fingerboards
resource area, is approximately 1675 ha and of this approximately 1250 ha is expected to
be mined.

The construction of the road pillars is planned to use the mine sand from nearby area
using only hydraulically deposited sandy tailings [24]. The index properties of the sand
materials is presented in Table 1. In terms of ASTM D2487-10 [25], the classification of the
coarse sand in terms of the unified soil classification system (USCS) is “SC” which stands
for a clayey sand. The settling tests [26] were carried out using a sand slurry prepared at
70% solids. Two tests were used, the first with no drainage and the second with bottom
drainage provided. The final settled dry densities are 1.37 and 1.40 for the tests without
and with drainage, respectively. The tests show that the coarse sand settles within 4 h for
bottom-drained tests. The compaction test was also performed using standard proctor
method following ASTM D4253-00 [27] to obtain the maximum dry density (ρdry) and
the optimum water content (wopt) of the sand. The ρdry and wopt are 1.465 t/m3 and
20.5%, respectively.

The water retention curve was obtained using axis translation technique with pressure
plate supported with 15 bar ceramic disc following ASTM D6838-02 [28]. The laboratory
data best-fit line was fitted using the Fredlund and Xing equation [29]. The water retention
curve and the fitting parameter can be seen in Figure 1. The saturated volumetric water
content, the air-entry value, the residual suction and the residual volumetric water content
of the sand specimen are 0.5, 7 kPa, 40 kPa and 0.05, respectively.
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Table 1. Index properties of sand tailing.

Properties

USCS SC
Specific gravity, Gs 2.78

Gravel (%) 0
Sand (%) 69
Fines (%) 31

Bulk density (t/m3) 1.89
Water content (%) 36.4

Void ratio 0.96
Liquid Limit, LL (%) 41.6
Plastic Limit, PL (%) 19.9

Plasticity Index, PI (%) 21.7
Saturated permeability, ks (m/s) 5.78 × 10−6
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Figure 1. Water retention curve for sand.

The saturated permeability, ks (5.78 × 10−6 m/s as shown in Table 1) was determined
using a constant head laboratory method [30,31]. This is a lower permeability compared
with typical poorly graded coarse sand that can range from 10−4 to 10−5 m/s [10]. The
reason for this is the higher percentage of plastic fines contained in the sands of 31%.
The unsaturated permeability of the sand specimen (Figure 2) was determined using
statistical model following procedure presented in Satyanaga et al. [32]. The results from
the oedometer test is presented in Figure 3. As the soil is hydraulically filled, the over
consolidation ratio is assumed to be 1. The initial void ratio is calculated to be 0.96. The
lambda (λ) and Kappa (κ) are 0.0165 and 0.0026, respectively based on the formulas shown
in Equations (1) and (2).

λ =
cc

ln 10
(1)

κ =
cs

ln 10
(2)

In Equations (1) and (2), cc is defined as compression index whereas cs is defined as
swelling index. In Sigma/W, it is possible to simulate the variations in the Young modulus
(E′) as a function of effective stress using the elastic-plastic model (w/PWP Change) [18].
The Young modulus for incorporation in Sigma/W (under effective stress material model
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Elastic-Plastic) was obtained by first determining the coefficient of compressibility (mv)
from the oedometer test to determine the constrained modulus (Eoed) (Equation (3)).

Eoed =
1

mv
(3)
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1 x 10-6

1 x 10-7
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1 x 10-9

1 x 10-10
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1 x 10-12
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Figure 2. Permeability function of sand.

Figure 3. Consolidation curve from Oedometer testing for soil under saturated condition.

In Equation (3), mv is defined as coefficient of compressibility. From the Eoed, E′ can be
calculated using Equation (4).

E′ = Eoed
(1 + ν)(1 − 2ν)

1 − ν
(4)

One set of the saturated oedometer testing with soil suction equals to 0 (Figure 3) and
three sets of the unsaturated oedometer testing under three different soil suctions (7 kPa,
17 kPa and 42 kPa) were performed on the sand specimen. For the saturated oedometer test
result, the effective stress is simply calculated from the applied load (σv) on each loading
step. Based on the unsaturated oedometer test results, the effective stress is calculated as
the applied load plus the applied soil suction. A spline function is then used to represent
(best fit) the four oedometer test results as shown in Figure 4. Consolidated undrained
triaxial test with pore-water pressure measurement was conducted to determine the shear
strength parameters of the soil. Based on the triaxial test results, the effective cohesion (c’)
is 0 kPa and the effective friction angle (ϕ’) is 34◦.
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Figure 4. Change in Young Modulus (E′) due to the change in effective stress.

3. Method of Analyses

The numerical analyses in this study consist of 1-D consolidation and 2-D consolida-
tion analyses using Sigma/W, seepage analyses using Seep/W and slope stability analyses
using Slope/W [33,34]. Sigma/W is a finite element software for analyzing deformation of
soils whereas Slope/w is a limit equilibrium software for analyzing stability of slope. The
finite element mesh had a mesh size of approximately 0.01 m in order to obtain accurate
results from deformation and transient seepage analyses. The pore-water pressures vari-
ations from Seep/W were exported to Slope/w to obtain factor of safety for every time
increment in the analyses. The pore-water pressures were calculated in Seep/W for every
time step at each node of the finite element mesh.

1-D (coupled stress) consolidation analyses were conducted to calibrate the numerical
model and parameters before proceeding with 2-D analyses; to estimate the settlement
and the rate of consolidation due to the dissipation of excess pore-water pressure and due
to the generation of soil suction; and to determine appropriate filling rate. Three sets of
parametric studies were carried based on 1-D analyses as summarized in Table 2. The
modified cam clay model was selected in the analyses since it can simulate the actual
nonlinear stress-strain behavior of the soil [35].

Table 2. Parametric studies carried out based on 1-D analyses.

Case Condition Model Duration of Analyses

1 Unsaturated
Modified Cam Clay

model with pore-water
pressure/PWP change

1 days for every 5 m filling; 10 days for the
last 6 m filling; total = 19 days for 51 m filling

2 Unsaturated Modified Cam Clay
model with PWP change

Analyses were conducted until pore-water
pressure change reaches equilibrium

3 Saturated Modified Cam Clay
model with PWP change

Analyses were conducted until pore-water
pressure has been dissipated

In the beginning of the unsaturated analyses in Cases 1 and 2, the placement of the
filling materials generated the excess pore-water pressures. As the water flowed to the
in-situ soil materials, the pore-water pressure dissipated and slowly became negative as
the top of fill material was located above the ground water table which is assumed to be
at the ground level. The settlement was then contributed due to consolidation settlement
(when the excess pore-pressure dissipated to 0 kPa) and shrinkage settlement (when the
pore-water pressure goes below 0 kPa). In Sigma/W, both consolidation and shrinkage
settlement were calculated based on effective stress principle. The saturated analysis in
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case 3 was carried out to understand the contribution of soil suction in determining the
rate of settlement of the filling materials.

The numerical model only allowed instantaneous placement of filling materials. There-
fore, the road pillar model (51 m high) was divided into 10 layers to understand the char-
acteristics of pore-water pressure changes with time for every 5 m filling materials. Two
different scenarios were used to determine the time step for every 5 m filling materials.
In the first scenario, 1 day was required to complete every 5 m filling process except it
is required 10 days for the last filling process. In the second scenario, every 5 m filling
materials were consolidated until the pore-water pressure reached hydrostatic condition.
Settlement analyses were carried out by first obtaining the settlement at the node located at
the top of the filling materials at each stage. The total settlement is equal to the summation
of the settlement obtained from the top node at each filling stage (the settlement of the
node after the next filling stage was ignored).

The 2-D deformation and stability analyses were conducted with the following ob-
jectives: to investigate the effect of slope angle on the settlement of the road pillar and
to analyse the stability of the road pillar under different slope angle. The width of the
crest of the road pillar is maintained at 63 m for different inclinations of road pillar. This
study focuses on the construction of road pillar with the following slope angles: 25◦and
30◦. For both geometries, the stability analyses were performed with the assumption of the
presences of tailing materials at one side of the road pillar.

4. One Dimensional (1-D) Numerical Analyses

The soil model was divided into 11 regions. The first region represented the in-situ
soil material while the other 10 regions represented the filling materials. Every region
had 5 m height except the last region had 6 m height. Thus, the total height of the filling
materials was 51 m as shown in Figure 5a. The filling materials were placed in stages, on
top of each other and the whole soil column was constrained laterally at the side while
it was fixed at the bottom. The in-situ soil consists of gravel layer with Young modulus
(E′) equal to 200 MPa as obtained from Oedometer testing data [24] and high permeability.
Therefore, no excess pore-water pressure was generated in the in-situ soil.

 
Figure 5. Soil model and boundary condition.

Steady state condition was first generated using Seep/W based on steady state analy-
ses. In the steady state analyses, zero pressure boundary condition (pressure head equals
to 0 kPa) was simulated at the top of the in-situ soil (Figure 5b). Afterward, in-situ analyses
in Sigma/W were conducted to generate the initial stress of the in-situ soil. Coupled stress
analysis was conducted using Sigma/W to simulate the hydraulic filling process. As the
hydraulic boundary condition, potential seepage face with review (to simulate the runoff
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on the surface of the soil) the was applied at the top of the soil layer while zero pressure
was applied at the top of the in-situ soil as shown in Figure 5c. In the saturated analyses
under case 3, the hydraulic boundary condition for steady state analyses was the same as
the unsaturated analyses in cases 1 and 2. However, zero pressure boundary condition was
applied at the top of the filling material (instead of seepage review) and at the top of the
in-situ soil during the filling stage.

In numerical analyses of case 1, a 1-day time step was applied on the simulation of
each fill layer while 10- day time steps was applied on the simulation of the last fill layer.
This is to ensure that the total settlement has reached equilibrium condition. The total
settlement of the entire fill materials at each step is shown in Figure 6. It is shown that at
the end of the filling stage, the settlement is 2.68 m with the final distribution of pore-water
pressure is shown in Figure 7. It can be seen that the excess pore-water pressure near the
surface (within 40–50 m) has dissipated quickly since the negative pore-water pressure
was developed within this layer due to the flow of water into the deeper layer.

Figure 6. Total settlement of the fill materials for case 1.
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Figure 7. Final distribution of pore-water pressure at the last filling stage for case 1.

Numerical analysis in case 2 was carried out to determine the required time for the
negative pore-water pressure to reach the equilibrium condition. The node under scrutiny
is the top node of the fill as this node has the highest negative pore-water pressure. The
degree of consolidation (Uz) is commonly used to determine appropriate time to determine
when the consolidation has been completed (Equation (5)).

Uz(%) =

(
1 − Δuw

Δu0

)
100% (5)
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where Δu0 is the initial excess pore-water pressure due to the applied load, Δuw is the cur-
rent excess pore-water pressure. The applied load always caused the pore-water pressure
at the top node to reach zero and then slowly went to pore-water pressure at equilib-
rium/hydrostatic condition (ueq) (Equation (6)).

ueq = (GWL − z)γw (6)

where GWL was the ground water level which was set to zero in the numerical model and
γw is the unit weight of water (9.81 kN/m3). Δu0 was defined for the node located at the
top of the fill (Equation (7)). Δuw can be defined using Equation (8).

Δu0 = u0 − ueq (7)

Δuw = uw − ueq (8)

where u0 is the pore-water pressure after application of load which was always equals to
zero for the top node while uw is the pore-water pressure for the node which was changing
with time.

Figure 8 shows the example of changes in pore-water pressure of the top node on
different filling stage. It can be seen that a reasonable waiting time can be achieved for
0–5 m fill (95 days to reach Uz = 95%) and 5–10 m fill (2.5 years to reach Uz = 95%). However,
for 10–15 m fill, it required 10 years to reach Uz = 80% and 32 years to reach Uz = 95%. At
the final fill layer (45–51 m), it requires 1600 years to reach Uz = 80% and 3400 years to
reach Uz = 95%. Based on this analysis, it was not reasonable to wait for the pore-water
pressure to reach equilibrium prior to applying the next load.

0 100 200 300 400 1,000 2,000 3,000 4,000

0 25,000 50,000 75,000 100,000 100,0000 200,000 300,000

Figure 8. Time required for the negative pore-water pressure to reach equilibrium in each filling stage.
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The settlement from case 2 can be considered as the final total settlement, the average
degree of consolidation (Uave) can be calculated using Equation (9).

Uave(%) =
scase1

scase2
(9)

where scase1 is the total settlement at case 1 while scase2 is the total settlement at case 2. The
Uave of case 1 is 85%.

In order to fully dissipate all excess pore-water pressures, every filling stage duration
in case 3 was extended for two days. Figure 9 shows the comparison of total settlement
between cases 1, 2 and case 3. It can be seen that case 3 has the least settlement due to
ignoring the effect of negative pore-water pressure which contributing to the additional
settlement. The comparisons of analyses time for cases 1, 2 and 3 are presented in Table 3.
Based on the three simulation results from 1-D consolidation analyses, the model used in
the unsaturated analyses of case 1 was used in 2-D numerical analysis. In addition, the
filling stage was decided to be 5 m/stage with every stage being completed in 1 day.

Figure 9. Comparison of total settlement from analyses of case 1, case 2 and case 3.

Table 3. Analyses time for each stage in Case 1, Case 2 and Case 3.

