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Spur dikes (SD) are installed along the outer bank of a river to control river bank erosion. The first SD is more 
susceptible to failure due to toe scouring. A protective spur dike (PSD) is an effective measure to reduce 
the scouring around the nose of the first SD. In this study, experiments were conducted to determine the 
optimal location and height of the PSD to minimize scour depth at the nose of the first SD. The results indicate 
that the maximum scour depth depends on the height and distance of the PSD from the first SD. The best 
performance was observed when the ratio of PSD height to flow depth (HP/y) was 1.25, and the ratio of the 
PSD distance from the first SD to flow depth (XP/y) was 1.25. Scour depth at the nose of the first and second 
SDs was reduced by 54% and 32%, respectively. These findings suggest that PSDs can significantly reduce 
scour depth, thereby enhancing the effectiveness and stability of SDs.
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INTRODUCTION

Scouring in river bends destroys agricultural lands and adjacent facilities. Various structures such 
as spur dikes (SDs), submerged spillways and submerged vanes have been proposed to control and 
reduce bank scouring (Abdollahpour et al., 2017; Moghadam et al., 2019). Pandey et al. (2021) 
investigated the influence of sediment and flow parameters on spur dike scour, for both uniform 
and non-uniform sediment bed surfaces. Their observations show that a decrease in sediment 
non-uniformity increased temporal scour depth. Tripathi and Pandey (2021) examined the local 
scour process around T-shaped SDs at various locations in a reverse meandering channel. Their 
observations showed that as the Froude number (Fr) and distance of the SD from the bend entry 
increased, maximum scour depth also increased. Gupta et al. (2023) studied the turbulence model 
and sedimentary Van Rijn model with nested mesh configuration using FLOW-3D to investigate 
maximum scour depth around impermeable and non-submerged spur dikes with different transverse 
lengths. Their observations indicated that scour depth increased with increasing spur dike length, 
both independently and simultaneously. Bahrami-Yarahmadi et al. (2020) experimentally studied 
deposition pattern and scouring around rectangular and triangular SDs. Their findings revealed that 
the maximum scour depth at the nose of rectangular SDs was greater than that for their triangular 
counterparts. Vaghefi et al. (2019) considered the length of the flow separation and reattachment 
zone in a 90° bend using the ‘sediment simulation in intake with multiblock’ (SSIIM) model. Their 
results showed that as the submergence ratio increased, the length of the separation and reattachment 
zone decreased. Yang et al. (2019) found that the main reason for the failure of SDs is the interaction 
of water with these structures. Abdollahpour et al. (2017) illustrated that installing SDs in river bends 
complicates the processes of scouring and sedimentation in this area. In sinusoidal rivers, the flow 
pattern in bends is highly complex and influenced by both the inner and outer banks, as well as the 
riverbed morphology. Over time, these factors contribute to gradual changes in the river’s natural 
shape. Additionally, the flow pattern around SDs is affected by the formation of a series of eddies in 
this area (Jeon et al., 2017). Pandey et al. (2016) demonstrated that maximum shear stress occurs at 
the nose of SDs. Therefore, scour depth is a primary parameter in the design of SDs (Choufu et al., 
2019; Nayyer, 2019). SDs are usually installed in groups, and the stability of the first SD is crucial, due 
to its susceptibility to failure (Pandey et al., 2016; Choufu et al., 2019).

Farshad et al. (2022) found that scour depth decreases with increasing SD permeability. The distance 
between SDs influences the length of the return flow, and its increase can lead to sedimentation in 
this area. Ezzeldin (2019), through numerical studies, investigated the effect of SD permeability on 
scouring, simulated with the Nays-2DH numerical model of the iRIC software package, and found 
that the maximum scour depth in permeable SDs was reduced by up to 68% compared to solid ones.

