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Abstract

Spur dikes play an important role in improving river ecology, and in engineering
practice, permeable spur dikes with both stability and permeability are widely
adopted. Based on generalized flume-model experiments, this study examines
the distribution characteristics and mechanisms of insoluble pollutants around
permeable spur dikes under different porosity and pore size conditions. The results
indicate that high porosity or large pore size enhances water infiltration and jet
effects, allowing more pollutants to enter and remain in downstream areas and
recirculation zones; porosity and pore size have relatively little influence on pollutant
concentration at the upstream slope but exert a greater impact on the recirculation
zone and downstream slope; variations in flow discharge primarily regulate pollutant
distribution by altering flow velocity and residence time. These findings suggest that
by optimizing porosity and pore size, downstream pollutant accumulation can be
reduced while maintaining structural stability, thereby balancing hydrodynamic
exchange and habitat quality and providing important guidance for the design of
ecological spur dikes.
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1. Introduction

The installation of spur dikes in river channels alters the original flow and sediment
transport patterns.' Patel et al.? and Patel and Kumar® summarized that changes in the
geometric parameters of spur dikes significantly affect the flow characteristics around
them and studied how seepage through spur dikes influences substantial changes in
riverbed elevation and scour depth. Jafari and Sui* emphasized the effect of spur dike
azimuth on the size of scour holes, as well as the impact of ice cover on turbulence
intensity. Qi et al.® proposed the use of U-shaped collars to reduce local scour around
spur dikes and found that the collar’s width, porosity, and length have pronounced
effects on reducing scour, with permeable collars markedly lowering flow velocity and
shear stress. Ding et al.¢ investigated how spur dike length and orientation influence flow
patterns and turbulence characteristics in mildly curved channels.

While spur dikes regulate the transport of water and sediment, they also substantially
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affect riverine ecological environments. Yang 7 suggested
that spur dikes can affect habitat quality in the river reach
by altering flow fields, velocity, water depth, and riverbed
erosion-deposition patterns. Chung et al.® observed that
the presence of spur dikes increases the formation of
shallow pools and the abundance of fish and invertebrates.
Huang et al’® found that the fish aggregation effect
strengthens as flow diversity increases, with permeable
spur dikes outperforming rubble-mound spur dikes in
attracting fish. Li and Tong" summarized that channel-
regulation structures can influence the physicochemical
properties of river water, the structure and distribution of
benthic communities, and fish habitats to varying degrees.
Montazeri et al.'' studied pollutant transport patterns
around impermeable spur dikes and found that they can
effectively shorten pollutant mixing lengths. Wan et al.*?
reported that dissolved oxygen rises significantly, while
turbidity and velocity decrease markedly downstream of
spur dikes, which also have a greater impact on plankton
diversity indices compared to groynes parallel to the bank.

Przyborowski et al® pointed out that spur dike
groups and vegetation can influence the transport and
deposition of floating macro-plastic debris, with low flow
velocity and vegetation presence potentially inducing
plastic deposition. Zhang et al.** revealed an asymmetric
dispersion transport mechanism in layered porous
media. Divya et al.'® investigated the effects of floodplain
inundation and riparian vegetation on hydrodynamics and
material transport near spur dikes, finding that inundation
and vegetation reduce anomalous scalar transport and
accelerate its decay. Zhang et al.’® conducted numerical
simulations of low-water ecological restoration projects
in straight river channels, demonstrating that restoration
structures can effectively regulate flow patterns and
enhance habitat heterogeneity. Zhao et al.”” surveyed fish
habitats in the Wutong River under ecological restoration
and found that restoration measures improved water depth
and flow diversity, increasing habitat suitability for fish,
particularly in shallow and recirculation zones. Wang'
examined the spatial distribution of nutrients around
environmental restoration groynes, showing that these
structures influence nutrient accumulation and diffusion,
thereby affecting plankton growth and water quality. Zhao
et al.” evaluated different ecological reoxygenation modes
in urban rivers and reported that interventions such as
jet and mixed aeration significantly enhanced dissolved
oxygen levels, improving conditions for aquatic organisms
and mitigating eutrophication. Zhang et al.,” based on
vortex structures generated by artificial dams, reported
that low-speed vortex zones with non-uniform flow are
conducive to aggregating fish populations. Chen* studied
the relationship between pollutant concentration fields