Case 1 2 3 4 5 6 7 8 9 10

Case 1 (day) 1 1 1 1 1 1 1 1 1 10
Case 2 (year) 1 9.5 90 190 241 602 1506 2410 3012 6025
Case 3 (day) 2 2 2 2 2 2 2 2 2 2

2-D Numerical Analysis

Figure 10 shows the 2-D finite element model of the road pillar. Stability analysis of
the 2-D model was carried using simplified Bishop model in Slope/W. No tension crack
was considered, and the slip surface was determined based on grid and radius method [11].
The results of the consolidation and stability analyses of the road pillar with different
inclinations are presented in this section. The slope stability analysis was carried out for
every time step to consider the effect of PWP dissipation in the stability of the fill layer.
This analysis models the road pillar in both X and Z directions and seepage can flow in two
directions, vertically and laterally. For each of the three geometries, three scenarios were
considered in the 2-D stability analyses. In scenario 1, the stability analyses were carried
out to investigate the stability of road pillar only. In scenario 2, the stability analyses were
conducted to study the stability of road pillar with the assumption of the presences of
tailing materials at one side of the road pillar. In scenario 3, the stability analyses were
performed to investigate the stability of road pillar with the assumption of the presence
of 4.5 m high of water at one side of the road pillar. The numerical models for scenario 1,
scenario 2 and scenario 3 are presented in Figure 10.
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Figure 10. 2-D finite element model for analyses of (a) scenario 1; (b) scenario 2 and (c) scenario 3.

Consolidation settlements at the midpoint and edge of the model based on scenario
1 (Figure 10a) were compared with the results from the 1-D consolidation analyses. The
finite element model was separated into the in-situ soil and the filling material. The filling
material soil was separated into 11 regions which are 0–5 m, 5–10 m, 10–15 m, 15–20 m,
20-25 m, 25–30 m, 30–35 m, 35–40 m, 40–45 m, 45–51 m and 51–56 m. The soil model and
properties of in-situ soil and fill soil followed those used as input in 1-D consolidation
analysis of case 1. Every filling layer was consolidated for 1 day with 10 time steps and
2.4 h for each step. The in-situ soil was fixed at horizontal and vertical directions as shown
in Figure 10. The zero pressure boundary condition was applied at the interface between
the in-situ soil and the fill soil while the potential seepage face with review was applied at
the slope surface of the fill layer as shown in Figure 10.

The total settlement at the end of the construction located at the edge and the mid of
the crest for the three geometries are summarized in Table 4. The results present that the
differential settlement is around ±0.01m for all cases. The settlement at the middle and the
edge of the crest of the fill layer for the three geometries were compared with the one from
1-D analysis as shown in Figure 11. The results of the 1-D and 2-D consolidation settlement
analyses are comparable as they follow similar trends. In addition, all the final pore-water
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pressures at the middle of the model at the end of stage 11 or after 56 m filling have become
negative for all geometries (Figure 12).

Table 4. Summary of the total settlement from 2-D numerical analyses.

Case Mid (m) Edge (m)

Geometry 1 (20◦) 3.13 3.13
Geometry 2 (25◦) 3.13 3.13
Geometry 3 (30◦) 3.13 3.15

Figure 11. Comparisons of total settlement from 1-d analyses (based on Case 1) and 2-d analyses
(based on three different geometries).

Figure 12. Pore-water pressure profiles at the end of stage 11 for geometry 1, geometry 2 and
geometry 3.

The results from stability analyses of scenario 1 are presented in Figure 13. It is shown
that the critical condition is observed when the fill layer has just been placed. As the
pore-water pressure dissipated, the factor of safety slowly increases. It is shown that
geometry 3 has lower factor of safety compare to other geometries. The lowest factor of
safety is observed when the first fill is just placed (0–5 m) with factor of safety = 1.15. The
factor of safety increases to 1.73 within 2.4 h. For the rest of the simulations, all factor of
safety values are higher than 1.3. The final factor of safety of the road pillar is 1.344 which
considered to be the minimum in terms of the design acceptance criteria [36].
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Figure 13. Variations of factor of safety with time based on stability analyses of scenario 1 for (a)
geometry 1; (b) geometry 2 and (c) geometry 3.

In the stability analyses of scenario 2, the tailing sediment was assumed to be present
at one side of the embankment. Given that the tailing material was assumed the same as
the road pillar material, the tailing material was considered to be instantaneously placed at
one side of the road pillar and then consolidated for 1 year based on 12 time steps. Constant
total head was applied at the boundary between road pillar and tailing materials to model
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the groundwater table in the numerical analysis (Figure 10). The stability of the opposite
side of road pillar is checked using the same method used for checking the stability of 56 m
of road pillar only. In this model, the pore-water pressure of the tailing sediment can be
negative as shown in Figure 14. Essentially, the backfilled tailings is allowed to dewater and
therefore both the road pillar and the tailings becomes unsaturated. Figure 15 shows the
variations in safety factor with time for scenario 2. The difference was not significant over
1 year duration and the most critical condition was generated from the stability analysis of
slope with 30o slope angle with factor of safety is about 1.34 to 1.35.

Figure 14. Distribution of pore-water pressures due to the placement of tailing material without zero
pressure boundary condition applied on top of the tailing material (Approach 2).

Figure 15. Variations of factor of safety with time.
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In the anticipation of climate change, the additional stability analyses under extreme
rainfall conditions were carried out. A 4.5 m water flooding above the pit floor event is
assumed at one side of road pillar in the model. This rainwater is sufficient to model a 1%
annual exceedance probability (AEP) 72 h rainfall event (421 mm of rainfall) on a slope of
5% with a bund at the toe and 100% runoff coefficient [24]. A constant total head of 4.5 m is
applied at one side of the road pillar over 1 year duration. Figure 16 shows the variations
in factor of safety based on the stability analyses for Scenario 3. Geometry 3 (30◦ slope
angle) shows the most critical condition which has a factor of safety around 1.35.

Figure 16. Variations of factor of safety with time based on stability analyses for scenario 3.

Based on the numerical analyses results, it is shown that ignoring the effect of negative
pore-water pressure will underestimate the settlement of the fill materials. However, it is
not reasonable to wait for the entire pore-water pressures to reach equilibrium since it took
a very long time (>6000 years). In addition, based on case 1 simulation, 1 day waiting time
for each of the filling stage was sufficient for the degree of consolidation to reach 85% and
thus the model based on case 1 was recommended. The filling of 51 m contributes to a total
settlement of 3.1 m. Hence, the final elevation of the road pillar based on 1-D analyses is
51 − 3.1 m = 47.9 m.

The results from stability analyses indicate that the incorporation of unsaturated soil
properties help to optimize the design of slope. The slope still has high factor of safety
although the inclination is increased to 30◦ slope angle which has been evaluated under
three different conditions, without rainfall and tailing sediment, with tailing sediments and
with rainfall loading. The lowest factor of safety of slope with 30◦ slope angle is around
1.35 under maximum rainfall loading.

It can be seen the factor of safety of 30◦ slope angle (1.35) in Figure 16 is lower than that
from Figure 13c (1.82). The factor of safety of of 25◦ slope angle (1.70) in Figure 16 is lower
than that from Figure 13b (2.13). The factor of safety of of 20◦ slope angle (2.10) in Figure 16
is lower than that from Figure 13b (2.50). The comparisons of factor of safety between
Figures 13 and 16 indicate the importance of maintaining the unsaturated conditions of the
slope. If there is potential of flooding next to the road pillar, it is recommended to provide
the appropriate drainage within the structure itself, such as: horizontal drains; geodrain
and surface drain to ensure the water can be drained out properly in the case flooding
occur due to the effect of climate change.

5. Conclusions

The key conclusions can be summarized as follows:

• Laboratory testing has shown that the coarse sand tailings has a 34% (by mass) of
medium plastic fines (<0.075 mm), This is higher than conventional coarse sand
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tailings and has resulted in the sand having a lower permeability and lower shear
strength then normal poorly graded coarse sand.

• Numerical consolidation modelling using both 1-D and 2-D showed that despite the
higher fines content, the hydraulically deposited coarse sand tailings will be able to
consolidate very rapidly and that a degree of consolidation of 85% is achievable within
days. The results from numerical analyses also indicated that it is important to incor-
porate the unsaturated soil mechanics principles in the consolidation analyses. The
ignorance of the unsaturated soil mechanics principles will generate less settlement in
the consolidation analyses.

• In terms of the stability modelling, the minimum FOS for embankment slope angles
up to and including 30◦ is 1.35. This value is higher than minimum factor of safety of
1. It shows that the hydraulically placed method to stack the fill materials in the road
pillars naturally can achieve a higher slope angle if the unsaturated soil properties is
included in the analyses.

• The appropriate drainage should be provided within the embankment to maintain
the unsaturated condition and to ensure the stability of the embankment under heavy
rainfall loadings.
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Abstract: The Port of 2 × 110 MW Nagan Raya Coal Fired Steam Power Plant is one of the facilities
constructed by the State Electricity Company in Aceh Province, Indonesia. During its operation,
which began in 2013, the port has dealt with large amounts of sedimentation within the port and
ship entrances. The goal of this study is to mitigate the sedimentation problem in the Nagan Raya
port by evaluating the effect of maintenance dredging. Field measurements, and hydrodynamic and
sediment transport modeling analysis, were conducted during this study. Evaluation of the wind
data showed that the dominant wind direction is from south to west. Based on the analysis of the
wave data, the dominant wave direction is from the south to the west. Therefore, the wave-induced
currents in the surf zone were from south to north. Based on the analysis of longshore sediment
transport, the supply of sediments to Nagan Raya port was estimated to be around 40,000–60,000 m3

per year. Results from the sediment model showed that sedimentation of up to 1 m was captured
in areas of the inlet channel of Nagan Raya port. The use of a passing system for sand is one of
the sedimentation management solutions proposed in this study. The dredged sediment material
around the navigation channel was dumped in a dumping area in the middle of the sea at a depth of
11 m, with a distance of 1.5 km from the shoreline. To obtain a greater maximum result, the material
disposal distance should be dumped further away, at least at a depth of 20 m or a distance of 20 miles
from the coastline.

Keywords: wave; current; sediment; maintenance dredging; Nagan Raya

1. Introduction

As the first Coal Fired Steam Power Plant present in Aceh Province, the existence of
this power plant operation is very important for the local community as it supports the
electricity demand in the south-west coast of Aceh Province. However, since the completion
of the port construction process with the breakwater in 2013, there was a sedimentation
process inside the port and the mouth of channel [1]. The breakwater structure was
extended and some groins were also constructed [2,3] to minimize the problem, but these
solutions have not been maximally effective in protecting the port basin from sedimentation.
Sedimentation threatened the operation of the Nagan Raya port and steam power plant. A
suitable port-basin depth for the anchoring of coal supply vessels is no longer achieved.
In addition, the inlet channel for the water supply for the cooling of the power plant
engine placed in the harbor basin is experiencing siltation. This siltation led to a reduction
and decrease in the quality of the condenser coolant water supply, thus disrupting the
productivity and service of the power plant for the people of Aceh Darussalam.

To overcome these problems, dredging activity was carried out to maintain the nav-
igation channel depth and the port basin. However, the dredging solution is temporary
and a more permanent solution is required to solve the sedimentation problem at the port.
Because routine dredging activity has significantly increased costs and can lead to port
downtimes, dredging optimization is strongly encouraged. On the other hand, the volume
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of sediment will continue to increase if the main problems of the sedimentation process are
not addressed.

In short, over the years, new technologies have been developed as alternative methods
for dredging. The first alternative was the use of fixed coastal structures such as groins [4,5],
sand traps [6,7] and current deflection walls [8,9] to remove or reduce the amount of
sediment from the port entrance. Recently, C. Juez et al. (2018) analyzed the effect of bank
macro-roughness on sediment transportation [10]. Their laboratory study showed a clear
function of the macro-roughness elements in terms of the trapping of fine sediments in
the channel.

The second alternative to be developed was the use of water injections to lift and
separate the grains of sediment from the seabed. The first design of a method for this system
was proposed by Weisman et al. (1996) [11]. Water is pumped into a perforated buried
pipeline below the seafloor for seabed maintenance. The third technological approach to
be introduced is known as the sand bypassing system. Since the early 1930s, the sand
bypassing system has been used in the United States [12]. Sand bypassing has a small
environmental impact, but has high installation costs with uncertain operational costs [13].
Furthermore, the sand bypassing system usually works on a continuous basis and the
system is able to ensure the prevention of sedimentation over time for the maintenance of
the seabed.

The purpose of this study was to mitigate the sedimentation problem in Nagan Raya
port by evaluating the effect of dredging maintenance activities. This study was mainly
achieved in two parts. First, field measurements were conducted to identify the environ-
mental characteristics of the study area, such as the wave climate, sediment properties,
tide, current speed, wind climate, sediment transport volume and bathymetry. Secondly,
numerical models (ShorelineS and Delft3D) were applied to provide an overview of the
hydrodynamic features occurring within ports that directly or indirectly lead to sedimenta-
tion. The process-based Delft3D model was used to determine the sediment sources and
sink that corresponded to areas where the sediment was disposed or distributed within the
field of study. This Delft3D model has been implemented and applied in various coastal
areas around the world to explore the impact of dredging material on sedimentation, e.g.,
in [14–17].

2. Study Area

The Nagan Raya Coal Fired Steam Power Plant (known as PLTU Nagan Raya) is a
power plant that uses coal as its fuel and can supply electricity at a capacity of 2 × 110 MW.
This Steam Power Plant is located in Gempong Sauk Puntong Village, District of Nagan
Raya, Nanggroe Aceh Darussalam Province, Indonesia. The port is one of the facilities
that supports the main operation of the coal-fired power plant in supplying coal as the
main fuel for engines used in driving. The port is geographically located at coordinates
04◦06.116′ North latitude and 96◦11.6′ East longitude as shown in Figure 1.

In the north part, there is the Krueng Meureubo river, which is located about 6 km
from the location of Nagan Raya port. Meanwhile, 7 km south from Nagan Raya port,
there is the Krueng Nagan river. Both rivers have a large watershed and carry significant
sediment to the river mouth. Because of the long distance and the influence of longshore
currents that cuts the movement of sediment, the sediment contribution originating from
the river is considered non-existent. In this study, only sediments from around the coastal
area of Nagan Raya power plant were considered in the numerical simulation.
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Figure 1. (a) Location of Nagan Raya Power Plant [18] (b) Sedimentation in water-intake channel.