Nayyer et al. (2019) showed that a collar or PSD can be used to protect a group of SDs. Installing a PSD 
upstream of the SD group helps to divert the flow away from the first SD (Vaghefi et al., 2015). Karami 
et al. (2011) concluded that appropriate PSD design could significantly reduce the maximum scour 
depth around a group of SDs. The length of SDs has a less significant impact on the flow pattern and 
separation zone compared to the height and spacing of SDs (Choufu et al., 2019; Koutrouveli et al., 2019). 
Therefore, selecting an appropriate PSD is essential for effective river protection and management.

The stability of spur dikes (SDs) in a sinusoidal channel is significantly influenced by the presence of 
protective spur dikes (PSD). Despite the importance of this issue, limited research has been conducted 
on the effect of PSD on the stability of SDs. This study aims to experimentally investigate the optimal 
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location of the first SD, both with and without the implementation 
of PSD, to mitigate bank erosion and prevent river bank 
deformation. Ultimately, the results were compared with those of 
previous studies on changes in scour depth related to the distance 
between PSDs and the first SD, providing comprehensive insights 
into effective riverbank protection strategies. The findings of this 
study are expected to improve the understanding of SD stability 
in river bends.

MATERIALS AND METHODS

Dimensional analysis

In experimental studies of SDs, several variables influence 
changes in the maximum scour depth around SDs, including flow 
parameters, sediment properties and SD geometry. Equation 1 
presents a general relationship for the dimensional analysis of the 
maximum scour depth (ds) around a SD (Melville, 1992):

d H X X X L H L W V V y g Q B d AS P P M S S C S� ( , , , , , , , , , , , , , , , , , , , )� � � � 50   (1)

where: HP is the height of the PSD, X is the distance of the first SD 
from the entry of the bend, XP is the distance of the PSD from the 
first SD, XM is the distance between the SDs, L is the length of the 

SDs, H is the height of the SDs, LS is the length of the scour hole, 
WS is the width of the scour hole, ρ is the fluid density, µ is the fluid 
dynamic viscosity, V is the average approaching velocity, VC is the 
critical flow velocity, y is the flow depth, g is the acceleration due 
to gravity, Q is the flow discharge, W is the width of the channel, 
α is the permeability percentage, ρS is the density of bed particles, 
d50 is the median diameter of sediment particles, and A is the SD 
surface area. By applying Buckingham’s π theory, the following 
dimensionless parameters are achieved, as shown in Eq. 2.
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The variables (L/y), (B/y), (ρs/ρ), (d50/y), (A/y2), (H/y) and α were 
constant in all experiments. The experiments were conducted 
under clear water conditions. Additionally, V/VC and the 
Reynolds number were discarded in Eq. 2. Thus, the parameters 
investigated in this study were expressed in Eq. 3.
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Figures 1a, b and c illustrate the flow pattern and scouring 
mechanisms, the plan view of the SDs and the PSD and the main 
parameters, respectively.

Figure 1. Flow pattern and schematic view: (a) flow pattern, (b) separation zone, and (c) parameters (adapted from Abbasi et al., 2011)
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Experimental setup

The experiments were conducted in a sinusoidal channel in the 
hydraulic laboratory at the University of Tabriz, Iran. The flume 
had a rectangular cross-section with a width of 0.35 m, a height of 
0.5 m, and a length of 6.7 m, with a sinusoidal coefficient of 1.12. 
The schematic representation (Fig. 2a) and the corresponding 
view of the flume and experimental setup (Fig. 2b) are presented 
in Fig. 2. Experiments were performed using a series of permeable 
SDs, consisting of two main SDs and a PSD. These structures were 
made from steel rods and a lattice plate, then filled to achieve 
30% permeability (Fig. 2). The SDs were placed perpendicular 
to the flow direction in the flume. According to Choufu et al. 
(2019), when the SDs are positioned at 90°, a longer time period 
is required to reach equilibrium. In order to maintain clear water 
conditions during the experiments V/VC < 1 (Hosseini et al., 2018; 
Amini et al., 2024).

