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Abstract

To mitigate the negative impacts of traditional rigid revetments on river ecosystems,
this study focuses on perforated plate grid revetments, aiming to reveal the hydrody-
namic mechanisms and parameter collaborative optimization pathways that simultane-
ously achieve anti-scour stability and ecological water exchange. A series of flume scour
tests were conducted, combined with high-resolution large eddy simulation (LES) vali-
dated by experimental data, to systematically analyze the regulatory effects of key design
parameters—such as opening ratio and longitudinal offset angle—on near-bottom flow
velocity attenuation, vortex structures, and water exchange efficiency. The results indicate
that a prototype parameter combination of 0.25 m grid height and 0.50 m plate grid spacing
can reduce local scour depth by about 30% and enhance vertical exchange through the syn-
ergy of jetting from the openings and internal vortices. The longitudinal offset of adjacent
holes may enhance the transverse water exchange but may also significantly reduce the
longitudinal exchange intensity; hence, further research is needed. A hole-to-baffle height
ratio greater than 0.40 is identified as a critical threshold for improving exchange efficiency.
This study proposes a collaborative design framework in which grid spacing controls scour
safety and aperture parameters regulate exchange functions, providing an experimental
basis for the precise design and performance enhancement of ecological revetments.

Keywords: perforated plate grid revetment; hydrodynamic mechanism; large eddy
simulation (LES); collaborative optimization; scour protection; water exchange

1. Introduction
Global river ecosystems are increasingly threatened by climate change and intensive

human activities, leading to the continuous degradation of ecological service functions and
posing significant constraints on regional sustainable development [1]. The riparian zone,
which forms the interface between aquatic and terrestrial ecosystems, plays a critical role in
pollution buffering, hydrological regulation, and biodiversity maintenance [2,3]. However,
traditional riverbank protection projects often rely on rigid engineering materials. Although
such structures can ensure shoreline stability, they also disrupt water–soil exchange and
reduce habitat diversity, thereby accelerating ecological degradation [4,5]. Consequently,
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developing riverbank protection technologies that simultaneously ensure engineering
stability and ecological functionality has become a central challenge in river restoration.

The shallow-water riparian zone is particularly sensitive because of its unique hy-
drodynamic and habitat conditions. It serves as a key region for aquatic vegetation es-
tablishment and fish reproduction, and its ecological functions strongly depend on the
stability of surface nutrient soil [6,7]. However, intense hydrodynamic activity in shallow
areas frequently induces soil erosion, which may ultimately lead to the failure of ecological
restoration projects [8]. An ideal ecological riverbank protection system must therefore mit-
igate erosion while maintaining sufficient water exchange. Achieving this balance requires
a clear understanding of how structural configurations regulate nearshore hydrodynamics,
including velocity distribution, turbulence structures, and mass exchange processes [9].

Perforated ecological riverbank structures allow partial flow penetration and can
mimic the permeability and habitat complexity of natural riverbanks. Among these systems,
the perforated plate grid revetment is a prefabricated modular structure that dissipates
flow energy through internal partitions while allowing controlled water exchange through
panel apertures. This configuration has the potential to enhance both bank stability and
water exchange capacity [10,11]. However, existing studies have primarily evaluated such
structures based on their macroscopic anti-erosion performance. Limited attention has
been paid to how geometric parameters—such as opening ratio, aperture size, and spatial
arrangement—quantitatively regulate near-bed flow structures, turbulence characteristics,
and exchange efficiency. This knowledge gap restricts the refined design and engineering
application of such systems [12].

From a fluid mechanics perspective, perforated plate grid revetments can be inter-
preted as engineered roughness elements embedded in the boundary surface, combining
characteristics of porous structures and cavity-type roughness. Flow over such configura-
tions typically exhibits shear-layer separation at aperture edges, cavity recirculation within
the grid cells, and enhanced turbulence production. These processes are closely related
to the classical turbulent boundary layers over rough surfaces. Previous studies have
distinguished between k-type roughness, dominated by element height effects, and d-type
roughness, where cavity recirculation shelters the wall and governs momentum exchange.
Experimental and numerical studies on rough-wall and cavity flows have demonstrated
that cavity geometry, spacing, and porosity strongly influence vortex formation, mixing effi-
ciency, and sediment transport processes. Despite these advances—including the systematic
classifications of d-type and k-type roughness [13], the analysis of roughness sublayer eddy
structures [14], effective slope parameterization [15], the effective distribution concept [16],
and the DNS of rod-roughened channels [17]—perforated ecological revetment systems
have rarely been systematically analyzed within this roughness-flow framework, and the
linkage between geometric parameters, turbulence structures, and ecological hydraulic
functions remains insufficiently understood.

