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Abstract
Controlling the bends migration in the large meandering rivers using common groins is too costly, time consuming and needs 
some types of river by passing. Developing deep scour around nose of groins can lead to failure of the structure. However, 
it is necessary to investigate the new measures and materials to have less scour and to easily be installed, respectively. The 
six-pillar concrete (SPC) element is one of the materials which have been used successfully in bridge scour control. By con-
structing rectangular vane with SPC elements (RV-SPC) can take advantage of both economy and scour mitigation. In the 
present experimental study, the application of new technique has been studied. Tests were carried out at 180° flume bend for 
high flow condition (Froude number = 0.263). Two series of tests were carried out: (1) the base line tests without installing 
RV-SPC and (2) with RV-SPC at various intervals (5L, 6L, 7L, 8L) with the effective length equal to 20% of flume width 
(L = 12 cm). By comparing the results of two series of tests, it was determined that by installing RV-SPC at interval of 6L 
from each other, the maximum scour depth around the structure is reduced up to 70.0%.

Keywords Bank erosion · Meandering rivers · Sediment management · 180° flume

1 Introduction

Meandering river migration is a natural process in which 
the form of a river and subsequent its floodplain is continu-
ally changed over time through the processes of erosion at 
the outer banks and deposition of point bars on the inner 
banks (Bierman and Montgomory 2014; Khorrami and Ban-
ihashemi 2019). River bend migration annually brings about 
damages to the urban, rural, agricultural and industrial lands 
and infrastructures (Keshavarzi et al. 2016). The rivers are 
dynamically stable; their cross-sectional fluctuations roughly 

move around an average position of the flow pattern and 
progress to the downstream (Garcia 2008; Karkheirana et al. 
2019). The migration rate of course varies from river to river 
and bend to bend. The migration rate in some of the bends 
of the Karun River located in the south of Ahvaz has been 
measured to be in the order of 84 m from 2018 to 2019 (as 
shown in Fig. 1) which destroyed agriculture lands as well 
as a pumping station in addition large supply facilities for 
drinking water are at risk.

The main reasons for such migration are the particular 
conditions of the flow pattern which developed in bends 
(Odgaard and Kennedy 1982; Odgaard and Bergs 1988; 
Blanckaert 2010). The presence of centrifugal force causes 
the water surface elevation in outer (concave) bend to be 
larger than in inner bend which create a non-uniform trans-
versal vertical pressure distribution within the cross section. 
This leads to the formation of a secondary flow. So that the 
top layers of the water surface move toward the outer bend 
and the lower layers to the inner bend. The interference of 
this current with the main stream leads to the formation of 
a helicoidally currents in the bend, resulting in formation 
of a scour hole in the bed of outer bank and accumulation 
of sediment near the inner (convex) bank which eventually 
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causes lateral migration of the bend toward the outer bank 
(Shukry 1950; Dietrich et al. 1979; Jung and Yoon 1998; 
Brierley and Fryirs 2006; Hsieh and Yang 2003; Ghobadian 
and Mohammadi 2011; Vaghefi et al. 2016; Shan et al. 2017; 
Liu et al. 2018).

The point bars in the inner bank can effect significantly 
both flow and sediment patterns on bend and increase the 
rate of bend migration (Dietrich and Smith 1983). The 
migration rates of a river meander depend also on the river 
sediment transport capacity and the fact that the river is in 
degradation or aggradation. One of the methods used to 
control the displacement of river bends from the past dec-
ades is the use of groins (Biedenharn et al. 1997; Yan et al. 
2012). Groins can be classified either as impermeable if the 
structure is made from rock, gravel, or earth, or permeable 
if it is made from wooden rods or piles (Przedwojski 1995). 
Groins are a massive structure that is usually constructed 
using gravel material, rocks or gabions with a length of 
10–25% width of the river perpendicular to the outer bank 
of the river (Biedenharn et al. 1997). Groins are constructed 
consecutively at a certain along the entire length of the bend. 
Spacing of (1.5–2) L has been used to have deep channel for 
navigation, for bank protection space of 1L to 6L (USACE 
1981; Copeland 1983) and 10L to 100L for banks where its 
toe is protected by riprap (Richardson et al. 1975). FHWA 
(1985) suggested spacing of 1L to 6L for bank protection 
considering the length, angle, transmissivity and curvature 
of the curved channel and Richardson and Simons (1974) 
suggested (1.5–2.0) L and (3–6) L along the condition of 
installation (for instance, 4L to 6L for a straight line or a 

curved groins with a large radius and 3L to 4L for a curved 
groins with a small radius).