Equation 4 is used to estimate the critical velocity (VC), where U*C 
represents the critical shear velocity. For sediment with a d50 <  
1 mm, this critical shear velocity can be approximated using Eq. 
5 (Melville, 1997).
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According to the mentioned equations, the values of V/VC were 
maintained within the range of 0.65 to 0.83 to ensure clear water 
conditions in the flume. The flow depth in the laboratory channel 
was kept to 16 cm using an adjustable tailgate at the end of the 
channel (Fig. 2). The sediments used in the experiments were 
nearly uniform, with d50 = 0.9 mm, and a standard deviation 
σg = 1.35 (Amini and Solaimani, 2018; Coleman et al., 2003), 

coefficient of uniformity Cu = 1.96, coefficient of curvature Cc = 
0.92 and a thickness of 10 cm in the laboratory flume.

In experiments investigating scour around hydraulic structures, 
the width of the flume and the model scale can significantly 
influence local scour due to the contraction scour effect (Ahmed 
et al., 2021). Brown et al. (1985) recommended that the length of 
the SDs should be less than 15% of the channel width to prevent 
cross-section contraction. Based on this recommendation, the SD 
length (L) in this study was set to 5 cm for all SDs. Brown et al. 
(1985) concluded that the distance between the SDs should be 
2 to 6 times their length to provide better riverbank protection. 
Therefore, in this study, XM, was set as 3L. The water level during 
the experiments was measured using an ultrasonic distance 
sensor (Data logic, model US30) with an accuracy of ±0.1 mm. 
Discharge and bed topography were recorded at the end of the 
experiments, after draining the channel, using an ultrasonic flow 
meter (model TDS-100) with an accuracy of ±0.1 L/s and a laser 
distance meter (model SW-S70), with an accuracy of ±0.1 mm, 
respectively. At the beginning of the channel, two flow-calming 
sections were installed: a baffle wall as the first section and brick 
as the second. Additionally, a baffle weir was placed at the end 
of the channel to stabilize the flow and dissipate eddies (Fig. 2a).

Experiments

In this study, three series of experiments were conducted. To 
investigate the effect of the PSD in reducing scour around the SDs, 
the first and second series of experiments were performed with 
and without a PSD, along the length of the bend to determine the 
optimal location of the first SD. Figure 3 illustrates the locations 
of the first SD along the bend for both the first and second series 
of experiments, along with the corresponding values of X. These 
locations are labelled from A through J.

Figure 2. Schematic view of experimental setup: (a) a schematic of the flume, (b) a view of the test area
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In the third series of experiments, the first SD was positioned at a 
location in the bend where the flow pattern changed, increasing 
the possibility of deformation. The PSD was placed upstream of 
the first SD at 3 distances: XP/y= 0.63, 0.94 and 1.25. To investigate 
both submerged and non-submerged conditions, 4 PSD heights 
were considered: HP/y =1.25, 1.13, 1 and 0.88. All experiments 
were conducted under subcritical flow regime with different 
Froude numbers (Fr). The values of the parameters examined 
in this study are presented in Table 1 (Re = Reynolds number,  
Re* = shear Reynolds number).

RESULTS AND DISCUSSION

Scour formation

The SDs significantly influence the flow dynamics within the 
flume, primarily by reducing the cross-sectional area. Variations 
in flow patterns were observed at the tips of the spur dikes, 
attributed to differences in geometric and other relevant technical 

specifications. After the flow was regulated and stabilized within 
the channel, an increase in velocity and shear stress was observed 
in the bends. This increase, resulting from the constriction of 
the cross-sectional area, gradually initiated scouring and erosion 
around the spur dikes. Scouring at the nose of the first SD began 
with greater velocity and intensity compared to the second SD. 
Additionally, scouring at the nose of the second SD occurred with 
a slight time delay of a few seconds. Observations indicated that, 
after colliding with the first SD, the flow was deflected toward the 
centre of the channel, gradually reducing its intensity at the nose of 
the second SD. When the PSD was placed upstream of the first SD, 
the location of maximum shear stress was shifted to the nose of the 
PSD. As a result, the maximum scour depth at the SDs was reduced 
due to the decreased flow intensity upstream of the first SD.