Physical model experiments remain the primary method for evaluating riverbank
protection performance because they allow direct observation of scour patterns and mea-
surement of time-averaged flow velocities [18,19]. However, experiments alone cannot non-
destructively resolve high-resolution three-dimensional transient flow structures within
cavities and near apertures, such as turbulent kinetic energy, vorticity distribution, and
exchange flux. These quantities are key drivers of hydrodynamic and ecological pro-
cesses [20,21]. Computational fluid dynamics (CFD), particularly large eddy simulation
(LES), has demonstrated strong capability in resolving unsteady vortex structures and
turbulence dynamics in complex hydraulic environments [22–24]. Nevertheless, system-
atic integration of LES diagnostics with physical experiments for perforated plate grid
revetments remains limited.
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The novelty of this study lies not only in evaluating structural parameters, but also in
identifying a cavity–jet coupled hydrodynamic mechanism and proposing a hierarchical
dual-objective design framework. In this framework, plate spacing is treated as the primary
design variable ensuring scour safety, whereas aperture parameters (primarily the opening
ratio φ) are optimized subsequently to regulate turbulence structure and water exchange
intensity. To investigate this mechanism, this study integrates physical model experiments
with high-resolution LES to analyze how geometric parameters influence near-bed velocity
attenuation, turbulence generation, and exchange efficiency. The results aim to clarify
the intrinsic relationships among structural geometry, flow structures, and functional
performance, thereby providing theoretical support and practical guidance for the precise
design and optimization of ecological riverbank protection systems.

It should be noted that the geometry used in the optimization stage differs from that
of the physical experiments. This modification is intentional. After identifying the cavity–
jet coupling mechanism in the validated experimental configuration, the optimization
study adopts a simplified model that isolates the hydrodynamic interaction between two
longitudinally adjacent cavities. This conceptual model reduces geometric complexity
and enables controlled parametric analysis. In this framework, the opening ratio and
longitudinal offset are selected as the primary variables because they directly govern jet
penetration and inter-cavity exchange intensity. The simplified configuration preserves the
essential flow physics while allowing systematic exploration of design sensitivity.

2. Materials and Methods
2.1. Scaled Physical Model Tests

To assess the scour resistance of perforated plate grid revetments and provide val-
idation data for subsequent numerical simulations, standard physical model tests were
conducted. Unlike traditional rigid revetments, the nutrient soil and cushion layer within
this structure are directly exposed to water flow. Its primary design objective is therefore
to suppress sediment scouring and maintain soil stability. Considering the pronounced
three-dimensional flow characteristics near the structure, experiments were carried out in a
long rectangular glass flume to investigate the influence of different grid clearances on bed
scour patterns.

The experimental flume study was conducted to investigate a revetment optimization
problem for a representative reach of the Yangtze River. The flume has a total length of 50 m,
with the test section located in the middle (Figure 1). An 18 m upstream straight reach was
reserved and equipped with flow-rectifying devices to ensure fully developed and stable
inflow conditions. The physical model was constructed according to geometric similarity
with the engineering prototype. Given the pronounced three-dimensional flow character-
istics near the structure, an undistorted scale model was adopted (λL = λH = 3) with a
prototype grid height of h = 0.25 m. Similitude was established based on Froude similarity
to preserve free-surface flow characteristics, yielding a velocity scale of λv = λ1/2

L = 1.732.
Key dimensionless parameters are summarized in Table 1. The model Reynolds number
(Re = Uh/ν) exceeds 1 × 104, confirming fully turbulent flow conditions. The Froude
number (Fr = U/

√
gH) is below 0.3 in both the model and prototype, validating the rigid-

lid assumption adopted in the following numerical study. The model Shields parameter
(θ = τb/[(ρs − ρ)gd50]) falls within the mobile-bed range, confirming that scour processes
are dynamically representative of prototype conditions.
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Figure 1. (a) Sketch of the experimental flume setup; (b) location of the velocity measurement profiles
L0~L5 (top view); and (c) location of the scouring measurement profiles A, B, and C and three rows
of one unit.

Table 1. Prototype—model hydraulic similitude parameters.

Parameter Prototype/Criterion Model/Value Remark

Geometric scale, λL - 3 Undistorted model
λL = λH

Velocity scale, λv λ1/2
L 1.732 Froude similitude

Reynolds number, Re = Uh/ν Turbulent regime > 1 × 104 Fully turbulent
Froude number,
Fr = U/

√
gH Subcritical <0.3 Supports rigid-lid LES

Shields parameter,
θ = τb/[(ρs − ρ)gd50]

Mobile-bed range Mobile-bed range Scour is dynamically
representative

Aperture ratio, φ = d/h Preserved Preserved Geometric similarity maintained
Incipient velocity Vc = 0.39 m/s Vc,m ≈ 0.23 m/s Tang Cunben’s criterion satisfied

Morphological time scale, λt,m - 13.6 1.5 h model ≈ 3 days prototype

Sediment incipient-motion similarity was satisfied using the Tang Cunben formula.
The prototype sediment with a median diameter of d50 = 0.18 mm and an incipient velocity
of Vc = 0.39 m/s corresponds to a model incipient velocity of Vc,m = 0.23 m/s. Plastic sand
with ρs = 1.5 t/m3 and d50 = 0.2 mm was selected to satisfy this criterion.

