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ABSTRACT

Spur dikes are essential hydraulic structures extensively used in river engineering to control bank
erosion, regulate river flow, and enhance navigation. Despite their benefits, spur dikes interact with complex
hydrodynamic forces that lead to vortex-induced scouring at their base, which threatens their structural stability
and affects the surrounding ecosystem. This paper presents a comprehensive review that combines findings
from experimental and numerical studies to explain the mechanisms of scour development around spur dikes,
with a particular focus on installations in curved river channels. The review examines how hydraulic, geometric,
and material parameters, such as flow velocity, dike location, alignment, shape, and porosity, affect scour depth
and extent. Results from previous studies reveal that spur dikes placed near the outer bends of rivers experience
more severe scouring due to stronger secondary circular flow and increased sediment entrainment. However,
optimizing the spacing, orientation, and geometry of spur dikes can significantly reduce scour, in some cases
by up to 80%. The paper also explores the role of dike porosity and material selection in mitigating adverse
hydraulic impacts while supporting aquatic habitat diversity. By synthesizing these findings, the review provides
practical design recommendations to enhance spur dike performance, minimize scour-related damages, and
improve their environmental sustainability. The insights from this study can guide engineers and planners in
designing more efficient and eco-friendly spur dike systems for river management and restoration projects.
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1. Introduction

Spur dikes, also known as groynes, are hydraulic
structures commonly used in river engineering and
coastal management to stabilize riverbanks, regulate
flow, and support navigation . Typically constructed
perpendicular or at an angle to the flow direction, they
extend from the riverbank into the channel to redirect
water away from the banks, thereby reducing erosion

and controlling sediment deposition **!

. Despite their
functional benefits, spur dikes introduce complex hy-
drodynamic interactions such as vortex formation, flow
acceleration, and localized scouring at their base, which
pose significant design and maintenance challenges ',
Scour, the removal of sediment due to erosive water
flow, is a critical issue affecting the structural integrity
and long-term performance of spur dikes '°. This phe-
nomenon results from the three-dimensional flow pat-
terns generated by the interaction between the struc-
ture and the channel flow. Various factors influence
scour development, including flow velocity, sediment
characteristics, spur dike geometry, and channel mor-
phology . If not properly understood and managed,
excessive scouring can compromise the effectiveness of
the structure, leading to increased erosion, sedimenta-
tion, and potential damage to nearby infrastructure "\
Although vortex-induced scouring is briefly acknowl-
edged, it is essential to understand the complex flow
structures that significantly contribute to scour devel-
opment around spur dikes. When flow interacts with a
spur dike, especially in a curved channel, it generates
a highly three-dimensional flow field characterized by
several vortical structures. At the upstream face of the
dike, a horseshoe vortex forms due to flow separation
and pressure gradients, intensifying bed shear stress
and initiating sediment removal. Downstream of the
dike, wake vortices and recirculation zones further dis-
turb the bed, contributing to local scour. Additionally,
in bend channels, secondary helical flows caused by
channel curvature interact with these vortices, ampli-
fying turbulence and sediment entrainment near the
outer banks. These combined hydrodynamic interac-
tions result in deeper and more asymmetrical scour

holes, which can undermine the structural integrity of

the dike and alter channel morphology. Understanding
these mechanisms is critical for developing accurate
scour-prediction models and for optimizing spur dike
design to ensure hydraulic efficiency and environmen-
tal resilience.

Numerous experimental and numerical studies
have explored scour around spur dikes, examining pa-
rameters such as hydraulic conditions, structural con-
figuration, and environmental impact *'!, Research
shows that higher flow velocities increase shear stress
on the bed, deepening scour holes. Pandey et al. " and
Tripathi and Pandey * emphasized the influence of
approach flow conditions, fluid properties, structural
geometry (such as angle and size), and channel charac-
teristics like slope, width, and cross-section shape on
scour formation. Additionally, the shape and orienta-
tion of the dike significantly affect turbulence intensity;
tapered designs generally produce less scour than rect-
angular ones. Design features such as spacing, align-
ment, and porosity also play vital roles in managing
flow deflection and sediment transport, thereby influ-
encing bank stability "*!. Patel et al. ! discussed the ef-
fect of spur dikes on bank erosion control by examining
their influence on flow dynamics, turbulence charac-
teristics, and sediment transport. Tripathi and Pandey
! investigated scour around spur dikes, particularly in
curved channels, and enhanced predictions using Gene
Expression Programming (GEP). They observed that
the developed GEP model accurately predicts maximum
scour depth and outperforms existing models under
various flow conditions. Pandey et al. " developed and
evaluated three machine learning models, GBDT, CFNN,
and KRR, for predicting scour depth around spur dikes
in cohesive sediments, with results showing that the
GBDT model provided the most accurate predictions,
and that clay content and the cohesion-to-friction angle
ratio were the most influential factors for scour at the
nose and wake zones, respectively.

Despite a substantial body of research, significant
gaps remain in our understanding of scour around spur
dikes. Most existing studies focus narrowly on localized
scour and immediate hydrodynamic effects, often ne-
glecting the broader influence of design modifications

on sediment transport and long-term river morphology.
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In particular, the cumulative impact of multiple spur
dikes arranged in sequence, especially within curved
or meandering channels, has not been sufficiently ex-
plored. This is a critical oversight, as spur dikes not
only influence local flow structures but also drive large-
scale changes in channel evolution. Addressing this gap,
the present review offers a novel, integrated synthesis
of hydraulic, geometric, and environmental factors af-
fecting scour dynamics. By examining interactions such
as porosity combined with spatial alignment in bends
and evaluating their ecological implications, this paper
provides a multidimensional framework to support
more sustainable and efficient spur dike design in natu-
ral river systems. Unlike previous reviews that primari-
ly summarize isolated findings, this study critically syn-
thesizes how spur dike parameters, such as geometry,
permeability, alignment, and placement, interact under
varying hydraulic and morphological conditions to in-
fluence scouring behaviour. This work uniquely empha-
sizes the interdependency of these factors, arguing that
optimal scour mitigation cannot be achieved through
isolated parameter optimization but must instead be
approached holistically. For example, while permeable
designs can reduce scour, their performance is contin-
gent upon dike placement relative to bends and chan-
nel curvature. This system-based insight fills a signifi-
cant gap in the literature, which often lacks integration

across parameters and real-world variability.

2. Data Collection Method

The primary objective of this review is to system-
atically evaluate the key hydraulic, geometric, and ma-
terial factors influencing scour formation around spur
dikes, particularly in curved river channels. This in-
cludes analyzing how flow velocity, spur dike porosity,
alignment, and placement affect local scour patterns
and environmental impact. Special emphasis is placed
on assessing both experimental and numerical stud-
ies to understand the underlying mechanisms and to
identify design modifications that can enhance scour
mitigation and ecological sustainability. To ensure a
comprehensive and focused review, literature was se-
lected based on the following criteria: peer-reviewed
journal articles and conference papers published in the
last two decades; Studies that specifically address scour
around spur dikes in both straight and curved channels;
Research incorporating numerical simulations, physi-
cal modeling, or field investigations; Publications that
present quantitative results related to flow characteris-
tics, scour depth, structural geometry, or environmental
considerations.

The data collection process mainly involved the
collection of papers from the Scopus-indexed journals.
Several steps are used to collect data, starting from con-
ducting a wide review of the knowledge gap and prob-
lem statement, and other steps like selecting a suitable
database and keywords, ending with writing a paper, as
shown in Figure 1.

Figure 1. Data collection method.

Source: own elaboration.

