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a b s t r a c t

In this paper, the authors present experimental results of overbank flow in asymmetric rectangular
compound channels considering both smooth and rough flumes. The mean velocity distributions in the
main channel, floodplain, and the whole cross-section were measured for nine different test models
constructed with variable main channel width and step height. The mean velocity measurements are
then related to a dimensionless parameter called the relative depth defined as the ratio of the depth
above the floodplain bed to the depth above the main channel bed. The variations and interactions of the
three outlined mean velocities have been investigated with respect to relative depth. A set of single-
variable regression models has been developed for estimating the three mean velocity types using
relative depth as the only independent variable. Another set of multiple-variable regressions models has
been derived using two additional dimensionless parameters which take into account the width
dimensions of the constructed asymmetric compound channel. The application of several key statistics
and validation procedures has indicated the high significance and reliability of the developed models in
predicting the three mean velocity types. The predicted mean velocities can then be used to estimate the
corresponding channel flow rate using the continuity equation.

& 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Movement of water during flood period occurs under the
conditions of complete interaction between the flood-plain
streams and main-channel flow. The principal reason of this
interaction is the difference in hydraulic resistances resulting from
both the flood-plain and main-channel flows. This condition
causes considerable velocity gradients near the formation of
eddies, channel edges, increased turbulence and transverse water
mass exchange. The result is an increase in the stream's energy
losses, and reduction of stream velocity in the main-channel and
its discharge capacity [1,2].

During peak-discharge times, rivers generally flow over their
banks to gain extra storage capacity and increase their conveyance.
This causes a threat to the population living on the floodplains.
The hydraulic engineer is expected to develop mitigation schemes
and estimate flood risks. The one-dimensional numerical models
are commonly used in such studies based on subsection division
methods. These models generally do not include compound-
channel flow features such as the momentum transfer due to the
velocity difference between the main channel and floodplains [3].
ll rights reserved.

@yahoo.com (I.A. Al-Khatib),
Abu-Hassan),
Regression models could thus be preferred when the velocity
distribution across the channel cross-section needs to be accu-
rately estimated. These regression models are useful in studying
and analyzing the sediment transport phenomenon.

Because of the difficulty in obtaining sufficient comprehensive
and accurate field measurements of shear stress and velocity in
compound channels [4], considerable reliance must be placed on
well focused laboratory investigations to provide the information
concerning the details of the lateral momentum transfer and flow
structure. Such details are important in the application and
development of numerical models aimed at solving certain prac-
tical open channel flow problems [5,6].

Understanding the hydraulic behavior of compound channels is
necessary for the accurate prediction of river flood levels and for
the design of economical flood defense schemes. Because it is
difficult to obtain sufficiently comprehensive and accurate field
measurements in natural rivers under unsteady flood flow condi-
tions, recourse is often made to laboratory studies to provide
much of our knowledge about the effects of overbank flows on
flow and sediment dynamics [7]. This paper presents one such
study in which sets of data on velocity distribution in the main
channel and floodplain are obtained using small-scale laboratory
compound channels with asymmetric floodplains.

A number of complex hydraulic processes are involved in
turbulent flows in compound channels. A turbulent shear mixing
region is typically formed at the main floodplain/channel interface
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Nomenclature

a, a1 regression constants
A, A3 cross-sectional area of the compound channel
A1 cross-sectional area of the main channel
A2 cross-sectional area of the floodplain
ΔAi small elementary areas (i¼1,2, …, N)
b, c regression coefficients associated with independent

variables (yf =h), (yf =h)
n respectively b1, b2, c1, c2, d1,

and, d2¼regression coefficients
B bottom width of the approach channel
Bf floodplain width
BO bottom width of the upstream channel
CV coefficient of variation
g acceleration due to gravity,
h main channel water depth
ln natural logarithm function
MSE mean squared errors
MSPR mean of the squared prediction errors
n regression power for independent variable (yf /h) in

the non-linear term
n1 & n2 regression powers associated with independent vari-

ables (Bf/B) and (yf =h) respectively
nn the number of cases in the validation data set
N number of small elementary areas