Bed deformation time scales were estimated using the Goncharov bed-load transport
formula. The bed-load transport rate scale is λgb = λγs λdλv = 1.53, giving a morphological
time scale of λt,m = 13.6. Accordingly, the 1.5 h scour test corresponds to approximately
three days under prototype conditions. As the scour resistance tests focused primarily on
comparative evaluation among configurations, absolute morphological reproduction was
not required.

2.2. Measurement Methods and Data Analysis

Measurement points were deployed at key sections upstream, within, and down-
stream of the structure. Acoustic Doppler velocimetry (ADV) was used to monitor three-
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dimensional velocity distributions, while intermittent laser-based 3D topographic scanning
captured the spatiotemporal evolution of scour pits. This enabled a systematic evaluation
of the influence of grid clearance on scour resistance.

2.2.1. Hydrodynamic Parameter Measurement

Three-dimensional instantaneous velocities (Ux, Uy, Uz) at critical grid locations were
measured using a three-dimensional acoustic Doppler velocimeter (ADV). The sampling
frequency was 50 Hz, and each point was recorded for at least 120 s to ensure statistical
convergence of turbulence quantities. Water surface elevation and local water depth were
measured simultaneously using calibrated rulers mounted along the side walls and a
point-type wave gauge.

2.2.2. Quantitative Measurement of Bed Morphology

Bed erosion and deposition were quantified using two complementary approaches:
(1) Profile sampling method: At ten pre-selected representative cross-sections, sediment
samples were collected after each experiment. Following drying and weighing, the mass
variation was converted into equivalent bed elevation change (∆hs). (2) Full-field topo-
graphic scanning: High-resolution 3D laser scanning was conducted before and after each
test to generate digital elevation models (DEMs) of the bed surface. Differential analysis
of the DEMs yielded spatial distributions of bed elevation change, from which local scour
depth and scour volume were derived.

2.2.3. Data Processing and Uncertainty Analysis

Velocity time series were post-processed through signal-to-noise filtering, spike re-
moval, and phase-space thresholding to eliminate measurement noise and outliers. Time-
averaged velocity and root-mean-square (RMS) velocity components were computed from
the processed data.

Measurement uncertainty arises from instrument accuracy, scanning resolution, and
flow control stability. ADV measurement uncertainty after calibration was within ±1.5%.
Elevation errors associated with point-cloud stitching and interpolation were limited to
±0.2 mm through repeated scanning and averaging. Flow rate fluctuations in the flume
were maintained within ±1%.

2.3. Development and Validation of the CFD Framework

To investigate the flow structures and exchange processes around the perforated plate
grid that are difficult to resolve experimentally, a three-dimensional LES framework was es-
tablished based on the plate grid geometry used in the flume tests. To reduce computational
cost while retaining the essential hydraulic characteristics of the experimental configuration,
cyclic boundary conditions were applied at the inlet and outlet in the streamwise direction.
Symmetry boundary conditions were imposed at the top, front, and back boundaries, while
all structural surfaces were treated as solid walls. Under this framework, the LES model
was used to resolve the unsteady flow field within and around the perforated plate grid
and to provide the basis for subsequent hydrodynamic analysis.

For the parametric analysis, only the key structural parameters controlling exchange
intensity were varied, including the opening ratio, aperture size, and longitudinal offset
angle between adjacent grid rows. The opening ratio is defined as

φ =
d
h

(1)
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where d is the opening height and h is the total height of the panel. The longitudinal offset
angle between adjacent grid rows is defined as

θ = arctan
(y1

b

)
(2)

where y1 represents the lateral offset distance between adjacent apertures and b is the
aperture spacing. Through this simplified configuration, the influence of key geometric
parameters on water exchange efficiency can be systematically evaluated.

2.3.1. Computational Domain and Mesh Strategy

The computational domain was constructed from the principal geometric dimensions
of the plate grid configuration used in the flume tests. To reduce computational cost
while retaining the essential hydraulic characteristics of the experimental setup, cyclic
boundary conditions were imposed in the streamwise direction, and symmetry boundary
conditions were specified at the top, front, and back boundaries. All plate grid surfaces
were treated as no-slip walls. A hybrid mesh strategy was adopted. The bulk-flow region
was discretized using structured hexahedral cells with a base size of 5mm, whereas local
refinement was applied around the perforations, cavity regions, and structural surfaces,
where strong velocity gradients and recirculating flow structures were expected. The final
mesh contained approximately 1 million cells. Mesh adequacy was assessed in viscous
wall units. Owing to the local surface refinement, the mean wall y+ remained close to
80, while ∆x+ and ∆z+ stayed within the generally accepted range for wall-modeled LES
(WMLES). The adopted mesh therefore satisfied the resolution requirement for capturing
the dominant near-wall and shear-layer dynamics of the present flow. A mesh visualization
and the y+ distribution are shown in Figure 2.

