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Abstract
The roughness in the floodplains in a compound canal and its impact on hydraulic parameters such as the shear stress and 
their estimation are one of the problems that have attracted the attention of engineers. In this research, the aim is to investigate 
the effect of artificial on the floodplain of the compound channel on hydraulic parameters. In experiments, slope of channel 
bed was 0.0015 and three different discharges have been used. The four types of rigid roughness were used to investigate the 
effect of these parameters. These roughness elements were arranged with zigzag state with two distances of 4 k and 8 k (k 
is the height of roughness) in the floodplain. A Preston tube with an external diameter of 3 mm that equipped with dynamic 
pressure sensors was used to compute the shear stress. The Patel calibration curve was used in order to convert the differ-
ence between the static and dynamic pressure measured by the Preston tube to the shear stress values. The results showed 
that for the zigzag arrangement with the density of 4 k, the shear stress is reduced due to the high roughness density and the 
greater roughened area. In a rough bed, the shear stress in floodplain was significantly higher than smooth bed, and the stress 
distribution is such that it has descending trend from the main channel toward the wall of the floodplain. The shear stress 
increase for roughness with a spacing of 8 k is 22–36% higher than the similar hydraulic condition in a smooth bed and the 
shear stress for condition with the presence of a cylinder with D = 3 cm and roughness spacing of 8 k was 14–18% higher 
than the shear stress of bed without a cylinder and the same roughness density. The shear stress for condition of the presence 
of a cylinder with D = 6 cm and roughness spacing of 4 k is 24–30% more than the roughened plain with distances of 4 k.
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Introduction

Compound channels are hydraulic sections that consist of a 
main section and floodplains. The main channel has a lower 
level of the floor and generally has a general section close 
to the rectangle or trapezoid. This section conveys the usual 
runoff and base flood, which flow mostly the river, and the 
floodplain is a part of the compound channel, that the bed 
level is above the main channel and is located on one or 
two sides of the main channel. This part does not play a 
role in the conveyance and only was used during occurrence 
of flood. It generally has a significant vegetation cover. In 
natural river, the flow is established in the main channel 
and the walls of the main channel are composed of stones 

and sediment materials and it has poor vegetation, so the 
hydraulic roughness is less compared to the floodplain. The 
vegetation on the floodplain in the walls and bed produces 
a surplus hydraulic resistance against the flow that is very 
effective on hydraulic parameters such as water surface pro-
files and the bed shear stresses.

The flood in river and environmental adjustment depend 
on the flow structure in the channel with vegetation, so study 
of the environmental hydrology and flow characteristics is 
essential. The resistance against water flow and turbulence 
properties of flow on vegetation in the channel play an 
important role in flood control and environmental stability. 
The velocity of flow decreases due to the resistance of the 
vegetation and causes the water pollution has been adsorbed. 
i.e. in a stream channel and along the river banks it may 
be effective pollutant filters. On the other hand, the rough-
ness on the bed reduces the destruction and erosion of the 
river bed, which helps to maintain stability of the channel. 
In addition, during flood periods, the presence of vegetation 
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decreases the velocity, increases water level, reduces flood 
discharge capacity and ultimately reduces flood disasters.

Nikuradse (1933) and Perry et al. (1969) have studied 
the effect of rough-wall boundary condition on the mean 
velocity distribution in the inner region. The skin friction 
coefficient for trapped timber element was measured an aver-
age values of 4.11 × 10−3. Also in equation of velocity pro-
file, the variation in the constant values can be explained by 
the roughness geometry. Bisceglia et al. (2001) studied the 
effect of two different types of bed roughness on a turbulent 
boundary layer. The roughness consisted of square ribs and 
cylindrical rods with horizontal distances of 2 k and 4 k, 
respectively. For square ribs and cylindrical rods, the wall 
skin friction, Cf, was obtained 3.84 × 10−3 and 9.08 × 10−3, 
respectively.

Stone and Shen (2002) have studied hydraulic resistance 
of flow in open channels with cylindrical. The apparent 
mean velocity and the surface layer velocity in rough beds 
were obtained by physical base formulas. Guo and Julien 
(2005) investigated the shear stress for bed and walls of a 
rectangular open channel. The bed shear stress has been 
determined by continuity and momentum equations.

