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a b s t r a c t 

The flow field near a spur dike such as down flow and horseshoe vortex system (HVS) are susceptible to the 

topographic changes in the local scouring process, resulting in variation of the sediment transport with time. In 

this study, large eddy simulations with fixed-bed at different scouring stages were conducted to investigate the 

changes in flow field. The results imply that the bed deformation leads to an increase in flow rate per unit area, 

which represent the capability of sediment transportation by water, in the scour hole. Moreover, the intensity of 

turbulent kinetic energy and bimodal motion near the sand bed induced by the HVS were also varied. However, 

the peak moments between the two sediment transport mechanisms were different. Hence, understanding the 

complex feedback mechanism between topography and flow field is essential for the local scour problem. 
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Spur dike is a widely used hydraulic structure in river training

rojects, which can protect riverbanks, maintain the channel depth and

romote the diversity of the aquatic environment by the deflection and

ontraction to the incoming flow [1–2] . However, the complex hydraulic

ynamics and local scour phenomenon brought by the construction of

he spur dike affect the stability of the structure itself, which may cause

amage at excessive scour depth [3] . Therefore, lots of researchers had

onducted experimental and numerical studies on the local scour prob-

em near the spur dike[ 4 , 5 ] to find the main factors which contribute

o the sediment transport. In general, the increased flow rate per unit

idth, the down flow in front of the spur dike and the horseshoe vortex

ystem (HVS) are the three main factors prompting the scour. Among

hese, the narrowing of the river channel by the spur dike increases the

ow velocity near the head, which implies that the increase in scour

apacity by the water flow, is the direct factor that initiates local scour.

eanwhile, some of the blocked water was diverted to rush the riverbed,

nown as the down flow. Unlike the general sediment transport, which

s caused by the shear stress between the two layers of water and sand,

own flow could agitate the sand layer by direct collision between the

ater and the sediment. As for the HVS, it could enhance the sand trans-

ort capacity of the water by inducing complex vortex-flow in the near-

ed region[ 6 , 7 ]. And the mechanism is the internal turbulence intensity

n the vortex-flow was higher than the surroundings which is capable

f pushing the sediment particles due to the strong turbulent stresses at

he bed surface [8–10] . 

In general, local scour is a complex phenomenon formed under the

ombined action of several main flow patterns. The flow field and the
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nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/
opography are closely related, so the deforming river bed forced the

ow to change accordingly until a dynamic equilibrium between the

ater and the bed was reached. Biron et al. [4] , in their study of the

hree-dimensional flow structure near the spur dike, pointed out that

nderstanding the interaction mechanism between topography and hy-

rodynamic properties is extremely important for understanding the lo-

al scour problem. However, there is a lack of studies on the evolu-

ionary patterns of the main flow structures causing scour during topo-

raphic changes and their effects on sand transport over time. Unger

t al. [11] and Guan et al. [12] conducted experimental studies on the

volution of the HVS during the development of the scour hole. The re-

ults show that the primary vortex of the HVS temporarily disappeared

uring the initial scouring stage of rapid topographic change due to the

eflection of the down flow. According to the experimental results of jet

couring, Si et al. [13] pointed out that there is a special stage during

ocal scouring process in which the mean turbulent kinetic energy of

he main vortex in the flow field was weakened to the smallest value

nd then gradually recovered with the further enlargement of the scour

ole. All of the above studies suggest that there is a significant effect of

opographic changes on the original flow field. And the main flow struc-

ure may have undergone a phase when the strength or energy of the

ow reached the peak value before the scour reached the equilibrium

tate. 

Numerical techniques that can capture the dynamics of the three-

imensional flow have been used by Koken et al. [10] to understand the

echanism of sediment transport near an in-stream structure with the

mposed scour hole obtained from experiment. Their results show that
rch 2024 
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Fig. 1. (a) Schematic diagram of the recirculation flume. (b) Topographic measurement range. (c) Flow velocity measurement cross section. 

n  

m  

v  

t  

s  

t  

c  

o  

w  

a  

w

 

b  

T  

fl  

w  

v  

t  

g  

t  

t  

l  

l  

t  

t  

w  

e  

t  

i  

d

 

w  

T  

o  

v  

w  

g  

t  

t  

Table 1 

Experimental conditions. 

