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Abstract: Groin type and vegetation in groin fields directly affect flow field, bank protection, and
river evolution. Many studies focus on fixed-bed contexts, but there are few studies on the influence
of riverbed changes on hydrodynamic characteristics around groins. In this study, three types of
groins are investigated experimentally in fixed and mobile beds in terms of time-averaged flow
characteristics, turbulence characteristics, and bed changes. In both fixed- and mobile-bed experi-
ments, vegetation reduced erosion of the groin field and main stream. Compared with the fixed-bed
experiment, the velocity in the main stream was decreased in the mobile-bed experiment, and the
longitudinal turbulence intensity and lateral momentum exchange were increased. In this study,
an improved three-dimensional groin group (upstream wing submerged T-shaped groin group)
produced a lower sediment scouring capacity, average scour depth, and entrainment coefficient k
than I-shaped and T-shaped groin groups.

Keywords: groin group; groyne group; vegetation; flow structure; riverbed evolution; mass exchange

1. Introduction

Groins, often arranged along a riverbank, are commonly used to regulate river struc-
ture. They narrow the riverbed, adjust the flow, protect the riverbank, enrich the river
habitat, and improve the navigability of the main channel [1–6]. Groins consist of three
parts: the groin head, groin body, and groin root.

Groins modify flow characteristics in the local range to increase local velocity. A
series of hydrodynamic phenomena—including separation, vortexes, and diving—occur at
the head of the groin, the waterward side of the groin body, and the leeward side of the
groin, producing strong three-dimensional characteristics and a complex flow structure [7,8].
Backflow forms in the area between successive groins, known as the stagnant water area; the
velocity in this region is generally 25–30% of the main stream velocity [9]. The low velocity
in the stagnant water area promotes sediment deposition [10–13], extending nutrient
retention times and providing a good habitat for aquatic organisms [14,15]. Some emergent
plants grow easily in stagnant water areas and may purify the water [16].

The earliest groins were I-shaped. A horseshoe vortex (HSV) is formed near a groin,
and a fully turbulent dynamic shear layer (DSL) is formed at the interface between the main
stream and the recirculation zone. There is a large recirculation zone on the downstream
side of the groin [17]. L-shaped and T-shaped groins have also been widely studied [18–20].

Groin shape leads to different characteristics. For example, the scour depth of an
L-shaped groin is smaller than that of an I-shaped groin, with the potential to increase
sediment deposition behind the groin [21]. An L-shaped groin can reduce the eddy current
disturbance more than an I-shaped groin [22]. A stable vortex is formed in the space
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surrounded by the groin wing and the groin body upstream of a T-shaped groin, which
reduces the velocity at the groin head [23].

Transverse hydrodynamic exchange between the main stream and the groin field—the
space between groins—is of concern as it has an important influence on the transverse
exchange of sediment, inorganic salts, and other substances. Given the shallowness of
most rivers and the strong shear between the main stream and the groin field, mixing is
dominated by two-dimensional large coherent structures (2DLCS) [24,25], and the lateral
exchange mechanism is affected by the groin structure [26]. The low velocity in groin
fields can promote the deposition of some nutrients, and appropriate growth conditions in
stagnant water areas would breed a certain number of emergent plants (e.g., reed, cattail,
etc.) [27]. Evolution of coherent eddies is suppressed by vegetation in the groin field, with
a distinct decrease in the eddy scale. In addition, vegetation in the groin field reduces the
circulation velocity in the recirculation zone, and changes the dual-circulation structure
into a single-circulation structure [28].

In previous studies, plane two-dimensional groins (such as I-shaped groins) were
usually used to study their flow field characteristics, mass exchange, sediment erosion
and deposition, and fixed beds and mobile beds were used to study the bed type indepen-
dently [14,21,25,29]. In this study, the time-averaged flow characteristics, turbulent flow
characteristics, detailed bed elevation, and lateral mass exchange of three-dimensional
groin groups are measured and compared in detail in fixed-bed and mobile-bed experi-
ments. Compared with straight rivers, secondary flow would occur in curved rivers due to
centrifugal force. In addition, scouring of the concave bank and deposition of the convex
bank would also occur. Therefore, engineering measures such as groins are often required
to protect the concave bank. In addition, natural rivers are often bent, so our experiments
are mainly focused on bends [23]. The research objective is to evaluate the influences of
groin type (especially three-dimensional groin groups) and bed properties on the flow-field
characteristics, which would provide reference for groin design in engineering.