Equilibrium scouring time

In order to achieve maximum scour depth (dse), the test duration 
(te) was set to 391 min; te is (time to equilibrium) is defined as the 

Figure 3. The location of the SDs with respect to the entry of the bend

Table 1. Parameters investigated in the present study

Exp. run Q (L/s) Fr Re Re* XP HP Exp. run Q (L/s) Fr Re Re* XP HP

1 14 0.2 20 750 71.4 2L 0.14 19 14 0.2 20 750 71.4 2L 0.18

2 23 714 3L 20 23 714 3L

3 26 679 4L 21 26 679 4L

4 16 0.23 20 750 71.4 2L 0.14 22 16 0.23 20 750 71.4 2L 0.18

5 23 714 3L 23 23 714 3L

6 26 679 4L 24 26 679 4L

7 18 0.26 20 750 71.4 2L 0.14 25 18 0.26 20 750 71.4 2L 0.18

8 23 714 3L 26 23 714 3L

9 23 714 4L 27 23 714 4L

10 14 0.2 20 750 71.4 2L 0.16 28 14 0.2 20 750 71.4 2L 0.2

11 23 714 3L 29 23 714 3L

12 26 679 4L 30 26 679 4L

13 16 0.23 20 750 71.4 2L 0.16 31 14 0.23 20 750 71.4 2L 0.2

14 23 714 3L 32 23 714 3L

15 26 679 4L 33 26 679 4L

16 18 0.26 20 750 71.4 2L 0.16 34 14 0.26 20 750 71.4 2L 0.2

17 23 714 3L 35 23 714 3L

18 26 679 4L 36 26 679 4L
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point at which 90% of the maximum scour depth has developed. 
Beyond this time, further changes in scour depth are minimal 
(Melville and Chiew, 1999). After te, only slight changes in scour 
depth occurred. The development of scour over time and its 
comparison with previous studies are presented in Fig. 4.

Location of first spur dike

In the first series of experiments, the ratio X/y was varied from 0 
to 9.66 along the bend. The least scour depth was observed when 
the first SD was placed at the entry of the bend, corresponding to 
X/y = 1.87 (Points A to C in Fig. 3).

Beyond Point C, the scour depth increased as the SDs were 
relocated further along the bend, reaching its peak near the 
apex of the bend at Point E. The maximum scour depth was 
observed at the nose of the bend, identified as Point I. This 
scouring phenomenon can be attributed to the centrifugal forces 
generated as the flow moves through the bend (Vaghefi et al., 
2015). These forces create a cross-flow within the bend, which, 
when combined with the longitudinal flow, from a spiral flow. 
This spiral flow becomes fully developed as it progresses along 
the bend and nears the apex. The placement of SDs within the 
flow path intensified this process by concentrating velocity at 
the nose of the SDs, leading to an increase in both the depth and 
dimensions of the scour hole. As the distance from the bend entry 
increased and the SDs approached the apex, the scouring effect 
become more pronounced. Due to the curvature of the bend, the 
flow deviated into the embayment zone, increasing the length of 

the flow separation region (Tripathi and Pandey, 2021). Figure 5 
compares the results of this study with those reported by Tripathi 
and Pandey (2021).

Protective spur dike

In the second series of experiments, a PSD was used in conjunction 
with the main SDs. The results from the initial series served 
as control experiments, enabling the assessment of the PSDs 
impact on reducing scour depth. Table 2 presents the variations 
in the maximum scour depth (dS), length (LS) and width (WS) of 
the scour hole for the main SDs at Points A to J, both with and 
without a PSD.