Case U0 (m ·s- 1 ) d (m) Re T (min) 

C1 0.155 0.2 3 . 1 × 10 4 30 

C2 0.155 0.2 3 . 1 × 10 4 80 

C3 0.155 0.2 3 . 1 × 10 4 150 

C4 0.155 0.2 3 . 1 × 10 4 3000 
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umerical calculations based on experimental topography can provide

ore realistic and accurate flow field data. This makes it possible to

isualize the HVS and characterize their shapes and positions relative

o the bed. In this study, the scoured bed in the initial and equilibrium

tages of a non-emerged single spur dike was investigated experimen-

ally. Then the corresponding fixed bed large eddy simulations were

ompleted using the measured topographic data. Finally, the evolution

f the flow field near the spur dike during the local scouring process

ere compared based on the numerical results. And the dynamic char-

cteristics of the major flow structures, such as the down flow and HVS,

ere analyzed. 

The clear water scouring experiments were carried out in a 13 m long

y 1 m wide glass flume, as shown in Fig. 1 (a), at Sun Yat-sen University.

he circulation system used for the continuous scouring consists of the

ume, a water reservoir and four inverter pumps. Curved deflector and

ave suppressor are installed at the inlet to create a stable outflow. Four

ariable frequency controllers are used to regulate the pump to achieve

he target flow rate and the end of the flume is fitted with an adjustable

ate to control the water depth. A 10 m long guide rail is installed next to

he flume and a sliding platform could move the measuring instruments

hrough the rail to the designated location. The scour test section was

ocated 6 m downstream of the inlet and was 1 m long with a sand

ayer of 0.2 m thickness. The rest area within the flume was padded at

he bottom using an acrylic sheet to a height of 0.19 m. Then a 0.01 m

hick layer of sand was placed on the surface of the sheet so that it

as flush with the surface of the sand layer in the test section. A non-

merged rectangular vertical spur dike was placed 0.2 m downstream of

he start position of the test section, and the structure was 0.08 m wide

n the direction of the incoming flow and 0.2 m long in the transversal

irection. 

All the cases in the experiment had the same incoming velocity U and

ater depth d , differing only in the scouring time, as shown in Table 1 .

he Reynolds numbers ( Re ) based on U and d were 30,500. At the start

f the scouring, the soft start program of the variable frequency con-

erter gradually increased the flow rate from zero to the target value

ithin 30 s. When a pre-set scouring time was reached, the pumps were

radually switched off using the same program. Finally, the water in

he recirculating flume was slowly pumped out by another small pump

o expose the sand bed to the air. An infrared detector was then used
2

o measure the elevation of the bed in the designated area as shown in

ig. 1 (b). In addition, in Case C4, the velocity distribution in some areas

as measured using an acoustic doppler velocity meter (ADV) 3 h before

he end of the scouring for the numerical simulation, which consists of

he vertical flow velocity profiles at 1 m upstream of the spur dike and

t each of the gaging points in Fig. 1 (c). 

Transient three-dimensional flow was prevalent in the vicinity of in-

tream structures, and bed deformation due to local scouring further

omplicated the flow field. The comprehensive flow field data obtained

y numerical simulation provides a new insight into such a problem, as

pposed to experimental studies where only a limited number of mea-

urement points can be measured. Among the commonly used numerical

ethods, LES is suitable for computing unsteady and complex flows at

igh Reynolds numbers by filtering the eddy structure below the size

hreshold. Therefore, this study is based on ANSYS Fluent 15.0 software

sing LES to calculate the three dimensional flow field in the vicinity of

pur dike under fixed bed conditions. 