3. Materials and Methods

3.1. Field Data

Field measurements of various parameters such as bathymetry, wave height, current
speed, water level variation and sedimentation were executed in the area around Nagan
Raya port. This field data was used in this study in order to achieve better knowledge
of sedimentation patterns and to investigate the effects of these parameters on sediment
supply in the area of interest. Previous sediment survey data were studied together with
hydro-oceanographic data to develop a practical investigative plan for new sampling inside
and outside of the port area. In this study, field measurements were taken in October 2018.
The area of the hydrographic survey is shown in Figure 2a.
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Figure 2. (a) Hydrographic Survey Area. (b) Bathymetric map of Nagan Raya port from 2018. (c) Dredging activity at
port area.

The bathymetric map, as shown in Figure 2b, was measured on 24–25 October 2018,
with the width of the area outside of the basin under measurement being approximately
1700 m. The depth displayed on the bathymetric map below refers to the Lower Water
Spring (LWS). The area with the highest sedimentation is shown by the circle in Figure 2b.

In order to maintain the functioning of the port, routine dredging operations were
performed at the port entrance on a daily basis, as seen in Figure 2c. During daily dredging
operations, more than 50,000 m3/month of sediments were removed from the navigation
channel. The port entrance was dredged to a depth of 6 m. However, this dredging
operation depended on the climate conditions of the waves. This was the case because
of the location of Nagan Raya port, which is located directly facing the Indian Ocean
with strong winds and high wave conditions. When the wave conditions are extreme,
dredging activities at the port inevitably stop until environmental conditions return to
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normal. However, the sedimentation process continually appears in the port. This makes
dredging maintenance inefficient and expensive.

Wind data for the years 2004–2018 were obtained from wind measurement stations of
the Meteorology, Climatology and Geophysics Department [19] in 2004–2018. The wind
speed and direction over Nagan Raya coast are shown in Figure 3b below. The average
wind speed was 4.28 (m/s). The winds most frequently came from the south (15.6%),
south-west (27.7%) and west (18.8%).

Figure 3. (a) Location of measurement point of wind data, (b) Wind Rose, and (c) Wave Rose in Nagan Raya port.

The wave data for the area around the Nagan Raya port were analyzed from wind
climate data representing 10 year periods from 2004 to 2018. The dominant direction of the
incoming wave was from the southwest. The significant wave height, denoted as Hs, was
2 m, and the typical wave period, represented by T, was 6.3 s. The probability distribution
of the wave data is shown in Figure 3c.

In this study, current data were used for the calibration and validation of the numerical
model. The current data used in this study were obtained at a depth point of 6–7 m, and
represented an area located near the inlet of the port, as shown in Figure 2a. The current
measurement was surveyed at 1-h intervals using the Valeport 106 current meter. The
maximum observed current speed in this station was around 0.20 m/s and occurred at a
depth of 0.2D or 3.5 m below the water surface. The maximum current speed was found
for the current flowing from the southwest and the south, as shown in Figure 4.

69



Fluids 2021, 6, 397

Figure 4. Current velocity at Nagan Raya Port.

Tidal measurement was conducted during the bathymetric measurement process as
a means of correcting the sounding readings. From the tidal measurements, the typical
tidal range in this area was found to be about 0.7 m. The tidal type of the Nagan Raya
port area was mixed tide, with a prevailing semidiurnal pattern, and had a Formzahl value
of F = 1.05. Table 1 provides a list of the tidal constituents calculated around the port of
Nagan Raya.

Table 1. Tidal harmonic constants.

A (cm) S0 M2 S2 N2 K1 01 M4 MS4 K2 P1

306 7 6 1 9 5 0 0 2 3

g◦ 0 153 249 170 285 217 306 22 249 285

Figure 2a shows the location in which bed sediment samples were taken around port
basin. The results of the sediment laboratory test are shown in Table 2 below. Table 2
indicates that the fine sedimentary material was typically made up of sand. The data for
the suspended sediment that were retrieved during the investigation conducted around
port area shows typical ranges from about 40 to 150 mg/L.

Table 2. Sediment laboratory test.

No Gravel Sand Silt Clay D50 Cu Cc

1 0.00% 91.27% 8.73% 0.00% 0.168 2.641 0.998
2 0.00% 96.92% 3.08% 0.00% 0.197 2.374 0.904
3 0.00% 76.30% 23.70% 0.00% 0.097 2.55 1.729
4 0.00% 79.98% 20.02% 0.00% 0.15 4.763 1.513

3.2. Shoreline Changes

Several steps were taken in finding a constructive sedimentation solution for Nagan
Raya Port. These included an investigation of historical sedimentation data, which can
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provide a good conception of the coastal processes that occur and how they affect the
study area and the locations that surround it. Historical satellite images were used to
manually extract the shoreline locations from 2011 to 2017 using Google Earth, as shown in
Figure 5 below. The aim of this historical study was to evaluate and simulate the effect of
the breakwater structure in terms of coastline changes.

Figure 5. Historical coastline changes (2011–2019).

In this study, a new shoreline simulation model (ShorelineS), proposed by Roelvink et al.
(2018, 2020) [20,21], was used for predicting the evolution of the coastline over 7 year
periods. The basic equation for this ShorelineS model is based on sediment conservation,
details about which are provided in Roelvink et al. (2020) [21].

For the setup of the ShorelineS model, the initial shoreline in 2011 and the structure
of the breakwater were applied as land boundaries. The total length of the coastline was
9.25 km. An initial grid size of 5 m and the CERC1 formula derived from USACE (1984) [22]
were applied with a closure depth of 10 m. The total simulation time was 10 years. A
mean wave direction of southwest, with +/− 15 degrees of variation, was applied, with an
average wave height of 1.7 m and a peak wave period of 6.3 s. The results of the coastline
change simulation are shown in Figure 6.

To obtain an idea of the effects of sediment transport on the shoreline due to waves, it
was necessary to analyze the rate of sediment transport. The flow rate of sedimentation
along a coast depends on the angle of incidence of the waves, as well as the duration and
energy of the waves. Thus, large waves will carry more material per unit of time when
driven by small waves. Sediment transport analysis was carried out to determine the flow
rate of sedimentation along the coast using the CERC method. The formula of the CERC
method [22] can be expressed as follows:

Qs = k × P1n (1)

P1 =
ρg
8

× Hb2 × Cb × cos ab × sin ab (2)

where Qs is sediment transport along the coast (m3/day). P1 is a component of the wave
energy flux at break (Nm/s/m). ρ is a sea water mass of 1025 kg/m3. Hb is height of the
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breaking wave (m). Cb is the broken wave propagation (m/s). ab represents the angles of
the breaking waves. n is a constant of 1.29. g is a gravity acceleration of 9.81 m/s2. The
results indicate that the rate of longshore sediment transport was 58,576 m3/month.

Figure 6. Coastline change simulation result.

Calculation of the sedimentation flow rate was also carried out using sounding bathy-
metric data by overlaying bathymetric data at different times. This analysis used bathy-
metric measurement data collected in July 2018 (Figure 7a) and August 2018 (Figure 7b).
Through the calculation of the overlay volume, it was found that the total net volume
was 40,194 m3 (Figure 7c). Thus, it can be seen that the sediment transport rate in July
2018–August 2014 was 40,194 m3/month, as shown in Figure 7c. The calculation result
obtained using the CERC formula was greater than the overlaid bathymetry result, which
was the case because the incoming wave used in the analysis was that of only one direction,
namely from the southwest direction.
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Figure 7. Bathymetric measurement map: (a) July 2018, (b) August 2018. (c) Overlaid bathymetry.

4. Delft 3D Model

In this study, the Delft3D process-based modeling system was used to simulate the
sedimentation pattern around the Nagan Raya port area. The Delft3D model is a useful
tool in the development of effective sedimentation solutions. In addition, the Delft3D
software package has several different modules. This model capable of simulating aspects
of waves, currents, sediment transport, morphological developments and water quality in
coastal and ocean areas [23]. The Delft3D-Flow model [24–26], through the use of the third-
generation Simulating Waves Nearshore Model (SWAN) [27–30], and the Delft3D-Wave
module are both used to simulate the transformation of short waves. Details regarding the
equations used in, and the practical use of, the Delft3D modeling system can be found in
the DELFT3D user manuals [24,27]. The Delft3D model, and the Delft3D-Flow [24,25] and
Delft3D-Wave modules [27,28], were applied in this study.

The grid system for domain computation in the Delft3D system is shown in Figure 8.
The application of the bathymetry model and the measurement of land boundaries were
mainly based on field measurement data obtained during the study. In this study, curvi-
linear grids were used in the computational domain with different resolutions. The grid
sizes resolution varied from 10 to 500 m, with the coarser grid at the offshore boundary
(100–500 m) and a finer resolution inside the port (10–50 m). In total, three open boundaries
were used in the domain: the water level in the southern area and the Neumann boundary
in the eastern and western areas, as shown in Figure 9.

After the initial setup of the model, the next step was to calibrate and validate the
results of model with observed data. This stage was useful for evaluating the performance
of the model by adjusting the model-free parameters, and thus, establishing whether the
existing modeling data were accurate enough to be used at a later stage. In the flow model,
model parameters such as the bed roughness coefficient and the eddy viscosity should be
optimally adjusted to produce model results that are as similar as possible to the actual
measured values. In addition, improvements in the size of the computational grid can also
affect the accuracy of the results of the model [31–33]
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Figure 8. Curvilinear grids and mesh for Nagan Raya port.

Figure 9. Model domain and boundary conditions.

In this study, water level gauge measurement was used for calibration of the model, as
presented in Figure 10. The calibrated water level data showed a close relation and a good
agreement between the observed and simulated water level, as presented in Figure 10. After
calibration, the model was validated by the comparing simulated and observed current
velocity data, as shown in Figure 11. The simulation results for the current velocity generally
had the same pattern and were quite close to the values obtained via measurement. The
RMSE (root mean square error) statistical parameter between the simulated and observed
current velocity was 0.0003. Thus, the model performance was considered to be good
enough and it was determined that the model could be used for the purposes of this study.
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Figure 10. Comparison between modelled and measured water elevation.

Figure 11. Comparison of depth-averaged velocity between the modelled (solid line) and the observed (dot line) data.

The final input parameters used for the Delft3D model simulation are shown in
Tables 3 and 4 below. In this model, modeling was conducted for a 1-month simulation period.

Table 3. Hydrodynamic parameters.

Hydrodynamic Parameters Value

Model configuration 2DH (depth-averaged)
Number of grid elements 8960

Meteorological forcing Astronomical tidal forcing, wind data
Time step 60 s
Gravity 9.81 m/s2

Water density 1025 kg/m3

Roughness (Chezy coefficient) 7
Horizontal eddy viscosity 1 m2/s

Horizontal eddy diffusivity 1 m2/s

Table 4. Morphological parameters.

Morphological Parameters Value

Specific density 2650 kg/m3

Dry bed density 1600 kg/m3

Median sediment diameter (D50) 200 μm
Initial sediment layer thickness at bed 5 m
Threshold sediment depth thickness 0.5 m
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5. Results and Discussion

The results obtained using the sediment transport model are shown in Figure 12.
Based on the sedimentation modelling results for the port basin, as shown in Figure 12, it
was found that around the mouth of the basin area, the sedimentation occurred at levels
as high as 0.8–1 m. This is supported by the bathymetric measurement data in this area;
around the coastline at the near side of the breakwater, there was sedimentation as high as
1.4–1.6 m. In addition, it was found that the sedimentation rate at the harbor basin was
around 38,346 m3/month. This value was found to be slightly underestimated based on
the averaged dredged volumes that were obtained via bathymetric measurement. The
choice of different parameters used in the sediment transport model might have been the
cause of this result. Furthermore, it is possible that errors occurred during the bathymetric
measurement process.

Figure 12. Erosion and sedimentation model after 1 month of simulation.

In addition to the above modeling results, the dredging and dumping activities could
be simulated in Delft3D software package. To evaluate the impacts of sedimentation on
the adjacent port area, 1-month morphology change simulations were conducted for the
dredging scenario of the navigation channel using the dredging and dumping utility in
Delft3D [24]. During simulation, the characteristics of the dredging and dumping activities
that occurred were saved in a dredge and dump file. A detailed description of the dredging
and dumping features in this model can be found in the Delft3D-Flow user manual [24].

In this study, two dredging activity scenarios were applied using the Dredge and
Dump feature of Delft3D. The volume of sediment was automatically removed from one
area in the bathymetry model and dumped into the dump area. For the first scenario, the
dredged material was dumped in Location 1 in the offshore area. For the second scenario,
the dredged sediment was dumped in Location 2 in the near side of the breakwater, as
shown in Figure 13. In this modeling system, it was assumed that the sedimentation was
dredged and maintained at a 6 m depth as a threshold water depth. This approach was
adapted for coal barges that often pass through the basin area of the Nagan Raya port. The
results of the dredging and dumping modeling process are presented in Figure 14 below:
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Figure 13. Dredging and dumping location.

Figure 14. Dredging and dumping modeling: (a) scenario 1 and (b) scenario 2.

For scenario 1 (first), the dumping point was located at a depth of 11 m and the
distance from the coastline was about 1.5 km. The dredged material was sucked up by the
dredger and channeled through the pipe to the shelter barge. The fully loaded barge was
pulled by a tugboat, at a speed of 3 knots, to the dredge disposal area (scenario 1), as shown
in Figure 14a. Based on the modeling results for scenario 1, the dredged material that had
been disposed of in the dumping area did not return to the mouth of the basin area.