2.3.2. Turbulence Model and Numerical Schemes

Large eddy simulation (LES) was employed to resolve the dominant unsteady vor-
tical structures in and around the perforated plate grid. Prior to the final simulations,
a comparative assessment between the WALE and standard Smagorinsky subgrid-scale
models was conducted. The WALE model was ultimately selected because of its favorable
near-wall behavior and its superior ability to represent separated shear flows and cavity
recirculation, which are critical to the present configuration. Pressure–velocity coupling
was handled using the PIMPLE algorithm implemented in OpenFOAM. The convective
terms were discretized using a bounded central differencing scheme, while temporal inte-
gration employed a second-order implicit backward scheme. The time step ∆t was adjusted
to maintain a maximum Courant number of 1, which resulted in values on the order of
1 × 10−3 s~5 × 10−3 s during the LES.

2.3.3. Initialization and Statistical Sampling

To initialize the LES, a steady-state SST k − ω RANS simulation was first carried
out, and the converged RANS flow field was then used as the initial conditions for the
transient LES. This approach accelerated the development of the turbulent structures and
shortened the initial adjustment period. The transient simulation was conducted for a
total physical time of 80 s. Velocity time series at representative probe locations were
monitored continuously to evaluate statistical stationarity. After the initial transient stage,
the final 40 s of the simulation were used for time averaging and for the calculation of
turbulence statistics. Variations in time-averaged velocity and turbulence intensity within
the sampling window remained below 2%, indicating that the reported numerical results
were statistically converged.
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Figure 2. (a) Overview of the computational mesh and (b) spatial distribution of y+ on the perforated
plate grid surface. Mean y+ ≈ 80.

2.3.4. Model Validation

The CFD model was validated against the measured streamwise velocity profiles Ux(z)
and the root-mean-square streamwise velocity profiles urms, obtained from measurements
in the flume experiment, as shown in Figure 3. Since periodic boundary conditions were
employed in the CFD simulation to allow fully developed turbulence, the velocity data
measured along line L5, which is located farthest downstream from the inlet of the test
region, were selected for comparison. The comparison indicates that the LES framework
successfully reproduces the main features of both the mean flow and the streamwise velocity
fluctuation field, including the near-bed velocity attenuation within the plate grid zone and
the localized enhancement of velocity fluctuations near the openings and cavity interfaces.
The overall deviation between the numerical results and the experimental measurements is
generally within 10%. A slight discrepancy is observed in the near-wall region (z/h < 0.5),
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which is due to the near-wall steep velocity gradient that challenges accurate resolution in
LES. It should be noted that the ADV measurements obtained inside the plate grid cavities
exhibited relatively lower mean velocities and turbulence intensities compared with the
numerical results, which may be attributed to flow interference caused by the presence
of the ADV probe under confined turbulent conditions. These results demonstrate that
the numerical model provides an adequate representation of the hydraulic characteristics
observed in the flume tests and can therefore be used for subsequent analysis of the internal
flow structure and water exchange processes.

 

(a) (b) 

Figure 3. Comparison between LES simulated and experimentally measured: (a) mean velocity
profile and (b) root-mean-square velocity profile.

2.4. Integrated Study of Flume Tests and LES Numerical Simulation

An integrated study combining flume tests and LES numerical simulation was con-
ducted to clarify the respective roles of plate spacing, baffle-hole height, and offset angle.
The overall strategy was designed in three stages. First, a fixed plate height was selected,
and scour tests were performed under different plate spacings without openings so that
a scour resistance curve could be established and an appropriate spacing determined.
Because anti-scour performance is the primary objective, spacing was treated as the main
control parameter for bed stability. Second, under the selected spacing, LES was used to
study how baffle-hole height affects water exchange capacity. The two key indices were
the exchange capacity between adjacent cavities and the exchange capacity between the
mainstream and the cavity, since baffle-hole height is the main factor governing exchange
intensity and water exchange is a secondary objective. Third, the offset angle was examined
qualitatively to assess its relative influence on lateral exchange and longitudinal exchange.

2.4.1. Flume Tests for Scour Resistance Curves

A series of non-perforated plate grid models with a fixed plate height and different
inter-plate spacings were employed in the flume scour tests, as shown in Figure 4. The
test region has a bedding thickness exceeding 20 cm (>30 times d50) to fully simulate semi-
infinite bed conditions and eliminate bottom effects. All tests were conducted at a constant
water depth of h = 0.4 m. A honeycomb flow straightener at the inlet and a tailgate at
the outlet ensured fully developed turbulent flow conditions within the test zone. Inflow
velocity, turbulence intensity, and water depth were rigorously calibrated prior to each test.

https://doi.org/10.3390/w18131572
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(c) 𝑏/ℎ = 2 (d) 𝑏/ℎ = 2.5 

Figure 4. Photos of the physical model test flume for different plate spacing.