After constructing the groins, the maximum longitudinal 
flow velocity is transferred from the outer bank to the nose 
of the groins, and the location of the formation of scour 
hole, which was previously at the toe of the outer bank giv-
ing rise of bank failure, is shifted to the front of the groins’ 
nose. Also, the vortex flow pattern is formed between the 
groins, which is gradually restored and stabilized the banks 
by depositing sediments in these areas. The high sedimen-
tation rate, especially during the flood period between the 
groins, has led to the use of this measure for bank stabilizing 
and controlling the river bend migration as well as rectifying 
the navigable rivers (Copeland 1983; Carling et al. 2014; 
Shields et al. 2004).

The main problem of this structure is the development 
of scour hole around the nose of the structure, which leads 
to the destruction of the structure itself (Fazli et al. 2008; 
Zhang et al. 2012). Over the past decades, many studies have 
been conducted to predict the scour depth or to use different 
shapes or heights of groins to have less scour depth (Zhang 
et al. 2012; Ghodsian and Vaghefi 2009). In addition, the 
construction of this structure in deep rivers such as Karun 
in Ahvaz is very costly due to the need for drying around the 
banks or redirecting the river flow to build structures. So far, 
there has been extensive research on the use of groins such 
as King (2009), Ghodsian and Vaghefi (2009), Fazli et al. 
(2008), van den Heever (2013), Yan et al. (2012), Vaghefi 
et al. (2009), Pagliara and Mahmoudi-Kurdistani (2013) and 
Dehghani et al. (2013).

Submerged weir (or bendway) is a type of groins that is 
attached to the outer bank with an angle to the upstream and 
a gradient from the bank to its nose, is also very effective 
in reducing the depth of scouring around the nose (Derrick 
1994; Davinroy et al. 1998; Abad et al. 2008; Jia et al. 2009; 
Jarrahzade and Shafai-Bejestan 2011; Cunningham and Lyn 
2016). The use of triangular vanes (TV) attached to the bank 
is also another kind of groins that is studied first by Bhuiyan 
et al. (2010) in a sinus flume and then by Bahrami-Yarah-
madi and Shafai-Bejestan (2016) in a 90° bend. Their results 
have shown that the use of TV reduces the scour depth of 
its nose up to 51% compared to the common type of groins. 
Constructing groins in bends of sand bed meandering rivers 
in plain areas requires transportation of huge massive gravel 
material from long distance which is costly. Therefore, engi-
neers are interested in applying new materials that are both 
stable and economical, especially, once the proper sizes of 
rocks are not available near the construction site. Recently, 
the tetrahedron frames concrete elements have been studied 
by Wang et al. (2018) as an alternative for stabilizing the 
river bed.

In the present study, with the aim of using new materials 
called the six-pillars concrete (SPC) elements, efforts have 

Fig. 1  Migration of Karun River bend south of Ahvaz (2018–2019)
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been made to investigate the performance of a rectangular 
vane made of SPC. These elements can be used in areas 
where the supply of rock needed for construction of RV is 
not available. Each of these elements consists of two pieces 
of T-shaped concrete that are connected in the middle, thus 
having six-pillars (Fig. 2). The most important advantage of 
using SPC elements is that they can assure high stability by 
locking their legs together.

