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ABSTRACT
Bendway weirs are low stone sills designed to control erosion at the outer bank of river bends, redirecting the current from the outer to the inner bank.
Laboratory experiments were conducted in a movable bed channel with three consecutive meandering bends (relative curvature equal to 2) and con-
tinuous sediment supply from upstream. The aim of these tests was to study the effects of weir crest slope on maximum scour depth at the weir nose, on
point-bar height and on cross-sectional eroded surface area in a meander live-bed. Concrete trapezoidal bendway weirs were constructed at the outer
bank of the central bend. The investigated configurations consisted of series (3–5) of weirs characterized by prescribed: inclination angles (608, 758 and
908), length ratio (0.2, 0.3 and 0.4), crest slope (0%, 5%, 10% and 20%) discharge ratio (0.8, 1 and 1.2), the same height and the same distance between
weir axes. Results showed that the maximum and minimum scour depths at the nose of sloping crest weirs were attained for a ¼ 758 and RL ¼ 0.3,
respectively. By increasing the crest slope from 0% to 20%, the scour depth decreased more than three times. In addition, flat weirs appear to be more
effective in capturing and redirecting the flow from the outer bank towards the inner bank. Finally, the data set collected during the experimental tests
was used to derive an empirical relationship for predicting of maximum scour depth at the weir nose.

Keywords: Bendway weirs; movable bed; point-bars; sloped crest weirs; scour depth

1 Introduction

Bend erosion is an important issue for a fruitful management of

alluvial rivers, especially in the presence of reaches with mean-

dering bends (Abad et al. 2008). Effective bank protection tech-

niques are strongly needed to reduce the risk of bank collapse and

to avoid economic losses, including the loss of agricultural land

and the disruption of transport infrastructures (e.g. bridges,

highway junctions). Rehabilitation actions make use of bend-

away weirs as well (Kinzli and Thornton 2010, Acharya and

Gautam 2012).

Pile fields, groynes, rock beaching/protection and revegeta-

tion are some of the engineering techniques used to reduce the

rate of erosion at the outer (concave) bank of meandering

rivers. Recently, the use of submerged weirs has become quite

widespread to control bank erosion, mitigate meander migration

and improve navigation (Julien and Duncan 2003, Abad et al.
2008). Bendway weirs, in particular, are submerged stone struc-

tures constructed at the outer bank of bends to decrease the

erosive action of the current, deviating it towards the river centre-

line. As a consequence, near bank velocities as well as bank

erosion are reduced, improving aquatic habitats, determining

stable scour holes and velocity redistribution, an establishment

of pool-riffle regimes, and favouring vegetation growth (Fische-

nich and Allen 2000). Bendway weirs are distinct from groynes

because they are usually longer and flat crested, inclined with

respect to the flow, designed to be continuously submerged or

at least just overtopped by the planned flow (McCullah and

Gray 2005). In addition, according to Rutherfurd et al. (1999)

bendway weirs are not appropriate for tightly meandering
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rivers. These structures are usually constructed of rock, placed in

series along the outer (convex) bank and angled from 208 to 308
with respect to main flow streamlines when used to enhance

navigation, while in small rivers with un-revetted banks they

consist of low-level stone sills, angled upstream 58 to 258 and

keyed into the outer bank of a bend (USACE 2013).

The concept of bendway weirs was first developed in 1977 by

Prokrefke at the Waterways Experiment Station of the US Army

Corps of Engineers (USACE) (Ward et al. 2004) in an effort to

mitigate stresses at the outer bend bank. Further testing by the

USACE has been conducted by Winkler (2006) at the Coastal

Hydraulics Laboratory. Testing supported by the US Bureau of

Reclamation (USBR) has taken place at Colorado State Univer-

sity since 2001 (Kinzli 2005). In particular, Heintz (2002),

Darrow (2004), and Kinzli and Thornton (2010) developed

equations for predicting channel velocities after bendway weir

installation, on the basis of pre-weir velocities. Experimental

tests with a movable bed have been conducted by Lyn and Can-

ningham (2011), Jarrahzade and Shafai-Bejestan (2011), and

Hemmati et al. (2012). Numerical research has been done for

analysing the three-dimensional structure of the flow field (Jia

et al. 2005, Abad et al. 2008) and for providing design criteria

(Julien and Duncan 2003, Sclafani 2010), while design guide-

lines have been developed also by Lagasse et al. (1997),

Derrick (1994, 1996), and NRCS (2007).