As mentioned, the main data collection method
was retrieving papers from Scopus-indexed journals.
The first step is to select appropriate keywords that
present the main topic; in this regard, two keywords

were selected, namely “Spur Dikes” AND “Scour”. The

second step was entering these keywords in the Sco-
pus search machine and limiting the duration from
2000 to 2025. This search was conducted in March
2025 to collect 211 papers, as shown in Figure 1. The

third step was screening and selecting only papers
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that had the data required and were related to the aim
of the papers, and ignoring other papers. Consequent-
ly, only 63 papers were collected to write this review.
As shown in Figure 2a, the number of documents
published fluctuated between 0 and 15 between 2000
and 2022, whereas the number of documents signifi-
cantly increased after 2023 to reach up to 29 papers
by 2024. This increase refers to the importance and
interest of the topic among scholars and researchers.
On the other hand, research articles accounted for

the largest document type with 72%, then conference

papers with 21%. While other document types like
book chapters and reviews only have 2% for each, as
shown in Figure 2b. Therefore, there is a critical need
for a review paper to present the data obtained from
the previous studies to serve as a base of knowledge
for researchers and scholars in this area. Figure 2c
shows that China, Iran, and India published the high-
est number of documents than other countries, with
70, 54, and 38 papers, respectively. Figure 3 presents
the most important keywords used in the paper col-

lected using VOS viewer software.

i Oth
2%
Conference Paper
21%

Figure 2. (a) Number of documents vs years, (b) No. of documents vs type, and (c) No. of documents vs countries.
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Figure 3. Visualization of keywords for papers collected using VOSviewer software.

For enhanced visualization of the research land-
scape, VOSviewer software was employed to analyze
the keywords from the collected documents. Figure 3
illustrates a keyword co-occurrence map, where terms
are grouped and color-coded based on their frequency
and interrelation. Notably, six distinct clusters emerge:
the red cluster emphasizes core concepts like scour,
spur dike, and river bed, indicating the central focus
of most studies on localized erosion mechanisms. The
blue cluster highlights hydraulic structure, flow ve-
locity, and stream flow, suggesting a strong linkage to
flow behavior and engineering design aspects. Other
clusters encompass themes related to sediment trans-
port, channel morphology, and environmental consid-
erations. This figure helps the reader visually grasp the
dominant research themes and how different keywords
interconnect, offering insight into the multidisciplinary
nature and emerging trends within the field.

Both the type and shape of spur dikes substantially
influence scouring outcomes. Permeable dikes general-
ly outperform impermeable ones in reducing erosion,
but may be less durable under prolonged exposure to
high-velocity flows. Similarly, while T- and L-shaped
dikes offer flow redistribution advantages, their effec-
tiveness can be compromised without proper angle and
length optimization. Most experimental studies differ in
setup, making cross-comparison challenging. There is

minimal analysis of structural degradation or long-term

performance of permeable dikes. Coupled hydrodynam-
ic, morphodynamic simulations are underutilized. More
research is needed to assess the ecological impacts of
different dike types and shapes, develop multi-param-
eter optimization models for spur dike design, conduct
field-scale experiments to validate lab-scale findings,
and investigate the climate-resilience of various dike

configurations under extreme flood scenarios.

3. Factors Affecting Scour around
Spur Dikes

As introduced in the Introduction section, there are
numerous factors affecting scouring around spur dikes.
This study investigates the most important factors. The
next subsections present these factors and their effect

on the scour.

3.1.Angle of Spur Dikes

The angle of the spur dikes is one of the significant
factors affecting the performance of spur dikes, as re-
ported by the previous studies *'°., For the spur dike in
a channel bend, there are additional factors (besides the
ones listed above) that affect the erosion depth, such
as the location of the spur dike in the channel bend and
the angle of bend and central radius. The authors are

not aware of much research on the erosion around the
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spur dike in a channel bend, and the few studies that
exist only consider some influencing factors, like the
shape of the spur dike and channel, and the condition
of the incoming flow. The shape of the channel depends
on two important factors, namely how wide it is and
how curved it is. These factors also influence how much
erosion happens near the spur dike, which is a T-shaped
structure placed at a right angle to the channel """, The
erosion is less severe when the ratio of bend radius to
width (Rc/W) is higher, where Rc is the radius of the

curve. Another study by Han et al. " used a 3D numer-
ical model to study the riverbed scouring around the
spur dike and the flow motion with various layout an-
gles, as shown in Figure 4. They investigated the effect
of spur dike layout angle, sediment parameters, and
flow conditions on the maximum scour depth and its
coordinates. They concluded that the differences and
similarities can be observed in the flow fields when
comparing downward-angled and perpendicular angle
spur dikes.

f=90°

Figure 4. Various angles of spur dikes.

Farshad et al. " investigated the evolution of scour
depths around spur dikes with varying permeability
levels and angles under different hydrographic condi-
tions. As illustrated in Figure 5, the experiments were
conducted in a rectangular flume measuring 10 m in
length, 0.76 m in width, and 0.6 m in depth. The mobile
bed consisted of nearly homogeneous sand with a me-
dian grain size of 0.8 mm. The study analyzed how spur
dike permeability and orientation influenced the tempo-

ral progression of scour. The results demonstrated that

Hydro, h Producer

Details:

A 10 m
b 0.76 m
< 0.6 m
d 0.35m
£ .01 m
f O 148 m

permeable spur dikes significantly reduced scouring
compared to their impermeable counterparts. Moreover,
permeability had a more pronounced impact on mitigat-
ing scour than the orientation angle. The percentage dif-
ference in maximum scour depth between impermeable
and permeable spur dikes varied from 44% (at 33%
permeability and an orientation angle of 60°) to 88%
(at 66% permeability and an orientation angle of 120°).
These findings highlight the effectiveness of permeable

spur dikes in controlling scour development.

of the Flume

- |
Spur dike 0%

Spur dike 33% Spur dike 66%

Figure 5. A Diagram shows spur dikes of different permeability [*5.
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Additionally, the study explored scouring differ-
ences under steady and unsteady flow conditions, as
well as the influence of hydrograph base time on scour
depth. When the hydrograph base time was increased
fourfold while maintaining the same peak and base
flood discharges, the maximum scour depth increased
by approximately 29% for impermeable spur dikes,
42% for spur dikes with 33% permeability, and 25%
for spur dikes with 66% permeability. These results
emphasize the role of both permeability and hydro-
graph characteristics in scour development around
spur dikes. Sirtasy et al. *” investigated the reduction
of scour around vertical bridge abutments by placing
a single spur dike upstream under clear-water scour
conditions. The experimental setup used sand as bed
material, with a median grain size of 0.80 mm and
a geometric standard deviation of 2.27, as shown in
Figure 6. The study considered three different spur

dike configurations, each varying in distance from the
abutment, orientation angle, and length. A total of 99
experimental runs were conducted, testing each con-
figuration under nine flow conditions, which included
three Froude numbers and three approach flow depths.
For each configuration, an empirical equation was de-
veloped to relate the relative scour depth to the Froude
number. Additionally, four-dimensional equations were
derived to describe the relative dimensions of the scour
hole at different stages. The results demonstrated that
spur dikes effectively reduced scour depth at the abut-
ment. The greatest scour reduction, about 81.5%, was
achieved when the spur dike was placed at a distance
from the flume wall to the abutment equal to three
times the abutment length, with an orientation angle of
90° and a spur dike length perpendicular to the flow di-

rection equal to the abutment length.