The governing equations obtained after filtering the N-S equations

sing the filter function are: 

𝜕𝜌

𝜕𝑡 
+

𝜕( 𝜌𝑢𝑖 ) 
𝜕𝑥𝑖 

= 0 , (1)

𝜕𝑢𝑖 

𝜕𝑡 
+ 𝜕 

𝜕𝑥𝑗 
( 𝑢𝑖 𝑢𝑗 ) = −1 

𝜌

𝜕𝑝 

𝜕𝑥𝑖 
+ 𝑓𝑖 +

𝜕 

𝜕𝑥𝑗 

[ 

𝜈

( 

𝜕𝑢𝑖 

𝜕𝑥𝑗 
+

𝜕𝑢𝑗 

𝜕𝑥𝑖 

) 

+ 𝜏𝑖𝑗 

] 

, (2)

here 𝑥𝑖 , 𝑥𝑗 ( 𝑖, 𝑗 = 1 , 2 , 3) are the Cartesian coordinates; 𝑢𝑖 , 𝑢𝑗 ( 𝑖, 𝑗 = 1 , 2 , 3)
re the filtered velocity components; 𝑝 is the filtered pressure; 𝑓𝑖 is the

olumetric force component; 𝜈 represents the kinematic viscous coeffi-

ient of the fluid molecules; and 𝜏𝑖𝑗 represents the sublattice Reynolds

tress, which is the effect of vortices smaller than the grid size in the sub
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Fig. 2. Schematic diagram of the computational domain and grid. 
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Fig. 4. Schematic diagram of scour hole zoning. 
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rid model. In this study, the Smagorinsky sublattice model proposed by

illy [14] is used to close the governing equations, which is based on the

ssumption of isotropic vortex viscosity, so the subgrid Reynolds stress

an be written as: 

𝑖𝑗 = −2 𝜈t 𝑆𝑖𝑗 +
1 
3 
𝜏𝑘𝑘 𝛿𝑖𝑗 , 𝑘 = 1 , 2 , 3 , (3)

𝑡 = ( 𝐶s Δ) 2 
|||𝑆𝑖𝑗 

|||, (4) 

𝑖𝑗 =
1 
2 

( 

𝜕𝑢𝑖 

𝜕𝑥𝑗 
+

𝜕𝑢𝑗 

𝜕𝑥𝑖 

) 

, (5) 

here 𝜈t represents the turbulent eddy-viscosity coefficient, 𝐶s is the

magorinsky coefficient, △ is the size of the filter lattice, and 𝑆𝑖𝑗 is the

lter strain tensor. 

The above governing equations are discretized using the finite vol-

me method where the spatial discretization uses finite center differ-

nces and the time term uses first order implicit discretization. The sys-

em of equations is solved using the SIMPLE method with pressure and

elocity coupling. 
Fig. 3. Comparison of numerical re

3

The same scale numerical computational domain shown in Fig. 2 is

stablished based on the above scouring experiments. The length of the

umerical flume was taken as 3.5 m, and the scatter data of the bed ele-

ation measured in the experiments were used to reconstruct the bottom

oundary of the computational domain by interpolation ( Fig. 2 shows an

xample of the reconstructed bed surface of C4). Two sets of coarse and

ne grids are used in the numerical calculations to verify the grid inde-

endence and reliability of the numerical model, with the total number

f coarse and fine grids being 8 million (grid I) and 10 million (grid II)

espectively. The main difference between the two sets of grids is that

he grid size in the vicinity of spur dike is 2.5 cm in the coarse grid and

.6 cm in the fine grid. The areas close to the wall in both sets of grids

ere adapted, and the average Y + of the first cells near the wall was

pproximately 0.8. 

The inlet boundary of the computational domain was set as a velocity

nlet and the velocity profile was given by fitting the ADV measurements

 m upstream of spur dike in the C4 case with an average turbulence of

%. The outlet boundary was set as a pressure outlet and the water level

t the outlet was controlled according to the water depth measured in

xperiment( d = 0.2 m). No-slip boundary conditions were used at the

ottom and both side walls. 

The comparison results in Fig. 3 show that the numerical results of

oth grid sets in the region near the spur dike are in good agreement
sults and experimental data. 
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Fig. 5. Topography at X = 1 m cross section obtained from the experiments: (a)dimensional topography; and (b) dimensionless topography. 
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Table 2 

Geometric index values of the main scour hole in each case. 