Coleman et al. (2007) studied fully rough turbulent sub-
critical flow over the rib roughness with various spacing of 
p/k = 1–16 (roughness spacing/), with k/H = 0.09 (height/
flow-surface elevation ratio). The Reynolds stress above the 
rib roughness increased with depth of flow and rib spacing. 
For tight ribs (p/k < 5), the form-induced stresses were nearly 
zero above the rib. Application of the double-averaging meth-
odology to open channel flows over rough beds was done by 
Nikora et al. (2004). Volino et al. (2009) investigated turbulence 
structure of flow over the bar roughness, and they compared 
results to previous studies on a smooth wall. The instantane-
ous velocity vector fields were measured between and over the 
roughness elements. The two-dimensional bars caused to con-
siderable variation in the turbulence in the outer flow.

Liu et al. (2013) proposed a method to model the veloc-
ity and bed shear stress distributions in compound channels 
with emergent and submerged vegetation. The secondary 
current coefficient K was obtained for vegetated floodplain, 
in range of 1–8% in a compound channels. The results 
showed that the proposed model can predict the lateral 
depth-averaged velocities and bed shear stress distributions 
with good approximation.

Zhao et al. (2014) have done experimental study of free 
surface fluctuation in open channel in the presence of cyl-
inders the particle image velocimetry method was used 
to measure velocity vector fields by Zhao et al. (2014). 
Also the mean drag force was measured using a load on 
rigid cylinder arrays in open channel flows. The results 
showed that the relative drag fluctuation to mean value 
was obtained up to 133% for the Reynolds number in the 
range of 400–100.

Liu and Zeng (2016) conducted a series of experiments to 
estimate the drag coefficient (Cd), and an empirical equation 
was determined describing the relationship between Cd and 
Reynolds number, Froude number; and vegetation charac-
teristics in subcritical flow.

Shan et al. (2016) suggested a new method to estimate the 
bed shear stress in smooth and vegetated compound channels 
using the Darcy–Weisbach equation. The present method 
is studied in two smooth compound channels with differ-
ent geometries and in a compound channel with vegetated 
floodplain.

The objective of this research is to investigate the effect of 
the roughness and a rigid cylinder on the characteristics of a 
flow in a compound channel. Measurement of water depth, 
velocity distribution and the bed shear stress are done for 
different flow discharges.

Materials and methods

The experiments were conducted in a metal and glass flume 
with a rectangular cross section for half of the compound 
channel. The flume was 0.8 m wide, 0.5 m deep and 10 m 
long. The width of the trapezoidal main channel and the 
floodplain was same (40 cm), and the channel side slopes 
were 1:1. The slope of the channel was 0.0015. The dis-
charge was measured with a rectangle sharp weir placed 
at the end of the flume. The discharge–head relation-
ship (Q–h) for the rectangle weir in the experiments was 
Q = 1.708(0.6 − 0.2h)h1.5 witch h is hydraulic head on a weir 
crest.

In each test, the upstream subcritical depth and the water 
depths along the flow (water surface) were measured using 
point gauges of 0.1 mm accuracy. The experiments were 
conducted with three types of rigid roughness and three 
different Froude numbers. A total of 21 experiments were 
carried out including 3 experimental with smooth bed and 
18 experiments with roughed bed (Table 1). The cylinder 
diameter was 0.03 and 0.06 cm, and the height (k) and length 
of cubes were 0.025 and 12 cm, respectively (Fig. 1).

The u velocity (in direction of flow) × was measured 
using a micro-propeller velocity meter in 5–10 mm verti-
cal spacing, and the instant pressure of the flow in the bed 
of the channel was measured using pressure transmitter 
(± 100 mm bar, accuracy of 0.4%). The pressure data were 
recorded using 6CH Pressure DAQ software.

The bed shear stress was measured by the Preston tube. 
The differential pressure between the high and low pres-
sure port on the Preston tube was recorded in the center 
of the flume for each section. An average of the differen-
tial pressure readings was recorded in the form of pres-
sure head. The shear stress was calculated from differential 
pressure with Patel (1965) method and calibration curve. 
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The non-dimensional differential pressure ( x∗ ) and shear 
stress parameters ( y∗ ) could be estimated from following 
Equations.

where x∗ = log
(

ΔP d2

4 � �2

)

 , y∗ = log
(

�od
2

4��2

)

 , D+ =
du∗

�
 = Reyn-

olds number, d = diameter of Preston tube, ν = kinematic 
viscosity of water, �0 = wall shear stress, and u∗ = shear 
velocity.