2.4.2. LES-Based Water Exchange Capacity Analysis

After an appropriate spacing had been identified from the scour tests, LESs were
performed under that spacing to evaluate the water exchange performance associated with
different baffle-hole heights. The geometric configuration was kept unchanged except for
the baffle-hole height, which was varied systematically. This numerical stage focused on
two exchange metrics: the exchange capacity between adjacent cavities, evaluated from
the discharge flux through the baffle passage, and the exchange capacity between the
mainstream and the cavity, evaluated from the exchange flow across the cavity opening.
These metrics were used to clarify how baffle-hole height regulates exchange intensity
while the scour-resistant spacing determined in the preceding stage was retained.

In the final stage, the offset angle was examined qualitatively. Rather than establish-
ing a separate quantitative optimization criterion, this stage compared the flow patterns
associated with different offset angles to assess their relative effects on lateral and lon-
gitudinal exchange. Accordingly, offset was treated as a secondary design adjustment
that may be introduced when enhanced lateral mixing is required, but only after the
plate spacing and baffle-hole height have been fixed on the basis of scour resistance and
exchange performance.

3. Results
3.1. Results of Scour Resistance Optimization Tests

The results show that the perforated plate grid significantly altered the flow field
structure and bed response in the shallow shore zone. Compared with the unprotected
condition, the presence of the grid reduced near-bed flow velocity, weakened the intensity
of local bed erosion, and improved the overall stability of sediment distribution. Differences
among tested configurations were also evident. Variations in grid height, plate spacing,
and opening ratio produced distinct effects on both scour control and water exchange
performance. In general, excessively small openings limited flow exchange, whereas overly
large openings tended to weaken the protective effect on the bed. The experimental obser-
vations, supported by LES analysis, further indicate that the flow within the structure was
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characterized by cavity recirculation and shear-layer separation near the plate edges, which
together promoted momentum dissipation and water–sediment exchange. According to
the flume test results shown in Figure 5, the perforated plate grid could reduce the scouring
depth or volume by 20% to 80% for a scaled plate grid spacing varying between 1.0 and 2.5.
As the plate grid spacing increased, the scour reduction rate gradually decreased. Hence,
the medium plate grid spacing scenario, i.e., b/h = 2.0, was selected for the following study.

 
Figure 5. (a) Measured scaled bed elevation in profiles A, B, and C (denoted in Figure 1) along the
transverse y direction; and (b) measured scour reduction rate for different scenarios versus scaled
plate spacing.

3.2. Results of Water Exchange Capacity Optimization Tests

The key parameters of the LES runs in the water exchange capacity optimization test
are summarized in Table 2.

Table 2. Parameter values of the LES runs in the water exchange capacity optimization test.

LES Test No. Opening Ratio
(φ = d/h)

Offset Angle (◦)
θ = arctan

( y1
b
)

1 0.24 0
2 0.40 0
3 0.56 0
4 0.24 15
5 0.40 15
6 0.56 15
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3.2.1. Flow Field Characteristics

The time-averaged streamwise velocity field depicted in Figure 6, Ux, shows that the
external mainstream tends to intrude into the cavity; however, this intrusion does not
directly control the flow through the baffle passage between adjacent cavities. Instead, the
flow structure within the baffle passage is primarily governed by the splitting pattern of
the vertical motion on the downstream side of the cavity at the passage entrance. As the
baffle height increases, the thickness of the mainstream intrusion layer decreases, whereas
the flow splitting at the opening becomes more organized. Consequently, enlarging the
opening diameter is favorable for promoting water exchange between adjacent cavities.
Overall, however, the section-averaged velocity within the baffle passage remains about
one order of magnitude smaller than the mainstream velocity. Therefore, the exchange
efficiency between adjacent cavities cannot be reliably inferred from the magnitude of
Ux alone.

Figure 6. Scaled time-averaged mean velocity Ux at vertical sections (y/z = 0.8) for different opening
ratios (φ = 0.28, 0.40, 0.56).

The time-averaged vertical velocity field (Uz) indicates pronounced recirculating
vortices inside the cavities for all tested cases, as shown in Figure 7. With increasing
baffle height, the vortex core shifts toward the upstream side of the cavity interior, and the
upward velocity in the vortex core region first increases and then decreases. The maximum
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upward velocity occurs at a nondimensional baffle height of 0.40. Only when the baffle
height exceeds a critical threshold does the downward velocity on the downstream side of
the vortex increase markedly, thereby enhancing flow splitting into the baffle passage.

Figure 7. Scaled time-averaged mean velocity Uz at vertical sections (y/h = 0.8) for different opening
ratios (φ = 0.28, 0.40, 0.56).