These elements are either tied together or uniformly 
aligned and locked from 6 directions with their side ele-
ments, thus acting seamlessly. The SPC elements weaken 
the main flow vortex which causing bed erosion and reduce 
the scour depth. These elements, while creating a cover 
on the bed, can provide conditions for vegetation to grow 
from their pores and contribute to the natural preservation 
of the river bank. In the case of the SPC, few studies have 
been carried out on structural and hydraulic considerations, 
which have generally been applied to the use of protection 
of bridge abutments (Thornton et al. 2001; Zolghadr et al. 
2016). In the present study, the rectangular vane made of 
SPC elements would be permeable and the flow can passes 
the pores, as a result, the flow pattern of around it may be 
different compared to impermeable ones. Therefore, the pur-
pose of this research is to investigate the applicability of RV-
SPC in a 180° flume bend experimentally under supercritical 
flow conditions and to develop design criteria for using as a 
costly beneficial and environmentally friendly bend migra-
tion control structure.

2  Materials and Methods

2.1  Dimensional Analysis

In order to plan the experiments as well as analyze the 
results, this section extracts the non-dimensional parameters 

and presents a general relationship (Azamathulla et  al. 
2005). The important variables in scouring around perme-
able RV-SPC are geometric variables such as flume width 
(B), bend radius (R), flume slope (S0), central angle of bend 
(δ). The geometric characteristics of the RV-SPC include the 
effective length of the vanes (L), its angle to the upstream 
direction (θ), the distance between each other (D) and its 
height (h). Hydraulic flow conditions include the approach-
ing average flow velocity to the bend (U), flow depth (y) and 
acceleration of gravity (g), also, sediment properties such 
as median diameters (d50), density of sediment particle size 
units (ρs), maximum scour depth around the nose (ds), the 
fluid characteristics including density of the water (ρ) and 
dynamic viscosity (μ). Therefore, considering the main goal 
of the study to find the best layout of RV-SPC to have less 
scour depth at their nose, the following general relation can 
be written:

In the present study, some of the variables (S0, B, R, δ, h, 
d50 and ρs) are kept constant (their effect will not be stud-
ied) and by selecting repeatable variables (U, Y and ρ) and 
applying the Buckingham’s π theory the following general 
non-dimensional relation will be obtained:

where Fr is the Froude number and Re is the Reynolds num-
ber. The flow in all tests was fully turbulent (Re = 78,000), 
and the flow condition also was constant (Fr = 0.261 equal 
to Froude number of Karun river at flood with a two-year 
return period); thus, the effect of water viscosity is negli-
gible and Re can be dropped, by dividing D/Y and L/Y new 
dimensionless parameter is obtained thus the final general 
dimensionless expression are:

2.2  Experimental Apparatus

Laboratory facilities used in this research include a 180° 
flume bend with a valve for controlling the flow discharge, 
a ultrasonic flow discharge measuring device (with accuracy 
of ± 0.1 l/s), the entrance basin, 4 m straight path upstream 
of bend, the bend, 3 m straight path downstream of bend, 
the tailgate for water surface control within the flume and a 
V-notch weir at the downstream end (Fig. 3). As shown in 
the figure, the flume depth and width are equal to 60 cm and 
the ratio of bend radius to the width is equal to 3 which can 
be categorized as mild bend (Esfahani and Keshavarzi 2013). 
The RV-SPC elements were made by six-pillar element with 
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Fig. 2  Sketch of a single SPC
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4 cm in size (the actual size with scale of 12 is reduced). 
The elements are tight together to construct the RV. The 
permeability of the RV was 12%. The effective structures 
length (perpendicular to the flow direction) was equal to 
12 cm which is 20% of the flume width. These RV-SPC are 
installed at 60° to the upstream flow direction from the outer 
bank. The height of the structures (above the flume bed) was 
25 cm and from the sediment bed surface was equal to 10 cm 
equal to the flow depth.