2. Hydraulic Model

The experiments were conducted at Sichuan University State Key Laboratory of Hy-
draulics and Mountain River Engineering. The main channel consisted of a 3 m upstream
straight, a 60◦ channel bend with a centerline radius bend (Rc) of 2.8 m, and a 2 m down-
stream straight reach. The flume was 8 m long, 0.4 m wide, and the longitudinal slope (i)
was 0.001. There were pumps, inlet forebays, and energy dissipation grids at the upstream
end, and a triangular weir at the downstream end. The groin group was arranged on the
outer bank of the bend, with a length (L) of 0.08 m and a thickness of 0.01 m. The interval
between successive groins was three times the groin length, and the second groin was
located at a 15◦ central angle. The release point is located downstream of the two groins;
therefore, the release process of inorganic salt solution at the release point approximated
the inorganic salt release process under the groin group flow conditions (Figure 1a). In the
experiment, the velocity was measured in the groin field (0 < N/L < 1), at the head of the
groin (N/L = 1), and in the main stream (N/L > 1) (Figure 1a).

Presently, the height of the T-shaped groin wings on both sides of the upstream and
the downstream is the same. In the study of I-shaped groin, it was found that if the angle
between the groin axis and the downstream bank of the groin was blunt and the groin was
not submerged, the flow pattern near groin head was disordered and the riverbed erosion
was serious [30]. We improved the shape of a T-shaped groin, with the upper groin wing
partially sub-merged and the lower groin wing partially non-submerged; we refer to this
as an up-stream wing submerged T-shaped groin (ST) (Figure 1b). Due to the limitation
of velocity measurement in groin fields under conditions of high-density vegetation, the
rigid vegetation in the groin field was simulated by acrylic rods of diameter 5 mm, and
the spacing of the vegetation layout was 2 cm as shown in Figure 1c. All vegetation in the
experiment was non-submerged. The experiment considered 12 groups, summarized in
Table 1.



Water 2022, 14, 2265 3 of 15

Water 2022, 14, x FOR PEER REVIEW 3 of 16 
 

 

limitation of velocity measurement in groin fields under conditions of high-density vege-
tation, the rigid vegetation in the groin field was simulated by acrylic rods of diameter 5 
mm, and the spacing of the vegetation layout was 2 cm as shown in Figure 1c. All vegeta-
tion in the experiment was non-submerged. The experiment considered 12 groups, sum-
marized in Table 1. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 1. Experimental arrangements: (a) planar shaped parameters related to the experimental 
flume and measuring point arrangement (T-shaped groin as an example. The black circle represents 
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Figure 1. Experimental arrangements: (a) planar shaped parameters related to the experimental
flume and measuring point arrangement (T-shaped groin as an example. The black circle represents
the velocity measurement point; the inorganic salt solution release point is represented by the red
box in the middle bank of the second and third groins. ‘CS’ is the abbreviation of ‘Cross Section’);
(b) Types of groins (From left to right is I-shaped groin (I), T-shaped groin (T), Upstream Wing
Submerged T-shaped Groin (ST)); (c) Vegetation arrangement in groin field; (d) Experimental flume.



Water 2022, 14, 2265 4 of 15

Table 1. Experimental Series.

Types of Groynes Bed Properties Case No.

I
Fixed

1–1
1–2 *

Mobile
2–1

2–2 *

T
Fixed

1–3
1–4 *

Mobile
2–3

2–4 *

ST
Fixed

1–5
1–6 *

Mobile
2–5

2–6 *
Note: * indicates that there is vegetation in groin field. Abbreviation: No.: number.

Experimental parameters, including flow conditions and the median sediment size d50,
are presented in Table 2. The duration of each test case is 35 h. For simplicity, the critical
velocity of sediment was used rather than the critical Shields shear stress as the criterion
for sediment incipient motion, as defined in Equation (1) [30]. The ratio of the approaching
flow velocity U0 to the critical sediment velocity vc was 90.0%.

vc =

(
H

d50

)0.14
√

17.6
γs − γ

γ
d50 + 0.000000605

10 + H
d0.72

50
(1)

where vc is the critical velocity of the sediment (m/s); d50 is the median diameter of the
sediment particles (m); H is the approaching flow depth (m); and γs and γ represent the
unit weights of the sand and water, respectively (kN/m3).

Table 2. Summary of experimental parameters.

Q (m3/s) Fr H (m) Rc/W d50 (m) d84/d50 γs (kN/m3) γ (kN/m3) U0 (m/s) vc (m/s) U0/vc

0.00605 0.21 0.08 7 0.00015 1.1 25.8 9.8 0.189 0.21 90.0%

As U0/vc < 1, the sediment is essentially stable upstream of the flume; the velocity
increases in the bend section of the groin due to reduction of the flow cross-section to
achieve clear water scouring.