Over the past 20 years, the use of bendway weirs has shifted

from navigation maintenance on large rivers to erosional control

on small non-navigable rivers (Rhoads 2003). Longer bendway

weirs are more efficient in reducing the outer bank erosion and

the volume of the point-bar at the inner bend side (Hemmati

et al. 2012). Indeed, the recirculation zone that establishes

between long enough weirs prevents the main current from

reaching the outer bank (Kozerski and Schwartz 2002, Abad

et al. 2008). According to Acharya and Gautam (2012)

bendway weirs are more effective than spur dikes in reducing

the velocity of flow at the vulnerable weir zones near the outer

banks, thus providing a means to stabilize the streambanks.

The movable bed study of Jarrahzade and Shafai-Bejestan

(2010) showed that the scour volume in consecutive weirs with

3L spacing (L being the weir length) was lower than that

observed for weirs set 4L and 5L apart. Kuhnle et al. (2002)

documented that minimum erosion of the bed near the bank

was observed for spur dike perpendicular to the flow direction

(i.e. inclined at 908 angle), while the maximum volume of the

scour hole was attained for an inclination of 1358. The flume

experiments carried out by Sukhodolov et al. (2002) revealed

that the recirculation of flow patterns that develop in a sequence

of groynes can not only promote deposition but can also affect

suspended sediment composition, in spite of the negligible

difference in total suspended sediment concentration between

water entering and leaving the groyne field.

Knowledge about the effects that the crest slope of weirs exert

on scouring and sedimentation processes is relatively poor

(Kinzli 2005). Many authors agree that sloped weirs are

advantageous and can be more effective than flat-crested weirs

(Kinzli 2005). Maza Alvarez (1989) stated that a sloped weir

nose not only implies a significant reduction (by 40–70%) of

the construction material, but also tends to minimize the scour

depth and to enhance the deposition rate of fine material. Accord-

ing to Wilkerson (1972) crest slope should be set at a constant 2%

value. On the other hand, Brown (1985) suggests that permeable

weirs should be built with a flat crest while a sloped crest should

be adopted for impermeable weirs.

To the Author’s knowledge, most of the experimental works

dealing with bendway weirs focus on the features of the flow

field. Comparatively limited studies address the effect of

bendway weirs characteristics (such as inclination angle,

length and crest slope) on scour depth at the weir nose. More-

over, most researches focused on flat weirs while studies about

sloped weirs and their effects on scour and sedimentation pro-

cesses are comparatively more rare, even though some evidence

exists that crest slope can affect the scour depth significantly

(Wilkerson 1972, Brown 1985, Maza Alvarez 1989). Further

investigations are surely needed to experimentally address

these effects.

The aim of the present experiments was to compare the

maximum scour depths that occur at the nose of flat and sloped

crest bendway weirs, to investigate the effects of crest slope on

maximum point-bar height and on the surface area eroded

from the point-bar forming at the inner bend bank and, finally,

to develop an equation for predicting of scour depth around the

nose of bendway weirs. The tests were therefore carried out in

a movable bed flume, continuously fed with sediment throughout

the upstream section, and consisting of three consecutive mean-

dering bends.

2 Material and methods

2.1 Characteristic of the model

The experiments have been carried out taking advantage of an

existing physical model built at the Institute for Water

Researches of Tehran, Iran (Figure 1). The bend geometry has

been chosen with reference to the actual morphology of the

Karoon River, downstream of Ahvaz city, Iran. The geometrical

reduction scale was 1:80. The value of the Manning’s friction

coefficient determined from flow discharge and cross-sectional

data observed in the model was n ¼ 0.017 s m-1/3. On the

other hand, the actual value of n for the Karoon river obtained

by calibration of numerical models varies between 0.025 and

0.035 s m-1/3. The rough broom finish applied to the model

created a Manning’s n value of 0.017, which relates to field

value of approximately 0.035. Bed material grain size and flow

discharge were chosen so that the sediments were transported

mostly as bedload at all the investigated flow discharges. The

water discharge, Q, flowing in the channel was provided by a

head tank (Figure 1, section A), and was measured through a

2 Mohammad Hemmati et al.

D
ow

nl
oa

de
d 

by
 [

M
oh

am
m

ad
 H

em
m

at
i]

