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Abstract

Under the dual pressures of global climate change and anthropogenic activities, enhanc-
ing the ecological functions of hydraulic structures has become a critical direction for
sustainable watershed management. While traditional spur dike designs primarily focus
on bank protection and flood control, current demands require additional consideration
of river ecosystem restoration. Numerical simulations were performed using the RNG
k-ε turbulence model to solve the three-dimensional Reynolds-averaged Navier–Stokes
equations, a formulation that enhances prediction accuracy for complex flows in curved
channels, including separation and reattachment. Following a grid independence study
and the application of standard wall functions for near-wall treatment, a comparative
analysis was conducted to examine the flow characteristics and ecological effects within a
180◦ channel bend under three configurations: no spur dikes, a single-side arrangement,
and a staggered arrangement of non-submerged, flow-aligned, rectangular thin-walled
spur dikes. The results demonstrate that staggered spur dikes significantly reduce the
lateral water surface gradient by concentrating the main flow, thereby balancing water
levels along the concave and convex banks and suppressing lateral channel migration.
Their synergistic flow-contracting effect enhances the kinetic energy of the main flow and
generates multi-scale turbulent vortices, which not only increase sediment transport capac-
ity in the main channel but also create diverse habitat conditions. Specifically, the bed shear
stress in the central channel region reached 2.3 times the natural level. Flow separation
near the dike heads generated a high-velocity zone, elevating velocity and turbulent kinetic
energy by factors of 2.3 and 6.8, respectively. This shift promoted bed sediment coarsening
and consequently increased scour resistance. In contrast, the low-shear wake zones behind
the dikes, with weakened hydrodynamic forces, facilitated fine-sediment deposition and
the growth of point bars. Furthermore, this study identifies a critical interface (observed at
approximately 60% of the water depth) that serves as a key interface for vertical energy
conversion. Below this height, turbulence intensity intermittently increases, whereas above
it, energy dissipates markedly. This critical elevation, controlled by both the spur dike
configuration and flow conditions, embodies the transition mechanism of kinetic energy
from the mean flow to turbulent motions. These findings provide a theoretical basis and
engineering reference for optimizing eco-friendly spur dike designs in meandering rivers.

Keywords: staggered spur dikes; meandering rivers; flow structure; ecological effects;
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1. Introduction
Amidst the intertwined impacts of global climate change and human activities, main-

taining the health and sustainability of watershed ecosystems has emerged as a core
objective in international water resource management. Promoting the transformation of
hydraulic engineering from single-function disaster prevention to eco-friendly integrated
facilities represents a critical pathway for systematic watershed protection and restora-
tion [1–3].

During this process, the watershed governance philosophy of “harmonious coexis-
tence between humans and nature” is gaining global consensus as a guiding principle,
with successive policy introductions worldwide. For instance, the European Union’s Water
Framework Directive mandates the restoration of ecological integrity in water bodies, ex-
plicitly integrating engineering measures within overall ecological improvement targets [4].
North America’s River Restoration Action Plan prioritizes habitat reconstruction and
biodiversity conservation [5], while China’s “Ecological Conservation and High-Quality
Development Plan for the Yellow River Basin” emphasizes enhancing ecological quality
and water environment security through systematic governance. These policies collectively
demonstrate that modern hydraulic engineering should not only meet basic structural
safety requirements but also actively optimize the structure and function of river ecosys-
tems. Within this evolving paradigm, the functional role and design principles of spur
dikes have undergone a significant shift. Historically, these structures were designed
primarily for bank protection, flow guidance, and flood control, with a focus on resisting
hydrodynamic erosion to ensure structural stability. In contemporary integrated river basin
management, spur dikes are now required to serve not only as engineering safeguards but
also as effective tools for enhancing riverine ecology. Consequently, their design and layout
necessitate a systematic consideration of the comprehensive effects on local hydraulics,
habitat diversity, and biological connectivity [6–8]. However, realizing these ecological
objectives presents substantial challenges in both design and implementation, mandating
further in-depth research from fundamental mechanisms to practical applications.

Based on a synthesis of the existing literature, research on spur dikes spans funda-
mental theoretical exploration, experimental and numerical simulations, extending to
engineering design, layout optimization, and evaluation of their ecological efficacy. Regard-
ing theoretical foundations and hydrodynamic characteristics, studies have predominantly
focused on the influence of spur dikes on flow field structure and local scour. Tabassum
et al. [9] developed a predictive model incorporating multiple parameters such as flow
velocity, spacing, length, and time, concluding that the maximum equilibrium scour depth
for serial spur dikes is less than that for a single spur dike. The experimental study by
Ikeda et al. [10] revealed that the mass exchange between the main flow and the water
surrounding the spur dikes peaks within an optimal spacing-to-length ratio range of 2 to
3. Concerning structural stability, numerical simulations by Zhang et al. [11] indicated
that the development of scour holes at the spur dike head threatens structural safety,
while Fukuoka et al. [12] demonstrated that permeable spur dikes significantly reduce
the bed shear stress in the recirculation zone. In terms of engineering design and layout
optimization, multiple studies have provided bases for rational spur dike arrangement.
Chung et al. [13] conducted experiments in successive meandering channels, showing that
a combination of a 45◦ deflection angle, double spur dikes, and a 2 m spacing promoted
more diverse bed morphology. Shih et al. [14] established a Percentage Usable Area (PUA)
regression equation relating dike spacing and fish habitat suitability in curved channels,
providing a tool for quantitative habitat assessment. Research by Ma et al. [15] on urban
channelized streams revealed that the optimal ecological benefits were achieved with a
discharge of 40 m3/s and the installation of three spur dikes. To mitigate the disruption
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of river continuity caused by spur dike groups, Chen et al. [16] proposed a combined
measure integrating spur dikes with fish attraction pools, which proved more effective
than spur dikes alone. From a structural parameter perspective, Pan et al. [17] suggested
that appropriately increasing spur dike length and setting the spacing slightly greater
than the longitudinal scale of the downstream recirculation zone help form more stable
hydraulic and habitat environments. Furthermore, Esmaeili et al. [18] noted that spur
dike groups can suppress bank erosion through flow regulation; Akbar et al. [19] found
that the protective effect of spur dikes diminishes with increasing channel curvature; and
Wan et al. [20] comparatively highlighted that spur dikes improve downstream dissolved
oxygen, turbidity, and flow conditions more significantly than longitudinal dikes. The
study by Giglou et al. [21] also indicated that the purification efficiency of lateral spur
dikes constructed with materials such as cobbles and gravel is significantly influenced by
their layout configuration. Regarding ecological and environmental effects, spur dikes
significantly impact aquatic habitats and water purification. Based on a three-dimensional
hydrodynamic model, Deng et al. [22] pointed out that the effective mixing between the
rapid flow near spur dikes and the slower flow in their lee creates conditions for plankton
and organic matter transport, forming a sheltered environment suitable for fish spawning.
However, Shin et al. [23] also observed that pollutants tend to accumulate in the recir-
culation zones, with secondary flows exacerbating their lateral dispersion. Concerning
purification capacity, Rao et al. [24] employed orthogonal experiments to verify that spur
dike length has the greatest influence on river purification capacity, followed by the angle,
with spacing having the least effect. Through flume experiments, Wang et al. [25] further
demonstrated that a staggered spur dike layout combined with a pool-riffle sequence
on the opposite bank achieved the best ammonia nitrogen removal. Innovatively, Wang
et al. [26] integrated biofilm technology with spur dikes, confirming that eco-spur dikes
effectively enhance water purification functions. From a microbial ecology perspective, the
research by Lu et al. [27] revealed that changes in turbulent kinetic energy induced by spur
dikes regulate the assembly mechanisms of microbial communities, such as homogeneous
selection, drift, and dispersal limitation.

The research framework of spur dikes has progressively evolved from fundamental
hydrodynamics to ecological function assessment and engineering optimization design,
establishing a relatively comprehensive theoretical foundation. However, existing studies
have predominantly focused on the effects of spur dike groups in straight channels or
have been confined to single-side spur dike arrangements in meandering channels. A
comparison between recent representative studies and this work is summarized in Table 1,
encompassing the key aspects of geometric arrangement, channel sinuosity, submergence
conditions, and hydrodynamic-ecological integration.

As shown in Table 1, existing studies are characterized by several features and short-
comings. First, while most prior research has concentrated on spur dikes in mildly curved
or constant-curvature channels, typically arranged unilaterally or in groups, this work
targets a 180◦ sharp bend channel with a uniquely staggered spur dike layout along both
banks. This arrangement promotes interaction and coupling between the channel’s inherent
secondary flow and thalweg evolution and the spur-dike structures, forming a composite
hydrodynamic system. Investigations of such a system under this specific configuration
remain scarce in the literature. Second, whereas prior work has largely focused on the
effects of spur dikes on flow structure and bed morphology, the hydro-ecological coupling
mechanisms triggered by staggered spur dikes in sharp bends are still inadequately un-
derstood. The present study systematically analyzes key hydrodynamic parameters and
examines hydraulic characteristics across different water-depth layers from a statistical
perspective. Furthermore, it explores the influence of this complex system on ecological pro-
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cesses, such as pollutant transport and habitat heterogeneity formation, thereby extending
the research dimension.

Table 1. Comparative summary of recent studies and the current study.