The Vectrino Profiler, produced by Nortek Company, was used to measure the velocity
from the middle to the bed, and the lateral single-point Doppler velocimeter Vectrino Plus
was used to measure the surface velocity. The Vectrino Profiler consists of a downward-
looking measurement probe with a blind area of 4 cm, a signal regulator, and a signal
processor. It can measure the velocity over a distance of 3 cm, with a minimum layer thick-
ness of 1 mm, an accuracy of ±1%, and a sampling frequency of 100 Hz. The Vectrino Plus
has a 5-cm blind-side-view probe, a signal regulator, and a signal processor. It measures the
single-point velocity with an accuracy of±0.5%, a measurement precision of±1 mm/s, and
a sampling frequency of 200 Hz. For velocity measurement, 3000 samples were collected
at each measuring position. Some researchers exclude values with a correlation below
70% and SNR below15 dB [31,32]. We discarded velocity sample data with correlation and
SNR less than 70% and 30 dB, respectively, and used the phase space threshold method to
remove suspicious peaks [33].

An RIEGL VZ400 laser scanner [34] was used to scan topographic elevation data. The
maximum distance was 600 m, and the single-point scanning accuracy at 100 m was 2 mm.

Planar concentration analysis (PCA), commonly known as the grayscale method for
optically measuring concentration, was used to measure the average concentration of a
soluble tracer in the water depth via video image analysis [29]. In the experiment, the
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concentration was determined by photographing the water in the target area (CS01–CS20)
and comparing the gray value of the image with a standard sample to obtain the depth-
averaged concentration. In each experiment, 10 mL of 0.1 mol/L (15.8 g/L) potassium
permanganate solution was released instantaneously on the bank. The release process
ensured that the solution interfered minimally with the flow field and mixed quickly in the
vertical direction of water depth.

Images were captured using a Sony HD 4K FDR-AX60 camera with a frame rate of
30 fps. To prevent interference by external light, the experiment flume was covered with
a black shading cloth during calibration and the experiment. The initial image size was
2160 pixels × 3840 pixels, and was reduced to 216 pixels × 384 pixels by averaging regions
of 10 pixels × 10 pixels to simplify the function-fitting calculations, and to suppress outliers
and random noise.

Concentration was modeled as a function of pixel gray value according to Equation (2),
fitted through eight groups of calibration experiments. The calibration experiment is to add
a certain concentration of solution into the water and mix it evenly, and then take a camera
to obtain the corresponding relationship between the concentration value and the image
gray value. Figure 2a shows the calibration curve-fitting of a pixel; Figure 2b shows the
calibration curve-fitting R2 distribution for all pixels. The calibration curves for all pixels
have a high degree of fit over the entire experiment area, except near the flume bank.

y = axb + c (2)

where x is the gray value of the image, and y is the concentration.
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3. Results and Discussion
3.1. Velocity Distribution

To address high velocity and severe erosion near the outer bank, groin groups are
expected to adjust stream flow from the outer bank to the middle of the bend. Thus, the
velocity distribution should be considered.

Figure 3 shows the velocity distribution of a typical cross section. The velocity was
significantly greater in the main stream than in the groin field; the groin field produced
backflow. There was a large flow–velocity gradient in the region, 1–2 times the length of
the groin (1 < N/L < 2) from the side wall, in the strong-shear zone. The velocity in the area
outside N/L > 2 was essentially the same along the transverse direction.
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In the fixed-bed experiment, with vegetation in the groin field, the velocity in this
region decreased; the velocity distribution in the main stream was essentially unchanged,
indicating that the influence of vegetation on the flow field of the groin group was con-
centrated in the groin field. In the mobile-bed experiment, vegetation did not decrease
the velocity in the groin field, mainly because the scouring depth of the groin field was
greater without vegetation (Figures 3 and 10a), resulting in an increase in water depth and
a decrease in velocity. Due to riverbed erosion, the streamwise velocity in the main stream
(N/L > 2) was significantly less than that in the fixed-bed experiment (Figures 3 and 10d).
The transverse velocity distributions vary greatly among the different conditions. In the
mobile-bed experiments, vegetation affects the flow-field structure of the groin field and
the main stream by affecting riverbed erosion.