and hydraulic characteristics in river confluence zones
and concluded that the pollutant mixing position shifts
toward the confluence as the confluence angle and aspect
ratio increase. Yang” and Yang® primarily simulated
pollutant diffusion in rivers using Mike software and found
that turbulence has a considerable impact on pollutant
concentration attenuation.

The above studies show that spur dikes play multiple
roles in regulating water-sediment movement and
maintaining river ecological health. Modifications to flow
structure, local velocity, turbulence characteristics, and
riverbed morphology directly affect sediment erosion and
deposition, as well as biological habitats.?**” Permeable
spur dikes, in particular, can simultaneously meet flood
control and channel regulation functions while providing
a more heterogeneous flow environment and shelter
to promote fish aggregation and aquatic biodiversity.
Currently, multiple ecological conservation zones are being
established in tributary confluence reaches of the Pinglu
Canal under construction, where permeable spur dikes are
needed to enhance the canal’s ecological function. When
tributary flows enter the canal, they may carry pollutants;
pollutant diffusion in rivers follows distinctive patterns,
yet most studies on the impacts of pollutant diffusion have
not considered the role of hydraulic structures. Therefore,
it is necessary to investigate the influence of spur dikes on
pollutant diffusion. River pollutants are generally classified
as soluble or insoluble. Our study specifically investigates
the distributional impacts of spur dikes on point-source
insoluble pollutants to establish patterns and examine how
permeable characteristics of spur dikes influence pollutant
concentration distributions in fluvial environments.

2. Methods
2.1. Experimental instruments and equipment

The experiment was conducted ina 30 m x 2m x 1 m (length
x width x height) rectangular glass flume. Inlet discharge
was controlled by an automatic flow measurement and
control system, co-developed by Tsinghua University
and Beijing Shangshui InfoTech Co., Ltd. Water depth
measured at the toe of the spur dike’s upstream slope was
regulated using a point gauge (i.e., a water level gauge).

The permeable spur dike model flume is shown in
Figure 1. The main instruments and equipment used in the
experiment are shown in Figure 2.

2.2. Pollutant simulation and measurement
methods

The experiment used dyed quartz sand (median particle
size D, = 0.1 mm) as a surrogate material for insoluble
pollutants. This material was selected because its particle-
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Figure 1. Experimental model flume

C

Figure 2. Experimental instruments. (A) Electromagnetic flowmeter. (B) Portable dissolved oxygen meter. (C) Photoelectric turbidity meter.

size range and density are similar to those of natural fine
silt and certain organic particulates (e.g., detrital organic
matter), and it exhibits comparable hydrodynamic behavior
in suspension in river channels, with similar settling
velocities and resuspension responses under the same
flow conditions. Li et al.*® showed a significant positive
correlation between suspended sediment concentration
and turbidity; therefore, turbidity (in Nephelometric
turbidity unit [NTU]) was employed in this study as an
indicator to quantify the concentration of suspended
particles.

Turbidity was measured via a portable photoelectric
turbidimeter (WGZ-200A, Nanbei Instrument Limited,
China). The spatial arrangement of pollutant concentration
monitoring points and cross-sections is illustrated in
Figure 3.

2.3. Model design
2.3.1. Spur dike model design

Based on statistical analysis of spur dike dimensions in
the upper reaches of the Yangtze River and the actual
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Figure 3. Layout of test pollutant concentration measurements

width of the experimental flume, the permeable spur dike
parameters were determined as follows: length 50.0 cm,
height 10.0 cm, crest width 7.5 cm, and base width 42.5 cm.
The cross-section adopted a trapezoidal shape with an arc-
shaped straight head; the upstream slope ratio was 1.0:1.5,
and the downstream slope ratio was 1:2.0 (as shown in
Figure 4).