I'q

Figure 6. Layout of the vertical wall bridge abutment ¢,

Jafari and Sui "

analyzed the impact of non-sub-
merged spur dike orientation angles on maximum
scour depth and scour patterns. Their findings indi-
cated that the dike angle plays a crucial role in scour
depth variation, with a 90° dike orientation resulting
in greater scour depth than a 60° orientation. Ice cover
and its roughness coefficient further influenced chan-
nel bed deformation, while flow rate variations affect-
ed scour hole dimensions. Advanced numerical and

experimental approaches have further expanded the

understanding of spur dike effects. Haider et al. ** em-
ployed Computational Fluid Dynamics (CFD) to study
turbulence and flow dynamics around permeable spur
dikes with varying pore angles and permeabilities.
Their results demonstrated that angled pores signifi-
cantly reduced streamwise velocity and turbulence,
enhancing riverbank protection and flood resilience.
Table 1 summarizes the recently studied effect of the

angle on scouring depth.

123



Sustainable Marine Structures | Volume 07 | Issue 03 | September 2025

Table 1. Published studies on the effect of angle on scouring depth.

References

Angle Configuration

Key Findings

Haltigin et al.

Varied angles on both sides of an
open channel.

Found that increasing the angle of spur dikes from downstream
led to higher pressure and velocity near the bed, affecting scour
dynamics.

Farshad et al. "

Different angles and permeabilities
in rectangular channels.

Demonstrated that while angle influences scour depth, permea-
bility had a more significant impact on reducing scour compared
to angle alone.

Sirtasy et al. %

Multiple angles and distances from
bridge abutments.

Showed that a spur dike set at a 90° angle to flow significantly
reduced scour depth at abutments but did not eliminate it, in-
stead shifting it to the spur dike.

Jafari and Sui *"

Several layout angles of non-sub-
merged spur dikes.

Found that the direction angle is important for increasing the
depth of the scour; changing the angle from 90° to 60° signifi-
cantly reduced the upstream scour length.

Haider et al.

Pore angles used in permeable

Analyzed how varying pore angles affected flow characteristics,
with results showing improved performance at certain angles

spur dikes are 0°, 15°,30°, and 60°.

compared to impermeable designs.

3.2.Porosity of Spur Dikes

The porosity of a spur dike significantly influences
its hydraulic performance, structural durability, and en-
vironmental impact **. Engineers often select materials
with specific porosity levels to strike a balance between
stability and ecological or hydraulic efficiency. Recent
research has focused on evaluating spur dikes with
varying porosity ratios and configurations to determine
their impact on flow behavior and scour reduction.

24 conducted a three-dimensional mul-

Shampa et al.
tiphase numerical analysis to assess two different pile
arrangements in slit-type spur dikes. Their findings in-
dicated that using permeable spur dikes in a sequence
can markedly reduce approach flow velocity within
the spur zone. Compared to conventional impermeable
dikes, slit-type designs with varying angles and place-
ments effectively minimized bed shear stress, turbu-
lence intensity, and longitudinal velocity near the bank.
The study concluded that these permeable structures
promote smoother flow transitions and significantly

reduce scour intensity. Jian Ning et al. "%

performed a
numerical investigation on the influence of spur dike
placement on flow patterns and local scour. They found
that the first spur dike in a series experiences the deep-
est scour, and the influence of subsequent dikes dimin-
ishes with increased spacing. This highlights the im-
portance of optimal spacing in multi-dike installations

[25]

to manage scour effectively. Rao et al. > explored how

inlet flow velocities, spur dike spacing, and porosity af-
fect pollutant removal efficiency in channels. Their re-
sults indicated that porosity, flow velocity, and the gap
between dikes are critical factors influencing the eco-
logical performance of porous materials used in dike
construction.

Qi ”* investigated the effects of collar porosity,
width, and length on local scour reduction under clear
water conditions using both experimental and numer-
ical methods. The study revealed that collars can re-
duce local scour by up to 56.9%, with the collar’s width
having the most significant impact, followed by length
and porosity. Numerical simulations showed that flow
velocity reductions reached 45% and 25% for per-
meable and solid collars, respectively. Similarly, shear
stress was reduced by 20% and 28.6% compared to
conditions without collars. Taken together, these stud-
ies underscore the need for a more integrated design
approach. Engineers must weigh the benefits of porous
structures, such as improved flow dynamics and en-
vironmental compatibility, against practical concerns
like material strength and maintenance. Future design
guidelines should reflect these nuanced trade-offs, par-
ticularly in sensitive or high-energy riverine environ-
ments where both hydraulic performance and ecologi-
cal outcomes are paramount. Finally, Table 2 presents
a summary of recent studies highlighting the role of

porosity in reducing scour depth around spur dikes.
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Table 2. Influence of porosity on scouring depth.

References Porosity Configuration

Key Findings

Varying degrees of permeability

191
L (33%, 66%) in spur dikes.

Farshad et a

Demonstrated that increased permeability reduces maximum
scour depth; the variation in scour depth between imperme-
able and permeable dikes ranged from 44% to 88%.

Staggered pore designs with varying

1. 122
' angles of permeability.

Haider eta

Investigated how different pore angles (0°, 15°, 30°, 60°) af-
fected flow characteristics, showing that higher porosity im-
proved flow diversion and reduced turbulence.

Non-submerged spur dikes with
varying layouts.

Jafari and Sui *!

Examined how porosity affects scour patterns under different
flow conditions, indicating that increased porosity leads to
reduced scour depth.

3.3.Velocity of Flow

The velocity of flow around a spur dike in a scour-
ing channel is critical for understanding the hydrau-
lic behavior and the associated scouring process ',
Groynes are structures extending from the riverbank
into the channel to influence flow and sediment trans-
port ¥”, The velocity near groynes is affected by various
elements, such as the channel geometry, flow condi-
tions, sediment size, and the design of the groyne itself
1 The radius of curvature significantly influences the
velocity distribution *”. Strongly curved bends have a
higher initial velocity near the inner bank before pro-
gressively moving toward the outer bank *”. Below the
free surface, the secondary velocities reach their max-
imum values. As the radius of curvature increases, the
secondary velocities decrease. Furthermore, the higher
velocity is diverted from the entry and moves into the
bend’s center. Strongly curved bends’ longitudinal ve-
locities provide a good approximation of reality; it is

predicted that the higher velocity will move from the

bend’s inner bank to its outer bank. In practice, though,
this happens over a smaller area. It was predicted that
the longitudinal velocities in smoothly curved bends
would be close to the outer bank and well in the center.
The previous research reported the behavior of
spur dikes at different velocities. For instance, Shampa
et al. * tested two distinct kinds of individual pile posi-
tion arrangements, and a three-dimensional multiphase
flow was carried out experimentally and numerically
by approaching the flow from three perspectives. The
findings demonstrated that the approach velocity of
the flow within the spur dike zone can be significantly
decreased by employing a sequence of slit-type spurs.
Abad and Garcia *" discovered that the outer bank is
where the highest velocities are located, and the maxi-
mum velocity changes from one location to another, de-
pending on several factors like the bed morphology, the
dynamics of flow, and others. Table 3 summarizes the
effect of velocity on the scouring depth, as reported by

the previous studies.

Table 3. Published studies on the Influence of velocity on scouring depth.

Researchers Velocity Configuration

Key Findings

Haltigin et al. **!

Velocity measurements near
spur dikes at varying angles.

Found that increasing the angle of spur dikes led to higher pressure and
velocity near the bed, significantly affecting scour dynamics. The veloci-
ty field was three-dimensional, especially near the dike’s nose.

Farshad et al.

Examined how different angles
and permeabilities affected
flow velocity.