The wall and bed shear stress (τw and τb) can be 
expressed as a function of the independent variables of u∗ ; 
L; ν; g; v; y1; y2; b1; b2; k; S and D; where u∗ is the shear 
velocity, L is the length of roughened bed, g is the accel-
eration due to gravity, ρ is the density of water, ν is the 
viscosity of water, v is the mean velocity of flow, b1 is the 
width of the main channel, b2 is width of floodplain, y1 and 
y2 are depths of flow in the main channel and floodplain, k 
is the height of roughness, S is the slope of the bed, and D 
is rod diameter.

(1)

y∗ = 0.5 x∗ + 0.037 for 0 < y∗ < 1.5, D+
< 11.2

y∗ = 0.8287 − 0.1381 x∗ + 0.1437 x∗2 − 0.006 x∗3 for

1.5 < y∗ < 3.5, 11.2 < D+
< 110

x∗ = y∗ + 2 log (1.95 y∗ + 4.1) for 3.5 < y∗ < 5.3

By applying the Buckingham π theorem, the followingequa-
tion was obtained:

where Fr is the flow Froude number of compound channel, 
Re∗ is shear Reynolds of flow, k

y2
 is relative roughness, 

Dr =
y2−y1

y2
 is the relative depth of flow, b1

y2
 , b2

y2
 are the 

width–depth ratios, �w

�y2S
 and �b

�y2S
 are non-dimensional wall 

and bed shear stress.

Because b1, b2, L and S are constants, they can be ignored. 
Hence, Eqs. (4) and (5) are reduced to Eqs. (6) and (7):
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Table 1  Summary of experiments with roughed bed

Roughness 
arrangement

Slope of bed Distances of 
roughness (k)

Length of 
roughness 
(cm)

E (1–1) 8 12
E (1–2) 4 12
E (2–1) 8 12
E (2–2) 0.0015 4 12
E (3–1) 8 12
E (3–2) 4 12
E (4–1) 8 12
E (4–2) 4 12

Fig. 1  Roughness element geometry

Fig. 2  Non-dimensional shear stress parameters y∗ versus differential 
pressure x∗

Fig. 3  Comparison between measured turbulent shear stress for dif-
ferent flow rates with the smooth plain
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Results

The experimental calibration curve is plotted in Fig. 2. The 
non-dimensional shear stress parameters y∗ versus differen-
tial pressure x∗ show good agreement between the experi-
mental results and Preston method.

Figure 3 shows the bed shear stress for different rates of 
flow in smooth bed. It can be seen that the bed shear stress 
is decreasing from the main channel toward plain channel. 

(6)
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Also the bed shear stress has increased by increasing of flow 
rate.

Figure 4 shows the mean velocity of flow in the smooth 
main and plain sections of the compound channels for differ-
ent rates of flow. It can be concluded that the mean velocity 
of flow is decreasing from the main channel toward plain 
channel because the width of plain section is more than the 
main section of the compound channel. The resistance coef-
ficient is a key parameter to determine the general resisting 
shear forces on the bed. The boundary shear stresses can 
be expressed in terms of the corresponding resistance coef-
ficients as: �0 = f

�v2

8
 where ρ is water density, f is the effec-

tive resistance coefficient, and v is mean velocity in flood-
plain. The resistance coefficient f is estimated 0.016–0.028 
in smooth floodplain.

Figure 5 shows the bed shear stress in smooth and rough-
ened plain channel (with distances of 8 k) for different rates 
of flow. It can be seen the bed shear stress is decreasing from 
the main channel toward plain channel. Also the bed shear 

Fig. 4  The variation of mean velocity of flow in smooth compound 
channel a  Q1, b  Q2 and c  Q3

Fig. 5  Comparison of the bed shear stress in smooth and roughened 
compound channel (roughness distances of 8 k) a  Q1, b  Q2 and c  Q3
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stress has increased by increasing of flow rate. The shear 
stress increase for roughness with a spacing of 8 k is 22–36% 
higher than the similar hydraulic condition in a smooth bed. 
The resistance coefficient f is estimated 0.25–0.28 in rough-
ened plain channel with distances of 8 k.