The interaction between the flow and SDs led to the formation of 
downflow upstream of the SDs, which acted as the primary factor 
in local scouring. This downflow lifted sediments around the SDs 
and transported them downstream. Additionally, a horseshoe 
vortex formed due to the separation of streamlines caused by the 
presence of the SDs in the flow path. Although the power and size 
of this vortex were weak at the beginning of the experiment, they 
intensified as the scour hole developed around the SDs. These eddies 
further contributed to the expansion of the scour hole downstream 
of the SDs. The scour depth at the nose of the first SD increased 
due to the influence of secondary flow in this region (Vaghefi  
et al., 2019). Over time, the depth and width of the scour holes at the 
SD’s noses expanded. The scouring rate was initially high; however, 
as the scour hole grew, the intensity of the downflow gradually 
decreased. Eventually, the scour depth reached equilibrium.

Figure 4. Scour depth variation in terms of time in the vicinity of first SD

Figure 5. Comparison of this study with Tripathi and Pandey (2021)
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Lifted particles were gradually transported from the nose of the 
first SD into the scouring hole around the second SD. However, 
these sediments were displaced by horseshoe vortices, leading 
to the formation of downflow around the second SD in a similar 
manner. The lifted particles were carried from the front of the 
SDs to the downstream section of the channel, resulting in the 
formation of ripples. Due to the pressure differentials, vortices 
developed behind these ripples, causing them to be transported 
further downstream within the channel.

Index P (Table 2) is related to the condition where the main SDs 
were placed along the bend with a PSD.

Table 2 presents statistical information on the inputs for this 
series of experiments, showing that 0.14 < dS/y < 0.44, 0.25 < LS/y 
< 0.63 and 0.66 < WS/y < 1.22. According to Table 2, the maximum 
scour depth at the nose of the SDs increased as the location of the 
SDs approached the apex of the bend, both with and without the 
presence of a PSD. However, when the PSD was placed upstream 
of the first SD, a significant reduction in maximum scour depth 
was observed. This indicates that the effectiveness of the PSD 
improves as the distance between the first SD and the entrance 
of the bend increases. The reductions in scour depth at the nose 
of the first SD with the inclusion of a PSD at Points D, E, F, G, 
H, and I were 78%, 84%, 82%, 80%, 82%, and 76%, respectively. 
Table 2 also shows that both the length and width of the scour 
hole increased along the bend, regardless of the presence of a 
PSD. However, when the PSD was positioned upstream of the first 
SD, these values were notably reduced. Additionally, there was a 
significant decrease in both the dimensions of the scour hole and 
the volume of sediment particles displaced from the nose of the 
main SDs. With the presence of a PSD, the maximum scour depth 
and scour hole dimensions around the second SD were lower 
than those around the first SD. This occurred because the first 
SD acted as a PSD for the second SD. Based on these values, the 

PSD further reduced the depth and dimensions of the scour hole 
around the second SD. When the first SD was placed at Point J, the 
scour depth at the nose of the first and second SDs was reduced 
by approximately 85% and 25%, respectively, in the presence of 
the PSD. Additionally, the length of the scour hole around the 
first and second SDs decreased by 70% and 11%, respectively. 
Similarly, the width of the scour hole around the main SDs at this 
point was reduced by approximately 74% and 44%, respectively 
(Table 2).

Figure 6 illustrates the reduction in maximum scour depth around 
the main SDs when a PSD is present at X/y = 1.87. According to the 
diagrams in this figure, when the main SDs were placed along the 
bend without a PSD, there was a continuous increase in scouring 
at the nose of the main SDs, and the scour depth increased rapidly. 
However, when a PSD was positioned upstream of the main SDs, 
the scour depth at their nose increased only during the initial 
minutes of the experiment (Fig. 6, Zone A and C) after which it 
decreased significantly (Fig. 6, Zones B and D).