 a
t 0

1:
19

 0
9 

D
ec

em
be

r 
20

15
 



2 m wide rectangular weir (Figure 1, section B). The river cross-

section was schematized with a trapezoidal section, with lower

and upper widths equal to 1.45 and 2.9 m, respectively, and,

hence, a bank slope 1:1.5. The planform configuration was

characterized by 3 consecutive alternating bends, with central

angles of 137.218, 94.58 and 137.218, respectively (see Figure

1). The relative curvature is R/B ¼ 2, where R is the radius of

curvature of each bend and B is the free surface channel width

for the designed discharge. The beginning of the first bend was

located in section D. A straight reach F–G, 4.89 m long, con-

nected the first to the second bend. Similarly, a straight reach

I–J, 4.89 m long, connected the second and the third bends.

The end section of the third bend (Figure 1, section L) joined

through a smooth curve to a final straight reach, at the end of

which was located a tail gate controlling the flow depth

(Figure 1, section N). The water flowing over the gate was

then collected on a storing tank from which the water was even-

tually pumped to the head tank. The length of the intermediate

bend, measured along the outer and inner banks, was 11 and

5.5 m, respectively.

2.2 Relevant parameters

The dimensional quantities characterizing the geometrical con-

figuration of the bendway weirs analysed in the present flume

tests are: the length, Lw, and height, Hw, of each weir, the

spacing between weirs, Ls, defined as the arc length distance

between the centres of two consecutive weirs; inclination

angle, a, of weir axis with respect to the mean flow direction;

slope of weir crest, Scw. The overall equilibrium bed topography

has been described by measuring: the maximum scour depth at

the nose of weir, Dmax; the maximum height of the point-bar

forming at the inner bank side without weirs (Hpb-nw) and in

the presence of weirs (Hpb-w); the initial (i.e. trapezoidal)

cross-sectional area of the sediment bed, A0; the cross-sectional

area, A, eroded in correspondence of the point-bar after weirs’

construction. Moreover, hereafter Wi will denote the i-th weir

and M: k the k-th cross-section. The hydraulic quantities relevant

to the present problem are the water discharge for which the

bendweirs are designed, Qd, the corresponding mean flow

depth, Dd, and channel width at the water surface, Bd, and the dis-

charge, Q, actually flowing in the channel. The dimensionless

parameters arising from the above list of variables are: the

spacing ratio between weirs, Rs ¼ Ls/Lw; the length ratio RL

¼ Lw/B defined as the ratio of the crest weir length and the

free surface channel width for the design flow discharge; the dis-

charge ratio RQ ¼ Q/Qd; the maximum relative scour depth at the

nose of the weir, RD ¼ Dmax/Hw, defined as the ratio of

maximum scour depth to weir height; the maximum point-bar

height ratio, RH, computed as the ratio of the heights of the

point-bar forming at the inner bank of a bend in the presence

and in the absence of weirs. A complete list of notations is also

reported at the end of the paper.

Based on previous studies (Maza Alvarez 1989, LaGrone

1996, Watson 2003), the spacing ratio Rs between weirs was

kept fixed in all tests, and set equal to 3. Hence, by varying

weir length, the number of weirs placed at the outer bank was

Figure 1. Plan view of the experimental setup.
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varied from 3 to 5. Moreover, following Derrick (1999) and

FHWA (2001), the weir height in all tests was set equal to

33% of the average flow depth, D, corresponding the discharge,

Qd ¼ 150 l/s in the present tests used to design the weir charac-

teristics (such as height, length, etc.). Two other (120 and 180 l/s)

were chosen to investigate the weirs’ efficiency for lower and

higher flow conditions. The ranges of values for the relevant

quantities adopted in the experiments are summarized in Table 1.

2.3 The sediment characteristics

The movable sediment bed was initially made by nearly uniform

sand, with a median diameter of 1.6 mm, an estimated geometric

standard deviation of 1.4 mm and a density of 2400 kg/m3.