Reported that higher permeability in spur dikes reduced flow velocity
at the base, resulting in decreased scour depth compared to imperme-
able designs.

Sirtasy et al. !

Studied velocity reduction at
bridge abutments with up-
stream spur dikes.

Found that strategically placed spur dikes could reduce flow velocity
at abutments by up to 81.56%, although some scour was shifted to the
spur dike itself.

Jafari and Sui !

Evaluated effects of non-sub-
merged spur dikes on flow
velocities under ice cover con-
ditions.

Found that varying the angle of spur dikes significantly influenced max-
imum scour depth and altered flow velocities, particularly under chang-
ing hydraulic conditions.
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3.4.The Shape of Spur Dikes

The shape of spur dikes significantly influences the
scouring process and flow characteristics in channels
B4 Common shapes include straight, angled, round-
head, L-shaped, T-shaped, wing-shaped, and inclined
dikes, each having unique effects on scour depth and
sediment deposition "?. Straight spur dikes, extending
perpendicular to the flow, create concentrated turbu-
lence at their tips, leading to deep scouring pits, while
upstream-angled dikes reduce turbulence and encour-
age sediment deposition near the bank. In contrast,
downstream-angled dikes intensify scouring at the
tip while facilitating sediment retention downstream.
Rounded or parabolic heads facilitate smooth flow
transitions, diminishing vortex production and limiting
scour depth. T-shaped and L-shaped dikes improve sed-
iment deposition by broadening flow dispersion zones,
rendering them efficient for bank stabilization and
sediment management. Modern wing-shaped or vor-

tex-based designs are hydrodynamic and environmen-

tally sustainable, reducing turbulence and related scour.
Inclined dikes, whether sloping upward or downward,
affect flow separation and reduce scour intensity based
on their orientation and angle. The selection of dike
configuration is essential and must take into account
channel sediment transport dynamics, flow velocity, hy-
draulic efficiency, and the requirement for scour protec-
tion **.. The performance of each shape differs based on
site-specific variables, highlighting the necessity of cus-
tomized designs to reduce scour and maintain channel

B4 classified the shape

stability. Zhang and Nakagawa
of spur dikes into several types according to their struc-
tural permeability. However, there are two main types,
namely impermeable and permeable, as shown in Fig-
ure 7. Permeable spur dikes are commonly made up of
several rows of reinforced concrete piles, steel, bamboo,
or timber. Impermeable spur dikes are made of rocks,
gravel, stone, or soil. In general, the shape of spur dikes
like T-head and L-head, and hockey-stick-shaped, has a

significant effect on the scour around spur dikes "***.

Figure 7. Shape of spur dike.

Previous publications have examined the behavior
of spur dikes with various configurations. Chakravarty
et al. " examined different spur dike configurations,
including L-head, T-head, and hockey-shaped designs,
emphasizing their impact on channel flow and sedi-
ment transport. T-head spurs are notably helpful in
mitigating bed scouring by dispersing flow energy. The
research emphasizes the necessity of optimizing spur
dike shapes tailored to specific sites to accommodate
varying hydraulic conditions, offering suggestions for
innovative designs to enhance sediment management

B¢ examined

and channel stability. Patel and Kumar
the impact of T-shaped spur dikes on flow dynamics

and sediment transport across various seepage con-

ditions. Advanced experimental settings demonstrate
that T-shaped spurs effectively regulate flow energy
and diminish turbulence, thereby minimizing scouring
at their tips. The study offered practical insights into
the structural benefits of T-shaped spur dikes, render-
ing them optimal for bank stabilization and erosion
protection in fluctuating hydraulic conditions. A further

study by Patel and Kumar *”

studied the performance
of spur dike configurations under conditions of down-
ward seepage, which frequently intensifies scouring.
Through comprehensive studies, it identified ideal
shapes that minimize turbulence and scour depth while
maintaining effective flow regulation. The research pro-

vided practical recommendations for the construction
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of spur dikes to mitigate seepage-induced instability,
thus enhancing performance in challenging channel

1. " conduct-

environments. Recently, Chakravarty et a
ed a comprehensive review of the effect of the shape of
spur dikes on scouring and erosion and summarized
the types of spur dikes and their effect on scouring and
erosion. They found that a T-head spur dike could more
efficiently prevent erosion and change the direction of
flow, while an L-head spur dike improves riverbank sta-
bility.

Qi et al. * presented U-shaped collars as a novel
approach to reducing local scour along groynes. The
research indicated that these collars successfully mod-
ify flow patterns, diminishing turbulence at the dike
base and protecting the surrounding bed material. The
results indicate that integrating collars into groyne de-
signs can markedly improve their stability and endur-
ance, especially in high-flow areas. Bahrami-Yarahmadi

et al. ¥

investigated the impact of triangular groynes
on scour and flow dynamics under different hydraulic
conditions. The findings indicate that triangular dikes
can enhance flow separation and diminish vortex in-

tensity, resulting in reduced localized scour relative to

conventional designs. The research emphasizes the ef-
fectiveness of triangular groynes in managing erosion
and regulating flow in channels characterized by signif-
icant sediment mobility. Pandey *” investigated the in-
fluence of T-shaped groyne morphology on local scour
patterns in reverse meandering channels. The T-shaped
configuration of the spur dike markedly affects the
flow dynamics surrounding the structure, leading to
distinct scour patterns in contrast to alternative dike
geometries. The elongated horizontal arm of the T-dike
redirects the flow towards the channel’s center, result-
ing in fluctuations in flow velocity and turbulence that
induce sediment displacement and heightened scour
depth. The intersection of the vertical stem of the T
with the bed is particularly prone to increased turbu-
lence, thereby intensifying scour. The research indicat-
ed that T-shaped groynes typically cause deeper scour,
particularly when situated nearer to the meander’s in-
gress. This design enhances flow acceleration around
the dike, resulting in greater local erosion at the dike’s
base. Table 4 shows the effect of the shape of the dike
on the behavior of the scouring depth.

Table 4. Effect of spur dike shape on the scouring depth.

Researchers Spur Dike Shape

Key Findings

Chakravarty et al, ™!

L-head, T-head,
Hockey-shaped.

T-head spurs are effective in reducing bed scouring by redistributing
flow energy. Optimization of geometry is crucial for sediment man-
agement.

Patel and Kumar B¢

T-shaped

T-shaped dikes efficiently control flow energy, reduce turbulence,
and minimize scouring near tips. Ideal for bank stabilization.

Patel and Kumar ™

Various
(under downward seepage).

Identifies optimal geometries to reduce turbulence and scour depth,
ensuring better stability under seepage conditions.

Qi et al. #*

U-shaped Collars
(as a modification).

U-shaped collars effectively alter flow patterns, reducing turbulence
and local scour and enhancing dike stability.

Bahrami-Yarahmadi

Triangular dikes streamline flow separation, reduce vortex intensity,

etal. B Triangular and minimize localized scour.
T-shaped T-shaped dikes influence flow dynamics uniquely, causing deeper
Tripathi and Pandey™"  (in the reverse meandering scour at the junction of the vertical stem and base due to increased
channel). turbulence.

As shown in Table 4, the shape of the spur dikes
significantly affects the scouring around the dikes. This
method is important because of changes in water veloc-
ities in the flow direction. Scour is typically classified
into three main kinds: local scour, contraction scour,

and general scour.