In the experiment, the pores of the permeable spur dike
were circular. Three pore diameters (R) were examined: 16
mm, 20 mm, and 32 mm. The spur dike angle in the model
test was 90°. By combining different porosity levels (P1 =
6.8%, P2 =14.1%, P3 =22.5%), different pore sizes (R1 = 16
mm, R2 = 20 mm, R3 = 32 mm), 27 sets of test conditions
were conducted. The test conditions are detailed in Table 1.

2.3.2. Flow data source and statistical analysis

The experimental flow values used in this study are based
on daily flow measurements from the Luwu Hydrological
Station along the Pinglu Canal, spanning 1959 to 2021 (63
years). The Luwu Hydrological Station is located in Luwu
Town, Lingshan County, in the middle and upper reaches
of the Qin River. It is a national basic hydrological station in
China. Flow measurements were conducted in accordance
with site conditions using the velocity-area and current-
meter methods, following the standard procedures
recommended by relevant hydrological guidelines, such as
the Specifications for River Discharge Measurement (GB
50179-2015).” Instruments are calibrated regularly, and
the data are checked for consistency and completeness.

Suspicious or missing values are carefully evaluated and
corrected according to hydrological standards. In addition,
the cross-section at the Luwu Hydrological Station has
stable channel geometry and well-defined banks (Figure
5), and is therefore selected as the typical control section
for the experimental study reach.

To more accurately evaluate the hydraulic and pollutant
transport patterns of spur dikes under the conditions of
this river section, we conducted fundamental attribute
analysis, overall statistical analysis, and seasonal statistical
analysis on the measured flow data.

(i) Basic data information

Table 2 presents basic information on the flow data,
including data length, time resolution, observed flow
range, and proportion of missing values. There were 0%
zero values. The station’s flow data records show good
continuity and the overall missing-data rate is less than 1%.

(ii) Overall and seasonal statistics

To comprehensively assess the data characteristics,
annual statistics over 63 years and seasonal statistics of
daily average flow from May to October each year were
calculated. The results are shown in Table 3. The mean
coefficient of variation of streamflow in the Pinglu Canal
was approximately 2.1, consistent with Dimitriadis et al.’s*
findings that the global mean coefficient of variation of
streamflow, estimated from thousands of runoff stations,
ranged from 1.7 to 2.4. This indicates that the streamflow
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samples from the Luwu Hydrological Station are of high
quality and capable of capturing the long-term variability
of streamflow processes.

From Table 3, it can be seen that the mean flow during
May-October is higher than the annual mean, and
the variability is also greater, reflecting the substantial
replenishment effect of the flood season and inflow from
tributaries on the main channel flow.

Table 1. Experimental conditions

Table 2. Primary attributes of the prototype streamflow
dataset

Record

Station name length 'SI;leme ?r:?/gs)e x;isel:(g"/ )
(years) P °
Luwu
. 63 (1959- 02
Hyd.rologlcal 2021) Daily 1190.0 0.06
Station

. Flow discharge (Q, . . L.
Pore size (R, Porosity (B, %) [Ls-]); waterg depth (H, Table 3. Marginal and seasonal statistics of prototype
mm) cm) streamflow data
65; 11 Annual Annual
Statistical Multi-year Standard average average
6.8 95; 14 . . o
type average (m’/s) deviation maximum minimum
135;17 (m?/s) (m3/s)
65; 11
16 14.1 95; 14 Annual 387 1116 240 0.2
135; 17
. May-
65; 11 October 894 128.5 852 8.2
225 95; 14
135; 17
65; 11 (iii) Model scale and experimental conditions
68 95 14 According to investigations, tributaries along the Pinglu
135; 17 Canal are most likely to carry pollutants from May to
65 11 October each year, and pollutants diffuse rapidly during
’ major flood periods. Therefore, this paper primarily
20 14.1 95; 14 investigates the impact of spur dike permeability
135:17 characteristics on pollutant diffusion during flood periods.
This study statistically analyzed the measured flow data
6> 11 from May 1 to October 31 each year between 1959 and
225 95; 14 2021 from Luwu Station. Combined with topographic data
135: 17 from the Luwu Station cross-section, it was calculated that
the cross-sectional average velocity corresponding to the
65 11 three largest flood events from May to October each year
6.8 95; 14 ranged from 2.0 to 2.5 m/s.
135,17 Considering the laboratory flume scale and equipment
65: 11 constraints, a generalized geometric scale of 1:40 was
adopted. The corresponding depth scale and velocity scale
2 141 95 14 were 1:40 and 1:6.325, respectively. The calculated model
135,17 depth and velocity are shown in Table 4.
65; 11 The experimental flume width was 2 m. Considering
s 95 14 the relationship between flow rate and water depth, three
' ’ representative model flow rates (65 L/s, 95 L/s, and 135
135; 17