The velocity at the groin head reflects the ability of the flow to scour the bed surface to
some extent, and has an important influence on the groin body’s ability to protect itself.
Figure 4 shows the streamwise velocity at the heads of all four groins. The streamwise
velocity at the head of the groin in the fixed-bed experiment is shown in Figure 4a. Under
all conditions, the streamwise velocity is highest at the first groin, lowest at the second
groin, and gradually increasing at the third and fourth groins. The velocity at the head of
the first groin in the ST group is 1.21 U0, slightly greater than in I (1.16 U0), and significantly
less than in T (1.38 U0). The vegetation in the groin field has no effect on the velocity at the
head of the first groin, but inhibits the velocity at the heads of the second, third, and fourth
groins downstream. The velocity at the groin head in the mobile-bed experiment is shown
in Figure 4b, reduced by the overall scouring of the riverbed. Due to the diversity of bed
changes, the velocity distribution at the groin head is more complex.
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3.2. Turbulence Velocity Distributions

Turbulence intensity reflects the velocity fluctuation of liquid particles and is calcu-
lated as the root-mean-square fluctuating velocity, hence the relative intensity given by
Equation (3):

Tu =

√
u′2

U0
(3)

where u′ is the fluctuating velocity, and U0 is the average velocity of the approaching flow
section (0.189 m/s).

The velocity and turbulence intensity in the mainstream direction are usually dominant
in the three velocity directions, so the turbulence analysis only focuses on the mainstream
direction. The longitudinal turbulence intensity distribution of a typical cross-section is
plotted in Figure 5. In the fixed-bed experiment, the peak longitudinal turbulence intensity
of each cross-section is concentrated in the area 1–2 times the length of the groin from
the side wall (1 < N/L < 2). The groin type and the vegetation in the groin field do not
significantly change the longitudinal turbulence intensity distribution. In the mobile-bed
experiment, the high longitudinal turbulence intensity region (Tu > 0.2) was above 1.5L,
compared with 1L in the fixed-bed experiment.
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3.3. Reynolds Shear Stress τuv

Reynolds shear stress τuv, which occurs between flow layers, reflects the intensity of
transverse momentum exchange between the layers. Figure 6 shows the Reynolds shear
stress distribution of a typical section. In the fixed-bed experiment, the shear stress value in
the area beyond twice the groin length (N/L > 2) was almost zero; the transverse momentum
exchange occurred mainly in the area from 1–2 times the groin length (1 < N/L < 2). The
groin type and vegetation in the groin field do not significantly affect the Reynolds shear
stress distribution. In the mobile-bed experiment, the range of the high Reynolds shear
stress zone (τuv/ρ > 2 × 10−4 m2/s2) was not less than 1.5L, indicating that the range of
transverse momentum exchange was greater than 1L.
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The Reynolds shear stress distribution is consistent with the cross-sectional velocity
distribution. In the fixed-bed experiment, the large positive Reynolds shear stress in the
region 1 < N/L < 2 indicates that the streamwise velocity u in this region had a large velocity
gradient along the transverse direction here (Figure 3), i.e., that the fluid in the main stream
was transferring energy to the fluid in the groin field. In the mobile-bed experiment, the
Reynolds shear stress direction alternated along the transverse direction, indicating the
complexity of velocity variation and the bidirectional energy transfers between the main
stream and the groin field.

3.4. Mass Exchange between Groin Field and Main Stream

As vegetation and variations in the bed surface affect the accuracy of inorganic salt
concentration measurements, this study only analyzed the variation in inorganic salt con-
centration in groin fields without vegetation in the fixed-bed experiment. Figure 7 shows
the temporal evolution of the average inorganic salt concentration released in a groin field
without vegetation. To ensure the reliability of the concentration measurement data, only
concentrations within the calibration range were considered; a reference concentration of
C0 = 30 mg/L was used for dimensionless calculation. Weitbrecht et al. [25] demonstrated
that, if a certain concentration of dissolved substance was uniformly released at each point
in the entire groin field at the initial time, 90% of the substance would decay exponentially
at a constant decay rate. Although dissolved substances in this experiment were released
instantaneously at a single point, as shown in Figure 7, the distribution of inorganic salt con-
centration does decay exponentially. Thus, the decay rate for 90% of the exchange follows a
first-order process. The noise in the measurement is increased at low concentrations [25].
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The classic dead-zone model [29,35,36] considered the exchange between the groin
field and the main stream as a first-order process (Figure 8). The mass conservation equation
for dissolved tracers in the groin field is expressed as

dM
dt

= −EhES(CD − CS) (4)

where M is the mass of the dissolved tracer in the groin field; E is the entrainment velocity
entering the main stream along the interface between the groin field and the main stream;
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hE is the interface water depth; CD and CS are the concentrations in the groin field and main
stream, respectively; S is the spacing between groins. Valentine and Wood [36] proposed
that entrainment velocity E is proportional to main stream velocity U:

E = kU (5)

where k is the dimensionless entrainment coefficient. Substituting Equation (5) and the
tracer mass M = CDSLhD into Equation (4) yields the general dead-zone model:

dCD
dt

= −KD(CD − CS) (6)

KD =
kUhE
LhD

(7)

where L is the length of the groin; hD is the average water depth of the groin field, and
KD is the exchange coefficient, of dimension [1/T]. There are currently two methods for
calculating the dimensionless entrainment coefficient k. One of these determines the
entrainment velocity directly from transverse velocity data at the interface between the
groin field and the main stream. Xiang et al. [28] demonstrated that this method yields a
result greater than the actual exchange coefficient because some of the fluid at the interface
does not participate in the mass exchange between the groin field and the main stream. The
other method for calculating the entrainment coefficient uses the concentration attenuation
process line in the groin field measured in the experiment, and was used in this study.
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Figure 8. Exchange model between groin field and main stream.

In the experiment, the concentration CS in the main stream was zero. From the
Equation (5) integral:

log10(CD/C0) = −0.434KDt + A (8)

where A is a constant of integration. The river transient storage model [37] refers to the
transient storage of solute when the solute passes through areas such as the low-velocity
zone on the bank. In this study, that transient storage area is the low-velocity zone on the
outer bank. Harvey et al. [38] proposed an index to evaluate the transient storage capacity
of the solute in the transient storage area.

LD = Q/(αA) (9)

TD = AD/(αA) (10)

where LD is the characteristic exchange length, representing the average distance of solute
movement in the main stream before entering the transient storage area (m); Q is the
discharge of approaching flow (m3/s); α is the exchange coefficient between the main
stream and the transient storage area (s−1); A is the cross-sectional area of approaching
flow (m2); AD is the section area of the transient storage area (m2); and TD is the character-
istic residence time, indicating the average residence time of solute in the transient storage
area (s).
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From the exchange coefficient KD, the exchange coefficient α can be calculated using
Equation (11).

α =
KD AD

A
(11)

Figure 9 shows the dimensionless entrainment coefficient k and transient storage ca-
pacity indexes LD and TD for the solute in the groin field. The accuracy of the dimensionless
entrainment coefficient k calculated in this experiment is consistent with experimental
results of other researchers [25] for groin group I (0.012–0.051); they have the same order of
magnitude. The entrainment coefficient k for ST is 28% less than that for I, and 11% less
than that for T. The inorganic salt concentration in the groin field for ST is less than that for
T from 40–60 s, indicating that, from 0–40 s, the decay of inorganic salt in the groin field
is greater for ST. Before reaching a constant decay rate, the inorganic salt concentration
decay process with single-point instantaneous release at the side wall is different from that
with uniform release in the entire groin field. According to the calculation results of the
river transient storage model, the transient storage capacity for ST for dissolved KMnO4 is
slightly greater than that for T and significantly greater than that for I.
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3.5. Change in Bed Topography

The bed topography in the mobile-bed experiment changed due to the approaching
flow. The change in bed elevation can be directly used to evaluate the revetment effect of
the groin group. Figure 10 shows the longitudinal profile of the bed surface. The results
indicate that the scour is concentrated near the first groin head, and the scour depth is
significantly greater than at the three groin heads downstream.

With no vegetation in the groin field, the greatest scour depth at the first groin head
occurred in ST, followed by T and I. The scour depth at the first groin head for ST was
1.45H (H = groin height), slightly deeper than for I (1.24H) and for T (1.35H). For the second
groin head, the scour depths for the three groin types were all approximately 0.48H. For the
third and fourth groins, the scour depths for ST were less than 0.1H, significantly less than
for T (0.7H and 0.8H) and for I (0.85H and 0.55H). The scour area fraction (ratio of scour
area to groin field area) for ST (CS04–CS20, N/L < 1) was 0.47, less than for I (0.64) and
T (0.73). The sediment scouring capacities for ST and T (CS04–CS20, N/L < 1) were 36%
and 98% that of I, respectively. The average scour depth was 0.21H for ST, compared with
0.4H for I and 0.36H for T. It has been reported that redistribution of sediment is affected
by lateral mass exchange between the main stream and the groin field (Zhou et al., 2021).
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In the fixed-bed experiment, the dimensionless entrainment coefficient k was smaller for ST
than for I and T, indicating that sediment exchange between the main stream and the groin
field was smallest in the mobile-bed experiment, confirming that the scour area fraction,
sediment scouring capacity, and average scour depth in the groin field were smaller for ST
than for I and T.
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With vegetation in the groin field, the erosion depths for I and T were significantly
reduced through the reduction in velocity. However, the erosion depth behind ST increased
with vegetation in the groin field (Figure 10b,c), possibly due to a change in the vortex
structure for ST. With vegetation in the groin field, the erosion in the main stream was also
reduced due to a significant decrease in the main stream velocity (Figure 10d).