In contrast, for scenario 2, after the removal of the dredge material to Location 2 in
the north part of the breakwater side, there was still sedimentation in the mouth area of
the basin, as shown in Figure 14b. Figure 14b shows the potential locations of the dredged
material that was dumped back into the mouth of the basin area. Based on the above results,
Area 1, located in the offshore area, was proposed as the best dumping area location. In
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addition to complying with government regulations, the proposed disposal area must also
reach a further 20 miles seaward from the shoreline, or a minimum depth of 20 m.

6. Conclusions

The port of 2 × 110 MW Nagan Raya Coal Fired Steam Power Plant is a facility in
Aceh Province, Indonesia, which was constructed by the State Electricity Company. During
its operation, which began in 2013, the port has dealt with large amounts of sedimentation
within the port and ship entrances. The existing breakwater construction has not been
maximally effective in protecting the port basin from sedimentation. In addition, the
breakwater structure and some groins have also been extended to minimize this problem.
However, an enormous amount of material sediment is still dredged from the mouth of
navigation channels in order to maintain port operations.

Evaluation of the wind data showed that the dominant wind direction was from south
to west. Based on the analysis of the wave data, it is known that the dominant wave
direction was from the south to the west. Therefore, wave-induced currents in the surf
zone were from south to north. Based on the analysis of longshore sediment transport, the
supply of sediment to Nagan Raya port was estimated to be around 40,000–60,000 m3 per
year. The large estimated amount of sediment transport along the coast of the port was
based on wave direction from the south to the west.

Results obtained from the sediment model showed that sedimentation of up to 1 m
was captured in areas of the ship entrance of Nagan Raya port. The sand bypassing system
is one of the sedimentation management solutions that was proposed in this study. The
dredged sediment material located around the ship entrance was dumped in a dumping
area, located in the middle of the sea, at a depth of 11 m, with a distance of 1.5 km from
the shoreline. To obtain a greater maximum result, the material disposal distance should
be further away, at a depth of at least 20 m or a distance of 20 miles from the coastline.
The proposed solution could reduce operating costs since the dredging operations will be
localized to one specific area.
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Abstract: The prediction of scour evolution at bridge foundations is of utmost importance for
engineering design and infrastructures’ safety. The complexity of the scouring inherent flow field
is the result of separation and generation of multiple vortices and further magnified due to the
dynamic interaction between the flow and the movable bed throughout the development of a scour
hole. In experimental environments, the current approaches for scour characterization rely mainly
on measurements of the evolution of movable beds rather than on flow field characterization. This
paper investigates the turbulent flow field around oblong bridge pier models in a well-controlled
laboratory environment, for understanding the mechanisms of flow responsible for current-induced
scour. This study was based on an experimental campaign planned for velocity measurements of
the flow around oblong bridge pier models, of different widths, carried out in a large-scale tilting
flume. Measurements of stream-wise, cross-wise and vertical velocity distributions, as well as of
the Reynolds shear stresses, were performed at both the flat and eroded bed stages of scouring
development with a high-resolution acoustic velocimeter. The time-averaged values of velocity
and shear stress are larger in the presence of a developed scour hole than in the corresponding flat
bed configuration.

Keywords: bridge pier; flat and eroded bed; flow field; velocity profile measurements

1. Introduction

The presence of obstacles such as bridge foundations in rivers is often associated with
local morphological changes as a result of altering the sediment–flow equilibrium at the
vicinity of those hydraulic infrastructures [1,2]. The modification of local geomorphological
bed characteristics, known as local scour, should be accounted for when analysing the safety
of bridges due to the severe threat that the uncovering of the foundation can pose to its
integrity. Local scour around piers is one of the major threats to bridge structures founded
in riverbeds and is the result of the complex flow patterns around those foundations [3–5].
It is therefore important to be acquainted with the flow structure and the related scour
mechanisms around bridge piers.

The formation of highly turbulent vortex systems leads to increased local velocities
and bottom shear stress, which results in the formation of scour holes. The sediment
entrainment and transport are then controlled by the turbulent flow field therein devel-
oped [6,7]. Once formed, the scour hole interferes significantly with the turbulent flow
field and the hydrodynamic characteristics [8,9]. For instance, the bed shear stress and
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turbulence quantities are strengthened, which induces further sediment transport and
scour development in the pier vicinity.

Besides the formulation of scour depth predictors, the understanding of complex
turbulence patterns in the vicinity of bridge piers is also crucial in planning and designing
phases of foundations’ orientation, shape and geometry [6]. Several measuring techniques
have been used before to characterize the flow field around piers. They began with the ad-
vent of propeller gauges, electromagnetic gauges, hot-film anemometers [10] and five-hole
pitot spheres [11], and then developed to more sophisticated measuring equipment, such
as Acoustic Doppler Velocimeter (ADV) [8,9,12,13], Laser Doppler Velocimetry (LDV) [14]
and Particle Image Velocimetry (PIV) [15–17].

Ataie-Ashtiani and Aslani-Kordkandi [18] investigated the ADV measurements of
turbulent flow field around single, side-by-side and tandem pile groups with and without
a scour hole. Their results corroborated that the in-depth understanding of the flow and
turbulence influenced by the scour hole is essential to improving the prediction of scour
depth, see [19–21] and references therein.

The main flow processes that take place around a circular pier exposed to a steady
current on a plane bed have been the subject of several flow field studies, both experimental
and numerically, see [6], and references therein. They comprise the horseshoe vortices
formed immediately upstream of the pier, the lee-wake vortices (usually in the form of
vortex shedding), contracted streamlines at the side edges of the pier, and the downflow
process due to the deceleration of the flow at the pier front. Dargahi [7] reported the result
of several studies that focused on the visualization of the vertical structures around a bridge
pier placed in an incoming fully turbulent flow at different stages of the scouring process.
Graf and Yulistiyanto [22] measured the mean velocity components and turbulent Reynolds
stresses using an ADV profiler in several planes around a circular pier for equilibrium
scour conditions. By contrast, Roulund et al. [23] performed experimental and numerically
visualizations of the flow in the scour hole during the evolution of the scour process and
measured flow field and bed shear stresses for circular bridge piers on a flat bed. Dey and
Raikar [8] have studied experimentally the structure of the turbulent horseshoe vortex
flow within the developing scour holes at cylindrical piers by measuring instantaneous
3D velocities using an ADV. Notwithstanding, the flow in the rear part of the pier was not
studied; they concluded that the flow and turbulence intensities in the horseshoe vortex
remain rather similar during the development of the scour hole. While these flow structures
are well-established for circular pier shape, few works have been devoted to the flow field
study around bridge foundations of other shapes and geometries.

Recent studies have been focused on the characteristics of turbulence causing scour
around circular, tandem, staggered arrangements and oblong piers [24,25], which did not
account for the presence of scour holes. In Vijayasree et al. [24], the turbulent kinetic energy,
turbulence intensities and Reynolds shear stresses were weaker for oblong piers, suggesting
that this shape is a better alternative for the construction of bridge piers. The experimental
work conducted by Pasupuleti et al. [25] was performed under clear water as the majority
of previous research, which does not totally reproduce the field conditions. Therefore,
the relatively limited number of flow field studies induced by the presence of an oblong
bridge pier, most common shape of Portuguese bridge foundations of the 19th and 20th
centuries, when compared with circular piers, motivated this investigation.

Therefore, the current study aims to identify and analyse the physics of the flow
disturbed by the presence of a developed scour hole around oblong bridge piers. For that
purpose, flow and turbulence characteristics are analysed, on the basis of an experimental
campaign, concerning the change in pier effective width, approach hydraulic conditions
and bed morphology stages, at the initial flat and the final eroded bed stages. Six fixed bed
experiments, involving models of oblong bridge piers, were carried out in a recirculating
tilting flume located in the experimental facilities of the National Laboratory of Civil
Engineering (LNEC), in Lisbon, Portugal. Based on velocity measurements, the flow fields
at the flume mid-plane surface were analysed, in terms of the time-averaged velocities and
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Reynolds shear stresses. Furthermore, space-averaged quantities were also obtained to
clarify the influence of scour development on the flow and turbulence characteristics.

Following this introduction, the flow field experiments are characterized in Section 2.
The description of the experimental facility and bridge pier models, the devices, mea-
sured variables and instrumentation, experimental procedure and conditions are given
in Section 2. A particular description of the approach used for the characterization of the
turbulent flow field is included in Section 3. The results and their discussion are presented
in Section 4. Finally, the main conclusions of this study are provided in Section 5.

2. Flow Field Experiments

2.1. Experimental Facility and Bridge Pier Models

The experiments were undertaken in the tilting flume of LNEC (Figure 1). The tilting
flume, herein termed CIV, is 40.7 m long, 2.0 m wide and 1.0 m deep, with glass wall sides
and a concrete base.

Figure 1. Experimental facility and bridge pier models.

Figure 2 presents the schematic setup of the flume. Two working sections were created
within the base of the tilting flume, each being approximately 5.0 m long and 0.4 m deep.
These sections were filled with uniform quartz sand characterized by a median diameter,
D50, of 0.86 mm, a density, ρs, of 2650 kgm−3 and a standard deviation of sediment particle
sizes, σD, of 1.28. The working sections, herein also referred to as “sand recess boxes”,
are preceded by 2.0 m long accelerating ramps and 7.0 m long fixed bed reaches, and are
followed by 3.0 m long fixed bed reaches. The accelerating ramps (“Acc. ramp” in Figure 2),
placed at flume inlet and at the stilling recess boxes, conduce to uniform flow distributions
in the two working sections. The stilling recess area between the two working sections was
conceived to restore the flow regime for the downstream working section, and to store the
sand bed material transported by the flowing water from the upstream working section
during local scouring experiments. In the upstream boundary of the working sections, fine
gravel mattresses, properly levelled by the respective concrete base, allow for smooth and
progressive transitions, as well as ensure a turbulent flow development.
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Figure 2. Schematic layout of the experimental setup (enlarged vertical scale).

Two oblong bridge pier models, Pier 11 and Pier 14, were placed in the upstream
and downstream working sections, respectively. The piers differ in width (W), length
(L), and semi-cylindrical surface ratio (R), schematically identified in Figure 3. The di-
mensions of Pier 11 are W = 0.11 m, L = 0.433 m and R = 0.065 m. Pier 14 is slightly
larger, with W = 0.14 m, L = 0.463 m, and R = 0.08 m. The bridge pier models were placed
vertically on the flume mid-plane at ≈ 2 m from the working sections’ upstream borders
(Figure 2). The contraction and wall effects were negligible to the scouring process, since
the associated flume “width-to-pier width” ratios (W/B, B being the flume width) were
5.5% and 7.0% (for Pier 11 and Pier 14, respectively), both lower than the limit value of 10%
indicated by Chiew and Melville [26].

Figure 3. Geometry of the oblong bridge pier models.

The present study comprises the hydrodynamic characterization of six experiments
divided into fixed flat bed and eroded bed stages of three local scouring experiments,
namely Exp. 1U, Exp. 1D and Exp. 2U. The letters U and D denote the pier model, being
U for Pier 11 and D for Pier 14. These local scouring experiments are characterized in
detail in Bento [27,28]. For simplicity, a suffix was added to the local scouring experiments’
name. The suffix Fbed stands for the fixed flat bed, whilst Ebed denotes the fixed eroded
bed experiments. Therefore, the six flow field experiments were labelled as follows: Exp.
1U Fbed and Exp. 1U Ebed for Exp. 1U; Exp. 1D Fbed and Exp. 1D Ebed for Exp. 1D; and
Exp. 2U Fbed and Exp. 2U Ebed for Exp. 2U.

2.2. Devices, Measured Variables and Instrumentation

Several flow variables were measured during the experiments, namely: (i) the flow
discharge at the flume entrance; (ii) the flow depth within CIV and at the immediacy of the
working sections; and (iii) the instantaneous three velocity components of the flow at the
piers’ vicinity. The following paragraphs describe the measuring process of each variable.

A variable frequency drive was used to control the rotational speed of the pump
motor in order to obtain the desired flow discharge. The approach flow discharge was
then monitored by an electromagnetic flowmeter with a rate accuracy of ±0.25%. At the
flume entrance, stilling grids and a flow straightener were provided for damping the flow
containing large scale eddies, leading to vortex free uniform flow in CIV. An adjustable
sluice gate at the downstream end of the flume enables obtaining the desirable flow depth
within the flume.
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The approach flow depth was monitored using the acquired signals from acoustic
probes, suitably positioned within the flume so as not to interfere with the development
of the experiments. The signal of the three acoustic probes was acquired at a sampling
frequency of 10 Hz, whereas the signal of the electromagnetic flowmeter was acquired at
25 Hz. Movable carriages were present on the rails of the flume to allow the access for
controlling and measuring purposes of both the approach flow depth and the acquisition
of the flow velocity components by the connection of the downlooking vectrino to its
respective acquisition firmware (Vectrino Plus).

The instantaneous three-dimensional velocity measurements were acquired by us-
ing a high-resolution acoustic velocimeter, namely a downlooking vectrino (hereinafter
designated as vectrino), from Nortek®, in two different moments: (i) at the beginning of
the scouring process (flat bed stage), and (ii) at the final stage of the scouring experiments
(eroded bed stage). The velocity flow field was measured throughout the working section
around the pier models at relative elevations for the comparison of turbulence and flow
characteristics due to the scouring process (before scour vs. after scour). An independent
moving carriage system was developed to clamp the vectrino in order to move it along
the different velocity measurement grid points to ease the measurement task, up to an
accuracy of ±1 mm in the three directions (x, y and z). This issue will be considered in
more detail in Section 3. The origin was considered at the pier centre, where x, y and z
denote the longitudinal, transversal and vertical axes, respectively (see Figure 3).