The Reynolds shear stress depicted in Figure 8, ρU′W ′, further shows that, with
increasing baffle height, the peak value of ρU′W ′ in the external shear layer decreases
and the shear-layer thickness becomes smaller. This trend indicates a weakened exchange
capacity between the mainstream and the cavity. It is noted that only at an intermediate
opening ratio (φ ≈ 0.40) do localized secondary wake motions and shear-layer instabilities
become slightly more pronounced, as reflected by a modest intensification of velocity
gradients and localized shear-layer deformation near the baffle entrance. However, these
effects remain secondary compared with the dominant cavity-scale recirculation, which
continues to govern the overall transport dynamics. Accordingly, the flow system is best
characterized as a recirculation-dominated cavity flow with weak, configuration-dependent
shear-layer modulation.

https://doi.org/10.3390/w18131572

https://doi.org/10.3390/w18131572


Water 2026, 18, 1572 13 of 20

x/h

y/
h

4 6 8 10 12 14
1

2

3

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025

x/h

y/
h

4 6 8 10 12 14
1

2

3

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025

x/h

y/
h

4 6 8 10 12 14
1

2

3

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025

(a) 0.24ϕ =

0.40ϕ =(b) 

(c) 0.56ϕ =

Figure 8. Scaled Reynolds shear stress ρU′W ′ at vertical sections (y/h = 0.8) for different opening
ratios (φ = 0.28, 0.40, 0.56).

3.2.2. Water Exchange Capacity Statistics

Both the instantaneous and mean flow fields indicate that the velocity distribution
within the baffle passage is highly non-uniform. The water exchange capacity between
adjacent cavities can therefore be quantitatively evaluated by recording the time series of
x-direction discharge across the baffle-hole section and performing a statistical analysis of
the resulting discharge fluctuations.

By contrast, the shear-layer flow between the cavity and the mainstream is relatively
regular, consisting mainly of an upstream ascending-flow subzone and a downstream
descending-flow subzone. The mean exchange capacity between the cavity and the main-
stream can therefore be obtained by integrating the time-averaged vertical velocity over
the cavity opening in the xz plane.

To quantitatively evaluate the exchange capacity between the adjacent cavities, a
scaled instantaneous volumetric exchange flow parameter, Q̂x(t), is defined as:

Q̂x(t) =
∫

Ax | Ux(y, z) | dA
bh

(3)
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where Ax denotes the total opening surface area of a single grid unit (i.e., the circular
perforation plane), and Ux(y, z) is the velocity component normal to the opening surface.
The exchange capacity between the cavity interior and the surrounding mainstream flow,
represented by another scaled instantaneous volumetric exchange flow parameter, Q̂z(t), is
defined as:

Q̂z(t) =
∫

Az | Uz(x, y) | dA
b2 (4)

where Az denotes the opening surface area of a single cavity between the lower layer
(z/h ≤ 1) and the upper layer (z/h ≤ 1). The mean exchange flow over the statistical
sampling period T is calculated as:

Qx =
1
T

∫ T

0
Q̂x(t) dt (5)

Qz =
1
T

∫ T

0
Q̂z(t) dt (6)

The formulation was developed with reference to previous cavity exchange studies
by Valentine and Wood [25] and Weitbrecht et al. [26], while being adapted to the present
permeable revetment configuration. Unlike the conventional first-order exchange coeffi-
cient framework, the present study directly evaluates the volumetric exchange intensity by
integrating the time-averaged transverse velocity across the defined interface between the
protected region and the main flow domain.

Table 3 presents the water exchange index values of the zero-offset LES runs. The
results indicate that with increasing opening ratio, the mean inter-cavity exchange rate
first increases and then decreases. In contrast, the mean cavity–mainstream exchange rate
exhibits an overall decreasing trend, while tending to level off when the opening ratio
exceeds a certain threshold. For the offset cases, a highly unsteady exchange flow field is
observed, which will be discussed in the following section.

Table 3. Exchange index values of the zero-offset LES runs.

Opening Ratio
(φ = d/h)

Mean Inter-Cavity

Exchange Rate
—

Qx

Mean Cavity Mainstream

Exchange Rate
—

Qz

0.24 1.0 × 10−3 0.16
0.40 3.9 × 10−3 0.13
0.56 1.6 × 10−3 0.12

4. Discussion
4.1. Roughness Hydrodynamics and Flow Regime Classification

To frame the present findings within roughness hydrodynamics, the perforated plate
grid revetment is interpreted as an engineered roughness element array with a fixed
element height h. Following the framework of [13], the vertical distribution of Reynolds
shear stress serves as a diagnostic for roughness regime classification: d-type roughness
confines turbulence production within the cavity (z < h), while k-type roughness sustains
elevated Reynolds stress well into the outer layer due to wake shedding.

The present LES results reveal a systematic dependence on the opening ratio φ. For
the highest opening ratio (φ = 0.56), the core region of Reynolds shear stress ρU′W ′ extends
only to z ≈ 1.2h, indicating that turbulence production is largely confined near the cavity—a
hallmark of d-type-like behavior. As φ decreases to 0.40, the extent increases to z ≈ 1.5–2.0h,
suggesting a transitional regime. For the lowest opening ratio (φ = 0.24), the Reynolds
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stress core reaches z ≈ 2.0h, approaching k-type-like characteristics, where wake shedding
from the plate tops enhances turbulence in the outer layer.