Natural rivers usually correspond to the mobile bed experiment conditions, and the
changes in bed topography are complex and diverse. Under this condition, the velocity,
turbulence intensity and Reynolds shear stress distribution were affected by the riverbed
changes, making the changes of them more complex, which would bring challenges to our
prediction in engineering.

4. Conclusions

This study investigated the influences of groin group types and vegetation in groin
fields on flow-field characteristics and riverbed erosion under different riverbed conditions
using a curved-flume model. The following conclusions are drawn:

(1) In the fixed-bed experiment, vegetation reduces the velocity in the groin field; the
velocity fluctuation amplitude in the area outside twice the groin length (N/L > 2)
is less than 0.12U0. In the mobile-bed experiment, vegetation reduces erosion of the
groin field and main stream, affecting their flow-field structures; the average velocity
fluctuation amplitude in the area outside twice the groin length (N/L > 2) is 0.25U0.

(2) The fixed-bed and mobile-bed experiments yield different results. The main-stream
velocity in the mobile-bed experiment decreases due to evolution of the riverbed;
however, the longitudinal turbulence intensity and lateral momentum exchange
are increased.
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(3) Compared with I-shaped and T-shaped groins, the scour area in the groin field
(CS04–CS20, N/L < 1) for ST is reduced by 26% and 36%, the sediment scouring
capacity is reduced by 64% and 63%, and the average scour depth is reduced by 48%
and 42%, respectively.

(4) The groin type has a substantial impact on the mass exchange between the main
stream and the groin field. The entrainment coefficient k is 28% smaller for ST than
for I-shaped groins, and 11% smaller than for T-shaped groins. The transient storage
capacity of dissolved KMnO4 is slightly larger for ST than for T-shaped groins, and
significantly larger than for I-shaped groins.

Author Contributions: Conceptualization, J.X. and L.Z.; methodology, J.X. and L.Z.; software, J.X.
and L.Z.; validation, J.X. and L.Z.; formal analysis, J.X.; investigation, J.X., L.Z., Y.X., S.H. and
F.Z.; resources, J.X. and L.Z.; data curation, J.X. and L.Z.; writing—original draft preparation, J.X.;
writing—review and editing, J.X. and L.Z.; visualization, J.X.; supervision, L.Z.; project administra-
tion, L.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (Grant
No. 52192673).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank Ruidi Bai for his helpful advice and discussion
about this paper.

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

References
1. O’Shaughnessy, K.A.; Hawkins, S.J.; Evans, A.J.; Hanley, M.E.; Lunt, P.; Thompson, R.C.; Firth, L.B. Design catalogue for

eco-engineering of coastal artificial structures: A multifunctional approach for stakeholders and end-users. Urban Ecosyst. 2020,
23, 431–443. [CrossRef]

2. Bai, R.; Ning, R.; Liu, S.; Wang, H. Hydraulic jump on a partially vegetated bed. Water Resour. Res. 2022, 58, e2022WR032013.
[CrossRef]

3. Bai, R.; Bai, Z.; Wang, H.; Liu, S. Air-water mixing in vegetated supercritical flow: Effects of vegetation roughness and water
temperature on flow self-aeration. Water Resour. Res. 2021, 58, e2021WR031692. [CrossRef]

4. Wang, H.; Bai, Z.; Bai, R.; Liu, S. Self-aeration of supercritical water flow rushing down artificial vegetated stepped chutes. Water
Resour. Res. 2022, e2021WR031719. [CrossRef]

5. Liu, C.; Shan, Y. Impact of an emergent model vegetation patch on flow adjustment and velocity. In Proceedings of the Institution of
Civil Engineers—Water Management; Thomas Telford Ltd.: London, UK, 2022; Volume 175, pp. 55–66.