The PSD reduced the intensity of the downflow and horseshoe 
vortex by diverting flow away from the nose of the main SDs, 
particularly the first one. This flow diversion led to the formation 
of a secondary scour hole near the nose of the first SD. As this 
hole developed, lifted particles were transferred from it to the 
scour holes around the main SDs. Initially, sediment particles 
were carried from the nose of the PSD and the secondary hole to 
the scour hole around the first SD (Fig. 6a). As a result, the scour 
depth at the nose of the first SD temporarily decreased to zero 
(Zone B in Fig. 6a). Over time, the scour depth at the nose of the 
first spur dike (SD) gradually increased and reached equilibrium 
after 391 min. The scour depth at the nose of the second SD 
initially increased (Zone C, Fig. 6b). This was due to sediments 
being transported from the nose of the first SD and subsequently 
settling in the scour hole around the second SD. However, after 

Table 2. Changes in the depth, length, and width of the scour hole around the main SDs, with and without PSD

X dS/y dSP/y Reduction % LS/y LSP/y Reduction % WS/y WSP/y Reduction %

First SD

A 0.14 0.04 72.7 0.25 0.13 50.0 0.66 0.13 81.0

B 0.16 0.04 76.0 0.38 0.13 66.7 0.81 0.13 84.6

C 0.17 0.04 74.1 0.38 0.34 8.3 0.75 0.56 25.0

D 0.24 0.05 78.9 0.59 0.38 36.8 0.84 0.69 18.5

E 0.36 0.06 84.2 0.59 0.47 21.1 1 0.72 28.1

F 0.36 0.06 82.8 0.56 0.47 16.7 1.06 0.69 35.3

G 0.38 0.08 80.0 0.63 0.41 35.0 1.13 0.63 44.4

H 0.43 0.08 82.6 0.66 0.31 52.4 1.13 0.69 38.9

I 0.46 0.11 76.7 0.69 0.31 54.5 1.19 0.69 42.1

J 0.44 0.06 85.7 0.63 0.19 70.0 1.22 0.31 74.4

Second SD

A 0.13 0.06 50.0 0.18 0.13 28.6 0.44 0.41 7.1

B 0.13 0.09 25.0 0.19 0.13 33.3 0.5 0.5 0.0

C 0.16 0.09 42.3 0.41 0.22 46.2 0.75 0.44 41.7

D 0.18 0.10 42.9 0.34 0.25 27.3 0.88 0.59 32.1

E 0.18 0.16 13.8 0.34 0.31 9.1 0.94 0.69 26.7

F 0.21 0.21 2.9 0.38 0.34 8.3 0.75 0.69 8.3

G 0.28 0.22 20.5 0.38 0.31 16.7 0.75 0.63 16.7

H 0.31 0.23 28.0 0.38 0.28 25.0 1.06 0.66 38.2

I 0.33 0.23 30.2 0.22 0.19 14.3 1.06 0.63 41.2

J 0.25 0.19 25.0 0.28 0.25 11.1 1.13 0.63 44.4
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a certain period, the scour depth at the nose of the second SD 
stabilized and remained unchanged (Zone D in Fig. 6b). This 
stabilization coincided with the formation of downflows in this 
region, which quickly flushed out accumulated sediments from 
the scour hole. Following this stabilization period, the scour 
depth at the nose of the second SD experienced a slight increase 
before reaching equilibrium. The formation and location of the 
secondary hole in the flume are shown in Fig. 7.

Optimizing the height and location of the protective  
spur dike

In the third series of experiments, based on the results of previous 
experiments, the first SD was installed at X/y = 1.87. To assess the 
impact of HP and XP on the scour depth at the nose of the main 
SDs, a PSD with varying HP and XP values was placed upstream 
of main SDs.

Height

Four different PSD heights were considered: HP/y = 1.25, 1.13, 
1 and 0.88. For each height, experiments were conducted at 3 
Froude numbers and for 3 distances between the PSD and the 
main SD, corresponding to XP = 4L, 3L and 2L as illustrated in 
Fig. 8.