L/s) were selected for model testing, corresponding to

Volume 23 Issue 3 (2026)

doi: 10.36922/AJWEP026050022


https://doi.org/10.36922/AJWEP026050022

Asian Journal of Water,
Environment and Pollution Effects of permeable dikes on pollutants

Porosity 22.5%

00000000000000 o->‘/\
00000000000 00000
000000000 00000 | 0000
0000000000000 0|00D000

Porosity 14.1%

)
|..._..| ~
OOO")C‘O"“{")POD(")PJJ s

OODCDuGDCODCDCDDG e

-3
1

Porosity 6.8%

o

gt o
0O 00 O 00 O 00 O>\
| 00 O 00 o 00 0|0

[ 20 7, 15

Figure 4. Cross-section and longitudinal section of a spur dike
Note: Length in cm.

Figure 5. Cross-section at Luwu Hydrological Station
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water depths of H = 11 cm, 14 cm, and 17 cm, respectively,
as shown in Table 1.

Table 4. Prototype and model hydraulic parameters

Model hydraulic

Prototype hydraulic parameters
Ype y P parameters

Flood period flow (m*/s): 411-1,190 Model flow (L/s): 65-135

Average depth (m): 4.4-6.8 Model depth (cm): 11-17

Model velocity (m/s):

2). 220
Channel flow area (m?): 220-476 03-0.4

3. Results and discussion

To investigate pollutant distribution patterns around the
permeable spur dike, a comparative analysis was performed.
Pollutant concentrations were examined at three locations:
the upstream slope (Cross-section 2#), the downstream
slope (Cross-section 4#), and the recirculation zone

(Cross-section 5#). These concentrations were analyzed
with respect to variations in flow discharge, porosity, and
pore size.

3.1. Impact of flow discharge on pollutant
concentrations around the spur dike

Under experimental conditions with a pore size of 20
mm and a porosity of 6.8%, the influence of different flow
discharges (Q1 = 65 L/s, Q2 = 95 L/s, Q3 = 135 L/s) on
pollutant concentration was analyzed. The analysis focused
on the upstream slope (Cross-section 2#), the downstream
slope (Cross-section 4#), and the recirculation zone
behind the dike (Cross-section 5#). The results are shown
in Figures 6-8.

3.1.1. Analysis of pollutant concentration variation at
the upstream slope

Figure 6 shows that at Cross-section 2# (toe of the
upstream slope), the largest lateral concentration gradient
was observed within the length range of the spur dike,
indicating that this area was the direct influence zone of
the spur dike. Beyond 100 cm, concentration differences
become minimal. Under identical pore size (R = 20 mm)

Figure 6. Concentration distribution of pollutants on the upstream slope (Cross-section 2#) under different flow conditions

Volume 23 Issue 3 (2026)

doi: 10.36922/AJWEP026050022


https://doi.org/10.36922/AJWEP026050022

Asian Journal of Water,
Environment and Pollution

Effects of permeable dikes on pollutants

and porosity (P = 6.8%) conditions, when the discharge
increased from 65 L/s to 135 L/s, the mean concentration
decreased by 15.4%, with the greatest drop occurring near
the dike root. This indicates that the advection velocity
of pollutant particles within the upstream influence zone
increases, resulting in their rapid transport out of the zone.