2.3. Experimental Procedure

To facilitate the performance of the experiments on fixed beds, the surface layers of
the bed material (Step 1—Figure 4a) were frozen by spraying uniformly a synthetic glue
over the bed morphology stages (flat and eroded). This practice is frequently used in flow
field studies under the assumption that the results are simpler and more explanatory than
those from complex scenarios with a variety of acting processes, such as sediment burial
and reappearance processes [29], and references therein.

(a) Step 1 (b) Step 2 (c) Step 3

Figure 4. Setup for the flow velocity measurements.

Once the sand beds were properly stabilized, after approximately 72 h, the same
hydraulic conditions of the corresponding local scouring experiments [27,28] were imposed,
and the flume was filled up to the desired flow discharge and flow depth (conditions
referred later). Since the vectrino uses the Doppler effect to measure current velocity
by transmitting short pairs of acoustic waves, they must bounce off from particulate
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matter in the flow. As the laboratory water was quite clean, an artificial introduction of
particles (commonly known as seeding particles) was deemed necessary, and thus a silica
powder was added to the flow. An indicative aspect of the quality of the seeded flow
is the parameter signal-to-noise ratio (SNR), provided by the Vectrino Plus interface; the
higher the SNR, the better the seeding, and consequently, the more reliable the velocity
measurements (Step 2—Figure 4b).

Five acoustic probe tips (one transmitter and four receivers, illustrated in Figure 4c)
send and receive acoustic information in a fluid volume below the vectrino, referred to as
the sampling volume. Since the instrument is inserted into the flow, the sampling volume
must be sufficiently far away from the probe tip so as not to disturb the flow and the
velocity measurements. Using acoustic waves, the vectrino takes real-time measurements
(Step 3—Figure 4c). To evaluate quality of velocity measurements, one of the real-time
outputs that vectrino provides is a correlation statistic. This is a value ranging from 0%
to 100%; the closer the correlation is to 100%, the less noisy and more reliable a velocity
measurement is. A minimum correlation of 70% is strongly recommended by several
researchers [12], among others, and thus considered in the present study. In addition,
a minimum signal-to-noise ratio (SNR) of 15 dB was designated for ensuring the reliability
of the instantaneous velocity data [30,31].

Before conducting each experiment, several trials were undertaken to estimate the
uncertainty in the measurement sampling duration. To tackle this, an assessment of the
signal acquisition time’s influence on the statistics of turbulent quantities was performed
in Bento et al. [32]. Thus, signal acquisition times within the range of 120 to 300 s were
considered in order to achieve time-independent velocity components, regarding the
magnitude of turbulence at each measuring location. The vectrino was operated with an
acoustic frequency of 10 MHz and a sampling rate of 200 Hz.

Besides the flow velocity characterization of the six fixed bed experiments by a compre-
hensive measuring system (resumed later), the flow depth was also continuously monitored
for ensuring the predefined hydraulic conditions. After the completion of each fixed bed
experiment, the surface layers of the sand beds were removed, the sand box re-levelled and
once again fixed by the synthetic glue (to perform the corresponding flat bed experiment).
A careful re-establishment of the hydraulic conditions was performed with a gradual filling
of the flume.

2.4. Hydraulic Conditions and Time Duration

Table 1 presents the main hydraulic variables of the fixed bed experiments, namely
the approach flow discharge (Q), flow depth (h), flow velocity (V), Froude number
(Fr = V/

√
gh), flow Reynolds number (Re = Vh/ν, being ν the kinematic viscosity of the

fluid), and the parameter concerning the relation with the pier model: the pier Reynolds
number (ReD = VW/ν). In Table 1, these parameters are given with a 95% of confidence
interval; the estimated error corresponded to the sample error, expressed as 1.96 σ/

√
ns

(being σ the standard deviation and ns the sample size).
The flow depth within CIV was considered as the arithmetic average of the acoustic

probes data for Exp. 1U Fbed, Exp. 1U Ebed, Exp. 1D Fbed, Exp. 1D Ebed, Exp. 2U Fbed
and Exp. 2U Ebed experiments. These analyses constitute a relevant and efficient source of
information to account for the uncertainty in the hydraulic conditions of each experiment.
The characterization of the experimental error and propagation of uncertainty demon-
strated that the variability of the hydraulic variables, particularly flow discharge, flow
depth, and flow velocity, had no impact on the final results (Table 1).

The oblong bridge pier models behaved as narrow or transitional [1], depending on
the resultant flow shallowness ratios (h/W). A flow shallowness of 1.13 was obtained for
Exp. 1D Fbed and Exp. 1D Ebed (transitional piers), while values varying between 1.40 and
1.48 were attained for the remaining experiments (narrow pier category).

The flume width-to-flow depth ratios (B/h) ensured negligible effects of the secondary
currents due to flume side walls on the flow. Values of 12.4, 12.3, 12.6, 12.7, 10.2 and 13.5
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were obtained, respectively, for Exp. 1U Fbed, Exp. 1U Ebed, Exp. 1D Fbed, Exp. 1D Ebed,
Exp. 2U Fbed and Exp. 2U Ebed (Table 1). In accordance with Yang et al. [33], that effect
is solely noticeable for ratios of less than 6. The flow was, thus, free from the secondary
currents at the flume mid-plane [34], where the pier models were installed. Fully developed
incoming flows were obtained for all experiments, as indicated by the magnitudes of the
flow and pier Reynolds number (Re and ReD) in Table 1. The values of Froude number (Fr)
lower than unity confirms the subcritical flow for experiments.

Table 1. Hydraulic variables of the fixed bed experiments.

Experiment Pier (-) Q (m3s−1) h (m) V (ms−1) Fr (−) Re (−) ReD (−)

Exp. 1U Fbed Pier 11 0.0927 0.1610 ± 3 × 10−6 0.2882 ± 6 × 10−6 0.1825 ± 8 × 10−6 46,200 ± 0.06 31,600 ± 0.7
Exp. 1U Ebed Pier 11 0.0925 0.1628 ± 3 × 10−6 0.2849 ± 4 × 10−6 0.1784 ± 4 × 10−6 46,200 ± 0.02 31,200 ± 0.4
Exp. 1D Fbed Pier 14 0.0927 0.1588 ± 5 × 10−6 0.2921 ± 9 × 10−6 0.1875 ± 1 × 10−6 46,200 ± 0.1 32,000 ± 1.0
Exp. 1D Ebed Pier 14 0.0925 0.1579 ± 3 × 10−6 0.2937 ± 5 × 10−6 0.1896 ± 6 × 10−6 46,200 ± 0.05 32,200 ± 0.5
Exp. 2U Fbed Pier 11 0.1244 ± 5 × 10−7 0.1952 ± 1 × 10−5 0.3187 ± 2 × 10−5 0.1665 ± 2 × 10−5 61,900 ± 0.2 34,900 ± 2.0
Exp. 2U Ebed Pier 11 0.1237 ± 4 × 10−7 0.1486 ± 5 × 10−7 0.4164 ± 2x10−6 0.2856 ± 2 × 10−6 61,600 ± 0.18 45,600 ± 0.2

3. Flow Field Characterization

In the present research, instantaneous velocity maps were acquired for the fixed bed
experiments, before the beginning of the scouring process, at a flat bed, and at the final stage
of experiments, at an eroded bed. Figure 5 provides a schematic diagram of the velocity
point measurements. It comprises five half-planes, namely A, J, E, G and I. Each half-plane
is composed by 4 or 5 vertical profiles, as indicated in Figure 5, where the flow velocity was
measured for several points along the water depth. The position of the measuring spots
varied for each application; it was dependent on flow depth and pier dimensions. In line
with what was performed in the works of Kirkil et al. [35], Chang et al. [36], and Beheshti
and Ataie-Ashtiani [13], among others, the measurements in each experiment were taken
in the Cartesian coordinate system (x, y, z) also indicated in Figure 5. Further details can
be found in Bento [28].

A minimum correlation of 70% and a minimum signal-to-noise ratio (SNR) of 15 dB
were thus considered for ensuring the reliability of the instantaneous velocity data [30,31].
During the velocity measurements, the downlooking vectrino sampling frequency was
chosen to be 200 Hz with a duration within the range of 120 to 300 s, depending on
the magnitude of turbulence at each measuring location. These instantaneous three-
dimensional velocity measurements allowed obtaining: (i) mean velocities (u, v and w);
(ii) turbulent fluctuation velocities (u′, v′ and w′); and (iii) Reynolds shear stresses (RSSes)
including u′v′, u′w′ and v′w′. The derivation of such parameters provides insights of
the flow magnitude and structure for the particularities of each experiment and bed
morphology stage (before vs after scour).

Prior to data analysis, all records were visually inspected to identify potential er-
roneous data such as spikes, trends or abrupt discontinuities in the velocity time series.
The velocity data was then processed, which streamlined the analysis of the turbulent and
the time-averaged 3D velocity data, as well as the statistical and the spectral analysis of the
downlooking vectrino data by computing the respective skewness and kurtosis measures
for each measuring point. Results including mean values, variance, skewness and kurtosis
of each of the aforementioned variables, for all experiments, can be found in Database
S1 in the Supplementary Materials. For the sake of simplicity, a limited number of the
most relevant plots is analysed in Section 4, namely for the different vertical profiles of the
half-planes A and J. A total of 680 velocity point measurements were acquired for these
two half-planes. For each vertical profile, a relative study on the characteristic flow and
turbulence quantities is conducted, regarding the bridge’s effective width, approach flow
condition and bed configuration (flat vs eroded), addressed in Section 4.
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Figure 5. Schematic diagram of the velocity point measurements. Profiles on the longitudinal half-
planes (A and J) are numbered from left to right, while those on the transversal half-planes (E, G,
and I) are numbered from the pier outwards.

A characterization of the approach flow was also performed. For fully turbulent flow,
over hydraulically rough sand bed surface, the dimensionless stream-wise mean velocity
(u/u∗, being u∗ the shear velocity), was found to follow the log-law as expected, see [37]
and references therein. The roughness coefficient value adopted, ks, was 0.00215 m (ks =
2.5D50). The adjustment of the log-law to Exp. 1U Ebed velocity profile upstream the Pier
11’s front, for instance, allowed obtaining the shear velocity, u∗, of 0.0174 and constant Bs
= 9.74, as shown in Figure 6. These values, along with the bed Reynolds number, u∗ ks/ν
≈ 37, are in agreement with the literature for the hydraulically transitional boundary
layer [38].

Figure 6. Longitudinal velocity profile measured in the flume mid-plane and at the distance 0.50 m
upstream the Pier 11’s front. Experimental data (◦) and theoretical approximation line (dashed line).

4. Results and Discussion

4.1. Mean Velocities

Figures 7–9 depict the profiles of the velocity components at the eight mid-plane
vertical profiles—A and J half-planes (Figure 5)—for the three flat bed experiments: Exp.
1U Fbed, Exp. 1D Fbed and Exp. 2U Fbed. The velocity points were scaled by a reference
velocity magnitude of 0.30 ms−1.

88



Fluids 2021, 6, 370

(a)

(b)

(c)

Figure 7. Vertical profiles of the velocity components along the pier’s mid-plane for Exp. 1U Fbed.
(a) Stream-wise component of velocity (u). (b) Cross-wise component of velocity (v). (c) Vertical
component of velocity (w).

In the upstream area, the stream-wise component of the velocity (u) increases with
the distance from the bed to an elevation near the flow height. Along the mid-plane
surface, it decreases with proximity to the oblong bridge pier model, due to the effect
of velocity reduction close to the pier’s blocking effect (Figures 7a, 8a and 9a). The flat
bed experiments, Exp. 1U Fbed, Exp. 1D Fbed and Exp. 2U Fbed, exhibit nearly the same
pattern. The u vertical profile is diminished for Exp. 1D Fbed when compared with the
Exp. 1U Fbed experiment. This can be attributed to large flow shallowness of Exp. 1U Fbed
(h/W = 1.45) when compared with the correspondent value for Exp. 1D Fbed (h/W = 1.14).
The higher mean approach flow velocity of Exp. 2U Fbed (in the order of 20%) justifies an
increment of approximately 34% of the mean values of each of the four vertical profiles
upstream the bridge pier model (Pier 11).

(a)

(b)

Figure 8. Vertical profiles of the velocity components along the pier’s mid-plane for Exp. 1D Fbed.
(a) Stream-wise component of velocity (u). (b) Vertical component of velocity (w).
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(a)

(b)

Figure 9. Vertical profiles of the velocity components along the pier’s mid-plane for Exp. 2U Fbed.
(a) Stream-wise component of velocity (u). (b) Vertical component of velocity (w).

In Exp. 1U Fbed, the maximum stream-wise component of velocity, u, occurred for an
elevation (z) equal to 0.097 m in all the vertical profiles at the upstream side of the oblong
pier (Pier 11); the magnitude reached a maximum value of 0.377 ms−1 (skewness and
kurtosis coefficients of −0.70 and 1.02, respectively) for the vertical profile “1” of the A half-
plane (situated 0.5 m upstream from the pier front edge, Figure 4), whereas a magnitude
of 0.313 ms−1 (skewness and kurtosis coefficients of 2.55 and 39.43, respectively) was
attained for the vertical profile “4” of the A half-plane (at roughly 0.09 m upstream from
the pier front edge. For Exp. 2U Fbed, those values registered a maximum of 0.509 ms−1

and 0.422 ms−1 for the vertical profiles “1” and “4” of A, respectively. The corresponding
computed skewness and kurtosis coefficients were −0.94 and 2.31 for vertical profile “1”
and −1.99 and 17.42 for vertical profile “4”).