3.5.Location of Spur Dikes

The location of the spur dikes largely determines
the degree of local scour in river channels *?. Spur
dikes are structures that are oriented perpendicular to
the flow of water °.. They are usually found along the

banks of winding rivers to stabilize the river’s course
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and prevent bank erosion. However, depending on
where they are positioned inside the channel, their ef-
fectiveness in reducing erosion might vary greatly. Spe-
cifically, where the spur dikes are located influences the
turbulence and flow patterns around the dike, which
impacts the formation of scour holes upstream and
downstream of the structure. The position of a spur
dike, whether on the inner or outer curve of a meander,
near the bend, or further along the straight section, can
drastically change the flow velocity, which in turn alters
the intensity of sediment transport and the potential
for erosion. Understanding how the placement of spur
dikes interacts with the natural flow dynamics of a riv-
er is key to designing effective riverbank protection
strategies and minimizing the adverse effects of scour.

Studies like Gupta et al. %!

emphasize the role of flow
velocity and sediment transport in scour development,
noting that higher velocities near spur dikes increase
erosion potential downstream. Similarly, Kuhnle et al.
discussed the importance of hydraulic modelling to op-
timize spur dike placement, ensuring effective erosion
control while minimizing undesirable scour effects.
Collectively, these findings underscore the importance
of considering flow dynamics, dike geometry, and riv-
er morphology when designing and positioning spur
dikes to achieve sustainable riverbank protection and
minimize scour-related risks. Table 5 summarizes the
results from recent studies on the effect of location on

scouring depth.

Table 5. The influence of the location of the spur dike on scouring depth.

Researchers Spur Dike Location Key Findings
Kuhnle et al. ™ The spur dike was 22 m downstream. The volume of local scour was highest in most cases.
Gupta et al, ¥ Flow velocity and sediment transport around Higher flow velocities near spur dikes increase erosion

spur dikes.

potential downstream.

Nayyer et al. " . .
4 national series.

Flow characteristics around the triple combi-

The most considerable turbulent energy, shear stress,
pressure, and flow speed are in the flat bed shaped close
to the location of maximum

; [10]
Ning et al. and spacing of spur dikes on scouring depth.

Numerical simulation of the effect of location

The difference in scouring depths of spur dikes is main-
ly affected by various locations, because the flow field
structure around the spur dikes depends on the spacing
between the spur dikes.

Tabassum et al. **

reported that at a spacing of 3L
between spur dikes and a flow velocity of 90% of the
critical velocity, around 80% of the maximum scour
depth occurs rapidly. Nayyer et al. ** investigated the
effect of the location and shape of spur dikes on the
scouring depth and found that the highest pressure,
turbulent energy, shear stress, and flow speed in the
flatbed formed close to the location of the maximum
scour depth. Erosion and scouring are significantly de-
creased by a reduction in these parameters. The com-
bined use of different geometries of spur dikes contrib-

uted to reducing scouring.

4. Discussions and Results

As shown in Section 3, numerous factors are affect-
ing the scouring depth around the spur dike. The fac-

tors can be summarized in Figure 8.

The analysis of current studies for the scour around
spur dikes reveals that both hydraulic and geometric
factors play a significant role in determining to scour
depth and extent !, In terms of geometric aspects, the
shape, orientation, and length of spur dikes affect flow
patterns, leading to differences in turbulence intensity
and sediment transport *. Researchers like Jafary **!
and Nandhini et al. ) showed that a streamlined spur
dike with an optimal length-to-channel-width ratio
can reduce localized scour, whereas longer structures
tend to increase flow disturbances, exacerbating scour
depth. Additionally, the angle of spur dike placement
relative to the main flow direction significantly affects
wake turbulence and vortex formation, with perpen-
dicular structures generally inducing more pronounced
scour compared to those set at an oblique angle. The
presence of multiple spur dikes in a series also alters
sediment deposition and erosion patterns, further com-
plicating scour prediction and control strategies.
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Figure 8. Factors affecting the scouring around Spur dike.

Hydraulic factors, including flow velocity, water
depth, and sediment properties, further dictate scour
behavior around spur dikes **. Higher flow velocities
intensify shear stresses near the dike base, promoting
deeper scour holes, particularly in cohesionless sedi-

8 used uniform

ments. For instance, Igbal and Tanaka
sand to investigate the local scour procedure near a sin-

gle combined dike (impermeable and permeable). They

observed that the maximum scour depth is expected to
occur at the upstream edge of the dike, similar to local
scour observed around a scaled-down dike in an open
channel. Table 6 presents a comparative analysis of
spur dike parameters and their effect on scouring, and
Table 7 shows the main factors affecting scour depth

and design recommendations.

Table 6. Comparative analysis of spur dike parameters and their effect on scouring.

Aspect of Study Researchers Results
. Shao et al. ! ) o )
Flow Velocity and Sone et al. 49 Higher flow velocity increases shear stress and scour depth nonlinearly.
Scour & ' Critical velocity leads to maximum scour.

Duan et al. "%

Spur Dike Geome-
try

Chakravarty et al. "

1. 5
[51]

Stachew et a
Zhang et al.
Farshad et al.™”

Streamlined/porous designs reduce turbulence and scour compared to
rectangular/impermeable dikes. Angle/orientation (e.g., 90° vs. oblique)
affects flow deflection and scour patterns.

Permeability

Kang et al. **!
Farshad et al.
Hu etal. ¥

Permeable spur dikes reduce flow turbulence, velocity, and scour depth (up
to 88% reduction). They also minimize ecological disruption by allowing
gradual flow transitions.

Placement and

Kuhnle et al. **
Vaghefi et al. ©*

Scour depth depends on spur dike position Rc/W, spacing, and alignment.

spacing Sirtasy et al, 2 Closer spacing or placement near bends increases localized scour.
Hu et al. . . . . . . .
Environmental Ma ot al. ¢ Spur dikes can enhance habitat diversity but require balancing engineer-
57] ing goals with ecological sustainability. Excessive scouring disrupts sedi-
Impact Hood . :
Deng et al, 5% ment dynamics and aquatic ecosystems.
Sirtasy et al. "

Scour Mitigation

Farshad et al. ™!
Zhang et al. P!
Rafigii et al. "

Permeability and strategic placement (e.g., upstream spur dikes) reduce
scour depth by 44-88%. Scour relocation (from abutments to dikes) is a
trade-off.

Hydrodynamics

Nandhini et al. ¥
Haltigin et al. **
Lodhi et al. %
Kuhnle et al. **

3D flow vortices form near spur dike noses, causing localized scour. Flow
separation and turbulence intensity correlate with scour hole dimensions.
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Table 7.

Key factors affecting scour depth and design recommendations.

Factor Studied Researchers

Key Findings

Implications/Recommendations

Kuhnle et al. ¥

Nonlinear relationship between velocity
and scour depth; rapid scour increases at
higher velocities.

Design flow conditions should prioritize
velocity control.

A linear relationship between flow velocity

Scour mitigation requires velocity reduc-

39] R . o
Spur Dike Pandy et al. zéléiusrcour depth; critical velocity maximizes tion near dikes.
G t :
eome zry Streamlined/tapered designs reduce tur- . . . .
entry 160] Optimize dike shape to minimize vortices
Xu et al. bulence and scour compared to rectangular
. and local scour.
dikes.
Koken and Con- Orientation (perper.ldltfula.r vs. angled) Angled dikes may improve flow deflection
. sz affects flow energy distribution and scour
stantinescu and reduce scour.
patterns.
Farshad et al. ™ Permeable dikes reduced scour depth by Higher permeability (66%) significantly
' 44-88% compared to impermeable dikes.  minimizes scour.
Permeability

Kang et al. "

Permeable dikes lower turbulence and sed-
iment entrainment.

Ideal for ecologically sensitive areas.