Q, Q3 compound channel flow rate
Q1 main channel flow rate
Q2 floodplain flow rate
R hydraulic radius,
R2 coefficient of determination
S0 bed slope
SVij standard error associated with the mean velocity (Vij)
t Student t-value statistic
ui measured point velocity
U cross-sectional average velocity
Un friction velocity,
Vij the ith mean velocity type associated with the jth

compound cross-section type
Vi ith mean velocity type (i¼1, 2, 3) in meter per second
V1 mean main channel velocity
V2 mean floodplain velocity
V3 mean full cross-sectional velocity
Yi the value of the response variable in the ith

validation case
Y ⋅
i the predicted value for the ith validation case based on

the model-building data set
yf floodplain water depth
z step height
θ1 and θ2entrance angles
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resulting in the generation of bed-generated turbulence, second-
ary currents, and free-surface effects. In a straight channel, this is
the dominant flow mechanism that incurs energy loss other than
that due to skin friction [8,9].

Several researchers have performed numerical studies on
straight channels, in particular symmetric compound channels
[10–16]. Early work in compound channels identified the impor-
tance of the interaction effect between the floodplain and main
river channel flows [17–19]. Apparent shear stresses were obtained
at this interface by applying the momentum equation and mea-
suring boundary shear stress distributions. These apparent shear
stresses affect the velocity on the floodplain or in the main river
channel, thereby influencing the sub-area or ‘zonal’ resistance
coefficients [7].

In the analysis of compound channel flows, the relative depth
(yf =h) is used as a non-dimensional parameter to describe the
main channel flow depth (h) relative to the floodplain flow depth
(yf ). It is also defined as (h−z/h) where z is the step height. It is to
be noted that this definition of variables was originally developed
for channels of constant cross-sectional area and shape. In a
straight channel, the magnitude of the momentum transfer
mechanism would be greater at lower relative depths when the
relative difference in velocity between the main channel and
floodplain is a maximum.
2. Experimental apparatus and procedure

The first set of experiments was carried out in a glass-walled
horizontal laboratory flume 7.5 m long, 0.30 m wide and 0.3 m
deep with a bottom slope of 0.0025 at the fluid mechanics
laboratory, Mechanical Engineering Department, Birzeit Univer-
sity, Palestine. The discharge was measured volumetrically with a
flow meter with 0.1 l accuracy. A point gauge was used along the
centerline of the flume for head measurements. All depth mea-
surements were done with respect to the bottom of the flume. A
pitot tube of circular section with external diameter of 8 mm was
used to measure the static and total pressures deployed in the
estimation of flow velocities and shear stresses at the channel
section points specified in the experiments conducted throughout
this study.

The first set of smooth models of asymmetric rectangular
compound cross-sections were manufactured from Plexiglas and
placed at about mid length of the laboratory flume. Fig. 1 shows
the plan view and cross-section of the test models along with the
symbols used to designate the main model dimensions. The
various dimensions defining the 9 distinct compound cross-
sections are provided in Table 1. The parameters B and z denote
the width and step height of the main channel of the asymmetric
compound cross-section, respectively.

The required experiments were first conducted for the models
with the smallest B (10 cm) with variable z values (2 cm, 4 cm, and
6 cm). The second sets of experiments used a value of B equals to
15 cm along with the same z values (2 cm, 4 cm and 6 cm). Finally,
the value of B was increased to 20 cm to conduct a third set of
experiments using the same three values of z. The entrance angles,
θ1 and θ2, were chosen to be equal to 26.565 and 153.351,
respectively. The transition length was selected to be twice the
floodplain width, Bf.

In the second set of experiments, the same dimensions of the
first set were utilized but with rough surfaces both in the main
channel and floodplain. For roughened main channel and flood-
plain experiments, frames of aluminum wire grids (13�13 mm2

cells) were placed along the asymmetric compound cross-section
channels to create rough vertical and horizontal surfaces for the
main channel and floodplain [20–23].