Case Max scour (cm) 𝐴ODF (c m2 ) 𝐴COFE (c m2 ) Δ𝐴( %) 

C1 2.0 8.36 126.49 6.6 

C2 3.4 14.02 139.97 10.0 

C3 3.8 22.65 170.20 13.3 

C4 8.8 101.72 515.13 19.7 
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ith the experimental data. However, in the downstream region away

rom spur dike, the fine grid is better than the coarse grid, indicating that

he computational accuracy in this region is more sensitive to the grid

ize. So the fine grid is used in this study for the numerical computation

f the rest cases (C1-C3). 

The contraction ratio, which is commonly used to describe the flow

etarding properties of hydraulic structures in the contraction section of

 river channel, is the ratio of river width to spillway area. In Fig. 4 ,

BHG represents the overflow area of the river before it is affected by

he spur dike, ABOC is the flow retarding area of the dam structure,

OHG is the overflow area of the contraction section of the river before

ocal scour begins, and ODF represents the increase in overflow area

aused by the scour hole. 

Scouring caused by in-stream structure can be broadly categorized

nto contraction scour and local scour. Contraction scour is mainly

aused by the accelerated water flow exceeding the critical flow ve-

ocity and driving sediment movement. Local scour is mainly caused by

trong turbulence in the local flow field. In natural rivers, the width OH

f the constricted section is generally much greater than the width OF

f the scour hole. Therefore, when evaluating the scour caused by the

cceleration of the main flow, the change in overflow area caused by the

cour hole can be considered negligible. However, when analyzing the

ocal scour in the vicinity of the spur dike, the change in topography and

he increase in flow area caused by the scour hole have a certain impact

n the flow field. In particular, the development of the main scour hole

ear the spur dike head can induce complex vortex-flow evolution phe-

omena in the local flow field before the water and bed reach a dynamic

quilibrium state. In this study, the cross-sectional area fraction of the

ain scour hole is used to represent the degree of topographic change:

𝐴 =
𝐴ODF 
𝐴COFE 

× 100% , (6)

here 𝐴ODF is the cross-sectional area of the main scour hole at the

ontraction cross-section and 𝐴COFE is the local overflow area above the

ain scour hole. Detailed geometric information for the main scour hole

t the cross-section for the four cases can be found in Table 2 . 

The topographic changes with time at the contraction cross section

 𝑥 = 1 m ) are shown in Fig. 5 (a). It can be found that there are two scour

oles near the head of the spur dike during the initial scouring stage (C1-

3). The main scour hole (S1) is immediately adjacent to the head of the

pur dike, while the secondary scour hole (S2) is located next to S1. The

evelopment rate of S1 along the vertical direction Z shows a clear at-

enuation phenomenon, but the lateral development rate maintains rela-

ively stable. S2 reached maximum depth in case C2 and then expanded

utwards with S1. Then S2 finally merged into the interior of S1. Dur-
4

ng the initial scouring stage, the slope of S1 was steeper compared to

he equilibrium terrain represented by C4. This can be attributed to the

reater capacity of the water flow to transport sand during this period,

hich allows the sand maintain steeper slope. 

The Z and Y coordinates were normalized using the maximum scour

epth ( OD ) and lateral width ( OF ) of S1, respectively, to generate the

imensionless topography shown in Fig. 5 (b). Figure 5 (b) illustrates that

he bed elevation lines in C1, C2, and C3 are highly similar. Zhang et al.

15] got similar conclusions when analyzing the topographic changes

aused by spur dike with varying angles of installation. Moreover, after

pplying the dimensionless transformation, S2 in C1-C3 tends to con-

erge gradually towards S1. This indicates that the lateral growth rate

f S2 is lesser compared to S1, which is the primary reason for the sub-

equent incorporation of S2 into the interior of S1. Developed bed and

erging of scour holes brought noticeable variances between the initial

cour stage and the equilibrium stage, in terms of geometric character-

stics. As a result, the flow fields in the above two stages will not be the

ame. Thus, analyzing the entire process of local scour is inadequate if

t relies solely on the flow field under a single terrain condition. It is

rucial to adequately consider the effect of flow field variations on sand

ransport to improve the current sediment transport models [16] used

or predicting the maximum scour depth. 