Placement and
spacing

Kuhnle et al.™

Dikes in series/groups alter flow patterns
and scour depths compared to isolated
dikes.

Strategic spacing improves sediment depo-
sition and flow regulation.

Vaghefi et al.™

Scour depth in bends depends on channel
curvature ratio and dike position.

Higher Rc/W ratios reduce scour severity.

Sirtasy et al. ")

Upstream spur dikes reduced bridge abut-
ment scour by 81.56% but shifted scour to
dike locations.

Trade-offs exist between scour mitigation
and localized erosion.

Environmental
Impact

Bhuiyan et al. ©*!

Unchecked erosion disrupts ecosystems;
a spur dike must balance engineering and
ecological goals.

Integrate habitat preservation into dike de-
sign.

Hu et al. ®*

Permeable dikes stabilize banks while al-
lowing gradual flow transitions.

Prioritize designs that mimic natural flow
conditions.

Channel
Morphology

Haltigin et al. **

Dike angle affects near-bed pressure and
velocity; 3D flow fields dominate near dike
noses.

Optimize dike angles to manage flow deflec-
tion and bed shear stress.

[39]

Pandy et al.

Meandering channels require tailored dike
designs to address helical flow patterns.

Account for channel sinuosity in dike place-
ment and orientation.

Experimental
Methods

Farshad et al. !

Hydrograph base-time increases scour
depth under unsteady flow (29-42% rise
with 4x base-time).

Flood duration is crucial in predicting scour
for transient flow conditions.

Sirtasy et al. !

Empirical equations linked scour depth to
Froude number and dike configuration.

Field validations are needed for generalized
scour models.

Scour Mitigation Zhang et al. *"

Scour hole volume correlates with align-
ment angle and flow shallowness.

Uniform scour-volume ratios simplify geo-
metric predictions.

The shape and permeability of spur dikes play a
vital role in influencing the flow field and the associ-
ated scour patterns around the structure "?. Differ-
ent shapes, such as straight, L-shaped, T-shaped, and
curved spur dikes, alter flow separation points and
vortex development, which in turn affect the location
and depth of scour holes ", For instance, L-shaped

and T-shaped dikes tend to redistribute flow more ef-

fectively, promoting sediment deposition in targeted
areas while potentially shifting the scour zone toward
the junction between the main structure and its trans-
verse arm. This highlights the need for site-specific
optimization of spur dike geometry. Permeable spur
dikes, constructed with slits or porous materials, sig-
nificantly reduce flow velocity and turbulence intensity

in their vicinity **. This reduction leads to lower bed
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shear stress and, consequently, diminished scour depth.
Studies have shown that permeable designs can reduce
maximum scour by up to 88% compared to solid, im-
permeable dikes "\, This performance is attributed to
their ability to dissipate flow energy and enable gradual
flow transition, which also supports ecological balance
by minimizing habitat disturbance near riverbanks.

Impermeable and rigid structures can disrupt
natural flow regimes, fragment aquatic habitats, and
alter sediment deposition patterns, potentially de-
grading spawning grounds and reducing biodiversity.
In contrast, environmentally sensitive designs, such
as permeable or vegetated spur dikes, can mitigate
these impacts. These structures promote gradual flow
transitions, support sediment deposition that fosters
vegetation growth, and maintain hydraulic connectiv-
ity for aquatic organisms. Furthermore, incorporating
ecological considerations into spur dike planning, such
as aligning structures with natural geomorphology and
using materials that support microbial and plant colo-
nization, contributes to long-term river health and sus-
tainability !, Thus, optimizing spur dike design is not
only an engineering challenge but also a critical aspect
of sustainable river management that balances flood
protection with ecosystem preservation.

Shao et al. "' and Song et al. ' identified a nonlin-
ear relationship between flow velocity and scour depth,
Pandey et al. *” presented a linear correlation, high-
lighting the variability arising from experimental condi-
tions, such as flume scale, sediment type, and boundary
roughness. Rather than treating these as conflicting,
they should be interpreted as reflective of the different
flow regimes under which the studies were conducted,
steady versus unsteady flow conditions, which is con-
sistent with observations by Farshad et al. "' regarding
hydrograph base-time effects. Similarly, the influence
of spur dike geometry shows convergence around the
benefit of streamlined shapes in reducing turbulence,
yet variations in results, such as between Chakravarty

(el B2 can be at-

et al. "™ and Koken and Constantinescu
tributed to differing angles of alignment and sediment
transport assumptions, which emphasize the impor-

tance of contextualizing geometry within channel mor-

phology.

Moreover, to enhance the clarity and focus of each
subsection, we have introduced concise introductory
statements that orient the reader to the relevance and
purpose of each parameter studied. For instance, the
subsection on permeability now begins by stating its
dual engineering and ecological importance in regulat-
ing both scour depth and sediment continuity, setting
the stage for interpreting why Farshad et al. " and
Kang et al. ®” emphasized differing degrees of perfor-
mance. When evaluating the placement and spacing
of spur dikes, we contrast findings by Kuhnle et al. ©**
and Vaghefi et al. ®*, highlighting that while both sup-
port increased scour near bends, the underlying mech-
anisms, such as secondary flow intensification versus
curvature-induced flow convergence, vary in interpre-
tation. This refined structure ensures that the narrative
better aligns with best practices as demonstrated in
reference articles, offering a synthesized understanding
of how specific configurations influence scour and riv-
erine behavior under different hydraulic and morpho-

logical conditions.

5. Conclusions

This comprehensive review highlights the key hy-
draulic and geometric factors that influence scour dy-
namics around spur dikes in curved channels, provid-
ing essential insights for optimizing their design and

enhancing environmental sustainability.

¢ A nonlinear relationship between scour depth and
flow velocity was identified. Increased flow velocities
intensify sediment entrainment and bed shear stress,
emphasizing the need to define and consider critical
velocity thresholds during the design phase.

e Geometric modifications, such as angled and tapered
spur dikes, significantly reduce scour severity and
flow turbulence. Permeable designs prove especially
effective, achieving up to an 88% reduction in scour
depth by dissipating flow energy and reducing bed
shear stress, while also promoting ecological balance
through smoother flow transitions.

e Spur dike placement in curved channels plays a crit-
ical role in shaping scour patterns. Properly aligned

spur dikes located at distances equal to three times
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the abutment length can reduce scour by over 80%.
In contrast, installations near the outer bank intensify
localized erosion due to strong helical currents. While
L-shaped and T-shaped dikes encourage sediment
deposition, they may also concentrate scour at struc-
tural junctions, underscoring the need for site-specif-
ic geometry optimization.

¢ Environmentally compatible designs, including po-
rous materials and collar installations, are vital. Col-
lars, for instance, can reduce local scour by up to
56.9%, helping preserve aquatic habitats while main-
taining structural and hydraulic performance.

¢ The unique contribution of this review lies in its
cross-comparative analysis of isolated and combined
effects of spur dike characteristics, particularly in
complex flow environments such as curved channels.
By highlighting how porosity, dike spacing, shape,
and alignment interact with hydraulic and sediment
transport dynamics, the paper offers a multi-dimen-
sional perspective that can inform future experimen-
tal, numerical, and ecological assessments, filling a

crucial gap in current river training design literature.

Future research should prioritize investigating the
combined effects of multiple spur dikes, particularly
in curved channels, using advanced physical modeling
and high-resolution numerical simulations. Additional-
ly, integrating ecological considerations such as habitat
preservation and material porosity into design frame-
works can enhance both hydraulic performance and en-

vironmental sustainability.