Comparison
Aspects

Literature Context
(Straight Channels)

Literature Context
(Meandering Channels) Current Work

Geometry and
layout

Most studies have focused
on spur dike groups along
a single bank or on simple
aligned/staggered
configurations across both
banks, primarily for
channel regulation or bank
protection [28,29].

Research has predominantly focused on
scour protection using single, double, or
arrays of spur dikes along the concave
bank. In contrast, configurations on the
convex bank or systematic alternating
arrangements between both banks have
received substantially less attention.
[30,31]

The current work
employs an alternating
layout of spur dikes on
both banks, departing
from the traditional
single-bank pattern.

Channel
curvature

0◦ or minimal curvature:
The flow structure remains
relatively simple, with no
significant effects from
centrifugal forces and
secondary flows [32].

The existing literature on bend flows is
primarily concerned with either 90◦ or
continuously curved geometries. Here,
the 90◦ bend serves as the standard
geometry, with some analyses extending
to a series of gentle bends. Nevertheless,
studies addressing flows in 180◦ bends
are comparatively few [33,34].

180◦ sharp bend
(most intense
centrifugal/
secondary flow effects)

Submergence
condition

A clear distinction is
generally made between
submerged and
non-submerged conditions
to analyze their effects on
recirculation zone size and
scour depth, offering
engineering design basis
for different flow regimes.

Research has largely concentrated on
non-submerged or low-water-level
conditions, emphasizing the bank
protection and scour control
performance of spur dikes under
common flow regimes. Conversely,
investigations into how fully submerged
spur dikes reshape the global flow
patterns in bends are notably scarce.

Non-submerged;
Fixed width-to-depth
ratio.

Hydrodynamic-
Ecological
integration

Focus on engineering
stability and local habitat:
Most studies have centered
on the scour and stability
of spur dikes themselves,
as well as their role in
creating localized habitats
(e.g., in depositional zones
behind the dikes).

Focus on flood control and
single-species impact: Research
primarily assesses the bank protection
efficacy of spur dikes and their role in
mitigating scour along concave banks.
Ecological considerations, sporadically
extend to habitat evaluations for specific
fish species (e.g., silver carp) [35,36].

Examining the
modulation of
hydrodynamic patterns
in sharp bends by
interleaved spur dike
arrangements and
providing a preliminary
evaluation of associated
ecological impacts.

This study investigates a 180◦ channel bend by comparing various configurations,
including no spur dikes, single-side spur dikes, and staggered spur dikes. A systematic
analysis is conducted on critical hydrodynamic parameters, such as water surface mor-
phology, vortex structure evolution, near-bed velocity, bed shear stress, and turbulent
kinetic energy. Furthermore, hydraulic characteristics across different water depth layers
are examined from a statistical perspective. This study aims to elucidate the complex flow
structures induced by staggered spur dikes in meandering channels and their potential eco-
logical implications, thereby providing theoretical support and methodological references
for ecological restoration and management of sinuous rivers. Figure 1 illustrates the overall
technical workflow adopted in this study.
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Figure 1. Methodology and technical roadmap schematic.

2. Numerical Model
In the field of hydraulic engineering, open-channel flows are predominantly turbulent.

When water passes through curved channel reaches, centrifugal effects induce transverse
secondary flows that, in conjunction with strong velocity gradients, exacerbate turbulence
intensity, intermittency, and structural intricacy. Although physical modeling can yield
reliable experimental data on flow behavior, its application is often restricted by prohibitive
costs and technical measurement limitations, rendering it challenging to acquire synchro-
nized, high-resolution data across the full flow field. In recent years, Computational Fluid
Dynamics (CFD) has seen growing adoption in hydraulic studies. Numerical simula-
tions have proven effective in reproducing complex flow architectures, thereby offering
a powerful tool for assessing and predicting river morphological changes and pollutant
transport dynamics.

2.1. Water Flow Control Equations

The motion of flow through a curved open channel can be described by the fundamen-
tal principles of mass conservation and momentum conservation.

∂p
∂t

+
∂(ρui)

∂xi
= 0 (1)

∂(ρui)

∂t
+

∂(ρuiuj)

∂xi
= − ∂p

∂xi
+

∂

∂xi
(ν

∂ui
∂xj

− ρu′
iu

′
j) + Si (2)

where ρ is the fluid density, ui, uj(i, j = 1, 2, 3) are the time-averaged velocity components,
p is the modified pressure, ν is the kinematic viscosity, ρu′

iu
′
j is the Reynolds stress, Si is the

generalized source term.

2.2. Turbulence Model

The accuracy, cost, and stability of a computational analysis are directly determined by
the choice of turbulence model. The commonly employed families of turbulence models for
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large-scale environmental flow simulations comprise zero-equation, one-equation, and two-
equation models, along with Large Eddy Simulation. Their characteristics are summarized
as follows: (1) Zero-equation models are computationally efficient and structurally simple.
However, they do not account for turbulence history effects and possess poor generality
for complex flows, rendering them incapable of capturing the intricate flow patterns
relevant to this study. (2) One-equation models originally developed for boundary-layer
flows, generally show limited accuracy in predicting free-shear flows [37], which restricts
their applicability to the diverse flow regimes anticipated in the present investigation.
(3) Within the two-equation category, the k-ε model delivers reliable predictions for large-
scale, fully developed turbulent flows [38,39], while the k-ω model (where ω denotes the
specific dissipation rate, which describes the rate at which turbulent kinetic energy (k) is
dissipated) demonstrates superior performance under complex conditions involving high
Reynolds numbers, flow separation, and adverse pressure gradients [40,41]. (4) Large-Eddy
Simulation (LES) directly resolves large-scale eddies and achieves the highest accuracy in
representing transient features and complex turbulent structures [42,43]. Nevertheless, its
prohibitive computational cost precludes its use for the computational domain and range of
operating conditions considered in this work. Accordingly, the k-ε model is adopted in the
present study. It offers a suitable balance between computational efficiency and predictive
accuracy, providing statistically representative mean flow fields and essential turbulence
characteristics. Several widely used variants have been developed, including the Standard
k-ε, RNG k-ε, Realizable k-ε models, in which the turbulent viscosity is formulated using
transport equations for the turbulent kinetic energy (k) and its dissipation rate (ε).

(1) Standard k-ε Model

Derived from the concept of eddy viscosity, the Standard k-ε Model obtains turbulence
characteristics by solving two independent transport equations: one for the turbulent
kinetic energy k and the other for the turbulent dissipation rate ε.

Equations for k :
∂(ρk)

∂t
+

∂
(
ρujk

)
∂xj

=
∂

∂xj

[(
µ +

µt

σk

)
∂k
∂xj

]
+ Pk − ρε (3)

Equations for ε :
∂(ρε)

∂t
+

∂
(
ρujε

)
∂xj

=
∂

∂xj

[(
µ +

µt

σε

)
∂ε

∂xj

]
+ C1ε

ε

k
Pk − C2ερ

ε2

k
(4)

where µ is the laminar viscosity, µt is the turbulent viscosity, µt = ρCµ
k2

ε , is the turbulence

kinetic energy production term, Pk = µtS2, S =
√

2SijSij, Sij = 1
2

(
∂ui
∂xj

+
∂uj
∂xi

)
. Sij de-

notes the strain-rate tensor. The empirical coefficients are set as C1ε = 1.44, C2ε = 1.92,
Cµ = 0.09, σk = 1.0, σε = 1.3.

(2) RNG k-ε Model

The RNG denotes Renormalization Group theory, which forms the methodological
basis for the model’s derivation. The core of this theory lies in the systematic averaging
(or coarse-graining) of fluctuations at small scales (e.g., molecular motions, fine-scale
eddies). This process yields effective equations and parameters that govern large-scale
turbulent behavior. Consequently, the RNG k-ε Model is not a purely empirical set of
equations but an advanced eddy-viscosity model grounded in more fundamental physics.
This theoretical foundation provides it with inherent adaptability and a wider range of
applicability compared to the Standard k-ε Model.

Equations for k :
∂(ρk)

∂t
+

∂
(
ρkuj

)
∂xj

=
∂

∂xj

[(
µ +

µt

σk

)
∂k
∂xj

]
+ Pk − ρε (5)
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Equations for ε :
∂(ρε)

∂t
+

∂
(
ρεuj

)
∂xj

=
∂

∂xj

[(
µ +

µt

σε

)
∂ε

∂xj

]
+ C∗

1ε
ε

k
Pk − C2ερ

ε2

k
(6)

where C1ε = 1.42, C2ε = 1.68, Cµ = 0.0845, σk = σε = 0.7179, C∗
1ε = C1ε −

η(1−η/η0)
1+βη3 , η0 = 4.38, β = 0.012, η = k

ε S. uj, an overbar above a symbol signifies a Reynolds-
averaged quantity.

(3) Realizable k-ε Model

In the Realizable k-ε model, the term “Realizable” signifies that its formulation incor-
porates rigorous mathematical constraints. These constraints ensure that the computed
turbulence statistics, particularly the Reynolds stresses, satisfy fundamental realizability
conditions and adhere to relevant mathematical inequalities. This theoretical refinement
enables the Realizable k-ε Model to outperform the Standard k-ε Model in simulating
complex flows involving strong shear, high strain rates, significant streamline curvature, or
system rotation.