Similar sediment was used to continuously feed the system in

the correspondence of the cross-section D (Figure 1). The trans-

ported material was then collected at section J through a hopper

fall, and removed through a conveyor belt located underneath.

The sediment discharge was controlled by a variable-sized tri-

angular orifice. A rotating brush swept the sediment from the

conveyor belt into the flume. The sediment feed rate was

varied from 180 to 400 kg/hr according to the water discharge

flowing in the channel.

2.4 Experimental procedure

Two series of tests were performed with and without weirs. In the

first series, a 35 cm thick layer of sand was initially placed in the

flume and scraped. Then, water was slowly added to the model

from both the downstream and upstream sections. After the

water level was raised, the upstream water discharge was care-

fully regulated. A discharge ratio RQ ¼ 0.8 was set and then sedi-

ment was fed into the channel until nearly equilibrium conditions

were attained (i.e. the mean water surface slope did not change

any more and the bedforms stabilized). At the end of each test,

the water flow was stopped and after slowly draining the

channel, the bed topography was sampled with a laser metre

(with accuracy of 0.1 mm). For each run, but the first, the

initial bed configuration was that obtained at the end of the pre-

vious test. In this case the movable channel bed attained an equi-

librium condition quite rapidly.

In the second series of tests, sequences of 3, 4 and 5 concrete

weirs were alternately built in the correspondence of the outer

bank of the middle bend (i.e. between sections G and I of

Figure 1), with spacing ratios Rs of 0.4, 0.3 and 0.2, respectively.

After weirs were arranged within the channel, sediments were

accurately levelled and tests performed by considering the

same flow discharge of the first series of tests. Also in this

second series of runs, sand was continuously fed in the

channel. The time needed for reaching equilibrium conditions

ranged between 6 and 18 h, depending on flow discharge. At

the end of each run the flow discharge was slowly decreased

and the bed was drained completely. The channel bed was then

surveyed using the laser metre, with particular attention to the

scour region occurring at the tip of weirs.

In order to study the role of the various parameters in deter-

mining the maximum scour depth and the point-bar height at

the tip of the sloped and flat bendway weirs, 64 experimental

tests were carried out in the meandering channel.

3 Results and discussion

3.1 Maximum relative scour depth at the nose of bendway
weirs

Maximum relative scour depth (RD) is defined here as the ratio of

maximum scour at the nose of weir and weir height. In particular,

we have focused our attention on the maximum scour occurring

at the nose of the most downstream weir, where erosion has been

generally found to be greatest. Experimental observation, in fact,

showed that, in the absence of weirs, the maximum scour

depth occurred downstream of the curve apex (section ‘48’ in

Figure 1). This is strictly linked to the spiral flow taking place

in meandering channels implying that in meandering currents

the thread of high velocity moves from one side of the channel

to the other (Leopold et al. 1964), and displays a peak just down-

stream of the bend apex under sub-resonant conditions, thus

implying a phase lag between erosion and channel axis curvature

and, hence, the tendency of a meander bend to migrate down-

stream if not protected (Lanzoni and Seminara 2006, Seminara

2006). Figure 2(a) shows the scour depth at the nose of each

weir for the various crest slopes, a discharge ratio RQ ¼ 1.2

and a length ratio RL ¼ 0.4. The scour depth invariably increases

moving downstream, even though the growth is definitely much

larger passing from the first to the second weir for flat weirs and

from the second to the third weir for sloped weirs. The rate of

increase appears also to significantly depend on RL. A much

regular trend is observed for RL ¼ 0.3 while in the other

two cases the transition versus a deeper scour is characterized

by a more sharp increase (Figure 2(b)). The results shown in

Figure 2 then suggest that, regardless of the weir inclination

angle, the crest slope, the length and the discharge ratio, the

intensity of the vortex forming around the most downstream

weir nose was higher and, hence, caused a deeper scour. This

Table 1 Range of variables used in this study

Parameters Range of variables

Angle (a) 608, 758, 908
Length ratio (RL) 0.2, 0.3, 0.4

Discharge ratio (RQ) 0.8, 1, 1.2

Crest slope of weir (Swc) 0%, 5%, 10%, 20%

Weir space ratio (RS) 3 (constant)

Weir height (Hw) 5 cm, that is, 33% of average flow

depth D for the (constant)

design discharge

4 Mohammad Hemmati et al.
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result poses some questions about the strategies that should be

adopted for mitigating erosion in the correspondence of the

most downstream weir during the construction phase.