According to findings froma previous study, for identical
porosity (P) and pore size (R), the upstream flow velocity
on the upstream slope increases markedly with increasing
discharge, while the velocity distribution remains relatively
uniform.* In our study, when Q = 65 L/s, the mean flow
velocity was approximately 0.18 m/s; when Q = 135 L/s, it
rose to about 0.26 m/s (an increase of around 44%), which
accelerated the downstream dispersion of suspended
particles, reduced their deposition in the near-shore zone
of the upstream slope, and consequently led to a decline in
pollutant concentration.

3.1.2. Analysis of pollutant concentration variation at
the downstream slope

As shown in Figure 7, the overall variation of pollutant
concentration on the downstream slope (Cross-section
4#) followed a decreasing trend from the left bank to
the right bank. The concentration gradually stabilized at
125 cm from the left bank. Under identical pore size and

porosity conditions, higher flow discharges led to greater
pollutant concentrations on the downstream slope (Cross-
section 4#). Compared to the upstream slope, pollutant
concentrations here were remarkably lower. Additionally,
the variation in concentration across different flow
discharges was slightly greater than observed on the
upstream slope.

According to a previous study, in the mainstream zone
along the right bank of the downstream slope, the flow
velocity increases with discharge under identical pore size
and porosity conditions, accompanied by an enhancement
in the energy of over-dike flow.” For instance, when Q = 65
L/s, the velocity near the dike head was approximately 0.22
m/s, whereas at Q = 135 L/s it reached about 0.31 m/s (an
increase of around 41%). The high-velocity plunging flow
over the dike intensified sediment resuspension and mixing
in the downstream water body, while the area behind the
dike formed a recirculation zone, together leading to an
increase in downstream slope pollutant concentration with
rising discharge.

3.1.3. Analysis of pollutant concentration variation in
the recirculation zone

Figure 8 shows that the pollutant concentration in the
recirculation zone behind the dike (Cross-section 5#)

Figure 7. Concentration distribution of pollutants on the downstream slope (Cross-section 4#) under different flow conditions
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Figure 8. Pollutant concentration distribution in the recirculation zone behind the dike (Cross-section 5#) under different flow conditions

generally decreased from the left bank to the right bank
and then gradually stabilized. Under conditions of identical
porosity and pore size, higher flow discharges resulted in
smaller pollutant concentrations in the recirculation zone.
The concentration differences were substantially influenced
by flow discharge. Compared to the downstream slope,
pollutant concentrations increased here. Smaller flow
discharges led to greater pollutant deposition and higher
concentrations.

Based on Figures 6-8, when the discharge increased
from 65 L/s to 135 L/s, the mean pollutant concentration
on the upstream slope decreased by 15.4% (from 42.3 NTU
to 35.8 NTU), that on the downstream slope increased
by 8.4% (from 28.5 NTU to 30.9 NTU), and that in the
recirculation zone behind the dike decreased by 12.1%
(from 30.4 NTU to 26.7 NTU). Overall, the concentration
in the recirculation zone was approximately 8-10% higher
than that on the downstream slope, but about 15-18%
lower than that on the upstream slope.

3.2. Impact of porosity on pollutant concentrations
around the spur dike

Using a pore size of 16 mm, a flow discharge of 95 L/s,
and three porosities (P, = 6.8%, P,= 14.1%, P, = 22.5%)

as the test conditions, this study analyzed the influence of
porosity on pollutant concentrations at three key locations.
These locations included the upstream slope (Cross-
section 2#), the downstream slope (Cross-section 4#), and
the recirculation zone downstream of the spur dike (Cross-
section 5#). The results are presented in Figures 9-11.