The data presented in the graphs indicate that the maximum scour 
depth (dS) occurred at an HP/y ratio of 0.88. As the HP/y ratio 
increased to 1.0, the maximum scour depth at the first SD showed 
a slight decrease, at approximately 22% lower than the maximum 
value observed at HP/y = 0.88 (Fig. 8e). Furthermore, when the 
HP/y ratio increased to 1.13, the scour depth at the first SD was 7% 
lower than the maximum value recorded at the optimal HP/y ratio 
of 0.88. Notably, as the HP/y ratio increased to its highest value 
of 1.25, the scour depth at the first SD decreased significantly 

Figure 6. Reduction of maximum scour depth around SDs with the presence of PSD: (a) first SD and (b) second SD

Figure 7. (a) Formation of the secondary hole, and (b) transformation of lifted particles to the scour hole which was formed around SDs where 
HP/y = 1.25, XP = 3L and Fr = 0.26
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Figure 8. The effect of height of PSD on reduction of scour depth at the nose of the main SDs at various distance

compared to the three lower HP/y ratios, as illustrated in Fig. 8e. 
Observations indicated that at HP/y = 0.88, the formation and 
development of the secondary hole progressed slowly and did 
not advance significantly compared to the other height ratios. 
This suggests that the submerged PSD had a limited effect on 
deflecting flow away from the nose of the main SDs. Since the 
flow passed over both the top and front of the submerged PSD, it 

reached the nose of the first SD with greater power and intensity, 
leading to increased scour around the main SDs. In contrast, The 
PSD with HP/y = 1.25 facilitated the formation and development 
of a secondary hole more rapidly than the other height ratios. The 
emergence of this hole in the initial minutes of the experiments 
indicated an effective diversion of flow, which reduced both the 
power and intensity of the flow around the main SDs.
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Table 3. The rate of scour depth reduction at the nose of the main SDs at different distances and heights of the PSD

XP Q
(L/s)

HP/y = 0.88 HP/y = 1 HP/y = 1.13 HP/y = 1.25 Reduction %

dS/y dS/y dS/y dS/y HP = 14 vs. 20 cm

First SD

2L 14 0.19 0.17 0.16 0.14 29.0

16 0.29 0.24 0.23 0.19 34.8

18 0.38 0.31 0.28 0.23 41.0

3L 14 0.08 0.08 0.05 0.04 41.7

16 0.24 0.19 0.16 0.13 47.4

18 0.34 0.24 0.21 0.16 51.9

4L 14 0.06 0.06 0.05 0.03 50.0

16 0.16 0.13 0.09 0.06 60.0

18 0.22 0.17 0.16 0.10 54.3

Second SD

2L 14 0.13 0.11 0.09 0.09 28.6

16 0.22 0.19 0.16 0.14 37.1

18 0.29 0.26 0.23 0.18 38.3

3L 14 0.09 0.08 0.06 0.05 46.7

16 0.20 0.16 0.14 0.13 34.4

18 0.28 0.25 0.23 0.18 35.6

4L 14 0.08 0.08 0.06 0.04 46.2

16 0.19 0.16 0.12 0.11 40.0

18 0.24 0.23 0.18 0.16 31.6

During the initial minutes of the experiments, the transport of 
lifted particles from the secondary hole to the scour hole around 
the main SDs prevented any increase in scour depth around 
the main SDs. However, as time progressed and the system 
approached equilibrium, the development of the secondary hole 
slowed significantly and nearly ceased due to a reduction in flow 
velocity and downward forces in the area between the submerged 
PSD and the main SDs. This decrease in maximum scour depth 
was accompanied by sedimentation in this region, consistent with 
the findings of Karami et al. (2011). According to Table 3, scour 
depth (dS) increased with higher Froude numbers, aligning with 
the observations of Masjedi et al. (2010) and Vaghefi et al. (2015). 
Additionally, as the height of the PSD increased, the width of the 
shear layer and the dimensions of the scour hole around the main 
SDs decreased. The dimensionless values of scour depth at the 
nose of the main SDs (dS/y) are presented in Table 3.