Statistical moments, such as skewness and kurtosis coefficients, differing from zero
means that the temporal distributions of u (for the previously mentioned example) were
slightly skewed and sharpened, especially for the points measured at the vertical profile “4”.
For the corresponding velocity-point measurements, the v statistical moments were closer
to zero (see Database S1: Flow field database). Even though observed deviations from
the Gaussian distribution [39,40] are relatively small, they may reflect significant features
of the large-scale turbulence dynamics. According to Nikora et al. [39] and references
therein, large-scale vortices or coherent structures enhance the kurtosis coefficient, which
is also corroborated by the aforementioned statistical results. Further comparisons can be
undertaken for the remaining experiments.

The stream-wise component of velocity in the downstream region of the pier models
presents a similar pattern between the three experiments: a general increase of u as the
vertical profiles move away from the oblong bridge pier. However, it should be noted that
for profile “1” of the J half-plane (see Figures 7a, 8a and 9a), in all three flat bed experiments,
alternate positive and negative values were observed along the vertical profile, which can
be attributed to the effect of the shedding vortexes therein developed. In line with Figure 5,
the vertical profiles “1” of J half-planes are situated at 0.087 m and 0.093 m from the
downstream end of Pier 11 and Pier 14, respectively.

The time average v values at the symmetry plane (y = 0) are nearly zero, as expected
(Figure 7b) and reported in previous research, such as Beheshti and Ataie-Ashtiani [13] and
Pandey et al. [41]. For that reason, the v vertical distributions from the remaining flat bed
experiments (Exp. 1D Fbed and Exp. 2U Fbed) are not herein depicted.

The vertical profiles of the w—component velocity, represented in Figures 7c, 8b and 9b,
illustrate the downward movement of flow (downflow) in front of the respective oblong
bridge pier models. The w component is highest for Exp. 2U Fbed, as compared to the other
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two experiments (Exp. 1U Fbed and Exp. 1D Fbed, respectively). In those, the smaller values
are attributed to the areas with less scouring near the pier as the stream bed surface did not
permit the flow acceleration in the downward direction of the pier model. These results are in
line with previous studies such as Dey and Raikar [8].

Figures 10–12 illustrate the distribution of the velocity components at the same eight
mid-plane vertical profiles, from the A and J half-planes (as previously performed), for the
three eroded bed experiments: Exp. 1U Ebed, Exp. 1D Ebed and Exp. 2U Ebed. Similarly,
the velocity points were scaled by a reference velocity magnitude of 0.30 ms−1, except for
Exp. 2U Ebed, where a value of 0.40 ms−1 was considered.

(a)

(b)

(c)

Figure 10. Vertical profiles of the velocity components along the pier’s mid-plane for Exp. 1U Ebed.
(a) Stream-wise component of velocity (u). (b) Cross-wise component of velocity (v). (c) Vertical
component of velocity (w).
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(a)

(b)

Figure 11. Vertical profiles of the velocity components along the pier’s mid-plane for Exp. 1D Ebed.
(a) Stream-wise component of velocity (u). (b) Vertical component of velocity (w).

(a)

(b)

Figure 12. Vertical profiles of the velocity components along the pier’s mid-plane for Exp. 2U Ebed.
(a) Stream-wise component of velocity (u). (b) Vertical component of velocity (w).
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Unlike in other flow field experimental studies, see [21] and references therein, the ve-
locity measurements were also allowed within the scour hole of the eroded bed experiments,
which explains the negative values for elevations z below the initial flat bed level (see Fig-
ures 10–12). As can be observed, vertical profile “1” of A is situated outside the upstream
border of the scour hole in all experiments. The remaining vertical profiles of A and J
half-planes are placed within the eroded scour holes.

The stream-wise velocity (u) profiles are marked by negative velocity within the
developed scour holes, which indicates the occurrence of flow separation and recirculation,
as can be seen in Figures 10a, 11a and 12a. Besides the roughly same approach hydraulic
conditions of Exp. 1U Ebed and Exp. 1D Ebed, the corresponding flow shallowness values
fit into distinct pier categories; the pier models behave as narrow pier for Exp. 1U Ebed
and transitional pier category for Exp. 1D Ebed. As initially stated by Raudkivi [42] and
corroborated by several other researchers ([43], and references therein), the parameter h/W
affects the vorticity, which is associated with the generation of scour. For decreasing flow
shallowness values, the influence of the surface roller on the bed increases, damping the
vortices in front of the pier and consequently explaining the slightly lower u values.

A region of reversal flow was noticeable at vertical profile “4” of the A half-plane
(immediately upstream from the pier), then it moved further upstream from the pier
towards the scour hole edge. The u magnitudes generally increase with larger scour hole
dimensions; thus, higher values were obtained for Exp. 2U Ebed. This can be explained that
as the scour evolves upstream, the bed slope increases due to the formation of the scour
hole, and the flow velocity increases correspondingly [21]. In Figures 10a, 11a and 12a,
the downstream vertical profiles of u (from J half-plane in Figure 5) are characterized by
increasing magnitudes as they move away from the oblong bridge pier models.

As performed for Exp. 1U Fbed, the v profile of Exp. 1U Ebed (shown in Figure 10b)
was analysed and a similar behaviour (showing negligible changes) was observed. Hence,
the remaining v profiles were not represented.

The vertical profiles of the w-component velocity illustrate the downward movement
of flow (downflow) in front of the pier (attaining its maximum value for vertical profile "4"
of A half-plane in all eroded bed experiments). The downward vertical velocity increased
with the scour hole dimension, registering the maximum value for Exp. 2U Ebed. This
finding is consistent with the results from the measurement of Dey and Raikar [8] and Li
et al. [21]. Downstream of the oblong bridge pier models, w decreases with x/h for all
experiments (Exp. 1U Ebed, Exp. 1D Ebed and Exp. 2U Ebed), thus reducing the lifting
action. This pattern is more pronounced for the eroded bed experiments (with developed
scour holes) than for the corresponding flat bed configurations.

To sum up, the mean flow velocities for the six fixed experiments indicate that with the
developed scour hole, the downward flow in front of the oblong bridge pier model becomes
more prominent, and the flow becomes more turbulent due to the effect of a turbulent
horseshoe vortex within the scour hole, as documented by previous researchers [21,43],
among others.

4.2. Reynolds Shear Stresses

The time-averaged Reynolds shear stresses, u′v′, u′w′ and v′w′, are depicted in
Figures 13–15 for experiments Exp. 1U Fbed, Exp. 1D Fbed and Exp. 2U Fbed, respectively.

The comparative study of u′v′, u′w′ and v′w′ along the pier’s mid-plane for the eroded
bed experiments was also performed, as illustrated in Figures 16–18 for Exp. 1U Ebed, Exp.
1D Ebed and Exp. 2U Ebed, respectively.
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(a)

(b)

(c)

Figure 13. Vertical profiles of the Reynolds shear stresses along the pier’s mid-plane for Exp. 1U Fbed.
(a) Reynolds shear stresses (u′v′). (b) Reynolds shear stresses (u′w′). (c) Reynolds shear stresses
(v′w′).

(a)

(b)

(c)

Figure 14. Vertical profiles of the Reynolds shear stresses along the pier’s mid-plane for Exp. 1D Fbed.
(a) Reynolds shear stresses (u′v′). (b) Reynolds shear stresses (u′w′). (c) Reynolds shear stresses
(v′w′).
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(a)

(b)

(c)

Figure 15. Vertical profiles of the Reynolds shear stresses along the pier’s mid-plane for Exp. 2U Fbed.
(a) Reynolds shear stresses (u′v′). (b) Reynolds shear stresses (u′w′). (c) Reynolds shear stresses
(v′w′).

Bearing in mind that the Reynolds shear stresses are linked to the capacity of the stream
to transport sediments and indicate the exchange of turbulent momentum between layers of
a stream [44,45], it is understandable that such capacity increases with the developing scour
holes, and the region with large value enlarges and moves upstream of the correspondent
scour hole.

According to Figures 13–18, no significant changes were observed in the vertical
profiles of Reynolds shear stresses for different bed configurations (flat vs eroded). In the
downstream region, the magnitudes of u′v′ are greater than the corresponding points at
the upstream side of the bridge pier model at both bed configurations (flat vs eroded).
This behaviour can be attributed to the turbulent mix of fluid as a result of vortical flow
in the rear side of the pier. For vertical profiles of the J half-plane (Figure 5), the complex
flow is distinctly identified by the saw-toothed trend of the Reynolds shear stress u′w′,
magnified for the eroded fixed bed experiments. The values of v′w′ are generally less
pronounced than the other components of the Reynolds shear stress, u′v′ and u′w′. These
results, from Figure 13–18, demonstrate that the usual assumption of isotropic turbulence
is not exactly true, although it is most used as the basis of much of the theoretical analysis
of turbulent flow.

Therefore, the location of the regions of the maximum Reynolds shear stresses (u′w′
vertical profiles) occurs at the interfaces of the negative and positive velocity components,
meaning that the velocity in this region can be very unstable. This pattern was also
observed in Guan et al. [46], where the turbulent flow field, in a developing clear water
(with a flow intensity of 0.53), was quantified at a circular pier.

In spite of several studies discussing the individual trends of each component of the
Reynolds shear stresses, there are few authors that argue that on the mid-plane (i.e., y = 0),
the Reynolds shear stresses involving the lateral fluctuations v′ (i.e., u′v′ and v′w′) must
be zero for symmetry reasons. In the present study, those components differed from zero
mainly for the vertical profiles of the J half-plane. Nevertheless, this issue has not been yet
thoroughly understood in the literature. It seems that theoretically the non-zero values are
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solely related with a signal acquiring time, of the instantaneous velocity components, not
long enough to obtain reliable statistics. Further and detailed investigations regarding that
issue are still needed.

(a)

(b)

(c)

Figure 16. Vertical profiles of the Reynolds shear stresses along the pier’s mid-plane for Exp. 1U Ebed.
(a) Reynolds shear stresses (u′v′). (b) Reynolds shear stresses (u′w′). (c) Reynolds shear stresses
(v′w′).
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(a)

(b)

(c)

Figure 17. Vertical profiles of the Reynolds shear stresses along the pier’s mid-plane for Exp. 1D Ebed.
(a) Reynolds shear stresses (u′v′). (b) Reynolds shear stresses (u′w′). (c) Reynolds shear stresses
(v′w′).
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(a)

(b)

(c)

Figure 18. Vertical profiles of the Reynolds shear stresses along the pier’s mid-plane for Exp. 2U Ebed.
(a) Reynolds shear stresses (u′v′). (b) Reynolds shear stresses (u′w′). (c) Reynolds shear stresses
(v′w′).

5. Conclusions

This paper investigates the turbulent flow field around oblong bridge pier models
in a well-controlled laboratory environment, for understanding the mechanisms of flow
responsible for current-induced scour. Two different bed morphology configurations,
namely (i) at the beginning of the scouring process (flat bed) and (ii) at the final stage of
the scouring experiments (eroded bed) of the three local scouring experiments were herein
considered. A total of six fixed bed experiments at the vicinity of the oblong bridge pier
models of distinctive effective width and corresponding flow shallowness were carried out.

Measurements of the instantaneous stream-wise, cross-wise and vertical components
of the flow velocity were performed by using a high-resolution acoustic velocimeter (down-
looking vectrino) at eight mid-plane vertical profiles. The results showed that the presence
of the developed scour hole, by creating extra flow resistance and augmenting the velocity
difference within the four vertical profiles at the upstream side of the pier, changes the
velocity distribution pattern and the Reynolds shear stresses. At the rear part of the pier,
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significant differences in flow field patterns, due to the presence of the developed scour
holes, were also observed. Their magnitudes were in accordance with the approach flow
conditions, such as the corresponding depth and velocity.

An important contribution was made to the understanding of the physics of the
flow and turbulence characteristics with respect to the change in pier effective width,
approach hydraulic conditions and bed morphology stages. The derivation of mean
velocities and Reynolds shear stresses, around the oblong bridge pier models, contributes
to a comprehensive description of the flow magnitude and structure for the particularities
of each experiment and bed morphology stage (flat vs eroded). The collected data may
also constitute a basis for the calibration and validation of numerical models, frequently
used to characterize the scouring phenomenon, such as Computational Fluid Dynamics
(CFD) tools.

In future work, a spectra analysis of the velocity measurements, and corresponding
Reynolds shear stresses, at several points, both at the upstream and downstream sides of the
oblong bridge pier models, can be performed. Such analysis aids the evaluation of the shed-
ding frequency of the large scale coherent structures and further understands the turbulent
dynamics, and the inertial sub-ranges of turbulence due to the scouring phenomena.
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Abbreviations

The following abbreviations are used in this manuscript:

B Flume width
Bs Constant of log-law profile
D Pier Model (Pier 14)
D50 Median grain size diameter
Fr Froude number
g Gravity acceleration
h Flow depth
Ks Roughness coefficient
L Oblong bridge pier length
ns Sample size
Q Flow discharge
R Pier semi-cylindrical surface ratio
Re Flow Reynolds number
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ReD Pier Reynolds number
U Pier Model (Pier 11)
u Stream-wise velocity component
u′ Stream-wise velocity fluctuation
u∗ Shear velocity
V Approach flow velocity
v Cross-wise velocity component
v′ Cross-wise velocity fluctuation
W Oblong bridge pier width
w Vertical velocity component
w′ Vertical velocity fluctuation
x Longitudinal axis
y Transversal axis
z Vertical axis
ν Fluid kinematic viscosity
ρs Sediment density
σ Standard deviation
σD Standard deviation of sediment particle sizes
ADV Acoustic Doppler Velocimeter
CFD Computational Fluid Dynamics
LNEC National Laboratory of Civil Engineering
LDV Laser Doppler Velocimetry
PIV Particle Image Velocimetry
RSSes Reynolds Shear Stresses (u′v′, u′w′ and v′w′)
SNR Signal-to-Noise Ratio
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Abstract: The implementation of floating structures has increased with the construction of new
sluices for flood control, and the hydrodynamic moment of a floating structure affects the safety
and operation of that structure. Based on basic hydrodynamic theory, theoretical analysis and
121 physical model tests were conducted to study the relationships between the hydrodynamic
moment and the influencing factors of floating structures, namely, the shape parameter, hydraulic
conditions, and draft depth. Stepwise regression fitting based on the least squares method was
performed to obtain a mathematical expression of the hydrodynamic moment, and the experimental
results show that hydrodynamic factors significantly influence the hydrodynamic moment of such
structures. The results predicted by the mathematical expression agree with the experimental results,
and thus, the proposed expression can be used to comprehensively analyze and study the safety of
a floating structure under the action of flow in finite water.