3.2 Effect of inclination angle on relative scour depth

In order to evaluate the effects of weir inclination angle a on

maximum scour depth at the nose of sloped weirs, three

angles (608, 758 and 908) were considered. Within the ranges

of investigated parameters, the intensity of vortex recirculation

around the downstream weir always attains the greatest value

for a ¼ 758, independently of the crest slope (Figure 3(a))

and the discharge ratio. This result is consistent with the

experimental observations of Hemmati et al. (2012) and

Ramesh et al. (2010), both obtained for flat weirs. Also note

that Ramesh et al. (2010) carried out their tests in a 908
single bend (with R/B ¼ 2) in clear water conditions (i.e. in

the absence of sediment transport). The maximum difference

in relative scour depth as a is varied are 1.8 for flat weirs and

0.8, 0.25 and 0.3 for crest slopes of 5%, 10% and 20%,

respectively. These variations are in general relatively

limited, especially in the case of sloped weirs. Indeed, exper-

imental observations indicate that the vortex strength tends to

decrease with increasing crest slope. A much larger increment

of the RD is attained by increasing the flow discharge, especially

for a ¼ 758.

Figure 2. The maximum scour depth at the weir nose, normalized by the weir height, is plotted versus weir number. (a) for different crest slope,
a ¼ 608 and Lr ¼ 0.4, RQ ¼ 1.2; (c) for different weir length, a ¼ 608, Swc ¼ 0% and RQ ¼ 1.2.

Figure 3. The maximum scour depth at the weir nose, normalized by the weir height, is plotted as a function of (a) the weir inclination angle a (for
RQ ¼ 1, RL ¼ 0.4); (b) the length ratio RL (for RQ ¼ 1, a ¼ 908); (c) the discharge ratio RQ (for RL ¼ 0.4, a ¼ 908); (d) the weir slope Swc (for RQ ¼

1, RL ¼ 0.4). The meaning of the symbols is as follows: black triangles, Swc ¼ 0; black circles, Swc ¼ 5; white squares, Swc ¼ 10; crosses, Swc ¼ 20.
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3.3 Effect of length and discharge ratios on relative scour

depth

The dependence of the maximum relative scour depth on the

length ratio is shown in Figure 3(b). In the case of sloping

weirs the minimum scour depth is observed for RL ¼ 0.3 while

the maximum value occurred for RL ¼ 0.4. This result differs

from the experimental findings of Hemmati et al. (2012) for

flat weirs, indicating a maximum scour for RL ¼ 0.3 (see black

triangles in Figure 3(b)), possibly owing to the enhanced

erosion caused by the direct attack of the flow to the nose of

the weir. Conversely, a sloping crest ensures that the nose of

the weir can be placed below the sediment surface and, hence,

be protected from the direct attack of the current.

Figure 3(c) shows that increasing the flow discharge invariably

leads to a deeper scour. The rate of increase of scour depth,

however, is not the same for different crest slopes. The scour

depth ratio is much higher for flat weirs (Scw ¼ 0%) and weakly

sloping weirs (Scw ¼ 5%), because of the larger intensity of the

vortex around the nose. For large enough crest slopes (10% and

20%) and a fixed discharge ratio, differences in RD are quite

small. As outlined above, increasing the flow discharge ratio deter-

mines a significant increment of the scour for the crest slope of 5%,

independently of the inclination angle, whereas for crest slopes of

10% and 20%, the increment is definitely smaller. We then can

conclude that the performance of sloped weirs under different

flow conditions is surely better than that of flat weirs, provided

a high enough value of the slope (e.g. 10% and 20%) is adopted.