Equations for k :
∂(ρk)

∂t
+

∂(ρkui)

∂xj
=

∂

∂xj

[(
µ +

µt

σk

)
∂k
∂xj

]
+ Pk − ρε (7)

Equations for ε :
∂(ρε)

∂t
+

∂
(
ρεuj

)
∂xj

=
∂

∂xj

[(
µ +

µt

σε

)
∂ε

∂xj

]
+ ρC1Sε − ρC2

ε2

k +
√

νε
(8)

where the constants σk, σε, C2, as determined by Shih [44], are assigned values of σk = 1.0,
σε = 1.2, C2 = 1.9. C1 = max

(
0.43, η

η+5

)
. Cµ is no longer a constant but becomes a

function of the strain rate and rotation rate, expressed as follows:

Cµ =
1

A0 + AS
U∗k

ε

(9)

where the constants A0 = 4.0. AS =
√

6 cos ϕ, ϕ = 1
3 arc cos

(√
6W
)

, W =
SijSjkSki

S̃3 ,

S̃ =
√

SijSij, U∗ =
√

SijSij + Ω̃ijΩ̃ij, Ω̃ij = Ωij − 2εijkωk, Ωij = Ωij − εijkωk. Ωij represents
the time-averaged rotation rate tensor and is defined in a reference frame with an angular
velocity ωk. For flow fields without rotation, Ω̃ijΩ̃ij becomes zero.

Based on the literature, the Standard k-ε model performs well in simulating large-
scale environmental flows and near-wall flows using low-Reynolds-number formulations,
demonstrating strong computational robustness. However, it tends to produce deviations
in flows with strong streamline curvature or significant pressure gradients [45,46]. The
RNG k-ε model incorporates mathematical refinements that improve its predictions for
moderately strained shear flows, separated flows, and flows with pronounced rotational
effects [47,48], albeit at a slightly higher computational cost than the Standard k-ε model.
In contrast, the Realizable k-ε model provides enhanced accuracy in high-shear scenarios
such as impinging jets, mixing layers, and boundary-layer separations, where maintaining
physically plausible turbulence levels is essential [49–51].

3. Condition Design and Model Validation
3.1. Physical Experiments and Numerical Model

The physical experiments were conducted in a high-precision adjustable-slope flume
at North Minzu University. The experimental setup is illustrated in Figure 2a,b. The flume
features a cross-sectional dimension of 0.8 m × 0.8 m, with a 180◦ curved section connecting
the straight upstream and downstream reaches. The outer and inner radii of the bend
are R1 = 2.4 m and R2 = 1.6 m, respectively. Both the upstream and downstream straight
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sections have a length of 16 m. The bed slope of the upstream segment was set to 1‰, while
the curved section and downstream reach were maintained at a zero slope. The sidewalls
and bottom of the flume were constructed with tempered compression-resistant glass to
ensure structural integrity and facilitate optical access. To suppress inflow disturbances, a
three-stage energy dissipation grid was installed at the inlet, effectively attenuating strong
fluctuations from the upstream flow and promoting flow stabilization along the flume.
The inflow discharge was precisely regulated by adjusting the frequencies of the main and
auxiliary pumps, while the tailgate opening was used to control the overall water depth,
accommodating various experimental conditions. In this study, the inflow rate was set
to 64 L/s, and the tailgate was adjusted to maintain a downstream water depth of 15 cm.
A movable Acoustic Doppler Velocimeter (ADV), shown in Figure 2c, was employed to
measure three-dimensional point velocities within the flume.

(a) Front view of flume (b) Rear view of flume (c) ADV 

Figure 2. The high-precision adjustable slope flume and ADV.

The numerical simulation was developed based on a 1:1 geometric model of the
aforementioned experimental flume. The spur dikes implemented in the model are conven-
tional non-submerged (i.e., the crest elevation was maintained above the water surface),
head-directed (the spur dikes project from the bank at a 90◦ angle), rectangular thin-wall
structures (L/B = 0.25, L: spur dike length, B: flume width). All spur dikes in this study
were constructed with the same structural type. They are arranged in a staggered configu-
ration along the curved reach between the 0◦ and 90◦ sections. The configuration of the
spur dike is illustrated schematically in Figure 3.

Figure 3. Schematic diagram of spur dike dimensions.
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To systematically investigate the influence of the staggered spur dike arrangement
on the flow structure in the bend, four distinct operational scenarios were designed for
comparative analysis. A schematic plan view of the constructed numerical model is
presented in Figure 4. The case configurations are based on the following rationale: (1) The
no-spur dike case serves as the baseline, representing the undisturbed natural channel
condition. It provides a reference for assessing the hydrological and ecological impacts
of spur dike installations. (2) The single-spur dike case is designed to isolate the effect of
an individual hydraulic structure on the local flow field. This serves as a prerequisite for
identifying fundamental hydrodynamic mechanisms and for understanding the effects of
more complex spur dike arrays. (3) The three alternately staggered spur dikes simulate a
small-scale spur dike system. This configuration focuses on interaction between adjacent
dikes and their superimposed effects on the flow structure. It corresponds to targeted
protection of critical bank sections in practical engineering, with the aim of analyzing the
formation conditions of a continuous and stable near-bank low-velocity zone, which may
function as a potential habitat. (4) The five alternately staggered spur dikes represent a
medium-scale systematic layout. Extending the objectives of Case 3, this layout increases
dike density and modifies spacing, thereby enabling further analysis of scale effects and the
identification of optimal spacing thresholds in spur dike arrays. The results are intended to
inform the quantitative design and performance assessment of engineering solutions.

 
(a) Number of spur dike: 0 

 
(b) Number of spur dike: 1 (c) Number of spur dike: 3  (d) Number of spur dike: 5 

Figure 4. Schematic top view of the numerical model.
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3.2. Boundary Conditions and Initialization

The gas-liquid interface in the numerical simulation was handled using the Volume
of Fluid (VOF) model. The core methodology of the VOF model involves dividing the
computational domain into discrete control elements and computing the volume fraction
(i.e., the volumetric proportion of a specific phase within each element). This approach
effectively discretizes the continuous flow problem, thereby enabling the characterization
of fluid distribution in open-channel flows. Assuming V1 denotes the volume fraction of
air and V2 represents the volume fraction of water, within each computational element, the
following constraint must be satisfied:

V1 + V2 = 1 (10)

The volume fraction of water is determined by the following equation:

∂V2

∂t
+ ui

∂V2

∂xi
= 0 (11)

where t is time; ui is the velocity vector; and the subscript xi(i = 1, 2, 3) denotes the
coordinate component.

Figure 5 illustrates the mesh schematic for the free surface in the VOF model. The
free surface position is determined using a geometric reconstruction scheme that employs
a piecewise linear approximation; within each computational cell, the phase interface is
represented as a line segment of constant slope. A finer mesh yields a closer approximation
to the true free surface, thereby improving computational accuracy.

 
(a) Schematic diagram of the free surface using the VOF method under initial state 

(b) Schematic diagram of the free surface using the VOF method under flow conditions 

Phases_air

Phases_water
V₂=1

V1=0

Phases_water

Phases_air

Surface cell

Figure 5. Schematic of the gas-liquid interface in the VOF model.

To ensure comparability between the numerical simulation and the physical exper-
iment, the boundary conditions of the numerical model were strictly aligned with the
experimental setup. The specific correspondence is as follows: (1) Inlet boundary. In the
experiment, the inlet flow rate (Q) was controlled by adjusting the pump frequency. Corre-
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spondingly, a velocity inlet boundary condition was applied in the numerical simulation.
The inlet velocity was calculated from the experimental flow rate and the cross-sectional
area (U = Q/A), thereby ensuring the same volumetric inflow. (2) Outlet boundary. In the
experiments, the water level was regulated by a tailgate at the outlet through adjustment
of its opening. In the simulations, a free-outflow boundary condition was applied, with
the free-surface elevation at the outlet set to match the measured experimental water level.
(3) Wall boundary conditions. The experimental flume featured smooth glass walls. In the
simulations, these walls were treated as no-slip solid boundaries, directly representing the
hydraulically smooth condition of the experiments. (4) Initial conditions. The experiments
began with the flume in a quiescent state. Water was then introduced, and data acquisition
was initiated only after the flow had become fully developed and steady. To replicate this,
the initial velocity field in the numerical simulations was set to zero, allowing the model to
capture the startup transient and evolve to a comparable steady state, thereby ensuring
direct comparability with the experimentally observed flow conditions.

The boundary conditions of the computational domain were configured as follows:
the upstream inlet boundary was specified according to the respective medium type—the
water inlet was defined as a velocity inlet with an initial velocity of 0.5 m/s, while the air
inlet was set as a pressure inlet with a relative pressure of 0 Pa. The downstream outlet was
assigned as a pressure outlet under open-channel flow conditions, with a relative pressure
of 0 Pa, a channel bed elevation of 0 m and a water surface elevation of 0.15 m. The top
boundary of the flume was also set as a pressure outlet with a relative pressure of 0 Pa.
All surfaces of the spur dike, sidewalls, and bottom of the flume were modeled as no-slip
walls, and the standard wall function was applied to resolve the near-wall flow behavior.