This opening-ratio-dependent transition can be interpreted within the framework
of [15,16]. Lower opening ratios increase the effective solidity of the roughness array,
promoting wake interference (k-type-like), whereas higher opening ratios enhance aperture
jets that reinforce cavity recirculation but also dissipate turbulent energy within the cavity,
limiting its outward propagation (d-type-like). The cavity–jet coupled pattern observed
in all configurations—where aperture jets split the recirculation into two counter-rotating
structures—represents a hybrid regime not present in classical d-type or k-type definitions.
Nevertheless, the systematic variation in Reynolds stress extent with φ demonstrates that
the roughness regime is not fixed but rather tunable via geometric design. This tunability
is incorporated into the hierarchical optimization strategy presented in Section 4.2, where
φ is optimized after spacing.

The stable rotating vortex observed inside the grids is consistent with flow structures
reported in chlorine contact tanks equipped with perforated baffles [27]. LES studies have
demonstrated that jets emerging from apertures penetrate recirculation zones behind solid
baffles, transforming stagnant dead zones into active mixing regions. This jet penetration
mechanism is directly analogous to the aperture-induced jet penetration into cavity recircu-
lation observed here, which governs inter-cavity and cavity–mainstream water exchange.
The consistency of these findings across chlorine contact tanks and the present perforated
plate grid revetment confirms that cavity–jet coupling is a broader hydrodynamic principle
relevant to perforated structures where controlled exchange between a confined cavity and
a mainstream flow is desired.

4.2. Hierarchical Optimization Strategy

The results support a hierarchical optimization strategy for perforated plate grid
revetments, in which scour resistance is treated as the primary design requirement and
water exchange as a secondary ecological function. The opening ratio φ, which governs
the transition between d-type-like and k-type-like regimes (Section 4.1), is treated as the
secondary design variable optimized after spacing; its effect on roughness regime is
characterized in Section 4.1, and its value is determined by the balance between flow
resistance and ecological permeability, as discussed below.

Step 1: Plate spacing (scour resistance). In the first stage, the plate spacing was
determined from flume scour tests conducted for non-perforated configurations with a
fixed plate height. This step is physically justified because spacing primarily controls
mainstream deceleration, cavity sheltering, and the resulting near-bed shear stress and
therefore exerts the dominant influence on bed stability. Once a scour-resistant spacing was
identified, the subsequent analysis could focus on exchange regulation without reintroduc-
ing unacceptable hydraulic risk. This design approach is also consistent with recent studies
on permeable revetments and porous hydraulic structures [28–32].

Step 2: Opening ratio φ (exchange intensity and roughness regime). Under the
selected spacing, the LES results show that the opening ratio φ is the principal parameter
governing exchange intensity. The exchange process cannot be inferred from the stream-
wise mean velocity alone because the section-averaged velocity within the baffle passage
remains much smaller than that of the mainstream. Instead, exchange is governed by
the coupling between cavity recirculation and opening-induced flow splitting. The time-
averaged vertical velocity field indicates that the internal vortex structure controls both the
upward motion in the cavity interior and the downward motion on the downstream side
of the vortex, which together determine the discharge partition into the baffle passage. Ac-
cordingly, the two exchange metrics adopted in this study serve complementary purposes:
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the cavity–adjacent cavity exchange capacity characterizes inter-cavity transfer through the
baffle passage, whereas the cavity–mainstream exchange capacity characterizes vertical
exchange across the cavity opening. Similar to permeability analyses in porous-media
hydraulics [29,30], the present exchange metrics describe the dominant transport pathways
within the cavity system.

A geometric threshold is observed in the exchange process. As the baffle-hole height
increases, the vortex core shifts upstream and the upward velocity in the cavity first
increases and then decreases, while the downward motion on the downstream side becomes
substantially stronger only after the hole height exceeds a critical value. This behavior
shows that exchange depends more strongly on the hole height ratio than on the mean
streamwise velocity and therefore provides a more meaningful indicator of exchange
efficiency. In the present study, a ratio greater than approximately 0.40 marks the onset of
more effective exchange because it promotes both cavity–mainstream through-flow and
the discharge splitting required for inter-cavity transfer. This threshold-type behavior is
consistent with previous findings that pore morphology and aperture geometry strongly
control permeability and local jet structures in porous flows [29,30]. The strong turbulent
mixing near the opening is also consistent with aperture-induced jet and shear-layer
structures reported in artificial reefs and other permeable hydraulic systems [30,31]. The
results distinguish the hydraulic roles of the main geometric parameters. Plate spacing
primarily controls scour resistance, whereas baffle-hole height primarily controls water
exchange capacity. This separation simplifies the design procedure by reducing parameter
coupling. In practice, spacing can first be selected from scour resistance requirements, after
which the hole height can be adjusted to regulate exchange. This framework is consistent
with the practical requirement that ecological enhancement should not compromise the
primary anti-scour function of the revetment [28,31].

The aperture ratio itself also influences the balance between flow resistance and
ecological permeability. Previous studies have shown that excessively small openings can
suppress ecological exchange despite improving velocity attenuation, whereas excessively
large openings weaken near-bed protection and increase local scour risk [28,31]. An
intermediate opening ratio may therefore provide sufficient energy dissipation while
maintaining exchange and limiting bed instability [29,31].