Figure 6 shows the bed shear stress in smooth and rough-
ened plain channel (with distances of 4 k) for different rates 
of flow. It can be seen that the bed shear stress is decreasing 
from the main channel toward plain channel. The resistance 
coefficient f is estimated 0.3–0.4 in roughened plain channel 
with distances of 4 k.

Figure 7 shows the bed shear stress in the roughened plain 
(with distances of 8 k) and roughened plain with the pres-
ence of a pier (D = 3 cm) for different rates of flow. It can be 
concluded that the bed shear stress in the roughened plain 

with the presence of a pier (D = 3 cm) is 14–18% more than 
the roughened plain with distances of 8 k. Also the bed shear 
stress has increased by increasing of flow rate. The resist-
ance coefficient f is estimated 0.28–0.33 in roughened plain 
channel (with distances of 8 k) with the presence of a pier 
(D = 3 cm).

Figure 8 shows the bed shear stress in the roughened plain 
(with distances of 8 k) and roughened plain with the pres-
ence of a pier (D = 6 cm) for different rates of flow. It can 
be seen that the bed shear stress in the roughened plain with 
the presence of a pier (D = 6 cm) is 18–23% more than the 
roughened plain with distances of 8 k. Also the bed shear 
stress has increased by increasing of flow rate. The resist-
ance coefficient f is estimated 0.3–0.33 in roughened plain 

Fig. 6  Comparison of the bed shear stress in smooth and roughened 
compound channel (roughness distances of 4 k) a  Q1, b  Q2 and c  Q3

Fig. 7  Comparison of the bed shear stress in a roughened plain with 
the presence of a pier (D = 3 cm) and roughened plain (distances of 
8 k) a  Q1, b  Q2 and c  Q3
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channel (with distances of 8 k) with the presence of a pier 
(D = 6 cm).

Figure 9 shows the bed shear stress in the roughened 
plain (with distances of 4 k) and roughened plain with the 
presence of a pier (D = 3 cm) for different rates of flow. It 
can be concluded that the bed shear stress in the roughened 
plain with the presence of a pier (D = 3 cm) is 23–29% more 
than the roughened plain with distances of 4 k. The resist-
ance coefficient f is estimated 0.35–0.45 in roughened plain 

channel (with distances of 4 k) with the presence of a pier 
(D = 3 cm).

Figure 10 shows the bed shear stress in the roughened 
plain (with distances of 4 k) and roughened plain with the 
presence of a pier (D = 6 cm) for different rates of flow. It 
can be seen that the bed shear stress in the roughened plain 
with the presence of a pier (D = 6 cm) is 24–30% more than 
the roughened plain with distances of 4 k. The resistance 
coefficient f is estimated 0.32–0.45 in roughened plain 
channel (with distances of 4 k) with the presence of a pier 
(D = 6 cm).

Fig. 8  Comparison of the bed shear stress in a roughened plain with 
the presence of a pier (D = 6 cm) and roughened plain (distances of 
8 k) a  Q1, b  Q2 and c  Q3

Fig. 9  Comparison of the bed shear stress in a roughened plain with 
the presence of a pier (D = 3 cm) and roughened plain (distances of 
4 k) a  Q1, b  Q2 and c  Q3
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Conclusions

The objective of these experiments was to predicting bed 
shear stress in the rough compound channel. The results 
showed the bed shear stress increased with roughness ele-
ment density and presence of a pier.

In particular, the bed shear stress distribution was seen to 
decrease more rapidly along the flume near the main chan-
nel and floodplain interface in smooth floodplain compared 
to the roughened cases. This phenomenon can be regarded 
as a consequence of the greater resistance generated by the 
roughness elements. Further away from this interface, differ-
ences between the bed shear stress values are small.

For resistance calculations, combining the effects of the 
channel bed and roughness interfaces were used. The results 
showed that f was dependent on the roughened bed type. A 
value of 0.016 ≤ f ≤ 0. 028 was obtained for smooth flood-
plain channel, while the range of 0.25 ≤ f ≤ 0.45 is estimated 
for roughened floodplain. As the diameter of a pier (D) has 
increased the resistance coefficient, f has not changed for 
same roughness element density (4 k or 8 k) due to the pres-
ence of single cylinder so the effect of cube roughness on 
the flow resistance was more important.
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