The f lume bed was covered with  uniform 
( �g =

√

d84∕d16 = 1.2 ) sand size of o.73 mm. The size 
distribution is shown in Fig. 4. Trial tests were conducted 
to obtain the critical velocities (Vc) of the sand material 
which was found to be equal to 0.28 m/s. All subsequent 
experiments were conducted under clear water conditions 
(V/Vc = 0.92). To determine the equilibrium duration time 

Fig. 3  a Plan view of the flume and the components of the experimental study; b view of the laboratory flume; c photograph of the installed RV-
SPC in the bend and d cross-sectional schematic of the RV-SPC

Fig. 4  Size distribution of the bed sediment size
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for maximum scour depth, the criterion of Ettema (1980) 
in which was defined as the time which in 3 h interval the 
change in scour depth is less than 1 μm was applied. For 
this reason, a long duration tests were conducted with-
out installing RV-SPC structures at Froude number equal 
to 0.261 and the time development of scour was plotted 
which is shown in Fig. 5. It can be seen that the rate of 
scour depth decreased substantially after 3 h. Figure 5 pre-
sents record of scour depth variation with time to justify 
the use of 180 min for the experiments. As shown in the 
figure, the scour depth approaches some value asymptoti-
cally within 180 min. In addition, since the main purpose 
of this study is not to develop a scour depth predictor 
expression rather to compare scour depth among different 
alternatives; therefore, duration of 180 min was chosen to 
be satisfactory. 

2.3  Test Procedure

For each experiment, the bed surface was completely flat-
tened and controlled by laser distance meter. In the main 
experiments, the RV-SPC were placed at their respective 
intervals, and the level of the bed was then aligned. Then, 
the downstream gate is completely closed and the flow was 
allowed to enter the flume slowly to raise the water surface 
high enough to ensure that bed erosion does not occur 
before the test conditions are ready. Then, by simultane-
ously opening the valve and downstream gate the desired 
flow discharge and flow depths are achieved. It should be 
noted that during the test the flow depth was kept constant 
equal to 10 cm. At the end of test, the water level was 
lowered slowly by draining the water from the flume. At 
the end the topography of the bed was measured by the 
laser distance meter with a denser points around the RV-
SPC. Table 1 shows the ranges of different variables in 
this study.

3  Results and Discussion

3.1  Bed Topography

Bed topography for the base line test and the main tests with 
different spaces between the structures is plotted using Tech 
plot software which are shown in Figs. 7a–e.

3.2  Baseline Test

Figure 6a shows bed topography for the base line test. The 
red color shows scour and blue color sedimentation. It is 
found that from the apex of the bend, scour occurs at the 
outer bank and the maximum scour hole occurs at 137.5° 
location which was measured to be 1.17y in which y is the 
flow depth. Such results also have been reported by other 
investigator in study of scour patterns in 180° river bends 
(Dey et al. 2017; Masjedi et al. 2011). The scour hole is 
attached to the outer wall of the flume. Sediments which 
eroded from the outer bank are transported further down-
stream toward the inner bank and deposited longitudinally 
along the flume close to the inner bank.

3.3  Main Tests

Bed topography for test with installed RV-SPC with 5L 
spacing is presented in Fig. 6b. Scour patterns have been 
shifted from the outer flume wall to the nose of the struc-
tures. In addition, erosion of the bed material at flume center 
occurred at almost beginning of the bend. This is mainly 
because of increase in bed shear stress due to narrowing of 
the flume width by installing the RV-SPC which increase the 
flow velocity greater than the threshold velocity and make it 
live bed condition exist throughout the flume. The scour hole 
is reached close to the outer wall of the flume from the fourth 
structure thereafter. The maximum scour depth occurred at 
the beginning of the second half of the bend at 119.46° loca-
tion and at a distance of 1.25L (L = effective length of the 
structure). The largest scour hole with depth of 0.33Y occurs 
at 118.86° location. The eroded sediments are deposited in 
between most of the structures and between them and at 
inner bank, forming point bars. So that the maximum height 
of the point bar is 0.08y at the downstream of the seventh 
structure at a 105° location; the longitude length of the point 

Fig. 5  Time development of scour depth

Table 1  Range of variables in this study

L: Effective length of RV-SPC, D: Distance between elements

Flow dis-
charge l/s

Flow 
depth 
(cm)

Reynolds 
number

Froude 
number

L (cm) D (cm)

13.5–16.5 10 67,500–
82,500

0.227–
0.278

12 5L, 6L, 7L 
and 8L
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bar was observed between the 105° (downstream of the plate 
Seventh) up to 115° (upstream of the eight structure) with 
a length of 0.63L.