As the flow approaches the spur dike, it is accelerated through a

onstricted area due to the presence of the spur dike extended form the

ide channel. Then the flow moves downstream and gradually returns

o its original velocity distribution. Figure 6 shows the distribution of

he average velocity magnitude at the constricted cross section under

ifferent cases. The highest flow velocities are observed near the wall of

he spur dike, with velocities decreasing as the flow moves away from

he wall. The flow in the scour hole compresses the space of motion of

he shear flow in the vicinity of the bed and causes deformation at the

ottom of the shear flow layer. There is also an increase in high veloc-

ty flow near the bed in sections C1-C3. This region is located between

he main horseshoe vortex (HV1) and the bed, suggesting that the HVS

ould influence local sand transport by generating high velocity flow.

ue to the increase in flow velocity and the expansion of the influence
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Fig. 6. Velocity contour on X = 1 m cross-section: (a) C1, (b) C2, (c) C3, and (d) C4. 

Fig. 7. 𝐴1 . 35 𝑈 changes with Δ𝐴 at X = 1 m cross section. 
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rea, the sand transport by the high velocity flow shows a monotoni-

ally increasing trend during the initial scour stage. In case C4, the high

elocity flow near the wall is significantly attenuated, suggesting that

he high velocity flow resulting from the main horseshoe vortex is sup-

ressed and weakened as it sinks into the inner part of the scour hole.

onsequently, the amount of sand transport should gradually decreases

uring this period. 

A further noticeable characteristic in Fig. 6 is that the acceleration

f the water flow due to the decreased cross-section was greatest at C2

s the scour hole developed. To quantify this feature, the cross section

n Fig. 6 has been divided into an upper flow layer ( 𝑧 > 0 . 1 m ) and a

ower flow layer ( 0 m < 𝑧 < 0 . 1 m ), and 𝐴1 . 35 𝑈 was defined as the area

hose velocities are higher than 1 . 35 𝑈0 . Figure 7 presents the variation

f the 𝐴1 . 35 𝑈 occupancy with Δ𝐴 in both region. The results show that

he presence of scour hole leads to an increase in the area 𝐴1 . 35 𝑈 , which

egins to decrease only after C2. This suggests that the change in to-

ography increases the accelerating effect of the deforming bed on the

ater flow during a certain period. The enhancement effect of the to-

ography only starts to decrease when the scour hole reaches a certain

ize. Furthermore, when Δ𝐴 < 10% the acceleration is mainly concen-
5

rated in the upper layer, while the acceleration in the lower layer is

elatively small. Consequently, the flow acceleration from topography

as a limited effect on local scour. 

Accelerated flow near the spur dike is one of the important factors

ausing local scour. Some researchers suggested that the unit width flow

ate can reflect the scour capacity of the water flow, so a similar defini-

ion, i.e. the unit area flow rate, was used in this study: 

∗ =
𝑄𝑆1 
𝐴𝑆1 

, 𝑄∗ 
0 =

𝑄0 
𝐴0 

, (7) 

here 𝐴𝑆1 , 𝑄𝑆1 are the S1 cross-sectional area at 𝑥 = 1 m and the total

ow through the cross-section, respectively; 𝐴0 , 𝑄0 are the inlet area

nd the inlet flow, respectively. It is important to note that the flow

eld at different cross-sections are not identical. For instance, the scour

ole exhibits complex three-dimensional vortex-flow, while the incom-

ng flow at inlet was relatively uniform. Therefore, it is only meaningful

o compare 𝑄∗ in similar flow regimes. As discussed earlier, the topog-

aphy of the initial scour stage is very similar, and Fig. 6 also indicates

hat the flow field inside S1 is approximate. Hence, it is reasonable to

se the change of 𝑄∗ to represent the variation in scouring capacity of

he flow inside S1 at different times during this stage. 