The initial conditions were configured as follows: the water inlet boundary was
set with volume fractions of air and water as V1 = 0 and V2 = 1. The initial turbulent
kinetic energy is derived from an empirical estimation based on the “isotropic turbulence
hypothesis” and a “5% turbulence intensity”, i.e., K = 0.0037u2 = 9.25 × 10−4. The initial
turbulent dissipation rate is estimated by combining the initial turbulent kinetic energy
with the hydraulic diameter, i.e., ε = K1.5/(0.42h) = 4.186 × 10−4. For the numerical
solution, the pressure–velocity coupling was handled using the SIMPLE algorithm based
on a predictor–corrector approach. Gradient terms were reconstructed using a cell-based
least squares method, the pressure term was discretized via the PRESTO scheme, and the
momentum equations were solved using the Second Order Upwind scheme. The turbulent
kinetic energy and turbulent dissipation rate were discretized using the First Order Upwind
scheme. A time step of 0.2 s was adopted, with 20 iterations performed per time step. The
simulation encompassed 3500 time steps, corresponding to a total physical flow time of
700 s. Throughout the simulation, the mass flow rate difference between the inlet and outlet
was monitored. The flow reached a steady state after 500 s, after which flow field data were
sampled for subsequent analysis.

3.3. Model Validation

Experimental tests were conducted in a physical flume under the condition without
a spur dike. Observation cross-sections were established starting from the 0◦ position of
the bend, spaced at 5◦ intervals. Water levels at both the concave and convex banks were
measured at each section. In addition, point velocities were acquired using an Acoustic
Doppler Velocimeter (ADV) at a depth of 0.1 m below the water surface along the flume
centerline. The specific locations of the measurement points are illustrated in Figure 6.

To balance computational efficiency with model resolution, the flow domain was
discretized using unstructured hexahedral elements combined with a spatial adaptation
strategy. The grid was progressively refined along the longitudinal direction, both upstream
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from the bend entrance and downstream from the bend exit, with a base size of 3 cm and a
growth rate limited to 1.2 to ensure smooth flow field transitions and avoid numerical errors
induced by abrupt grid changes. Near the bend entrance, the cell size was refined to 1 cm. To
accurately resolve the vortex structures at the spur dike head and the recirculation zone in its
wake, a secondary local refinement was applied around the dikes, achieving a minimum cell
size of 5 mm. Downstream of the bend apex, the mesh was gradually coarsened from 5 mm
back to 1 cm. A clear view of the refined mesh around the spur dike and its adaptation to
the adjacent walls is provided in Figure 7. The first-layer grid thickness of 5 mm at the wall
is based on the design flow velocity of 0.5 m/s, ensuring compliance with the y+ criterion
necessary for the RNG k-ε model’s wall functions. The quality of the entire computational
mesh was evaluated using the built-in criteria within ICEM CFD. The average mesh quality,
based on cell skewness, exceeded 98%. This high-quality discretization ensures the accuracy
and stability of the numerical solution in resolving critical local flow features.

 

Figure 6. Layout of sampling points for measurement data.

 

Figure 7. Schematic diagram of the grid near the spur dike.

To evaluate the suitability and dependency of the grid used for numerical simulation,
the results obtained with three different mesh resolutions were systematically compared
with field-measured water level and velocity data, as shown in Figure 8.
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As illustrated in Figure 8, a comparative analysis of simulated and measured veloc-
ities and water levels was conducted using three distinct grid resolutions: a coarse grid
(4.4 million hexahedral elements), a medium grid (6.7 million hexahedral elements), and a
fine grid (8.8 million hexahedral elements). All simulations consistently reproduced the
typical transverse water surface profile, characterized by higher water levels along the
concave bank and lower levels along the convex bank. The error metrics in Table 2 indicate
that the sparse grid consistently underestimates water levels, with MAE and RMSE values
approximately an order of magnitude higher than those of the medium grid, clearly demon-
strating insufficient spatial resolution. The medium grid achieves the closest agreement
with measurements, as evidenced by its minimal MAE and RMSE, representing the optimal
accuracy-cost trade-off. Interestingly, the dense grid shows increased errors, likely due to
convergence or stability issues associated with its high resolution, undermining its poten-
tial accuracy gains. Therefore, employing targeted local refinement in key regions while
maintaining approximately 7 million hexahedral elements provides an optimal balance,
ensuring computational accuracy while effectively conserving time and resources.

(a) 

(b) 

 
(c) 

Figure 8. Comparison of simulated and measured water levels and flow velocities for the mesh
sensitivity analysis. (a) Centerline velocity at h = 0.1 m: simulation results with different grid
resolutions versus measured data. (b) Water level at the concave bank: simulation results with
different grid resolutions versus measured data. (c) Water level at the convex bank: simulation results
with different grid resolutions versus measured data.
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Table 2. Error metrics for the grid independence test.

Grid Resolution Physical Quantity MAE RMSE

Sparse grid

Water level of concave bank 0.0117 0.01178

Water level of convex bank 0.0075 0.0077

Velocity 0.033 0.035

Medium grid

Water level of concave bank 0.001 0.0013

Water level of convex bank 0.0012 0.0015

Velocity 0.006 0.007

Dense grid

Water level of concave bank 0.0079 0.008

Water level of convex bank 0.008 0.008

Velocity 0.039 0.04

Following the grid-convergence study, a comparative performance assessment of the
three turbulence models was conducted. As shown in Figure 9 and Table 3, although all k-ε
variants exhibited consistent error distributions (with similar MAE and RMSE values for
each model), the RNG k-ε model achieved significantly higher accuracy than the Standard
k-ε and Realizable k-ε models, with its errors consistently an order of magnitude lower.
This superior performance underscores that the RNG k-ε model provides greater accuracy
for simulating moderately complex flows of this study.

(a) Water level at the concave bank: simulation versus measurement 

(b) Water level at the concave bank: simulation versus measurement 

(c) Centerline velocity at h = 0.1 m: simulation versus measurement 

Figure 9. Comparison of simulation results from different turbulence models with experimental data.
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Table 3. Error metrics: performance evaluation of the turbulence models.

Turbulence Models Physical Quantity MAE RMSE

Standard k-ε model

Water level of concave bank 0.009 0.009

Water level of convex bank 0.01 0.01

Velocity 0.047 0.051

RNG k-ε model

Water level of concave bank 0.001 0.0013

Water level of convex bank 0.0012 0.0015

Velocity 0.006 0.007

Realizable k-ε
model

Water level of concave bank 0.0044 0.0045

Water level of convex bank 0.0046 0.0047

Velocity 0.03 0.03

Further validation was conducted by comparing measured velocity profiles at the 90◦

cross-section against the RNG k-ε simulation results. A quantitative comparison of the
errors in the u1 and u2 is summarized in Table 4, while the corresponding velocity vector
field is shown in Figure 8.

Table 4. Errors in measured and simulated u1 and u2 at the 90◦ cross-section.

Water Level MAE RMSE Water Level MAE RMSE

u1

h = 0.01 m 0.0193 0.0224

u2

h = 0.01 m 0.0231 0.0304

h = 0.02 m 0.0213 0.0252 h = 0.02 m 0.0208 0.0288

h = 0.03 m 0.0204 0.0255 h = 0.03 m 0.0314 0.0382

h = 0.04 m 0.0143 0.0164 h = 0.04 m 0.0532 0.073

h = 0.05 m 0.0237 0.0312 h = 0.05 m 0.0382 0.0453

h = 0.06 m 0.0182 0.0229 h = 0.06 m 0.0359 0.0428

h = 0.07 m 0.0223 0.0264 h = 0.07 m 0.0293 0.0333

h = 0.08 m 0.037 0.0438 h = 0.08 m 0.0205 0.0252

h = 0.09 m 0.0269 0.0299 h = 0.09 m 0.0325 0.0347

h = 0.10 m 0.0209 0.0285 h = 0.10 m 0.0553 0.0594

h = 0.11 m 0.0254 0.0296 h = 0.11 m 0.0747 0.0827

h = 0.12 m 0.0151 0.0188 h = 0.12 m 0.08 0.093

h = 0.13 m 0.0294 0.0352 h = 0.13 m 0.0726 0.0839

h = 0.14 m 0.0288 0.0384 h = 0.14 m 0.0672 0.075

Average 0.0231 0.0282 Average 0.0453 0.0532

A comprehensive analysis of Table 4 and Figure 10 confirms that the RNG k-ε model
reliably simulates the depth-averaged horizontal flow. While the error for the u-velocity
component is low, the error for the v-component is approximately twice as large, particu-
larly pronounced in the near-surface region (h ≥ 0.1 m). This disparity stems from complex
near-surface dynamics, where the flow is perturbed by surface waves, potential wind effects,
and probe-induced interference, all of which introduce noise into the ADV measurements.
Nevertheless, the agreement in velocity direction between simulation and observation
underscores the fundamental validity of the RNG k-ε model for this application.
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(a) 

 
(b) 

Figure 10. Comparison of u1 − u2 velocity vectors on the 90◦ cross-section. (a) Velocity vector diagram
of the u1, u2 (numerical simulation results using the RNK k-ε model). (b) Velocity vector diagram of
the u1, u2 (experimental results).

4. Results
Four distinct operational scenarios were designed for comparative analysis. The

following sections present a detailed examination from multiple perspectives, including
free surface morphology, flow patterns and vortex structures, near-bed velocity and shear
stress, turbulent kinetic energy, probability density distributions of velocity components,
and statistical skewness coefficients.