3.2.1. Analysis of pollutant concentration variation at
the upstream slope

For different porosity levels (6.8-22.5%), at Cross-section
2#, the most pronounced concentration decrease occurred
within the spur dike length range. This is because fluid
velocity increases as it passes through the pores, thereby
reducing the number of pollutant particles. Beyond 100
cm from the left bank, concentrations tend to stabilize,
indicating that the influence range of the spur dike is
limited. Higher porosity reduced the mean upstream slope
concentration by up to 14.5%, but it also increased local
variability near the structure, as enhanced through-flow
produced a larger turbulence zone in this area compared
to sections without the spur dike (Figure 9).

3.2.2. Analysis of pollutant concentration variation at
the downstream slope

As shown in Figure 10, the overall variation in pollutant
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concentration on the downstream slope (Cross-section
4#) followed a distinct pattern: it gradually decreased from
the left bank to the right bank, eventually stabilized, and
the magnitude of variation diminished. Across different
porosities, this concentration variation was substantial:
the pollutant concentration was higher near the left bank
and stabilized at 125 cm from the left bank. Notably, higher
porosity corresponded to higher pollutant concentration
on the downstream slope. Compared to the upstream
slope, the pollutant concentration on the downstream
slope was substantially lower, and its changes were slower.

3.2.3. Analysis of pollutant concentration variation in
the recirculation zone

Figure 11 shows pollutant concentrations in the
recirculation zone (Cross-section 5#). Concentrations
decreased gradually from the left bank to the right bank.
They stabilized at 125 cm from the left bank. Different
porosity levels caused slight variations in concentration.
Higher porosity increased concentrations in the
recirculation zone. Concentrations showed no notable
difference from those at the downstream slope. Higher
porosity increased pollutant deposition, resulting in higher
concentrations in the recirculation zone. This is because
in the recirculation zone, an increase in porosity allows
more mainstream flow to enter the vortex region;* when

P = 22.5%, the inflow velocity at the left-bank entrance
increased by approximately 0.04 m/s, thereby raising the
local flow velocity and transporting more particles into
this area.

Based on the data in Figures 9-11, when the porosity
increased from 6.8% to 22.5%, the mean pollutant
concentration on the upstream slope decreased by 14.5%
(from 39.8 NTU to 34.0 NTU), that on the downstream
slope decreased by 16.7% (from 27.6 NTU to 23.0 NTU),
and that in the recirculation zone increased by 9.8% (from
26.8 NTU to 29.4 NTU). Under the same conditions, the
downstream slope concentration was, on average, about
16% lower than before passing through the spur dike,
and the difference between the recirculation zone and
downstream slope concentrations was small.

3.3. Impact of pore size on pollutant concentrations
around the spur dike

Using a porosity of 22.5%, a flow discharge of 135 L/s, and
three different pore sizes (R1 = 16 mm, R2 =20 mm, R3 =
32 mm) as the test conditions, we analyzed the influence
of pore sizes on pollutant concentrations at the upstream
slope (Cross-section 2#), downstream slope (Cross-section
4#), and recirculation zone downstream of the spur dike
(Cross-section 5#). The results are presented in Figures
12-14.

Figure 9. Concentration distribution of pollutants on the upstream slope (Cross-section 2#) under different porosities
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Figure 10. Concentration distribution of pollutants on the downstream slope (Cross-section 4#) under different porosity conditions

Figure 11. Concentration distribution of pollutants in the recirculation zone behind the dike (Cross-section 5#) under different porosity conditions
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3.3.1. Analysis of pollutant concentration variation at
the upstream slope

From Figure 12, it is evident that the concentration
distribution curve at Cross-section 2# shows a pronounced
lateral gradient within the spur dike length range, reflecting
localized disturbances due to pore jets. The concentration
remained essentially constant beyond approximately 125
cm, indicating that the mainstream flow field dominated.
Larger pore sizes resulted in lower pollutant concentrations
at the upstream slope toe, further confirming that changes
in permeability can create different pollutant transport
pathways, and that high flow velocity limits the ability
of pore size to influence particle retention within the
upstream influence zone.