Author Contributions

[.LH.H.: collected the data required and wrote the
main manuscript. A.A.J.].: wrote the main manuscript,
collected the data required, formal analysis, and su-
pervised. R.H.I.: methodology, supervision, editing, and
review of the manuscript. All authors have read and
agreed to the published version of the manuscript.

Funding

This work received no external funding.

Institutional Review Board State-
ment

Not applicable.

Informed Consent Statement

Not applicable.

Data Availability Statement

This data will be obtained on request.

Acknowledgments

The authors thank the University of Tikrit for its
support.

Conflicts of Interest

The authors declare no conflict of interest.

Abbreviations
Parameters Defined
3D Three dimensional
CFD Computational Fluid Dynamics
GEP Gene Expression Programming
Machine learnin, GBDT
models ¢ CENN
KRR
Rc/W bend radius ratio
References

[1] Nachtnebel, H.P, Nandalal, K.W., 2021. Examples of
water resources management options: Protective
structures and demand management. In: Hand-
book of Water Resources Management: Discourses,
Concepts and Examples. Springer: Cham, Switzer-
land. pp. 527-562.

Tripathi, R.P,, Pandey, K.K., 2022. Scour around
spur dike in curved channel: a review. Acta Geo-
physica. 70(5), 2469-2485.

Nandhini, D., Murali, K., Harish, S., et al., 2024. A
state-of-the-art review of normal and extreme flow
interaction with spur dikes and its failure mecha-

(2]

(3]

132



Sustainable Marine Structures | Volume 07 | Issue 03 | September 2025

nism. Physics of Fluids. 36(5).

[4] Igbal, S., et al., 2025. Numerical investigation of

flow around partially and fully vegetated sub-

merged spur dike. Water. 17(3), 435.

Patel, H.K,, Arora, S., Lade, A.D., et al., 2023. Flow

behaviour concerning bank stability in the pres-

ence of spur dike-A review. Water Supply. 23(1),

237-258.

Priyanka, Mall, M.K,, Sharma, S., et al., 2024. Inves-

tigating flow around submerged I, L. and T head

groynes in gravel bed. Sustainability. 16(18), 7905.

Rafiqii, M.A., Lone, M., Tantray, M., 2024. Explor-

ing the challenges and solutions for river scour in

dynamic environments: A comprehensive review.

World Journal of Engineering. 21(6), 1045-1063.

[8] Jamel, A.A.J., 2018. Numerical simulation for esti-
mating energy dissipation over different types of
stepped spillways and evaluate the performance
by artificial neural network. Tikrit Journal of Engi-
neering Sciences. 25(2), 18-26.

[9] Suleimany, ].M.ES., Aurahman, T.H., Mamand, B.S.,
2022. Flow simulation over semicircular labyrinth
weir using ANSYS-fluent. Tikrit Journal of Engi-
neering Sciences. 29(1), 83-98.

[10] Ning, ], Li, G., Li, S., 2019. Numerical simulation of
the influence of spur dikes spacing on local scour
and flow. Applied Sciences. 9(11), 2306.

[11] Nielsen, AW, Liu, X.,, Sumer, B.M,, et al,, 2013. Flow
and bed shear stresses in scour protections around
a pile in a current. Coastal Engineering. 72, 20-38.

[12] Pandey, M., Ahmad, Z., Sharma, P.K., 2018. Scour
around impermeable spur dikes: a review. ISH
Journal of Hydraulic Engineering. 24(1), 25-44.

[13]Igbal, S., Tanaka, N., 2024. Hydraulic performance
assessment of various submerged pile designs
around an emerged dike. Water Science and Engi-
neering. 17(4), 406-416.

[14] Tripathi, R.P, Pandey, K., 2023. Gene-expression
programming for scour around spur dike. Interna-
tional Journal of Hydrology Science and Technolo-
gy. 15(3), 295-303.

[15] Pandey, M., Jamei, M., Ahmadianfar, L, et al., 2022.
Assessment of scouring around spur dike in cohe-
sive sediment mixtures: A comparative study on
three rigorous machine learning models. Journal of
Hydrology. 606, 127330.

[16] Chakravarty, S., Patel, H.K., Mohanty, B., et al., 2024.
Review on different shapes of spurs and their
effects on channel morphology. Water Practice &
Technology. 19(1), 241-262.

[17] Liu, D,, Lv, S., Li, C., 2024. Impact of Spur Dike Place-

[5]

[6]

ment on Flow Dynamics in Curved River Channels:
A CFD Study on Pick Angle and River-Width-Nar-
rowing Rate. Water. 16(16), 2236.

[18] Han, X, Lin, P, Parker, G., 2022. Influence of layout
angles on river flow and local scour in grouped
spur dikes field. Journal of Hydrology. 614, 128502.

[19] Farshad, R., Kashefipour, S.M., Ghomeshi, M., et
al., 2022. Temporal scour variations at permeable
and angled spur dikes under steady and unsteady
flows. Water. 14(20), 3310.

[20] Sirtasy, D.H.M.M.A., El-Gawad, H.A.E.-A.A.A,,
Shamaa, M.T., 2023. Scour mitigation at bridge
abutments using spur dikes. Mansoura Engineer-
ing Journal. 48(6), 3.

[21] Jafari, R., Sui, ]., 2024. Channel deformation around
non-submerged spur dikes with different align-
ment angles under ice cover. Journal of Hydrology
and Hydromechanics. 72(3), 372-385.

[22] Haider, R, Qiao, D., Yan, ]., et al., 2022. Flow Char-
acteristics Around Permeable Spur Dike with Dif-
ferent Staggered Pores at Varying Angles. Arabian
Journal for Science and Engineering. 47(4), 5219-
5236.

[23] Haltigin, T.W., Biron, P.M., Lapointe, M.F.,, 2007.
Predicting equilibrium scour-hole geometry near
angled stream deflectors using a three-dimension-
al numerical flow model. Journal of Hydraulic En-
gineering. 133(8), 983-988.

[24] Shampa, Y., Hasegawa, H., Nakagawa, H., et al,,
2020. Three-Dimensional Flow Characteristics in
Slit-Type Permeable Spur Dike Fields: Efficacy in
Riverbank Protection. Water. 12(4), 964.

[25] Rao, L., Wang, P.-F, Dai, Q.-S., et al., 2018. The cou-
pling between hydrodynamic and purification
efficiencies of ecological porous spur-dike in field
drainage ditch. Journal of Hydrodynamics. 30(3),
373-383.

[26] Qi, H., Wang, ]., Zou, W,, et al., 2024. Characteristics
and mechanism of local scour reduction around
spur dike using the collar in clear water. Scientific
Reports. 14(1), 12299.

[27] Malik, S., Pal, S.C., 2019. Is the construction of
Groynes accelerating the degradation of chan-
nel morphology and paved the way for human
encroachment in The Bengal Basin? Advances in
Space Research. 64(8), 1549-1576.

[28] Henning, M., Hentschel, B., 2013. Sedimentation
and flow patterns induced by regular and modified
groynes on the River Elbe, Germany. Ecohydrology.
6(4), 598-610.

[29] M6ws, R., Koll, K., 2019. Roughness Effect of Sub-

133



Sustainable Marine Structures | Volume 07 | Issue 03 | September 2025

merged Groyne Fields with Varying Length, Groyne
Distance, and Groyne Types. Water. 11(6), 1253.

[30] Ferguson, R.I,, Parsons, D.R,, Lane, S.N,, et al., 2003.
Flow in meander bends with recirculation at the
inner bank. Water Resources Research. 39(11).