4.1. Free Surface Morphology

The installation of spur dikes along the bank alters the flow structure, significantly
modifying the typical transverse water surface profile—characterized by higher elevations
along the concave bank and lower elevations along the convex bank—in meandering
channels. Concurrently, the spatial distribution of sediment erosion and deposition is
reconfigured, leading to a redistribution of flow energy and a reorganization of the water
surface morphology. These changes have important implications for river flood control,
navigation, and ecological functions.

Figure 11 illustrates the contour maps of the water surface elevation for each opera-
tional scenario. (1) As evident in Figure 11a, the water level distribution remains uniform
in the straight channel reaches both upstream and downstream, with consistently higher
elevations observed in the upstream section. Within the bend region, the water level at
the concave bank is significantly higher than that at the convex bank, forming a distinct
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transverse water surface slope. This phenomenon results from the centrifugal force acting
on the flow in the curved channel, which drives surface water toward the concave bank
and produces a compensating bottom current from the concave to the convex bank, thus
generating transverse circulation. Under the combined effects of centrifugal force and trans-
verse circulation, the concave bank undergoes continuous scouring while the convex bank
experiences deposition, promoting channel migration toward the concave side and forming
point bars near the convex bank. (2) Comparison between Figure 11a and Figure 11b–d
indicates substantial alteration in the cross-sectional geometry in the bend following spur
dike installation. As the number of alternating spur dikes increases (corresponding to
reduced dike spacing), the upstream water level rises progressively while the downstream
level declines. The longitudinal water surface profile is closely related to the specific layout
and spacing of the dikes. Where spur dikes are constructed along the concave bank, the
flow cross-section constricts at each dike location. Local water level increases are apparent
upstream of spur dike_1# in Figure 11b, spur dike_1# and 3# in Figure 11c, and spur dike_
1#, 3#, and 5# in Figure 11d, forming distinct backwater zones. As the flow passes the spur
dikes, the cross-section expands, leading to a drop in water level and creating a drawdown
zone immediately downstream, with a substantial head difference across each spur dike.
(3) Although similar backwater and drawdown phenomena occur around spur dikes on
the convex bank, a notable water level decrease—rather than an increase—is observed near
spur dikes_2# and 4# in Figure 11d. This occurs because the alternating deflection of flow
from spur dikes on both banks concentrates the main current toward the channel center,
increasing velocity and kinetic energy. According to the principle of energy conservation,
the potential energy of the water near the convex bank dikes decreases correspondingly,
leading to reduced water levels and consequent attenuation of the transverse water level
difference. Thus, the alternating arrangement of spur dikes along both banks narrows the
channel and focuses the main flow, thereby mitigating the transverse water surface slope
induced by channel curvature. This attenuation of lateral water level difference effectively
inhibits further channel bending or migration. Furthermore, with increasing numbers of
alternating spur dikes, the overall water level in the bend section demonstrates a decreasing
trend. (4) Increasing the number of staggered spur dikes enhances flow concentration and
diminishes the transverse water-surface slope, contributing to bank stabilization and the
inhibition of lateral channel migration. From a flood-control perspective, consideration
must be given to the upstream backwater effect caused by the spur dikes, as it can reduce
the channel’s overall flood conveyance capacity. From a navigation-safety perspective, the
configuration (number and spacing) of spur dikes should be optimized based on designated
water depth and safety criteria to prevent local lowering of water levels that may jeopardize
vessel stability and safe passage.

4.2. Streamlines and Vortex Structures

In curved channels, the velocity difference between the surface and bed-level flows
induces vertical secondary circulation. Concurrently, the higher velocity at the concave bank
than at the convex bank drives cross-stream circulation. The interplay of these processes
forms a complex three-dimensional helical flow. The installation of spur dikes disrupts this
relatively stable pattern, resulting in a significantly more complex and intensely turbulent
flow field with enhanced three-dimensionality.
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Figure 11. Contour map of water level.

Figure 12 illustrates the spatial distribution of velocity streamlines. (1) As shown
in Figure 12a, the streamlines in the central region of the channel appear more concen-
trated and smoother than those near the concave and convex banks. A higher density of
streamlines is observed near the water surface compared to the channel bed, with localized
flow disturbances occurring along both banks and the bottom region due to frictional
effects between the flow and the channel boundaries—consistent with established under-
standing of flow behavior in curved channels. Following the installation of a single spur
dike, alterations in flow structure remain confined to the effective influence region of the
structure. Following the installation of a single spur dike, alterations in flow structure
remain confined to the effective influence region of the structure. (2) Comparison between
Figure 12b and Figure 12a reveals that after the placement of spur dike_1#, the obstruction
effect accelerates flow around the dike head, forming a high-shear zone. Flow separation
downstream of the spur dike induces a recirculation region with significantly reduced
velocity, generating substantial velocity gradients. A large-scale recirculation vortex ex-
tending upward from the bed is observed in the wake of spur dike_1#. Beyond the bend
apex, the flow characteristics gradually recover to resemble those in Figure 12a, indicating
diminishing influence of the spur dike. Under the alternating spur dike configuration,
the flow passage alternates between constricted and expanded segments. Spur dikes on
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the concave bank direct the main flow toward the channel center, accelerating it from
the dike heads and intensifying the helical motion. In contrast, spur dikes on the convex
bank decelerate and stabilize the flow through downstream recirculation zones, promoting
quiescent areas along the bank. The resulting strong transverse velocity gradients near the
dike heads effectively weaken the helical flow intensity. (3) In Figure 12c, the spur dikes
deflect the main flow toward the channel center. This flow then shifts toward the convex bank
beyond the bend apex, reaching its peak velocity and forming a discernible high-velocity core.
The recirculation vortex behind spur dike_1# is similar to that in Figure 12b but has a smaller
spatial extent due to the influence of the subsequent spur dike. A characteristic horseshoe
vortex forms downstream of spur dike_2#, while spur dike_3#, positioned at the bend apex,
experiences strong wall effects and generates the largest recirculation zone. (4) Figure 12d
shows that with more alternating spur dikes, the main flow concentrates along the channel
centerline, forming a distinct high-velocity zone and increasing kinetic energy—a finding
consistent with the lower water levels noted in Section 4.1. Closer dike spacing strengthens
interference between adjacent structures, producing interlaced and disturbed streamlines.
Multi-scale vortices downstream of concave-bank spur dike_1# and 3# cause enhanced en-
ergy dissipation. Spur dike_5#, situated similarly to spur dike_3# in Figure 12c, produces a
more compact and energy-focused vortex. Behind convex-bank spur dike_2# and 4#, stable
large-scale recirculation zones create narrow quiescent regions favorable for the deposition of
suspended sediment. Therefore, the alternating spur dike system effectively constricts the
channel, enhances the sediment transport capacity of the main flow, guides the flow along
the channel centerline, and mitigates erosion at the concave bank as well as expansion of the
point bar on the convex bank, consequently improving overall channel stability.

 
(a) Number of spur dike: 0 (b) Number of spur dike: 1 

 
(c) Number of spur dike: 3 (d) Number of spur dike: 5 

Figure 12. Distribution of velocity streamlines.
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4.3. Near-Bed Velocity and Shear Stress

The coupling between near-bed flow velocity distribution and shear stress variation
is central to the chain mechanism of “flow dynamics–bed response–ecological feedback”.
Through diversified hydraulic engineering measures, the near-bed velocity range can be
precisely modulated, thereby providing theoretical support and practical guidance for
river regulation, ecological habitat restoration, and water pollution control in engineering
disciplines. Based on the grid configuration, the first layer of grids above the channel bed
(Z = 5 mm) was selected for analyzing the velocity and shear stress variations at this plane.

Figure 13 shows the near-bed velocity contours. After spur dikes were installed along
the concave bank, the geometric expansion effect induced by the structures contracted
the flow cross-section near the dike heads, resulting in high-velocity zones extending
downstream. As shown in Figure 13b, the velocity downstream of spur dike_1# increased
from 0.35 m/s under natural conditions to 0.55 m/s—an increase of 57%. As dike spacing
decreases, these high-velocity zones intensify further. In Figure 13d, for instance, the
velocity in the high-velocity band between spur dike_3# and 5# reached 0.8 m/s, approxi-
mately 2.3 times that under natural conditions. Large recirculation zones developed behind
the concave-bank spur dikes, with velocities falling below 0.05 m/s. This flow attenua-
tion reduced erosive forces on the concave bank, thereby mitigating channel meandering.
High-velocity zones generated at convex-bank dike heads were generally smaller in scale
and lower in intensity than those along the concave bank. Under the alternating dike
arrangement, the main flow was redirected toward the channel center, shifting the thalweg
toward the channel axis. Recirculation zones behind convex-bank spur dikes, combined
with sidewall effects, promoted the development of longitudinal quiescent bands along the
bank. As shown in Figure 13d, such a band extended to the bend exit. The significantly
reduced flow velocities in these regions enhanced sediment deposition from upstream,
effectively encouraging point bar development and constricting the channel.