3.3.2. Analysis of pollutant concentration variation at
the downstream slope

Figure 13 shows pollutant concentrations at the
downstream slope (Cross-section 4#). Concentrations
decreased gradually from the left bank to the right bank.
They stabilized at 100 cm from the left bank. Different pore
sizes led to notable variations in pollutant concentrations.
The flow velocity in the mainstream zone along the right
bank of the downstream slope increased substantially with
pore size (approximately 0.24 m/s for R = 16 mm and 0.29
m/s for R = 32 mm),” enhancing particle resuspension

and lateral transport, thereby leading to lower pollutant
concentrations. Therefore, under constant flow discharge,
larger pore sizes decrease pollutant concentrations on the
downstream slope. Concentrations were higher than those
at the upstream slope. Smaller pore sizes produced smaller
concentration variations.

3.3.3. Analysis of pollutant concentration variation in
the recirculation zone

Figure 14 shows pollutant concentrations in the
recirculation zone (Cross-section 5#). Concentrations
decreased gradually from the left bank to the right bank.
They stabilized at 125 cm from the left bank. Different
pore sizes resulted in notable variations in pollutant
concentration. Under constant flow discharge, larger pore
sizes increased pollutant concentrations in the recirculation
zone. Concentrations in the recirculation zone exceed those
at the downstream slope due to the spur dike effects. Larger
pore sizes increased pollutant deposition, thus increasing
turbidity.

Based on Figures 12-14, when the pore size increased
from 16 mm to 32 mm, the mean pollutant concentration
on the upstream slope decreased by approximately 6.3%
(from 37.5 NTU to 35.2 NTU), that on the downstream
slope increased by 11.5% (from 26.0 NTU to 29.0 NTU),
and that in the recirculation zone increased by 13.2%

Figure 12. Concentration distribution of pollutants on the upstream slope (Cross-section 2#) under different pore sizes
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Figure 13. Pollutant concentration distribution on the downstream slope (Cross-section 4#) under different pore sizes

Figure 14. Pollutant concentration distribution in the recirculation zone behind the dike (Cross-section 5#) under different pore sizes
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(from 28.1 NTU to 31.8 NTU). Overall, pore size had a
more substantial influence on pollutant concentrations on
the downstream slope and in the recirculation zone, while
its effect on the upstream slope was comparatively minor.

3.4. Limitations

This study employed generalized flume model experiments
under clear-water and fixed-bed conditions to simulate the
transport and distribution patterns of insoluble pollutants
around permeable spur dikes under varying flow discharge
(Q), porosity (P), and pore size (R). It should be noted
that the experiments have the following limitations:
(i) Simplified inflow and sediment conditions. The
experiments were conducted under clear-water, steady-
flow conditions, excluding sediment-laden flows, mixed-
pollutant scenarios, or unsteady flow conditions. Therefore,
they cannot reflect the effects of flow nonstationarity,
sediment-pollutant coupling, or flocculation processes.
(ii) Simplified bed morphology. The fixed-bed setup
cannot simulate the scour and deposition dynamics of
the riverbed near the spur dike, neglecting interactions
between bedform changes and pollutant resuspension. (iii)
Single-mode pollutant release. Pollutants were introduced
via point-source releases, without accounting for areal
sources or multiple-source diffusion scenarios, thus failing
to fully represent pollutant input characteristics in natural
rivers.

These limitations imply that the research findings are
mainly applicable for explaining the instantaneous spatial
distribution patterns of particulate pollutants under
controlled hydrodynamic conditions. When applying
them to real-world river engineering, corrections and
validation should be conducted using long-term prototype
hydrological records and more complex field conditions.

The limitations of our approach include: (i) dyed quartz
sand does not possess the biochemical properties of real
organic particles and thus cannot reflect flocculation or
biodegradation processes; (ii) the density and shape of
quartz sand differ slightly from those of natural materials,
which may affect the critical incipient velocity and settling
process. Given that the results of this study primarily reflect
the patterns of particulate pollutant spatial distribution
driven by hydrodynamic conditions—without examining
particle changes driven by biological or chemical
processes—and that the quartz sand used has a relatively
small particle size, the interpretation of results is limited
to hydrodynamic influences on particulate pollutant
distribution. Therefore, this experimental approach is
considered appropriate.