The results of bed topography after installing RV-SPC 
with 6L spacing are presented in Fig. 6c. Bed erosion on 
the middle of the channel has started from the beginning 
of the bend and continues to the end of bend. The maxi-
mum scour depth at middle of flume at distance of 1.67L 
(19.8 cm) from the outer bank at 94.7° location happened. 
The maximum scour hole at the nose of the eight structures 
located at 142.13° of the bend which was measured to be 
0.35Y. The eroded sediments have been deposited in inner 
bend and attached to the outer bank in between the struc-
tures in the form of longitudinal point bars with maximum 
height of 0.013Y which was observed downstream of the 
sixth structure at 105° bend. The length of this point bar 

measured to be 0.57Y which cover the length between the 
sixth and seventh structure.

According to Fig. 6d with 7L spacing, bed erosion begins 
from the bend origin at the middle and lasted to the center 
and then started further downstream and after some discon-
tinues start again. The maximum scour depth at the begin-
ning of the second half of the arc at 94.7° bend occurs at 
distance of 1.65L from the outer bank. Generally, the maxi-
mum depth of scouring occurred in the central regions of the 
flume or at the nose of RV-SPC, which led to the forming 
the thalwege. The greatest scouring in the nose of the sixth 
structure located at an angle of 118.76° was calculated to be 
0.4Y. In this test, longitudinal point bars also occur along 
inner bend and in between the structures with its maximum 
height of 0.24Y in between the fourth and fifth structure 
with length of 0.68L.

Fig. 6  Bed topography after each test: a Without RV-SPC elements; b D = 5L; c  D = 6L; d D = 7L; e D = 8L 
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The installing structures with space of 8L as it can be seen 
in Fig. 6e, river bed erosion at the start of the bend and start 
to be larger from the upstream of the first structure and con-
tinues up to third structure forming a low deep thalwege in 
the middle of the flume. The erosion patterns in the second 
half of the bend is different and mostly create a deep scour 
hole around the remaining structures. The scour hole reaches 
the outer bank at the third, fourth and fifth structure with its 
maximum which occur at the nose of the fourth structure. 
Deposition of the eroded sands has mostly observed in the 
central of the inner bank. Little deposition can be observed 
in between the structures. The highest depth of the point bars 
in between the fourth and fifth structure was obtained to be 
0.16Y with length of 0.8L.

3.4  Longitudinal Scour and Sedimentation

To see the longitude scour and sedimentation along the 
bend, Fig. 7a–e was plotted. Table 1 also shows the maxi-
mum scour at the outer bank for different tests. This figure 
shows the dimensionless scour at outer bank, at the nose of 

the structure and sedimentation at various bend locations. 
Results of the base line test are shown in Fig. 7a, and the 
scour around the outer bank has started from the beginning 
of the bend and reaches at deepest at 137.5°. Sedimenta-
tion also happened at the inner bank along the bend. For 
the case which RV-SPC are installed at 5L interval, the 
erosion at outer bank is very small compared to the base 
line test; however, erosion has also happened at the nose of 
all structure. In fact by installing the structures, the chan-
nel thalwege has shifted from the outer bank to the middle 
of the flume at the nose of the structures in shallower. The 
same phenomenon can be observed when the RV-SPC are 
installed at 6L, 7L and 8L as shown in Fig. 7c–e, respec-
tively. As the space between the structures increased the 
scour depth in both outer bank and at the nose of structure 
increased too. However, the magnitude of increased dif-
ferent from test to test. Table 1 presents the dimensionless 
scour depth both at the outer bank and at the nose of the 
structures. The main cause of the outer bank failure (which 
is the main cause of bend migration) is the occurrence of 
scour. Therefore, for control of bend migration the bank 

Fig. 7  Longitude scour and sedimentation profile in different tests: a Without RV-SPC elements; b D = 5L; c D = 6L; d D = 7L and e D = 8L
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scour depth should be minimized. Table 2 shows that this 
can be achieved when the RV-SPC are installed at interval 
of 5L. The outer bank scour depth in other alternatives 
is the same (ds/Y = 0.4). The scour around the structure 
can led the failure of the structure itself. Therefore, for 
achieving minimum scour depth it is found from Table 1 
that the space between the structures should be taken equal 
to 5L. However, if the structure is installed deep enough 
to withstand or the channel bed around the nose are pro-
tected, then one can select the 6L as the space between 
the structures. For the case of 7L or 8L, the scour at the 
nose of structure is too deep (up to 70% of the flow depth) 
which is great enough to fail the structure. Thus, it is not 
recommended. 