Keywords: floating structure; hydrodynamic moment; finite flowing water; physical model tests;
statistical diagnosis

1. Introduction

There is an increasing trend in the applications of floating structures in inland water
conservancy projects, such as inland navigation and flood control, as well as in marine
engineering [1,2]. Such structures usually span a finite area (e.g., a river) with a large length-
to-width ratio and exhibit characteristics similar to those of ships, offshore platforms and
sluices. However, the flow patterns of such structures are variable, and their hydrodynamic
mechanisms are complex [3,4]. The hydrodynamic moment on the surface of a floating
structure is generated by the action of the flow and can easily cause the structure to overturn.
Consequently, studies on the stability of floating structures have focused primarily on the
forces, influencing factors, and responses of such structures.

To investigate floating structures in infinite water, Lee and Hong [5] studied the
wave force acting on a floating structure using physical experiments and verified a test
of nonlinear waves acting on a structure via the marker and cell numerical method. It
was found that installing a baffle on the structure can reduce the wave force and improve
stability. Venugopal et al. [6] studied floating structures at different positions under wave
action through physical model tests and found that different structure types (different
depth-to-width ratios) influence the wave forces in the horizontal and vertical directions.
Roy and Ghosh [7] measured the horizontal force and momentum of plates at different
depths under wave action through model tests and found that the force and momentum
converged with increasing wave periods and varied with the positions of the plates.
Hayatdavoodi et al. [8] and Seiffert et al. [9] experimentally studied the force of solitary
waves on coastal pontoons and discovered that the water depth, flow velocity, waves, and
immersion depth of the pontoon affected the horizontal forces on the vessel. In addition,
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the vertical force decreased with increasing water level, and the experiments revealed that
the interaction between waves and pontoon bridges could effectively change the force.

In contrast, the forces on and influencing factors of a floating structure in finite water
are considerably different from those in infinite water. For instance, Xing et al. [10,11]
found that the response of a floating structure in finite water is different from that in
infinite water; specifically, the boundaries of a finite domain act to reflect water waves, and
a resonance phenomenon occurs between the operating structure and the water, with
the additional mass-produced being related to the width of the water domain and time.
Wang et al. [12,13] applied a numerical method to study the moments of floating structures
in finite flowing water and found that the flow field and obtained moment varied differently
with changes in the shape, position and water level conditions of the structure. Fu and
Yin et al. [14] obtained the influencing factors of the speed of a floating sluice and the
relationship between the overturning characteristics and ballast using hydraulic model
tests. The results showed that the flow velocity of a sluice is related to the inflow (discharge)
of water and that the safety of a floating sluice can be improved by increasing the ballast
or reducing the water inflow. Lu and Wang [15] studied the hydraulic characteristics
and corresponding velocity characteristics of a fixed floating structure under the action
of solitary waves and reported that increasing the incident wave amplitude increases the
vertical forces on the structure and that the horizontal force on the structure increases with
increasing draft depth. Rodrigues and Guedes Soares [16] simulated the stability of floating
structures with different shapes in still water and showed that the shape of the structure
has a large influence on its stability. Cui et al. [17,18] analyzed the influencing factors of the
hydraulic characteristics around floating structures in finite flowing water and described
the velocity distribution and the hydraulic characteristics, which were affected by the
shape, position and hydraulic conditions of the structure. According to the principles of
a system in equilibrium, Fu et al. [19] analyzed the hydraulic characteristics of a new type
of floating sluice in a current based on hydraulic model tests and found that the stability of
the structure was affected not only by its center-of-gravity position, free surface, ballast
form and operating speed but also by the flow and constraint conditions.

Furthermore, Venugopal [20] experimentally studied the responses of regular and
irregular floating structures under the actions of waves and currents and demonstrated
that, unlike in static water, currents and the structure type affect the drag force and the
inertia coefficient. Rey et al. [21] discussed floating structures under the simultaneous
action of flow and waves and found that the water pressure and near-bottom velocity affect
the bottoms of structures under deep water conditions and that the effects of waves and
currents on the bottom of a submerged structure are not negligible. Johnson et al. [22] stud-
ied the stability of a floating breakwater under the action of waves and flow via physical
tests and described the effects of the wave height and water flow velocity on the breakwater.
On the basis of thin plate theory and linear potential flow, Wan et al. [23] verified the struc-
tural deformation and bending moment distribution of a floating structure via the modal
function expansion method and the characteristic function expansion method. Zhang [24]
systematically described the hydraulic characteristics of a floating gate operating under
the action of water through experiments and numerical methods. Positive correlations
were found between the rotational resistance and the draft depth, rotational speed, and
flow velocity, and the pressure distribution on the water-facing surface of the gate was
found to be greater than that on the downstream backwater surface. Rey and Touboul [25]
studied the hydraulic load of a submerged plate under the action of water flow and dis-
covered that the water flow influences both the reflection coefficient and the horizontal
force acting on the plate but has little effect on the vertical force. Pu et al. [26,27] proposed
a method to improve the measured velocity and turbulence structure data in the near-bed
region through experimental and computational approaches. Li and Lin [28] developed a
two-dimensional numerical calculation method under wave and current conditions and
discussed the hydrodynamic coefficients corresponding to a cylindrical floating structure
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affected by waves and currents. The drag force was found to decrease as the wave height
increased, while the inertial force decreased only slightly.

The purpose of this paper is to analyze the hydrodynamic moment characteristics of a
floating structure in finite flowing water. The hydrodynamic pressure on a floating structure
influences whether the structure overturns; this phenomenon motivates the development of
a method to accurately calculate the overturning moment via the hydrodynamic pressure.
Based on dimensional analysis, the influencing factors of the floating hydrodynamic
moment are studied by conducting a large number of physical experiments with respect to
the shape, flow parameters, and draft depth of the floating structure, and the variations in
and characteristics of the hydrodynamic moment are obtained. In light of the experimental
results, a formula of the overturning moment in terms of the hydrodynamic pressure
in flowing water is given. Moreover, the statistical theory is applied to diagnose and
verify the correctness of the formula to provide a basis for the safe operational control of a
floating structure under the action of flow, which has important theoretical significance
and practical application value.

2. Experimental Design and Configuration

When a floating structure is employed in a water conservancy project, it is used to
control the water level and regulate the flow. A floating structure operates either in a sub-
merged state (completely immersed in the water) or a floating state (partially submerged
in the water). The influencing factors that affect the hydrodynamic moment and measure-
ment methods of floating structures in these submerged and floating states are not the
same. Hence, the hydrodynamic moment of a floating structure in a submerged state has
previously been qualitatively and quantitatively analyzed by arranging miniature dynamic
pressure sensors on the surface of the structure through the microintegral method [29].
However, because part of a floating structure in a floating state remains above the wa-
ter surface, which is inherently different from the submerged state, the hydrodynamic
moments of floating structures in a floating state should also be studied.

2.1. Experimental Configuration and Dynamic Moment Measurement

During the operation of a floating structure in flowing water, the factors affecting
the hydrodynamic moment mainly include the shape of the floating structure, the draft
depth of the structure, and the hydraulic conditions. According to the factors affecting the
hydrodynamic moment in hydraulic engineering, indoor experiments were established,
and the main parameter conditions were analyzed. Flume experiments involving a self-
circulating water supply system were performed to study the hydraulic characteristics
and patterns of the hydrodynamic moment of a floating structure; the flume was made of
plexiglass with a smooth surface. The moment and hydraulic parameters were measured
under steady flow conditions. The experimental configuration is presented in Figure 1a;
as shown in Figure 1b, the floating structure was set in the central area of the flume. With
the width of the floating structure perpendicular to the flume being 0.30 m, water flowed
downstream beneath the structure rather than around it. An independently developed
stepper motor and computerized numerical control (CNC) speed control system was used
to control the position of the floating structure at an accuracy of 0.10 mm. The upstream
and downstream water levels of the model were measured using needle water level gauges
with a measurement accuracy of ±0.10 mm. Typical velocities were obtained by an acoustic
Doppler velocimeter at an accuracy of 0.01 cm/s, and the acquisition frequency was
200 Hz [30,31]. The flow characteristics around the floating structure were observed along
the longitudinal section.
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(a) 

 
(b) 

Figure 1. Diagram of the test model: (a) Panoramic view of the experimental configuration, (b) The
diagram of the floating structure.

To measure the hydrodynamic moment of the structure, the fixed floating structure
capable of both sinking and floating was connected to a rotating rod set at the geometric
center of the structure to ensure that the structure could freely (but only slightly) rotate
along the direction of the water flow, and a tension pressure sensor was arranged along
the center line of water flow at each end (upstream and downstream) of the upper part
of the structure. The sensor was a CY201 digital pressure and temperature transmitter
with an accuracy of ±0.50‰, and the acquisition frequency was 512 Hz. When a floating
structure is under the action of flow, it rotates along the direction of the flow; therefore, the
hydrodynamic moment can be calculated by the pressure values output from the tension
pressure sensors (see Figure 2). The pressures on the two sensors are denoted F1 and F2,
and the distances from the center of the structure to the sensors are denoted D1 and D2,
respectively. The hydrodynamic moment was calculated with clockwise being negative
and counterclockwise being positive as follows:

M = F1D1 − F2D2 (1)
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(a) 

(b) 

Figure 2. Schematic of moment measurement: (a) Layout of the sensor, (b) Pressure profile of the
floating structure.

2.2. Dimensional Analysis and Parameter Design of the Floating Structure

The flow pattern around a floating structure is complicated, and the surrounding
velocity distribution is uneven, which affects the dynamic moment and stability when the
structure moves upward and downward during operation.

We define the hydrodynamic moment of a floating structure per unit length
(L = 1.00 m) as MFloating or MF for short. The influencing factors of MF [MLT−2] mainly
include the width of the structure B ([L]), the height of the structure a ([L]), a draft of the
structure h ([L]), downstream water depth H′ ([L]), gravitational constant of acceleration
g ([LT−2]), water density ρ ([ML−3]), upstream and downstream water level difference
ΔH ([L]), and average velocity of the upstream section v ([LT−1]). Figure 3 shows a
schematic diagram of the main parameters affecting the floating structure. According
to dimensional analysis, the expression of the parameters influencing the hydrodynamic
moment is as follows:

f(MF, B, g, ρ, a, h, ΔH, H′, v) = 0 (2)
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(a) (b) 

Figure 3. Main parameters of the floating structure: (a) Plan view, (b) Front view.

The downstream water depth H′ ([L]) in the geometric dimension, gravitational
constant of acceleration g [L/T2] in the kinematic dimension, and water density ρ in the
dynamic dimension ([ML−3]) are selected as the three basic physical quantities. According
to the π theorem:

MF

ρgH′3 = f (
B
H′ ,

a
H′ ,

h
H′ ,

ΔH
H′ , Fr) (3)

where the dimensionless factor on the left side is defined as Mf. We define π2/π3 = B/a
as the aspect ratio of the floating structure; h/H′ is the relative draft; ΔH/H′ is the relative
water level difference, and π6 = Fr = v/

√
gH is the Froude number of the upstream section.

The length of the section is five times the water depth of the flume at the upstream end
of the floating structure, where the flow is stable and is not affected by the structure. The
simplified result is:

Mf = f (
B
a

,
h

H′ ,
ΔH
H′ , Fr) (4)

The dimensionless hydrodynamic moment of the floating structure is related to the
shape B/a, the relative draft h/H′, the relative water level difference ΔH/H′ of the floating
structure, and the Froude number Fr.

The influencing factors of the hydrodynamic moment are the shape of the floating
structure, upstream and downstream water levels, draft depth, and inflow conditions. The
height of the floating structure a selected in the experiment was 10.00 cm. Four different
widths of floating structure B were selected (10.00 cm, 20.00 cm, 30.00 cm, and 40.00 cm);
therefore, the width-to-height aspect ratios were 1.00, 2.00, 3.00, and 4.00, respectively.
The flow rates per unit width were set to 0.05 m2/s, 0.06 m2/s, 0.07 m2/s, and 0.08 m2/s;
the draft depths of the structure were 2.00 cm, 4.00 cm, 6.00 cm, and 8.00 cm; and the
downstream water levels were 18.00 cm, 20.00 cm, 22.00 cm, and 24.00 cm, respectively (see
in Table 1). To ensure the completeness of the test, orthogonal tests were also conducted,
resulting in a total of 121 test groups.
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Table 1. Experimental parameters.

a/m B/m h/m q/(m2 s−1) H′/m

0.10

0.10
0.20
0.30
0.40

0.02

0.05 0.18 0.20 0.22 0.24
0.06 0.18 0.20 0.22 0.24
0.07 0.18 0.20 0.22 0.24
0.08 0.18 0.20 0.22 0.24

0.04

0.05 0.18 0.20 0.22 0.24
0.06 0.18 0.20 0.22 0.24
0.07 0.18 0.20 0.22 0.24
0.08 0.18 0.20 0.22 0.24

0.06

0.05 0.18 0.20 0.22 0.24
0.06 0.18 0.20 0.22 0.24
0.07 0.18 0.20 0.22 0.24
0.08 0.18 0.20 0.22 0.24

0.08

0.05 0.18 0.20 0.22 0.24
0.06 0.18 0.20 0.22 0.24
0.07 0.18 0.20 0.22 0.24
0.08 0.18 0.20 0.22 0.24

3. Results and Discussion

Figure 4 shows a schematic diagram of the flow along the longitudinal section. Due
to the existence of the floating structure, the flow from the upstream region passes under
the structure, which reduces the cross-section of the water flow and increases the velocity;
on the front surface of the structure, the velocity is parallel to the flow direction is zero.
The water surface profile drops slightly in the upstream region of the structure, and the
water level on the front surface of the floating body is higher than that on the back surface.
The presence of the structure creates a recirculation zone in the downstream region, which
causes the pressure on the back surface of the structure to decrease.