Table 3 shows that the presence of the PSD prevented a significant 
increase in scour with increasing flow discharge. The maximum 
reduction in scour depth at the nose of the main SDs was 
observed at HP/y = 1.25 and XP = 4L. As indicated in Table. 3, 
increasing HP/y from 0.88 to 1.25 resulted in a maximum scour 
depth reduction of 50% at the nose of the first SD and 46% at the 
nose of the second SD. Additionally, the scour depth at the nose of 
the second SD was lower than at the first SD.

Distance

One of the key parameters in the design of the PSD is its distance 
from the first SD (Vaghefi et al., 2015). In this study, 3 distances 
(XP = 2L, 3L and 4L) were investigated at 4 heights (HP/y = 1.25, 
1.13, 1, and 0.88) across 3 Froude numbers (Fr = 0.2, 0.23, and 

0.26). The relationship between these variables is illustrated in 
Fig. 9.

Figure 9 illustrates the effect of different XP/y values on dS/y for 
various PSD heights. As XP increased, the maximum scour depth 
around the main SDs decreased. The highest scour depth was 
recorded at XP = 2L and Fr = 0.26. As shown in Fig. 9g, increasing 
XP to 3L significantly reduced the scour depth by approximately 
68%. Further increasing XP from 3L to 4L resulted in an additional 
28% reduction in scour depth.

The length of the flow separation zone is influenced by XP and 
increases as XP expanded. At XP = 2L, there was insufficient 
space for the transfer of lifted particles from the nose of the PSD 
and the secondary hole to the scour hole around the main SDs, 
particularly the first one. as a result, sediments bypassed the first 
SD’s scour hole. With an increase in XP, the length of the return 
flow also grew, leading to the formation of a low-velocity zone 
around the SDs, which facilitated sedimentation between them. 
This observation aligns with the findings of Karami et al. (2011) 
and Vaghefi et al. (2015). Two opposite vortices formed between 
the first SD and the PSD. The counter-clockwise vortex had a 
destabilizing effect on the stability of the channel, increasing the 
size of the flow separation zone and threatening channel stability 
(Vaghefi et al., 2015).

Within the region of the PSD, bed shear stress increased, while 
shear stress on the channel walls decreased, leading to the formation 
of a complete vortex at XP = 4L. This vortex facilitated scouring 
and sediment transport to the scour holes around the main SDs. 
However, this study found that increasing XP beyond 4L did not 
further enhance the stability of the main SDs. In Fig. 10, the results 
of this study are compared with those of Karami et al. (2011).
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Figure 9. The effect of distance of PSD on reduction of the scour depth at the nose of the main SDs
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Figure 10. Comparison of the results of this study with that of Karami et al. (2011)

CONCLUSION

In the present study, an initial set of 20 experiments was conducted 
to determine the optimal positioning of the first spur dike (SD) at 
various distances from the bend entry. These experiments were 
divided into two series: one with a protective spur dike (PSD) 
and the other without it. Following this, a third series of 36 
experiments was performed to investigate the effects of different 
PSD heights and distances under various Froude numbers, with 
the goal of minimizing scour around the main SD located at the 
channel bend. The main findings of this research are as follows:

•	 The PSD led to the formation of a secondary hole near 
the scour hole of the first SD, significantly reducing the 
maximum scour depth around the main SDs.

•	 The height of the PSD had a substantial impact on flow 
deflection away from the nose of the main SDs. The best 
performance in reducing scour depth was observed within 
the range of 1.13 ≤ HP/y ≤ 1.25.

•	 Increasing the distance between the PSD and the first 
SD improved streambed stability by extending the flow 
separation zone. This finding suggests that a slight reduction 
in scour depth is associated with the range of 3 ≤ XP/L ≤ 4.
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