Figure 14 shows the near-bed shear stress distribution. Near-bed shear stress, gener-
ated at the flow-bed interface by time-averaged velocity gradient and turbulent fluctuations,
plays a dominant role in regulating sediment transport status, morphodynamic adjustments
of the riverbed, and the stability of benthic habitats. Comparison with velocity distributions
reveals that: (1) An increase in near-bed velocity enhances transverse and vertical velocity
gradients, resulting in a quadratic rise in shear stress (τ ∝ U2). Consequently, high-velocity
zones spatially coincide with areas of high shear stress. (2) At spur dike heads, flow con-
centration forms high-velocity zones where shear stress peaks. A comparison between
Figure 14a and Figure 14d indicates that the shear stress in the central region of the channel
with dikes is nearly 50 times greater than that in the undisturbed case. This enhanced stress
intensifies bed scouring, preferentially transporting fine particles from the bed surface and
promoting a coarsening trend in the bed sediment gradation. According to the Einstein
sediment transport formula, the critical shear stress for particle initiation is positively
correlated with sediment grain size. Thus, an increase in the median sediment diameter
significantly improves the bed’s erosion resistance. (3) In the recirculation zones behind
the spur dikes, velocities are minimal and shear stress decreases below 0.01, promoting
suspended sediment deposition and the development of depositional features. As the
spacing of alternating dikes decreases (Figure 14b–d), continuous point bars tend to form
along both banks. Their development subsequently enhances thalweg evolution, ultimately
achieving a dynamic equilibrium. (4) Increasing the number of staggered spur dikes en-
hances bed shear stress and flow velocity, which improves sediment-transport efficiency
under low-to-moderate flow conditions and supports the stability of the flood-conveyance
channel. Conversely, the superimposed upstream backwater effects identified in Section 4.1
must be fully considered, mandating that designs be rigorously assessed against applicable
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flood-control standards. Furthermore, such structures induce complex flow patterns (e.g.,
multi-scale vortices and recirculation zones) and promote localized deposition, both of
which can adversely affect channel dimensions and navigability. Therefore, the spacing
and planar arrangement of the dikes should be optimized to meet navigational constraints.

 

 

Figure 13. Contour plot of near-bed velocity.

4.4. Near-Bed Turbulent Kinetic Energy

The near-bed Turbulent Kinetic Energy (TKE) is directly related to the intensity of

turbulent fluctuations, defined as follows: k = 1
2 (u1

′2 + u2′
2 + u3′

2), where u1
′, u2

′, u3
′

represent the fluctuating velocity components in the three coordinate directions. The
turbulent kinetic energy is also closely associated with the bed shear stress through the
relation: τb = ρC0.5

µ k, where Cµ = 0.0845 is a turbulence model constant. The analysis of
TKE variation was performed at the first grid layer above the channel bed (Z = 5 mm),
consistent with the previous shear stress and velocity investigations.
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Figure 14. Contour plot of near-bed shear stress.

Figure 15 shows the distribution of near-bed Turbulent Kinetic Energy (TKE). The
following observations are made: (1) After the installation of the spur dikes, the flow
structure in the bend undergoes significant changes, resulting in an overall increase in TKE.
This enhancement is particularly pronounced in the central channel region. The elevated
TKE promotes fine sediment suspension, reduces local deposition, and differentiates erosion
and deposition processes. Consequently, the initial simple bed morphology, characterized
by “erosion at the concave bank and deposition at the convex bank,” gradually evolves
into a more diverse pattern with alternating pools and riffles. Additionally, increased TKE
enhances oxygen transfer at the air-water interface, raising dissolved oxygen concentration
in the water column and creating favorable conditions for aerobic organisms. (2) Elongated
zones of high TKE form at the heads of the spur dikes on both the concave and convex
banks. Spatially, these zones coincide with the previously identified high-velocity bands
and regions of elevated shear stress. However, due to inherent flow characteristics in
the bend and different spur dike locations, the spatial extent of these high-TKE zones
differs between the concave and convex banks. As shown in Figure 15c, the high-TKE
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zones at the heads of spur dike_1# and 3# on the concave bank are noticeably larger than
that at spur dike_2# on the convex bank. The influence of this elevated TKE persists
downstream, extending to a position near the bend exit. (3) With decreasing dike spacing,
TKE shows an increasing trend, and high-TKE zones around dike heads expand spatially.
Comparative analysis of Figure 15c,d reveals distinct interaction patterns. The larger
distance between spur dike_1# and 3# on the concave bank results in minimal mutual
interaction. In contrast, the influence of spur dike_2# on the convex bank affects both the
bend apex and downstream regions. This effect superimposes with spur dike_3#’s head
effects, causing significant longitudinal extension of the high-TKE zone downstream of
spur dike_3#. In Figure 15d, the interaction between sequentially placed spur dike_1#
to 5# is pronounced. The high TKE generated downstream of an upstream dike, not yet
fully dissipated, superimposes onto the flow reaching the next dike head. Consequently,
except within the immediate recirculation zones behind the spur dikes, the high-TKE region
essentially spans the entire channel width between spur dike_2# and 5#.

 

 

Figure 15. Contour of near-bed turbulent kinetic energy.
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4.5. Probability Density Distribution of Velocity Components and Skewness Statistics

In turbulence analysis, Gaussian Kernel Density Estimation (KDE) is employed as
a statistical approach. This technique smooths local velocity fluctuations and extracts
multi-scale statistical features, providing fundamental insights into turbulence probability
distributions, spatial correlations, and energy transport mechanisms. The Gaussian KDE
was implemented in Python 3.11 using the adaptive bandwidth strategy of Scott’s Rule.
This method first computes the data covariance matrix with an unbiased estimator, then
determines a scaling factor based on sample size and dimensionality, and finally generates
the bandwidth matrix. The calculation formula is provided below:

H = scott_factor × n− 1
d+4 × cov (12)

where H is the bandwidth matrix, n is the sample size, d is the data dimensionality, cov is
the data covariance matrix. For univariate data, where d = 1, cov reduces to the variance,
and the formula above simplifies to:

H = σ × n−1/5 (13)

where σ is the standard deviation.
The sample skewness coefficient g1 is defined using a sample size-corrected unbiased

estimator, calculated as the ratio of the sample third central moment to the cube of the
standard deviation. The calculation formula is provided below:

g1 =

1
n ∑n

i=1(xi − x)3(√
1
n ∑n

i=1(xi − x)2

)3 (14)

The correction was implemented in Python employing the following formula:

G1 =

√
n(n − 1)
n − 2

·g1 (15)

where x is the sample mean.
The probability density distributions of the time-averaged velocity, turbulent kinetic

energy, and turbulent dissipation rate were evaluated at various depth horizons along the
bend. The resulting skewness coefficients are presented in Table 5.

Table 5. Skewness coefficients of velocity, TKE, and ε at different depth horizons.

Number of
Spur Dike

Relative
Depth Velocity TKE ε

Number of
Spur Dike

Relative
Depth Velocity TKE ε

0

3.3% −4.336 −0.059 0.094

3

3.3% −0.32 1.34 0.79

10% −4.551 0.016 5.575 10% −0.42 2.32 2.57

25% −4.319 0.492 6.744 25% −0.63 2.28 3.79

40% −4.431 1.406 7.027 40% −0.65 2.49 5.10

53.3% −4.810 0.167 6.878 53.3% −0.68 2.79 5.92

60% −5.019 −0.115 6.777 60% −0.67 2.90 6.11

70% −4.990 −0.042 6.712 70% −0.62 2.92 6.04

86.6% −4.200 0.173 6.645 86.6% −0.49 2.67 4.91

98% −2.838 2.676 6.135 98% −0.34 1.94 4.75
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Table 5. Cont.

Number of
Spur Dike

Relative
Depth Velocity TKE ε

Number of
Spur Dike

Relative
Depth Velocity TKE ε

1

3.3% −1.408 1.338 0.924

5

3.3% −0.08 1.18 1.52

10% −1.663 3.966 2.667 10% −0.20 2.07 4.61

25% −1.788 4.991 5.361 25% −0.26 1.96 5.42

40% −1.761 4.928 5.631 40% −0.18 2.02 5.21

53.3% −1.767 4.696 5.228 53.3% −0.21 2.38 5.00

60% −1.761 4.491 4.833 60% −0.23 2.58 5.08

70% −1.728 4.144 4.382 70% −0.24 2.62 4.77

86.6% −1.552 3.418 3.685 86.6% −0.20 2.53 4.87
98% −1.266 2.705 3.275 98% −0.21 1.98 5.80