6. Liu, C.; Shan, Y.Q.; Sun, W.; Yan, C.H.; Yang, K.J. An open channel with an emergent vegetation patch: Predicting the longitudinal
profiles of velocities based on exponential decay. J. Hydrol. 2020, 582, 124429. [CrossRef]

7. Ning, J.; Li, G.-D.; Ma, M. 3D numerical simulation for flow and local scour around spur dike. Chin. J. Hydrodyn. 2017, 32, 46–53.
8. Sarker, S.; Sarker, T.; Raihan, S.U. Comprehensive understanding of the planform complexity of the anastomosing river and the

dynamic imprint of the river’s flow: Brahmaputra river in Bangladesh. Preprints 2022. [CrossRef]
9. Sukhodolov, A.N. Hydrodynamics of groyne fields in a straight river reach: Insight from field experiments. J. Hydraul. Res. 2014,

52, 105–120. [CrossRef]
10. Qin, J.; Zhong, D.Y.; Wu, T.; Wu, L.L. Sediment exchange between groin fields and main-stream. Adv. Water Resour. 2017,

108, 44–54. [CrossRef]
11. Sukhodolov, A.; Engelhardt, C.; Kruger, A.; Bungartz, H. Case study: Turbulent flow and sediment distributions in a groyne field.

J. Hydraul. Eng. Asce 2004, 130, 1–9. [CrossRef]
12. Sarker, S.A. Short review on computational hydraulics in the context of water resources engineering. Open J. Model. Simul. 2021,

10, 1–31. [CrossRef]
13. Sarker, S. Essence of mike 21c (fdm numerical scheme): Application on the river morphology of bangladesh. Open J. Model. Simul.

2022, 10, 88–117. [CrossRef]
14. Engelhardt, C.; Kruger, A.; Sukhodolov, A.; Nicklisch, A. A study of phytoplankton spatial distributions, flow structure and

characteristics of mixing in a river reach with groynes. J. Plankton. Res. 2004, 26, 1351–1366. [CrossRef]
15. Sarker, S.; Veremyev, A.; Boginski, V.; Singh, A. Critical nodes in river networks. Sci. Rep. 2019, 9, 11178. [CrossRef] [PubMed]

http://doi.org/10.1007/s11252-019-00924-z
http://doi.org/10.1029/2022WR032013
http://doi.org/10.1029/2021WR031692
http://doi.org/10.1029/2021WR031719
http://doi.org/10.1016/j.jhydrol.2019.124429
http://doi.org/10.20944/preprints202205.0162.v1
http://doi.org/10.1080/00221686.2014.880859
http://doi.org/10.1016/j.advwatres.2017.07.015
http://doi.org/10.1061/(ASCE)0733-9429(2004)130:1(1)
http://doi.org/10.4236/ojmsi.2022.101001
http://doi.org/10.4236/ojmsi.2022.102006
http://doi.org/10.1093/plankt/fbh125
http://doi.org/10.1038/s41598-019-47292-4
http://www.ncbi.nlm.nih.gov/pubmed/31371735


Water 2022, 14, 2265 15 of 15

16. Liu, H.X.; Lu, Y.J. Experiment of hydraulic structure’s effect on pollutant transport and dispersion. In Proceedings of the 2013 the
International Conference on Remote Sensing, Environment and Transportation Engineering, Nanjing, China, 26–28 July 2013;
Atlantic Press: Amsterdam, The Netherlands, 2013; Volume 31, pp. 135–138.

17. Koken, M.; Constantinescu, G. An investigation of the flow and scour mechanisms around isolated spur dikes in a shallow open
channel: 1. Conditions corresponding to the initiation of the erosion and deposition process. Water Resour. Res. 2008, 44, W08406.
[CrossRef]

18. Ahmad, M. Experiments on design and behavior of spur-dikes. Int. Assoc. Hydraul. Res. 1953, 15, 145–159.
19. Franco, J.J. Research for river regulation dike design. J. Waterw. Harb. Div. 1967, 93, 71–88. [CrossRef]
20. Kadota, A.; Suzuki, K. Local scour and development of sand wave around T-type and I-type groynes. In Proceedings of the 5th

International Conference on Scour and Erosion (ICSE-5), San Francisco, CA, USA, 7–10 November 2010; pp. 707–714.
21. Dehghani, A.A.; Azamathulla, H.M.; Najafi, S.A.H.; Ayyoubzadeh, S.A. Local scouring around L-head groynes. J. Hydrol. 2013,

504, 125–131. [CrossRef]
22. Liu, J.; Tominaga, A.; Nagao, M. Numerical simulation of the flow around the spur dikes with certain configuration and angles

with bank. Hydrosci. Hydraul. Eng. 1994, 12, 85–100.
23. Safarzadeh, A.; Neyshabouri, S.A.A.S.; Zarrati, A.R. Experimental investigation on 3D turbulent flow around straight and

T-shaped groynes in a flat bed channel. J. Hydraul. Eng. 2016, 142, 04016021. [CrossRef]
24. Uijttewaal, W.S.J. Effects of groyne layout on the flow in groyne fields: Laboratory experiments. J. Hydraul. Eng. 2005, 131, 782–791.