In Fig. 7, the sedimentation profile which occurred along 
the outer bank in between the structures also is shown which 
reveals that in all alternative sediments are deposited. Such 
deposition is due to developing a free horizontal vortex in 
between the structures. Bahrami-Yarahmadi and Shafai-
Bejestan (2016) in the study of flow pattern along the tri-
angular shape of groins found that once the flow attacks 
the structure, a return flow toward the upstream direction is 
formed which lasts up to 6.9L. The sediment which is trans-
ported from the nose of the upstream structure is trapped 
within the horizontal vortex and deposited in the form of 
longitudinal point bar. In those tests with larger scour dimen-
sions, larger point bar also can be observed. For this reason, 
selecting the appropriate alternative based on the sedimenta-
tion volume or height of point bar may not be enough accu-
rate. However, the location in which point bars are devel-
oped is an important issue. For the case of bend migration, 
growing point bars at the inner bank forced the outer bend to 
migrate in higher rate. By looking at Fig. 7, it is seen that for 
the alternatives of 5L, 7L and 8L the point bars at the inner 
bank are formed. For the alternative of 6L spacing, the point 
bar in the inner bank is low enough although the scour depth 
in this alternative is deeper than in 5L alternative.

Tests also were conducted for different flow conditions 
(Fr = 0.227, 0.244, 0.261 and 0.278) to investigate the vari-
ation of scour depth which the results are presented in Fig. 8. 
In this figure, the dimensionless scour depth is plotted ver-
sus Froude number for different spaces between RV-SPC’s 
structures. The scour depth shows almost the same trend as 
was discussed in detail for Fr = 0.261. For D = 5L, scour at 
the nose of structure for all Froude numbers is less and for 
D = 8L shows higher scour depth.

Therefore, from the pint of aquatic habitats in which 
larger scour size can attract more fish for resting once they 
are migrating, alternative 6L is preferred over alternative 
5L. Therefore, from the economy point view, safe design, 
better control of bend migration and aquatic habitats the 
RV-SPC structures should be installed at a distance of 6L 
from each other.

4  Conclusion

For the purpose of developing design criterion for new 
countermeasure against river bend migration, this experi-
mental study was carried out. Series of rectangular perme-
able groins made by the six-pillar concrete elements are 
installed at different spacings to find out the best spacing 
for multi-application of the new measure. By comparing 
bed topography maps which was produced after each test, 
it was found the generally installing the new structures 
can significantly (up to 68%) reduce the scour depth at 
the outer bank. The thalwege of the channel is shifted 
from the outer bank to the middle of channel. The scour 
is developed around the nose of each structure, and the 
scour depth increases as the space between the structures 
increases as the space increase. It should be kept in mind, 
however, that since the scour is far from the outer bank, 
it will not be harm to the banks rather it may require to 
provide enough deep foundation for the structure nose 
or place riprap on bed around the nose of the structure. 
Finally, from the point view of economy, safe design, bet-
ter control of bend migration and environmental better 
performance can be achieved when the RV-SPC structures 
are installed at interval of 6L each other. The application 
of the mathematical models to analyze the velocity, depth, 
and volume changes and investigating the permeability of 
the six-pillar elements can be considered in future studies.

Table 2  Dimensionless maximum scour depth (ds/Y) along bend

Base line S = 5L S = 6L S = 7L S = 8L

Outer bank 1.17 0.26 0.38 0.40 0.42
Nose of the structure 0.37 0.60 0.52 0.68

Fig. 8  Variation of dimensionless scour depth versus Froude number 
for different alternatives
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