3.4 Effect of crest slope of weirs on relative maximum scour
depth

Figure 3(d) shows variation of RD versus Swc for RQ ¼ 1. From

this figure it can be seen that as Swc increases, the scour depth

decreases. For a constant discharge ratio, as the value of crest

slope increases, the intensity of the vortex circulation around

and downstream of weirs decreases, thus implying a reduced

bed shear stress and eventually a smaller scour depth. In particu-

lar, for relatively low flow conditions (e.g. RQ ¼ 0.8) no signifi-

cant scour depth has been observed around the most downstream

weir; conversely, a scour roughly equal to 6 times the weir height

forms for flat weirs. On average, it can be said that the scour

depth ratios around flat weirs are three times larger than those

occurring for weirs with crest slopes of 10% and 20% and dis-

charge ratios larger than one. The effect of sloped weirs on

scour depth is thus significant provided that a large enough

value of the slope of crest (e.g. .10%) is adopted. As a conse-

quence, the stability of this type of bendweirs is strongly

improved then favouring their sustainable use for protecting

the outer bank of meandering rivers.

3.5 Scour depth prediction

In order to provide an empirical design relationship that can be

used by engineering practitioners we carried out a non-linear

regression of a part (85%) of the present data set and used the

remaining 15% as a control set. The non-linear regression has

been done by means of the SPSS statistical package (Levesque

2007), and the following relationship has been derived:

RD = 8.706ln(RQ) − 0.112(RL)−1.488 + 0.039
a

90

− 2.982S0.182
cw + 7.845. (1)

The correlation between observed and predicted values of the

scour depth ratio are quite good (correlation coefficient R2 ¼

0.91), as shown in Figure 4. Also the 15% of data retained as

the controlling set are reasonably predicted by relation (1).

Clearly, a reliable use of this equation requires that it is applied

for impermeable weirs and within the ranges of the dimension-

less quantities characterizing the data set from which it has

been determined (see Table 1).

Under these conditions, the relative error e associated with the

use of Equation 1 is likely to keep below the 10% (more specifi-

cally, 9.8% for the data reported in Figure 4). Here, the subscripts

p and m refer to the predicted (though Equation 1) and measured

values of the scour ratio RD.

1 =
∑

( RDp − RDm

∣
∣

∣
∣)

∑RDm
. (2)

3.6 Effect of crest slope on relative maximum point-bar height
at the inner bank side

The practical aim of bendway weirs’ construction is not only to

control the scour localized at the outer concave bank of a bend,

but also the height of the point-bar forming at the inner bank side

(Hemmati et al. 2012). Figure 5 shows the maximum point-bar

height ratio, RH, calculated as the ration of values observed in

the presence and in the absence of weirs, plotted as a function

Figure 4. Observed value of relative scour depth, RD, versus values
predicted by Equation (1).
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of crest slope for different discharge ratios. The differences in RH

for a given discharge ratio are relatively small as Swc increases.

Conversely, an appreciable increase in RH is found as RQ

grows. For example, for discharge ratios equal to 0.8 and 1.2,

RH attains the average values 1 and 0.8, respectively. Thus, the

crest slope of weir does not have any significant effect on

point-bar height, while RH tends to reduce significantly for

flow discharges higher than design discharge (RQ . 1). This

result is in agreement with the experimental findings of

Hemmati et al. (2012), indicating that flat weirs’ construction

reduced the point-bar height by 20% and 18% (for various

angles and lengths ratio, respectively) and RQ . 1.

3.7 Effect of crest slope on cross-sectional eroded surface area
of point-bar (A/A0)

Bendway weirs cause a widening of the navigation channel, in

bends or turns, by creating a suitable redistribution of velocities

and, hence, of sediment deposits confirmed by both laboratory

tests and field observations. As a result of the weir construction

the flow is redirected from the outer bank of the bend towards the

point-bar (Derrick 1999), enhancing the erosion of the inner

point-bar. The eroded surface area of the point-bar embodies

the effect of weirs on current streamlines, redirecting the flow

path from the outer to the inner bank side. The dashed area in

Figure 6(a) represents a typical example of the surface eroded

from the point-bar at a given cross-section (M:48). Figure 6(b)

shows how the cross-section area of the inner point-bar at a

few representative cross-sections (M:45, M:48, M:49, M:52) is

eroded after the construction of bendway weirs with different

crests’ slopes. For comparison purposes, the area A is scaled

with the initial cross-sectional area of the sediment bed within

the cross-section, A0. For all the considered sections, the

eroded surface ratio (A/A0) decreases as the crest slope gets

larger. The portion of channel area influenced by flat weirs, in

fact, is more than that affected by the presence of sloping

weirs, and decreases as the crest slope is augmented. In other

words, flat weirs are more effective in capturing and redirecting

the flow from the outer bank towards the point-bar forming at the

inner bank side, thus limiting the inner point-bar erosion.