Figure 4. Schematic diagram of the flow.

3.1. Shape of the Floating Structure

Figure 5 shows a scatter diagram relating the dimensionless hydrodynamic moment
Mf to the structure shape parameter B/a under the same hydraulic conditions. With in-
creasing B/a, Mf increases. During the experiment, with increasing B/a, the flow velocity
decreases significantly near the center of the structure’s lower surface. The small recircula-
tion zone near the lower center of the structure expands to the back half of the structure.
When the shape parameter of the floating structure increases, the surface pressure differ-
ence caused by the uneven distribution of the dynamic pressure increases, and the distance
between the action point and the center of the structure also increases, resulting in a rise in
the hydrodynamic moment. For a larger structure, the pressure drop from the entrance of
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the bottom gap to the downstream part increases, causing an increased pressure difference
and giving rise to the hydrodynamic moment.

M
f

B/a

h/H'=0.01

h/H'=0.02

h/H'=0.03

h/H'=0.04

Figure 5. Relationship between Mf and the floating structure’s shape.

The slope in the graph increases with increasing h/H′ and shows a linear relationship.
The relationship between the shape of the structure and Mf was obtained through a
fitting analysis:

Mf = k1Bh/aH′ + c1 (5)

where k1 and c1 are the coefficient and constant terms, respectively, of the independent
variable Bh/aH′.

3.2. Draft Depth

When the downstream water depth changes, the relationship between the relative
draft depth and the hydrodynamic moment is complicated. However, when the factors
h/H′ and ΔH/H′ are combined, an obvious pattern emerges. Figure 6 shows the relationship
between Mf and h/ΔH, indicating that Mf has an obvious logarithmic relationship with
h/ΔH, and its value increases with increasing B/a. A non-uniform distribution of the flow
velocity causes a change in the hydrodynamic moment at different draft depths. The
hydrodynamic pressure acting on the surface of the structure decreases obviously if the
draft depth is small. When the water level difference increases, the velocity around the
floating structure rises, and the pressure difference between the front and back surfaces of
the structure increases, resulting in an increase in the hydrodynamic moment.

In addition, there is a negative linear correlation between B/a and the coefficient term
k2. Hence, the correlation between Mf and the draft depth can be expressed as follows:

Mf = k2
B
a

ln(
h

ΔH
) + c2 (6)

where k2 and c2 are the coefficient and constant terms, respectively, of the independent
variable ln( h

ΔH ).
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Figure 6. Relationship between Mf and the draft depth.

3.3. Relative Water Level Difference

Figure 7 shows the relationship between Mf and the relative water level difference
ΔH/H′. Mf increases with increasing ΔH/H′, and when the structure is large, the growth
rate of the hydrodynamic moment shows an increasing trend. This is similar to the
conclusion that the moment increases with increasing B/a. When ΔH/H′ increases, the
pressure difference between the front and back surfaces of the structure increases. With
an increasing water level difference, the hydrodynamic pressure acting on the upstream
face of the floating structure is obviously higher than that acting on the downstream
face; therefore, the structure tilts downstream, and the moment increases obviously. The
hydrodynamic pressure acting on the downstream face was found to be relatively low
due to the recirculation zone existing near the downstream face of the structure. As a
consequence, the structure becomes increasingly unstable as a result of the increasing water
level difference and thus can be easily unbalanced.

M
f

H/H'

B/a=1.00
B/a=2.00
B/a=3.00
B/a=4.00

Figure 7. Relationship between Mf and ΔH/H′.

There is a clear linear relationship between the different slopes and B/a. The relation-
ship between Mf and ΔH/H′ was obtained through a fitting analysis:

Mf = k3B/a·ΔH/H′ + c3 (7)
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where k3 and c3 are the coefficient and constant terms, respectively, of the independent
variable BΔH/aH′.

3.4. Froude Number

Figure 8 shows the relationship between the hydrodynamic moment Mf and Fr2. The
Mf value of the floating structure increases with increasing Fr2. Moreover, with increasing
B/a, the growth rate of Mf tends to increase. With increasing velocity, the recirculation
zone in the downstream area increases, thereby increasing the velocity difference between
the upstream and downstream faces of the structure. The kinetic energy of the flow
is converted into potential energy due to the water acting on the upstream face, and
the dynamic pressure increases, thereby increasing the pressure difference between the
front and back surfaces of the structure, which increases the hydrodynamic moment and
decreases its stability.

M
f

2

B/a=1.00
B/a=2.00
B/a=3.00
B/a=4.00

Figure 8. Relationship between Mf and Fr2.

If we consider the effect of the Froude number and shape parameter variables as a
new independent variable BFr2/a on Mf, the following formula can be obtained:

Mf = k4BFr2/a + c4 (8)

where k4 and c4 are the coefficient and constant terms, respectively, of the independent
variable BFr2/a.

An analysis of the influencing factors in combination with the hydrodynamic moment
of the floating structure in a submerged state reveals both similarities and differences in
the hydrodynamic moments of the floating structure in the two different states. In both
states, as the shape parameter of the structure and the water level difference increase, the
hydrodynamic moment of the floating structure shows an increasing trend. However, the
variation trends of Fr and the position (draft depth) in these two states are not the same: in
a submerged state, the surface of the structure is affected by the pressure of the flowing
water, while in a floating state, the upper surface of the floating body is at atmospheric
pressure. Hence, the area over which kinetic energy acts on the surface of the floating
structure differs between the two states, resulting in a change in the pressure difference.
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4. Stepwise Regression Analyses and Validation of Mf

4.1. Regression Analysis of Mf

Fitting the relevant factors of the scatter plots indicates that four dimensionless parameter-
independent variables affect the hydrodynamic moment: Bh/aH′, BFr2/a, BΔH/aH′ and
Bln(h/ΔH)/a. Based on the least squares method, stepwise regression analysis was per-
formed to optimize and eliminate the relevant independent variables. The confidence
intervals of the introduced and excluded variables are 95% and 90%, respectively. The
optimal mathematical expression of Mf was obtained by excluding the repetitive variable
BΔH/aH′. The results of significance analysis of the regression equation coefficients are
shown in Table 2.

Table 2. Significance analysis of the coefficients.

Independent
Variable

Nonstandardized
Coefficients T Sig.

Coefficient 95%
Confidence Interval

Collinear Statistics

Coefficient Standard Error Lower Limit Upper Limit Tolerance VIF

Constant −0.001 0.000 −1.73 0.08 −0.001 0.000
BΔH/aH′ 0.045 0.002 19.99 0.00 0.040 0.049 0.66 1.51

BFr2/a 0.036 0.002 15.73 0.00 0.031 0.040 0.51 1.97
Δh −0.001 0.000 −2.21 0.00 0.000 0.000 0.73 1.38

According to the significance of the coefficients and a collinear analysis, the formula
for calculating the dimensionless Mf of a floating structure of unit length is as follows:

Mf = −0.001 +
B
a

[
0.045

ΔH
H′ + 0.036Fr2 − 0.001 ln(

h
ΔH

)

]
(9)

where B is the width of the floating structure [m]; h is the draft depth [m]; a is the height of
the floating structure [m]; H′ is the depth of the downstream water [m]; ΔH is the upstream
and downstream water level difference [m], and Fr is the Froude number. The moment
center of the formula is the geometric center of the floating structure. This formula is
applicable under conditions of 1 ≤ B/a ≤ 4, a > h > 0, 0 < ΔH/H′ ≤ 0.10, and Fr ≤ 0.35.

The above formula reflects the hydrodynamic moment of a floating structure from
entering to becoming fully immersed in the water. When the floating structure is used
as a sluice in a water conservancy project, it sinks to the sluice floor to connect with the
river channel. The factors involved in this formula are the shape parameter and position
of the structure and the hydraulic conditions around the floating structure. Therefore,
the topographic features of the upstream and downstream parts of the channel have little
influence on the hydrodynamic moment, and thus, the above formula can be applied to
complex irregular channels and complex bedforms.

4.2. Verification and Error Analysis

To evaluate the accuracy of Equation (9), the adjusted multiple correlation coefficient
(AMCC) and standard error of estimation (SEE) were used. The AMCC is a modified
version of the multiple correlation coefficient; it gives the percentage of variation explained
by only those significant variables that affect the predicted value in reality. The AMCC
value indicates the goodness of the fit of Mf; thus, the AMCC was used to verify the
correctness of the prediction and to ascertain whether the regression model is satisfactory.
The SEE value evaluates the reliability of the data, with smaller values indicating higher
reliability, which indicates that the observations are closer to the fitted line. The AMCC
and SEE are defined as follows:

R2 =
∑K

k=1(ỹk − y)2

∑K
k=1(yk − y)2 (10)
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AMCC = R2 − J × (
1 − R2)

K − J − 1
(11)

SEE =

√
∑K

k=1(yk − ỹk)
2

K − J − 1
(12)

where R2 is the coefficient of determination, K is the size of the dataset, J is the number of
dimensionless independent variables, and yk is the measured value of Mf. Here, ỹk is the
value of Mf estimated by Equation (9), and y is the mean value of yk.

The AMCC and SEE values determined for Equation (9) are 0.94 and 0.01, respectively,
thus proving that the significance is strong.

The model was further tested to judge the applicability of the regression equation and
the fitting effect. A 95% confidence interval was selected; the corresponding value of F is
454.51. In addition, the autocorrelation of the model, which reflects the ability to conduct
valid statistical tests, was evaluated by using the commonly used Durbin–Watson (DW)
test. The value of DW was calculated as 2.39, indicating that no autocorrelation exists in the
model. The correlation coefficient of the formula between the variables is low, suggesting
that the independent variables are not correlated. To eliminate the instability of the model,
the variance inflation factor (VIF) was used to diagnose the existence of multicollinearity.
The maximum VIF value was 1.97; thus, there is no multicollinearity problem between the
variables and Mf. The F-test, DW test and VIF test formulas are given as follows:

F =
∑K

k = 1(ỹk − yk)
2/K

∑K
k = 1(yk − ỹk)

2/(K − J − 1)
(13)

DW =
∑K

t= 1(et − et−1)

∑K
t= 2 et2

(14)

VIFi =
(

1 − R2
i

)−1
(15)

where yk is the mean value of ỹk, et is the error term at time t, and Ri
2 is the multiple

coefficient of determination of the independent variable.
The standard residuals need to satisfy the requirements of randomness and normality

to confirm the correctness of the obtained formula. The following results were obtained by
analyzing the standard residuals. Figure 9 illustrates the corresponding statistical analysis
of the residuals of Equation (9) and a histogram of the residuals with a normal probability
curve; the residuals present a normal distribution. The 95% distribution of standardized
residuals is between −2 and +2, which suggests that the model assumptions are reasonable.

For Mf, a comparison between the measured and calculated results is shown in
Figure 10, suggesting good agreement. Thus, the development of a calculation formula for
the overturning moment was deemed successful.
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Figure 9. Residual distribution histogram.
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Figure 10. Comparison between the measured and calculated values of Mf.

5. Conclusions

Using a physical model test and theoretical analysis, the factors affecting the hydro-
dynamic moment Mf of a floating structure were obtained based on dimensional analysis.
The characteristics of the moment and the correlations between the influencing factors
and the moment were analyzed, and an expression of the moment was derived. The main
conclusions are as follows.

The hydrodynamic moment increases with increases in the shape parameter, relative
draft depth, relative water level difference and Froude number of a floating structure. The
surface pressure difference of a larger structure caused by the uneven distribution of the
dynamic pressure and the distance between the action point and the center of the floating
structure also increases, thereby increasing the hydrodynamic moment. When the relative
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water level difference rises, the pressure difference between the front and back surfaces
of the structure increases, and the kinetic energy acting on the upstream surface leads
to a dynamic pressure increase with a larger Froude number, raising the hydrodynamic
moment. Moreover, there are positive linear correlations between the hydrodynamic
moment and the shape parameter, relative water level difference and Froude number;
however, the relationship between the moment and the ratio of the draft depth to the water
level difference is logarithmic.

Based on the results of multivariate linear least squares fitting, stepwise regression
analysis was performed to quantitatively obtain a mathematical expression describing the
hydrodynamic moment of the floating structure (1 ≤ B/a ≤ 4; a > h > 0; 0 < ΔH/H′ ≤ 0.10
and Fr ≤ 0.35). Statistical indices were used to quantitatively investigate the accuracy of
the formula; the AMCC and SEE values were 0.94 and 0.01, respectively, and the residuals
of the formula presented a normal distribution. The obtained formula is easy to calculate
and coincides with experimentally measured values and can therefore provide guidance
for calculating the hydrodynamic moment of a floating structure.
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Notations

The following symbols are used in this paper:

a Height of the structure
B Width of the structure
Fr2 Froude number: Fr2 = v2/gH
g Gravitational constant of acceleration
H Upstream water depth
H′ Downstream water depth
h Draft of the structure
L Length of the structure
q Discharge per width of flow
R2 Coefficient of determination
v Average flow velocity
ΔH Water level difference
ρ Water density
AMCC Adjusted multiple correlation coefficient
SEE Standard error of estimation
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