As a key statistical parameter, the skewness coefficient quantifies the vertical asym-
metry of velocity, turbulent kinetic energy, and dissipation rate. Quantification of this
asymmetry not only reveals the underlying physics of spur dike induced flow but also
enables evaluation of its potential ecological impacts. In terms of engineering safety, the
vertical distribution of the skewness coefficient, particularly the pronounced negative
values near the bed, effectively reflects the key dynamic characteristics driving local scour.
This aids in evaluating the stability of spur dike foundations and provides a more refined
theoretical basis for anti-scour design [52]. Regarding ecological and environmental effects,
the vertical evolution of the skewness coefficient is closely tied to water-column mixing
efficiency. The observed asymmetries in turbulent kinetic energy and dissipation rate
profiles reflect a vertical disparity in turbulence generation and dissipation, which in turn
can affect the vertical fluxes of nutrients, dissolved oxygen, and related substances [53].
Analysis of the skewness coefficient variations reveals that: (1) The skewness coefficient
of the velocity distribution shows a negative trend and gradually approaches zero as the
relative depth increases. Specifically, in the near-bed region at smaller relative depths (i.e.,
≤60%), the combined effects of bed shear stress, flow separation, and spur dike-induced
flow deflection result in a pronounced vertical velocity gradient and significant distribution
asymmetry, producing a left-skewed probability density distribution. In contrast, in upper
regions with larger relative depths (i.e., ≥60%), turbulence anisotropy is reduced due
to the rigid-lid surface effect and large-scale secondary circulation. These mechanisms
restrict vertical momentum exchange and diminish horizontal velocity fluctuations, thereby
enhancing distribution symmetry and uniformity. Consequently, the absolute value of the
skewness coefficient decreases and approaches zero. (2) At a given depth horizon, dike
spacing significantly influences the skewness characteristics of the velocity distribution.
Compared to the condition without spur dikes, installation reduces the negative skewness
markedly. For example, in the near-bed region, the velocity skewness coefficient increases
from −4.3 without dikes to −0.2 with five alternating dikes, indicating that the dikes and
their configuration reorganize the flow structure. With multiple alternating dikes, mutual
interactions effectively segment, confine, and break down large-scale coherent structures,
dispersing energy over wider ranges and transferring it to smaller scales. Statistically, this
results in weakened negative skewness and increased distribution uniformity. (3) Without
spur dikes, the skewness coefficient of TKE fluctuates near zero, reflecting a relatively
uniform spatial distribution, insignificant contrast between high-TKE and low-energy re-
gions, and weak flow intermittency. Conversely, after spur dike installation, the skewness
coefficient of TKE exhibits a significant positive skew. This suggests a transition from a
relatively balanced state to a strongly intermittent flow regime, where localized “patches”
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of extremely high TKE are embedded within an extensive background of low-TKE flow,
consistent with the TKE distribution patterns shown in Figure 15. This transition results
from flow disturbance induced by the spur dikes, which generates intense shear layers
and flow separation in their wake. These processes form large-scale, high-energy vortical
structures that concentrate turbulent energy, creating substantial spatial heterogeneity in its
distribution. (4) Following the installation of spur dikes, the skewness coefficient initially
increases and then decreases with increasing relative depth, reaching a peak value at a criti-
cal height (observed in this study at approximately 60% of the water depth). Between the
channel bed and this critical height, vortical structures progressively extract energy from
the mean shear flow during vertical development. As vortex intensity and scale grow, the
TKE within their cores increases, amplifying the energy differential with the surrounding
fluid. This enhanced turbulence intermittency correspondingly raises the TKE skewness
coefficient with relative depth. At the critical height, the primary vortical structures gener-
ated by the dike-induced disturbance are most fully developed and most energetic, and
intermittency reaches its maximum, leading to the peak skewness coefficient. Above this
height toward the water surface, upward-propagating vortices experience surface-induced
suppression, leading to destabilization and breakdown. Through energy cascade, energy
transfers to smaller scales and ultimately dissipates. This process disperses and redis-
tributes the initially concentrated energy in space, thereby reducing spatial heterogeneity
in energy distribution and flow intermittency. As a result, the TKE skewness coefficient
decreases accordingly. (5) The skewness coefficient of the turbulent dissipation rate exhibits
a trend similar to that of the turbulent kinetic energy, but the “initial increase followed by
a decrease” exhibits a more pronounced trend. Taking the case of three alternating spur
dikes as an example, the skewness coefficient of TKE differs by approximately a factor of
two between the near-bed region and the critical height, whereas the difference for the
skewness coefficient of the turbulent dissipation rate reaches 7.7-fold. This occurs because
the turbulent dissipation rate represents energy dissipation, is a higher-order quantity
derived from velocity gradients, and its statistical distribution is more sensitive to extreme
values, consequently leading to a more pronounced skewness response.

Figures 16–18 show the probability density distributions of the time-averaged velocity,
turbulent kinetic energy, and turbulent dissipation rate at three distinct depth horizons,
namely the near-bed (h = 0.005 m), critical height (h = 0.095 m), and near-surface (h = 0.15 m)
levels. Key observations are as follows: (1) Under the condition without spur dikes, the
Probability Density Function (PDF) of the time-averaged velocity approximates a normal
distribution, indicating a relatively uniform flow structure with minor velocity fluctuations.
After the installation of spur dikes, significant alterations in flow structure occur, leading
to corresponding changes in the velocity PDF morphology: the peak value decreases
notably, and both tails of the distribution extend outward. The reduction in peak height
indicates increased spatial heterogeneity in the velocity distribution, while the bilateral
tail extension implies a higher probability of extreme velocity values. The rightward
extension toward higher velocities primarily stems mainly from the flow-constricting
effect of the dikes, which concentrates kinetic energy in the main flow zone and generates
localized high-velocity jets. Conversely, the leftward extension toward lower (or even
zero) velocities is associated with large-scale, low-velocity recirculation zones induced by
flow separation behind the dikes. Taking the cases without dikes and with five alternating
dikes as examples, the PDF peaks at the three depth levels decrease to approximately one-
eighth, one-fifth, and one-quarter of their original values, respectively. Simultaneously, the
velocity distribution range expands markedly toward both ends: the left boundary extends
from 0.3 to 0, confirming the expansion of recirculation zones, while the right boundary
extends from 0.4 to 1.0, demonstrating a substantial increase in localized velocities within
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the main flow region. (2) As the number of spur dikes increases, the PDF of turbulent
kinetic energy changes markedly: the peak lowers, the distribution shifts rightward, and a
heavy tail develops. The reduced peak signifies that the dikes enhance turbulence intensity,
making the multi-scale characteristics of the flow more pronounced and broadening the
energy spectrum. The rightward shift and heavy tail indicate an increased probability of
locally extreme TKE values, which is a signature of strong intermittency-consistent with
the high-energy turbulent “patches” observed in Figure 15. (3) With an increasing number
of spur dikes (corresponding to reduced inter-dike spacing), the PDF of the turbulent
dissipation rate undergoes changes analogous to those of TKE-namely, a reduction in peak
magnitude and a right-skewed broadening. The alterations, however, are more accentuated
for the dissipation rate. Additionally, comparison across Figure 18a–c reveals that the
horizontal plane at the critical depth displays consistently higher peak values of ε relative
to other depth planes, implying that this region serves as a critical interface for turbulence
energy conversion.

 

Figure 16. Probability density distribution of time-averaged velocity at different depth horizons.

 

Figure 17. Probability density distribution of turbulent kinetic energy at different depth horizons.

 

Figure 18. Probability density distribution of turbulent dissipation rate at different depth horizons.
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5. Discussion
Discussion of water level variations induced by alternating spur dikes: A study by

Zhang et al. [54] in straight channels demonstrated that perpendicular spur dikes cause
the most pronounced backwater rise downstream of the spur dike. In this study, however,
alternating perpendicular spur dikes in a 180◦ bend elicit fundamentally different hydrody-
namic responses. As the number of alternating spur dikes increases, the bend experiences
substantial overall water level reduction coupled with enhanced flow concentration. While
the transverse water surface slope induced by channel curvature diminishes, the head
difference between upstream and downstream sections increases, generating significant
water level fluctuations. Pan et al. [17] highlighted that water level fluctuations induced
by spur dikes play a crucial role in shaping the composition and distribution of benthic
communities. The substantial water level variations caused by alternating spur dikes
in curved channels, as observed in this study, are therefore likely to exert considerable
influence on benthic community structure.

Discussion of flow structure and vortex evolution: The simulation results obtained in
this study for a curved channel with alternating spur dikes corroborate and extend previous
findings regarding complex flow phenomena. Jeon et al. [55] demonstrated that flow around
a spur dike constitutes a highly three-dimensional system characterized by recirculation
vortices, horseshoe vortices, corner vortices, and surface vortices. This complexity is
particularly enhanced in curved channels, as demonstrated by Fazli et al. [56], who reported
distinct upwelling vortices along the outer bank downstream of spur dikes in a 90◦ bend.
Mechanistically, Li et al. [57] elucidated how the horseshoe vortex system modulates near-
bed turbulent kinetic energy to dynamically influence sediment transport, while Kang
et al. [58] identified a pair of counter-rotating secondary flow vortices downstream of spur
dikes that substantially alter mean flow patterns, bed shear stress, and channel evolution.
This investigation reveals that alternating spur dikes in curved channels generate a unique
flow structure exhibiting a contraction-expansion sequence. The recirculation zone reaches
its maximum extent near the spur dikes at the bend apex, and the intensity of the helical
flow induced by spur dikes on the concave bank is significantly stronger than that on the
convex bank. Furthermore, as the dike spacing decreases, interactions between adjacent
dikes become more pronounced, resulting in more interlaced and disturbed streamlines.
These findings indicate that dike spacing is a critical parameter governing the vortex
structure and turbulence characteristics in curved channels.