3.8 Sedimentation and erosion patterns around bendway weirs

The detailed spatial distribution of erosion and sedimentation

patterns measured at the end of each test are illustrated in

Figures 7–9. These figures show the localization of the

maximum scour, how the channel thalweg is influenced by the

weirs and where sediments tend to be deposited. This

Figure 5. Relative maximum height of the point-bar forming at the inner concave bank is plotted versus crest slope for different discharge ratios, RL

¼ 0.4 and (a) a ¼ 60o, (b) a ¼ 90o.

Figure 6. (a) Cross-sectional area eroded from the inner bank point point-bar of a channel bend section (M:48) after the construction of bendway weirs
with Swc ¼ 20%, RL ¼ 0.4 and for RQ ¼ 1.2; (b) The cross-sectional surface area A eroded from the inner point-bar, scaled with the reference area A0 is
plotted versus crest slope at different cross-sections (M:45, M:48, M:49, M:52) along a bend (see Figure 1) for a ¼ 90o, RL ¼ 0.4 and RQ ¼ 1.2. The
scaling area A0 is the cross-sectional area of the sediment bed at a given channel section before the construction of bendway weirs.
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information is of crucial importance for evaluating the effects of

the adopted solution on navigation and restoration activities.

Moreover, it is important to observe how the scour, which

attains its maximum depth near the weir tip, tends to extend

towards the inner bank. The extent of the scour hole forming

upstream of the first weir ‘W1’ increases with the inclination

angle (see Figures 7 and 8) and, hence, can potentially affect

the outer bank stability. The present experimental results indicate

that the velocity downstream of weirs with an inclination angle of

908 (especially in the correspondence of the first weir ‘W1’) was

larger than for inclination angles of 758 and 608. The surveyed

bed topography confirms this finding, since a larger scour is

indeed observed downstream of the first weir for a ¼ 908 (see

Figure 8). This result is consistent with field surveys of bed mor-

phology carried out at the Brookside Farm field site after the

installation of the weirs (Matos 2004). On the other hand,

Abad et al. (2008) stated that the large shear velocities occurring

between the weirs at high stages prevent accumulation of

sediment in this part of the channel cross-section. Therefore,

not only the maximum scour, which establishes at the tip of

the last weir, has to be accounted for when designing bendway

weirs, but also how the scour tends to elongate towards the

inner bank. Figures 7 and 8 suggest that adopting an inclination

angle of 60o decreases the scour at the most downstream weir,

and ensures a better protection of the outer bank. The sedimen-

tation/erosion patterns resulting for a ¼ 75o (not shown here)

are quite similar to those observed for a ¼ 60o and still ensure

a good protection of the bank, even though the scour at the tip

of the last weir tends to be larger.

The effects on sedimentation/erosion patterns of varying the

weir length are shown in Figures 8 and 9. Increasing the weir

length favours sedimentation and, as a consequence, outer

bank protection. Conversely the extension of the point-bar

forming at the inner bank reduces. Longer weirs, in fact,

further redirect the flow streamlines and the thalweg towards

the inner bank, thus enhancing the erosion of the inner point-bar.

Figure 7. Bed topography showing the sedimentation and erosion patterns around the flat-crested bendway weirs for RQ ¼ 1, a ¼ 608 and RL ¼ 0.4.
The space between contour lines is 0.04 m. The red water line indicates the water surface level for RQ ¼ 1. The hachure lines denote erosion. All scales
are in metres.

Figure 8. Sedimentation and erosion patterns around flat-crested bendway weirs for RQ ¼ 1, a ¼ 908 and RL¼ 0.4. The space between contour lines
is 0.04 m. The red water line indicates to water surface level for RQ¼ 1. The hachure lines denote erosion. All scales are in metres.