It can be found that the total flow rate through the scour hole cross-

ection consistently increases in Fig. 8 (a). This is primarily due to the

rogressive enlargement of the cross-section area as scouring continues.

owever, the trend of 𝑄∗ with Δ𝐴 depicted in Fig. 8 (b) demonstrates

hat although the total flow rate has been increasing, it reaches an ex-

remely high value when Δ𝐴 = 10% . This implies that the scouring ca-

acity of the water flow in S1 is initially enhanced and then weakened.

his aligns with the trend and peak moment of 𝐴1 . 35 𝑈 shown in Fig. 7 . It

uggests the existence of a positive feedback regulation mechanism be-

ween the scour capacity of the water flow near S1 and the topography

n the early stage of the initial scouring stage. In other words, the to-

ographic changes caused by the water flow further enhance the scour

apacity of the water flow within S1. This mutual enhancement leads

o a rapid increase in local sand transport, resulting in a rapid change

n topography, as shown by the change in maximum scour depth from

1 to C2 in Fig. 2 (a). However, as the scour hole developed to a cer-

ain size, subsequent topographic changes begin to weaken the scouring

bility of the water flow within S1, brought a negative feedback regu-

ation mechanism. This continues until the water flow is no longer able
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Fig. 8. Flow rate per unit area in the scour hole with Δ𝐴 variation. 

Fig. 9. Vortex structure drawn by isosurface of Rortex = 1.5: (a) C1, (b) C2, (c) C3, and (d) C4. 
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o transport sediment out of the main scour hole. At this moment, the

ow field and topography enter a state of dynamic equilibrium. 

The horseshoe vortex system moving downstream around the spur

ike head near riverbed region is a major factor causing local scour.

igure 9 used Rortex[ 17 , 18 ] to show how the location and range of

he primary horseshoe vortex varies with the terrain. It was found that

he range of influence of the primary horseshoe vortex was gradually

ecreasing and the size of the primary horse vortex remains the same.

urther more, the horseshoe vortex system located at the contraction

ross section in different topographies are shown in Fig. 10 . During the

nitial scour stage (C1-C3), the relative core position of the HV1 vortex

id not change significantly and was always located at the junction of

1 and S2. However, the geometry of the vortex core gradually evolved

rom a circle to a ellipse, which is related to the change in the flow field
6

n the upstream region of the horseshoe vortex system generation. At

quilibrium stage, the size of HV1 was drastically reduced, sinking to

he bottom of S1. The size and location of the secondary horseshoe vor-

ex (HV2) did not change significantly throughout the scouring process

nd was only significantly displaced horizontally towards the channel

entreline in case C3. This displacement was also closely related to the

pstream flow field. In addition, a larger vortex structure formed within

2, located between the main and secondary horseshoe vortices, known

s V1. Since the generation of V1 is largely dependent on the local to-

ography, the merging of S2 into S1 in the equilibrium state will lead

o the subsequent disappearance of V1. 

It can be found from the turbulent kinetic energy (TKE) distribution

n Fig. 10 that the instability of the flow in the shear layer due to the

igh velocity gradient generates a strong TKE area and the rest two
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Fig. 10. Streamlines and TKE ( k ) contour at the contraction cross section: (a) C1, (b) C2, (c) C3, and (d) C4. 

Table 3 

Comparison of the average non-dimensional time corresponding to successive 

mode switching. 

Koken 2008 Koken 2009 Case I Case III 

Reynolds number ( Re ) 1 . 8 × 10 4 5 . 0 × 10 5 3 . 1 × 10 4 3 . 1 × 10 4 

Topography change ( Δ𝐴 ) 0% 0% 6.6% 13.3% 

Average non-dimensional 

Time ( 𝑑∕𝑈) 

3.2 2.8 2.9 2.5 
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Fig. 11. Wavelet analysis of the streamwise velocity ( u ) at the core of the HVS. 

m  

c  

i  

s

 

w  

e  

a  

r  

w  

s  

f  

w  

t  

h  

n  

s  

w  

e  

p  
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egions of high TKE area in the flow field are located near HV1. The

rst one is the interior of HV1 and the turbulent kinetic energy strength

n this region tends to gradually decrease with scouring. The second

ne is located at the junction of HV1 and V1, and the TKE value in

his region increases steeply in the C3 condition. Furthermore, it can be

een from Fig. 6 that the water flow velocity in this region also reaches

ts peak at this time. As the turbulence near the riverbed will entrain

ediment particles to the upper flow layer and increase the transport of

uspended matter, the main horseshoe vortex in C3 causes the highest

and transport through its own turbulent pulsation. This is an important

eriod for the horseshoe vortex system to influence local scouring. 