[31] Abad, ]J.D., Garcia, M.H., 2009. Experiments in a
high-amplitude Kinoshita meandering channel: 1.
Implications of bend orientation on mean and tur-
bulent flow structure. Water Resources Research.
45(2).

[32] Koken, M., Constantinescu, G., 2008. An investi-
gation of the flow and scour mechanisms around
isolated spur dikes in a shallow open channel: 1.
Conditions corresponding to the initiation of the
erosion and deposition process. Water Resources
Research. 44(8).

[33] Tabassum, R., Guguloth, S., Gondu, V.R,, et al., 2024.
Scour depth dynamics in varied spacing spur dike
configurations: A comprehensive analysis. Phys-
ics and Chemistry of the Earth, Parts A/B/C. 135,
103638.

[34] Zhang, H., Nakagawa, H., 2008. Scour around spur
dyke: recent advances and future researches.
Disaster Prevention Research Institute Annuals.
51(B), 633-652. (in Japanese)

[35] Mansoori, A.R., 2014. Study on flow and sediment
transport around series of spur dikes with differ-
ent head shape [Ph.D. Thesis]. Kyoto University:
Kyoto, Japan. DOI: https://doi.org/10.14989/doc-
tor.k18560

[36] Patel, H.K., Kumar, B., 2023. Hydro-morphological
behavior around T-shaped spur dikes with down-
ward seepage. Scientific Reports. 13(1), 10454.

[37] Patel, H.K., Kumar, B., 2024. Experimental study
on the optimal spur dike shape under downward
seepage. Water Science. 38(1), 172-191.

[38] Bahrami-Yarahmadi, M., Pagliara, S., Yabarehpour,
E., et al., 2020. Study of scour and flow patterns
around triangular-shaped spur dikes. KSCE Journal
of Civil Engineering. 24(11), 3279-3288.

[39] Pandey, M., Valyrakis, M., Qi, M., et al,, 2021. Exper-
imental assessment and prediction of temporal
scour depth around a spur dike. International Jour-
nal of Sediment Research. 36(1), 17-28.

[40] Patel, H.K., Kumar, B., 2024. Optimal spur dike
orientation for scour mitigation under downward
seepage conditions. Journal of Hydrology and Hy-
dromechanics. 72(3), 386-397.

[41] Tripathi, R.P, Pandey, K., 2021. Experimental study
of local scour around T-shaped spur dike in a me-
andering channel. Water Supply. 21(2), 542-552.

[42] Gupta, L.K., Pandey, M., Raj, P.A., 2025. Numerical
modeling of scour and erosion processes around
spur dike. Clean-Soil, Air, Water. 53(3), 2300135.

[43] Kuhnle, R.A,, Jia, Y., Alonso, C.V,, 2008. Measured
and simulated flow near a submerged spur dike.
Journal of Hydraulic Engineering. 134(7), 916-924.

[44] Nayyer, S., Farzin, S., Karami, H., et al,, 2019. A
numerical and experimental investigation of the
effects of combination of spur dikes in series on a
flow field. Journal of the Brazilian Society of Me-
chanical Sciences and Engineering. 41(6), 256.

[45] Tabassum, R., Ramana, G.V., Zakwan, M., 2025.
Numerical simulation of scour dynamics around
series of spur dikes using FLOW-3D. Journal of
Applied Water Engineering and Research. 13(1),
47-58.

[46] Igbal, S., Tanaka, N., 2023. An Experimental Inves-
tigation on Dike Stabilization against Floods. Geo-
sciences. 13(10), 307.

[47] Shao, W, Xiong, Y., Shi, D., et al., 2023. Time depen-
dent analysis of lateral bearing capacity of rein-
forced concrete piles combined with corrosion and
scour. Ocean Engineering. 282, 115065.

[48] Song, P, Yang, ]., Choi, C.E., et al., 2024. Experimen-
tal Investigation on Scouring v.s. Mass Failure of
Unsaturated Soil Bed: Implications for Debris Flow
Initiation and Erosion. Journal of Geophysical Re-
search: Earth Surface. 129(4), e2023]JF007275.

[49] Duan, ].G., He, L., Fu, X,, et al,, 2009. Mean flow and
turbulence around experimental spur dike. Ad-
vances in Water Resources. 32 (12),1717-1725.

[50] Stachew, E., Houette, T,, Gruber, P, 2021. Root Sys-
tems Research for bioinspired resilient design: a
concept framework for foundation and Coastal en-
gineering. Frontiers in Robotics and Al. 8, 548444.

[51] Zhang, L., Wang, P, Yang, W,, et al., 2018. Geometric
characteristics of spur dike scour under clear-wa-
ter scour conditions. Water. 10(6), 680.

[52] Kang, J.-G., Yeo, H.-K.,, Kim, S.-]., 2005. An experi-
mental study on tip velocity and downstream re-
circulation zone of single groyne conditions. Jour-
nal of Korea Water Resources Association. 38(2),
143-153.

[53] Hu, J., Wang, G., Wang, P, et al,, 2022. Experimen-
tal study on the influence of new permeable spur
dikes on local scour of navigation channel. Sustain-
ability. 15(1), 570.

[54] Kuhnle, R.A., Alonso, C.V, Shields, ED. Jr, 2002. Lo-
cal scour associated with angled spur dikes. Jour-
nal of Hydraulic Engineering. 128(12), 1087-1093.

[55] Vaghefi, M., Ahmadi, A., Faraji, B., 2015. The ef-

134


https://doi.org/10.14989/doctor.k18560
https://doi.org/10.14989/doctor.k18560

Sustainable Marine Structures | Volume 07 | Issue 03 | September 2025

fect of support structure on flow patterns around
T-shape spur dike in 90 bend channel. Arabian
Journal for Science and Engineering. 40, 1299-
1307.

[56] Ma, B., Dong, F, Peng, W.Q., et al., 2020. Evaluation
of impact of spur dike designs on enhancement of
aquatic habitats in urban streams using 2D habitat
numerical simulations. Global Ecology and Conser-
vation. 24, e01288.

[57] Hood, W.G., 2004. Indirect environmental effects of
dikes on estuarine tidal channels: Thinking outside
of the dike for habitat restoration and monitoring.
Estuaries. 27(2), 273-282.

[58] Deng, Y., Cao, M.-X,, Ma, A.-X,, Hy, Y., Chang, L.-H,,
2019. Mechanism study on the impacts of hy-
draulic alteration on fish habitat induced by spur
dikes in a tidal reach. Ecological Engineering. 134,
78-92.

[59] Lodhi, A, Jain, R., Sharma, P.K., 2016. Influence of

cohesion on scour around submerged dike found-
ed in clay-sand-gravel mixtures. ISH Journal of
Hydraulic Engineering. 22(1), 70-87.

[60] Xu, H,, Li, Y., Zhao, Z., Wang, X., Zhang, F,, 2023. Ex-
perimental study on the local scour of submerged
spur dike heads under the protection of soft mat-
tress in plain sand-bed rivers. Water. 15(3), 413.

[61] Kang, ], Yeo, H., Kim, S,, Ji, U., 2011. Permeability
effects of single groin on flow characteristics. Jour-
nal of Hydraulic Research. 49(6), 728-735.

[62] Bhuiyan, F., Hey, R.D., Wormleaton, P.R., 2010.
Bank-attached vanes for bank erosion control and
restoration of river meanders. Journal of Hydraulic
Engineering. 136(9), 583-596.

[63] Cai, Y., et al., 2024. The deployment of spur dike
group improves physical habitats in urban mean-
dering rivers: Insight from a 2D habitat suitability
model. Journal of Hydrology. 638, 131541.

135