Step 3: Lateral offset (secondary adjustment). The effect of lateral baffle offset on
turbulence structure is examined in Figure 9. The numerical results indicate that intro-
ducing a lateral baffle offset does not necessarily enhance lateral exchange. As shown in
Figure 9, compared with the configuration without offset, the introduction of offset led to
a reduction in the magnitude of the scaled ρU’V’ term, which represents the intensity of
lateral shear fluctuations. In addition, the case without offset exhibited more pronounced
transverse turbulent coherent structures. This suggests that the more regular spanwise
arrangement of the non-offset configuration may favor the formation of stable lateral shear
structures. In contrast, the introduction of offset may disrupt this organized flow pattern,
thereby weakening the magnitude of ρU’V’. Nevertheless, the underlying mechanism
remains unclear. This finding is consistent with the observation that, under shallow-water
conditions dominated by longitudinal mainstream flow, maintaining aligned exchange
pathways may be more beneficial than increasing structural complexity through staggered
arrangements [32–34]. The present results suggest that the hydraulic effect of staggered lay-
outs depends strongly on the surrounding flow regime and therefore requires case-specific
evaluation [32,34]. Nevertheless, the detailed mechanism linking offset-induced asymmetry
to coherent-structure suppression remains unclear and requires further investigation.
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Figure 9. Scaled Reynolds shear stress ρU′V′ at horizontal sections (z/h = 0.5) for different offset
angles: (a) θ = 0◦ and (b) θ = 15◦.

The present results are consistent with previous observations that vortex-induced
mixing and shear-layer instability are the key mechanisms governing exchange in porous or
cavity-type hydraulic structures [29,30,34]. The present study extends this understanding
by distinguishing the hydraulic roles of spacing, hole height, and offset within a unified
design framework. By combining flume scour tests with LES-based flow diagnostics, the
study provides a mechanistic explanation of how structural geometry controls both bed
protection and water exchange. The results further show that local turbulence structure
and cavity circulation play an important role in regulating exchange processes. Compared
with conventional impermeable revetments, the present configuration maintains hydraulic
connectivity through controlled permeability [35].

Several limitations should nevertheless be acknowledged. First, the scour tests and
LESs were conducted under steady, uniform flow conditions. Natural rivers, however,
are subject to hydrograph variability, water-level fluctuation, and sediment heterogeneity.
These factors may modify both the threshold behavior of exchange and the long-term
evolution of bed morphology. Similar fluctuating-flow effects have been shown to influence
dynamic responses and cavity oscillations in other ecohydraulic systems [36]. Second, the
offset analysis was qualitative and based on a quasi-two-dimensional numerical framework,
which means that the full three-dimensional structure of lateral mixing requires further
verification. Third, the present study addressed hydrodynamic exchange only and did not
directly couple solute transport, water quality, or benthic ecological response. Future work
should therefore couple the present hydrodynamic framework with scalar transport or eco-
logical models to evaluate exchange-driven transport processes more directly. In addition,
long-term field-scale verification remains necessary to evaluate the long-term hydraulic and
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structural performance of the proposed structure under realistic environmental conditions,
including wet–dry cycles, structural aging, and biological colonization processes.

Overall, the combined flume test and LES approach provides a consistent hydrody-
namic basis for the design of perforated plate grid revetments. The results suggest that
spacing should first be selected to satisfy scour resistance requirements, baffle-hole height
should then be used to regulate cavity–cavity and cavity–mainstream exchange, and offset
should be treated as a cautious secondary adjustment for redistributing lateral and lon-
gitudinal exchange. This hierarchical strategy offers a practical framework for balancing
engineering safety and ecological connectivity in shallow-water revetment design.

5. Conclusions
This study integrates physical model experiments with LES to reveal the hydrody-

namic mechanisms by which a perforated plate grid structure simultaneously achieves
slope stabilization and water activation in shallow shore zones. From a fluid mechanics
perspective, the perforated plate grid behaves as a d-type roughness system, characterized
by stable recirculation within cavities and shear-layer separation at panel edges. This
roughness-controlled flow mechanism explains the observed combination of near-bed
velocity attenuation and enhanced exchange capacity. The results indicate that a prototype
parameter combination of 0.25 m grid height and 0.50 m plate grid spacing can reduce
local scour depth by about 30% and enhance vertical exchange through the synergy of
jetting from the openings and internal vortices. The longitudinal offset of adjacent holes
may enhance the transverse water exchange but may also significantly reduce longitudinal
shear exchange intensity; hence, further research is needed. A hole-to-baffle height ratio
greater than 0.40 is identified as a critical threshold for improving exchange efficiency. This
study proposes a collaborative design framework in which grid spacing controls scour
safety and aperture parameters regulate exchange functions, providing an experimental
basis for the precise design and performance enhancement of ecological revetments.
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