The existence of the bimodal motion (back-flow and zero-flow) in-

ide the HV1 with flat bed was numerically investigated at two differ-

nt channel Reynolds number ( 𝑅𝑒 = 1 . 8 × 10 4 , 5 . 0 × 10 5 ) by Koken et al.

2008, 2009). Their results pointed out that the average time inter-

al corresponding to successive mode switching inside the HV1 were

 . 2 𝑑 ∕𝑈and 2 . 8 𝑑 ∕𝑈 for 𝑅𝑒 = 1 . 8 × 10 4 and 𝑅𝑒 = 5 . 0 × 10 5 respectively.

nd in this study ( 𝑅𝑒 = 3 . 1 × 10 4 ), the similar monitor points P1 and

2 depicted in Fig. 10 were selected for comparison with the results in

he above two papers. Then wavelet analysis was used to analyze the

verage time interval corresponding to successive mode switching in-

ide the bimodal region based on time series of velocity at P1 and P2

btained by the additional computation (statistics for 60 𝑑∕𝑈). The fre-

uency of the min large-scale temporal modulations indicated by peak

alues in Fig. 11 is about 0.27 Hz ( 2 . 9 𝑑∕𝑈) and 0.315 Hz ( 2 . 5 𝑑∕𝑈) which

s comparable to the value in other researches as shown in Table 3 . 

A comparison of the data in Table 3 shows that both the increase

n Reynolds number and the degree of topography change could reduce

he average time interval corresponding to successive mode switching.

owever, compared to a 0 . 4 𝑑∕𝑈 change in interval time between two
7

odes due to a 30 times increase in Reynolds number, a one times in-

rease in topography change could causes the same magnitude of varies

n interval time. It indicates that the bimodal motion of the HVS is more

ensitive to topography than the flow Reynolds number. 

In summary, this work investigated the evolution of the flow field

ith the deforming bed and got the following conclusions. The pres-

nce of the scour hole in the early stage of initial scour enhances the

ccelerating effect of the spur dam on the water body. This stage rep-

esents a positive feedback control between the scour capacity of the

ater and topographic changes, and local sand transport increases as

cour intensifies. However, as the scour hole grows to a certain size,

urther topographic changes weaken the sand transport capacity of the

ater flow, eventually reaching a scour equilibrium state. In addition,

he main horseshoe vortex influences local sand transport by generating

igh velocity flows at the edge of the scour hole close to the river bed

ear the head of the spur dike. In the later phase of the initial scour

tage, the localised eddy structure in the second scour hole, combined

ith the main horseshoe eddy, significantly increases the turbulence en-

rgy at their junction position, further enhancing the transport of sus-

ended sediment. Therefore, the influence of the main horseshoe vortex

n local scouring reaches its maximum effect after the scouring process

as been underway for a certain time. 



Y.-T. Li, J.-M. Zhan and W.-H.O. Wai Theoretical and Applied Mechanics Letters 14 (2024) 100510

 

n  

fl  

p  

s  

fl  

o  

s  

t  

s

D

 

i  

t

A

 

g  

G

R

 

 

 

 

 

 

 

 

 

 

 

 

[  

[  

[  

 

[  

[  

[  

 

[  

[  

 

[  

 

It is important to note that this study is based on experimental and

umerical results for a specific scour condition, so the changes in the

ow field during local scour requires further research. However, the

resent results show that the bimodal motion within the HVS was sen-

itive to the topography, then the influence of the topography on the

ow field and the sand transport capacity of the water flow cannot be

verlooked. In future work, it is crucial to conduct more comprehensive

cour experiments to investigate the feedback regulation mechanism be-

ween the flow and bed in order to improve our understanding of local

cour. 
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