[CrossRef]
25. Weitbrecht, V.; Socolofsky, S.A.; Jirka, G.H. Experiments on mass exchange between groin fields and main stream in rivers. J.

Hydraul. Eng. 2008, 134, 173–183. [CrossRef]
26. Zhou, Z.Y.; Ge, J.Z.; van Maren, D.S.; Wang, Z.B.; Kuai, Y.; Ding, P.X. Study of sediment transport in a tidal channel-shoal system:

Lateral effects and slack-water dynamics. J. Geophys. Res. Oceans. 2021, 126, e2020JC016334. [CrossRef]
27. Xiang, K.; Yang, Z. Flow structure and sediment deposition in groyne fields with emerging vegetation. Adv. Eng. Sci. 2021,

53, 85–93.
28. Xiang, K.; Yang, Z.; Wu, S.; Gao, W.; Li, D.; Li, Q. Flow hydrodynamics of the mixing layer in consecutive vegetated groyne fields.

Phys. Fluids 2020, 32, 22. [CrossRef]
29. Uijttewaal, W.S.J.; Lehmann, D.; van Mazijk, A. Exchange processes between a river and its groyne fields: Model experiments. J.

Hydraul. Eng. 2001, 127, 928–936. [CrossRef]
30. Xie, J.H. River Bed Evolution and Regulation; Wuhan University Press: Wuhan, China, 2013.
31. Biron, P.M.; Robson, C.; Lapointe, M.F.; Gaskin, S.J. Comparing different methods of bed shear stress estimates in simple and

complex flow fields. Earth Surf. Processes Landf. 2004, 29, 1403–1415. [CrossRef]
32. Shivpure, V.; Sharm, A.; Kumar, B. Comparison of bed shear stress in plane and curvilinear bed channel using multiple criteria.

Water Resour. 2016, 43, 79–85. [CrossRef]
33. Goring, D.G.; Nikora, V.I. Despiking acoustic doppler velocimeter data. J. Hydraul. Eng. 2002, 128, 117–126. [CrossRef]
34. Boeder, V.; Kersten, T.P.; Hesse, C.; Thies, T.; Sauer, A. Initial experience with the integration of a terrestrial laser scanner into the

mobile hydrographic multi sensor system on a ship. In Proceedings of the ISPRS Workshop, Istanbul, Turkey, 11–13 October 2010;
pp. 1–8.

35. Gooseff, M.N.; LaNier, J.; Haggerty, R.; Kokkeler, K. Determining in-channel (dead zone) transient storage by comparing solute
transport in a bedrock channel-alluvial channel sequence, Oregon. Water Resour. Res. 2005, 41, W06014. [CrossRef]

36. Valentine, E.M.; Wood, I.R. Experiments in longitudinal dispersion with dead zones. J. Hydraul. Div. 1979, 105, 999–1016.
[CrossRef]

37. Bencala, K.E.; Walters, R.A. Simulation of solute transport in a mountain pool-and-riffle stream—A transient storage model.
Water Resour. Res. 1983, 19, 718–724. [CrossRef]

38. Harvey, J.W.; Wagner, B.J.; Bencala, K.E. Evaluating the reliability of the stream tracer approach to characterize stream-subsurface
water exchange. Water Resour. Res. 1996, 32, 2441–2451. [CrossRef]

http://doi.org/10.1029/2007WR006489
http://doi.org/10.1061/JWHEAU.0000518
http://doi.org/10.1016/j.jhydrol.2013.09.020
http://doi.org/10.1061/(ASCE)HY.1943-7900.0001144
http://doi.org/10.1061/(ASCE)0733-9429(2005)131:9(782)
http://doi.org/10.1061/(ASCE)0733-9429(2008)134:2(173)
http://doi.org/10.1029/2020JC016334
http://doi.org/10.1063/5.0006317
http://doi.org/10.1061/(ASCE)0733-9429(2001)127:11(928)
http://doi.org/10.1002/esp.1111
http://doi.org/10.1134/S0097807816010140
http://doi.org/10.1061/(ASCE)0733-9429(2002)128:1(117)
http://doi.org/10.1029/2004WR003513
http://doi.org/10.1061/JYCEAJ.0005265
http://doi.org/10.1029/WR019i003p00718
http://doi.org/10.1029/96WR01268

	Introduction 
	Hydraulic Model 
	Results and Discussion 
	Velocity Distribution 
	Turbulence Velocity Distributions 
	Reynolds Shear Stress uv 
	Mass Exchange between Groin Field and Main Stream 
	Change in Bed Topography 

	Conclusions 
	References