Discussion on flow velocity and shear stress: Han et al. [59] observed that in a rectan-
gular flume, a series of staggered spur dikes with aligned openings forces the main flow
into a sinuous S-shaped path, resulting in an increased flow velocity along the channel,
with the most pronounced acceleration occurring in the upstream reach. Yin et al. [60]
noted that for opposing spur dike groups, the spacing is a key parameter controlling the
length of the recirculation zone behind the dikes; however, when the spacing is sufficiently
large, the upstream recirculation zone tends to stabilize. Research by Vaghefi et al. [61] in
a meandering channel demonstrated that the maximum scour depth around a T-shaped
spur dike typically occurs near the tip of the first dike wing. This finding aligns with the
conclusion of Koken et al. [62], whose study confirmed that the zone of high flow velocity
near the head of a single spur dike coincides with the area of maximum bed shear stress,
identifying it as the primary driver of local scouring. In the present study, by arranging
spur dikes alternately on both banks of a sinuous channel, the main flow was success-
fully redirected toward the channel centerline, causing the thalweg to shift toward the
central axis. Furthermore, it was found that as the spacing between dikes decreases, the
high-velocity core near the channel center strengthens significantly, and this high-velocity
zone exhibits a clear spatial correlation with regions of elevated bed shear stress. This
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phenomenon indicates that an alternating layout of spur dikes is an effective strategy for
guiding the main flow toward the channel center and stabilizing the banklines. However,
excessively small dike spacing can intensify flow concentration, thereby increasing the risk
of scouring both near the dike heads and along the channel center.

Discussion of Turbulent Kinetic Energy: In a study of a 60◦ bend featuring a single
spur dike at the concave bank (30◦ cross-section), Chenari et al. [63] demonstrated that TKE
peaks within the flow separation zone behind the dike head, underscoring the role of spur
dikes in promoting flow turbulence. From an eco-hydrodynamic perspective, Lu et al. [27]
further established that TKE gradients act as key drivers of aquatic microbial community
assembly. Specifically, high-TKE zones (e.g., near dike heads) weaken homogeneous
selection while strengthening dispersal limitation, thereby favoring generalist species. In
contrast, low-TKE zones (e.g., within dike wakes) enhance deterministic selection and
nutrient-driven niche differentiation, creating favorable conditions for specialist species.
However, this process exhibits a marked ecological duality. Research by Serra et al. [64]
indicates that excessively strong turbulent shear and bed shear stress can impose direct
physical stress on benthic communities. For instance, when the turbulent kinetic energy
dissipation rate exceeds a certain threshold, it significantly inhibits the filtration and
swimming behaviors of daphnia magna and may even lead to mortality. Studies on
attached benthic invertebrates by Reggad et al. [65] demonstrate that persistently high-
shear environments hinder settlement, increase detachment risks, or force organisms to
expend more energy on attachment, thereby affecting their growth and reproduction.
Furthermore, work by Slavin et al. [66] shows that intense turbulence can induce local
sediment resuspension, which may temporarily degrade water quality and disrupt the
stability of benthic habitats. Meanwhile, the low-velocity recirculation zones formed
downstream of spur dikes, while providing important refuge and feeding grounds for
aquatic organisms, also entail ecological risks. Studies by Jin et al. [67] and Bao et al. [68]
reveal that these low-velocity zones exhibit a reduced capacity for pollutant dispersion
and particle transport. In areas with low-permeability sediments, reduced hydrodynamic
exchange promotes the accumulation of pollutants and fine suspended particles, potentially
forming localized “pollution sinks” that increase ecotoxicological risks. The present study
reveals that under an alternating spur dike layout on both banks, as the dike spacing
decreases, both the extent and intensity of high turbulent kinetic energy zones near the
dike heads increase significantly. This results in a sharper spatial contrast with the stable
low-turbulence zones formed behind the dikes. Such engineered heterogeneity in turbulent
kinetic energy distribution, characterized by alternating high- and low-energy patches, acts
as a double-edged sword: while it can theoretically create diversified ecological niches, it
simultaneously amplifies the potential risks of scouring in high-energy zones and pollutant
accumulation in low-energy zones. Therefore, in the design and assessment of ecological
restoration projects, a comprehensive trade-off and precise regulation of the ecological
effects induced by turbulent kinetic energy distribution are necessary.

Discussion of probability density distribution and skewness statistics: Xie et al. [69],
in a study on permeable spur dikes, highlighted significant differences in velocity, turbu-
lent kinetic energy, and turbulent dissipation rate across various depth layers within the
recirculation zone downstream of the dikes, reflecting the non-uniform vertical distribution
of turbulent structures. Building on this foundation, the present investigation of flow
structure with alternating spur dikes reveals a critical relative depth (at 60% of the water
depth) where the primary vortex structures induced by the spur dikes achieve maximum
development and energy, while flow intermittency peaks. This finding indicates that the
critical depth serves as a key interface for turbulent energy transfer and transformation.
Furthermore, from the perspective of statistical distribution characteristics, the spacing
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of the spur dikes plays a decisive role in shaping the velocity distribution pattern at this
critical depth. Specifically, the skewness of the velocity probability density function shifts
systematically with variations in dike spacing, revealing fundamental differences in energy
transport and vortex evolution behaviors under different layout schemes. This statistical
regularity provides a quantitative basis for understanding the dynamic mechanisms of
flow disturbance generated by spur dike arrays from a stochastic process viewpoint.

Discussion of limitations: First, this study involved simplifications of spur dike ge-
ometry and hydraulic parameters, using numerical models of non-submerged, solid, and
perpendicular dikes. In practice, however, key factors such as deflection angle, submer-
gence condition, and structural permeability significantly affect flow and scour patterns.
For example, downward-inclined dikes guide flow smoothly, and permeable dikes address
both energy dissipation and ecological connectivity. Therefore, the present findings primar-
ily apply to the simplified configurations investigated. Their extrapolation to more complex
real-world engineering requires comprehensive analysis incorporating site-specific param-
eters. Second, regarding the assessment of ecological effects induced by the staggered spur
dikes, this study did not establish explicit ecological evaluation metrics. The discussion was
primarily based on comparative analyses drawing from established relationships between
hydraulic parameters and ecological indicators reported in the literature. Consequently,
this work is limited in providing a direct quantitative evaluation of ecological responses.

6. Conclusions
This study utilizes numerical simulations to systematically investigate the effects of

different spur dike configurations—including no spur dikes, single-side spur dikes, and
alternating spur dikes—on the flow structure and ecological responses in a 180◦ channel
bend. The following conclusions can be drawn.

(1) Through their flow-deflecting action, alternating spur dikes concentrate the main
flow, effectively reducing the transverse water-surface gradient caused by centrifugal forces
and minimizing water-level differences between the concave and convex banks. This
reconfiguration of the water surface profile not only alters the local patterns of backwater
and drawdown but also suppresses the tendency for lateral channel migration from the
perspective of energy distribution mechanisms.

(2) The synergistic flow-constricting effect of alternating spur dike systems enhances
the mainstream velocity and overall kinetic energy while generating multi-scale, high-
intensity turbulent vortices near the spur dikes that significantly improve the energy
dissipation efficiency within the flow field. The resulting flow mechanism—characterized
by the coexistence of mainstream concentration and localized turbulence—not only en-
hances the sediment transport capacity of the main channel but also creates favorable
conditions for aquatic habitat formation through the diverse hydrodynamic environments
generated in the dike wakes.

(3) Alternating spur dikes significantly alter the near-bed hydrodynamic environment.
Spatially coupled zones of high velocity, elevated shear stress, and high turbulent kinetic
energy develop near the heads of spur dikes on both concave and convex banks, with
markedly greater intensity and spatial extent observed along the concave bank. These
hydrodynamic conditions initiate the entrainment and transport of fine surface sediments,
leading to bed material coarsening and thereby enhancing the erosion resistance of the con-
cave bank. Meanwhile, low-velocity zones and low-shear-stress environments (τ < 0.01 Pa)
formed behind the spur dikes effectively promote the deposition of suspended sediments,
favoring the longitudinal development of point bars. This coupled water-sediment re-
sponse mechanism helps suppress the meandering tendency of the curved channel while
providing a more stable substrate for benthic communities. It should be noted that as dike
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spacing decreases, the superposition of high-TKE zones near upstream and downstream
dike heads may intensify scour in the main channel. Therefore, dike spacing should be
carefully optimized in engineering design to balance functional requirements and potential
bed erosion.

(4) Through analysis of the probability density distributions and skewness coefficients
for velocity, turbulent kinetic energy, and turbulent dissipation rate, a critical depth hori-
zon has been identified at approximately 60% of the water depth. This horizon serves
as a key interface for vertical energy transfer and conversion under spur dike-induced
flow disturbance. Below this critical depth, vortical structures extract energy from the
mean flow and develop, thereby enhancing turbulence intermittency, whereas above this
level, vortex structures are suppressed by the water surface, resulting in their breakdown
and dissipation.

(5) Building on previous research, this study provides further insight by systematically
analyzing the synergistic hydrodynamics-sediment-ecology effects induced by staggered
spur dikes in a 180◦ high-curvature bend. A key innovations lie in systematically analyzing
the synergistic effects of “hydrodynamics-sediment-ecology” under staggered spur dike
configurations in a 180◦high-curvature bend, and in identifying a critical vertical energy
conversion interface regulated jointly by the dike layout and flow conditions. These
findings offer a new perspective for understanding the three-dimensional distribution of
turbulent kinetic energy and its ecological impacts induced by spur dike arrays, thereby
providing a novel theoretical basis for the optimized design of eco-friendly spur dikes.

Building on the current results and limitations, future research should focus on a
systematic investigation into how variations in staggered spur dike parameters affect flow
patterns, sediment dynamics, and bed evolution in river bends. Relevant ecological metrics
will be incorporated to develop a quantitative model linking the hydraulic parameters of
the dikes to ecological responses. This will enable a comprehensive assessment of their
synergistic benefits in stabilizing channel alignment and enhancing ecological functionality.
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