8 Mohammad Hemmati et al.

D
ow

nl
oa

de
d 

by
 [

M
oh

am
m

ad
 H

em
m

at
i]

 a
t 0

1:
19

 0
9 

D
ec

em
be

r 
20

15
 



4 Conclusion

The present laboratory flume research focused on the effect of the

crest slope of bendway weirs on the relative maximum scour

depth, RD, at the nose of weirs, the relative maximum height,

RH, of the point-bar forming at the inner bank of a bend and

the relative cross-sectional surface area, A/A0, eroded from this

inner point-bar after the weir construction. The data collected

during the experimental tests (64) have been used to derive an

equation for predicting of relative scour depth at the nose of

flat and sloped weirs. The relevant dimensionless parameters

have been identified in the discharge ratio, RQ, the length ratio,

RL, inclination angle, a, and crest weir slope, Swc. In summary,

the experimental results showed that, within the investigated

ranges of parameters,

. The erosion peak occurred at the nose of the most downstream

weir in the case of both flat and sloped weirs. In particular, the

maximum scour depth for flat weirs took place for a ¼ 758
and RL ¼ 0.3, while in the case of sloping weir crest it

occurred for a ¼ 758 and RL ¼ 0.4 and;
. The minimum and maximum scour depths for sloping crest

weirs were observed for RL ¼ 0.3 and RL ¼ 0.4, respectively;
. By increasing the crest slope from 0% to 20%, the scour depth

decreased more than three times. In particular, the minimum

scour depth has been observed for a ¼ 608, RL ¼ 0.2, RQ ¼

1.2, and Swc ¼ 20%.
. It is recommended to use the sloped weirs for outer bank pro-

tecting goals, with high enough crest slope (�10–20%),

which better satisfy sustainability issues, owing to the lower

scour effects occurring at weir tips;
. Statistical analysis of the collected data allowed to develop an

empirical relation for prediction of scour depth at the nose of

flat and sloped weirs;
. The crest slope of weirs does not affect significantly the height

of the point-bar forming at the inner (convex) bank on a bend;

nevertheless, the inner point-bar height was found to

decrease by 20% for a flow discharge larger than the design

value (i.e. RQ ¼ 1.2);
. The relative eroded surface area of the inner point-bar (A/A0)

turned out to decrease as the crest slope gets larger; this

means that flat weirs are more effective in capturing and redir-

ecting the flow from the outer to the inner bank side;
. Bed topography surveys suggest that sedimentation induced

by the weirs (and hence protection of the outer bank) is

enhanced for inclination angles of 608 and 758, that is, when

the weirs are oriented upstream of the flow direction;
. Sedimentation is also favoured by increasing the weir length;

longer weirs, further forcing the streamlines towards the inner

bank, imply also an inward migration of the thalweg which, in

turn, enhances erosion of the inner bank point-bar.

Notation

The following symbols are used in this paper:

RD ¼ Ratio of maximum scour depth at the nose of weir

(Dmax) to the weir height (Hw)

RH ¼ Ratio of maximum point-bar height with weirs (Hpb-w)

to point-bar height without weirs (Hpb-nw)

a ¼ Inclination angle of the weir with respect to the main

flow direction

RL ¼ Ratio of the crest weir length (Lw) to the bankfull

channel width (B) for the design flow discharge (Qd)

RQ ¼ Ratio of flow discharge (Q) to the design flow discharge

of bendway weirs (Qd)

A ¼ Cross-section area of inner bank point-bar surface

eroded after weirs construction

A0 ¼ Initial (i.e. before the weir construction) cross-sectional

area of the sediment bed within a the M:k-th channel

section

Scw ¼ Crest slope of weir

Figure 9. Sedimentation and erosion patterns around flat-crested bendway weirs for RQ¼ 1,a ¼ 908 and RL¼ 0.2. The space between contour lines is
0.04 m. The red water line indicates to water surface level for RQ¼ 1. The hachure lines denote erosion. All scales are in metres.
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Ls ¼ Arc length distance between the centres of two consecu-

tive weirs

M:k ¼ k-th cross-section (e.g. ‘M: 45’ in the Figure 6(b) is

related to cross-section (45))

Wi ¼ i-th weir
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