3.5. Significance for ecological spur dike design

The experimental results show that the porosity and
pore size of permeable spur dikes markedly regulate
pollutant concentrations on the downstream slope and in
the recirculation zone behind the dike, while the impact
on the upstream slope is relatively weak. The following
recommendations can be considered in ecological spur
dike design:

(i) Higher porosity and larger pore size enhance the
permeability of the dike and the over-dike jet
effect, leading to more pollutants flowing into the
downstream slope and recirculation zone. However,
the downstream slope is subject to dual effects of
seepage flow under the dike and free surface flow,
making it difficult for pollutants to accumulate there.
In contrast, the downstream recirculation zone has a
lower flow velocity, and pollutants are easily captured
by low-velocity vortices, thereby increasing the risk of
pollutant accumulation in the recirculation zone.
Lower porosity and smaller pore size weaken the
permeable channel effect, reducing pollutant entry
into the downstream slope and recirculation zone,
which helps protect downstream fish habitats and
water quality, but may lead to increased deposition
on the upstream slope and localized pollutant
enrichment.

(iii) Flow regulation can serve as a supplementary measure:
by lowering peak flows during specific seasons or
ecologically sensitive periods, the transport and
accumulation of pollutants in the recirculation zone
can be reduced.

(ii)

Therefore, in ecological navigation channel and river
restoration projects, designers can select appropriate
combinations of porosity and pore size based on the
target habitat type and pollution control needs, in
conjunction with riverbed morphology and upstream
flow characteristics, to balance structural stability,
hydrodynamic exchange, and habitat quality. For example,
to reduce pollutant accumulation in downstream fish
habitats (located in the recirculation zone), a spur dike
configuration with 15% porosity and a pore size of 0.5 m
can be adopted. If the goal is to promote water exchange
and material cycling in the reach, porosity and pore size
can be increased moderately, but attention must be paid to
the stability of the structure itself.

4, Conclusion

A flume generalized model was used. It investigated key
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factors affecting pollutant transport near spur dikes. These
factors included flow discharges, porosity, and pore size.
The key findings are as follows:

(i) When pore size and porosity are identical, pollutant
concentration on the upstream slope of the spur
dike and in the recirculation zone behind the dike
is negatively correlated with flow discharge, while
pollutant concentration on the downstream slope is
positively correlated with flow discharge. Overall,
concentrations in the recirculation zone are about
8-10% higher than those on the downstream slope,
and about 15-18% lower than those on the upstream
slope.

(i) When flow discharge and pore size are identical,
pollutant concentration on the upstream slope
is negatively correlated with porosity, whereas
pollutant concentrations in the downstream slope
and recirculation zone are positively correlated
with porosity. Under the same conditions, average
pollutant concentration in the downstream slope
is about 16% lower than the concentration before
passing through the spur dike, and the difference
between the recirculation zone and downstream slope
concentrations is minimal.

(iii) When flow discharge and porosity are identical,
pollutant concentrations on both upstream and
downstream slopes are negatively correlated with pore
size, while concentrations in the recirculation zone are
positively correlated with pore size. Overall, pore size
has a greater impact on pollutant concentrations on
the downstream slope and in the recirculation zone,
and a smaller impact on the upstream slope.

(iv) Pollutant concentrations downstream of and within
the recirculation zone behind a permeable spur dike
are influenced not only by hydraulic conditions but
also closely related to structural parameters (porosity
and pore size). Variations in flow discharge mainly
affect concentration distribution by altering the
transport rates and pollutant residence times in water,
while porosity and pore size modulate permeability
and local flow velocity, thereby influencing the extent
to which pollutants enter or remain in specific zones.

Therefore, in the design of ecological spur dike projects
for navigation channels, porosity and pore size can be
optimized to control downstream pollutant accumulation
while maintaining structural stability, thereby balancing
hydrodynamic exchange and habitat quality.
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