In order to determine the velocity distribution in the rectan-
gular compound cross-sections considering both smooth and
rough models, the channel cross-section was divided into a
number of successive lines normal to the direction of flow. Then,
the total and static heads were measured at several points along
these normal lines using the pitot (Preston) tube. More points
were taken along the lines located close to the channel boundary.
Towards the free surface, the distances were increased between
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the selected points at which the velocities were measured. Fig. 2
shows a definition sketch for the vertical lines along which the
velocity measurements were made in the both sets of tested
models.
3. Presentation and discussion of results

3.1. Velocity distribution

After obtaining the flow velocities at various grid points
representing the whole smooth asymmetric compound cross-
sections, sample velocity contours (isovels) were drawn for model
Type 3, 6 and 9 as shown in Fig. 3. As it can be shown, the
maximum velocity occurs near the water surface. The isovels bulge
towards the sidewalls and the corner due to the presence of
secondary currents. The velocity contour lines are also bulged
towards the juncture between the sidewall and free surface [24].
This is caused by inner secondary currents in the vicinity of the
juncture [25]. The existence of the floodplain provides the space
required for the flow to develop. The flow is clearly biased to the
right, with the maximum velocity (flow core) being in the
immediate vicinity of the interface between the main channel
and floodplain. More notably, the vertical variation of the flow
Fig. 1. Definition sketch of the flume used in the experiments. (a) Plan view. (b)
Typical cross-section of the asymmetric rectangular compound channel.

Table 1
Geometrical properties of the asymmetric compound channel models.

Compound cross-section type (j) B (cm) z (cm) Bf (cm) BO (cm)

1 10 2 20 30
2 10 4 20 30
3 10 6 20 30
4 15 2 15 30
5 15 4 15 30
6 15 6 15 30
7 20 2 10 30
8 20 4 10 30
9 20 6 10 30
structure is seen to be as substantial as the transverse distance (x)
changes [26].

Fig. 4(a) shows the measured isovels for stream-wise velocity
as presented by Shiono et al. for a similar asymmetric compound
channel [27]. The values of the depicted isovels represent the
measured velocity (U) normalized by friction velocity
ðUn ¼

ffiffiffiffiffiffiffiffiffiffiffi
gRS0

p
), where g is acceleration due to gravity, R is the

hydraulic radius, and S0 is the bed slope. Fig. 4(b) shows similar
BO/Bf (-) BO/z (-) BO/B (-) Bf/z (-) Bf/B (-) B/z (-)

1.50 15.00 3.00 10.00 2.00 5.00
1.50 7.50 3.00 5.00 2.00 2.50
1.50 5.00 3.00 3.33 2.00 1.67
2.00 15.00 2.00 7.50 1.00 7.5
2.00 7.50 2.00 3.75 1.00 3.75
2.00 5.00 2.00 2.50 1.00 2.5
3.00 15.00 1.50 5.00 0.50 10.00
3.00 7.50 1.50 2.50 0.50 5.00
3.00 5.00 1.50 1.67 0.50 3.33

Fig. 2. Definition sketch for vertical lines over which velocity measurements were
made for the different models (dimensions are in cm). (a) Asymmetric compound
cross-section types 1, 2 and 3. (b) Asymmetric compound cross-section types 4,
5 and 6. (c) Asymmetric compound cross-section types 7, 8 and 9.
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Fig. 3. Sample measured velocity distributions (m/s) using 52 m3/h discharge and
6 cm step height (z). (a) Sample measured velocity distribution for 10 cm main
channel width (B). (b) Sample measured velocity distribution for 15 cm main
channel width (B). (c) Sample measured velocity distribution for 20 cm main
channel width (B).

Fig. 4. Sample comparison of measured velocity distribution with equivalent one
found in the literature. (a) Sample normalized velocity (U/U*), Shiono et al. [27],
used with permission. (b) Sample normalized velocity (U/U*) using 15 cm main
channel width (B), 52 m3/h discharge, and 6 cm step height (z).
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isovels generated using the velocity distribution presented in Fig. 3
(b). As it can be seen from both figures, the general trend is almost
the same. There is a clear bulging of the isovels towards the main
channel away from the edge of the floodplain, which is a
characteristic of flows where secondary currents are present. The
velocity maxima occurs at mid-depth in the main channel and on
the floodplain. For the study of Shiono et al. [27], the isoline of the
maximum velocity of 20 bulges to approximately 0.8 y/h near the
channel step, but then drops to 0.4 y/h in the centre of the main
channel. In the present study, the isoline of the maximum velocity
of 29 bulges to approximately between 0.8 y/h and 0.9 y/h almost
in the centre of the main channel. It is to be noted that the
equivalent notations used by Shiono et al. [27] for y/h and x/Bo are
z/H and y/B, respectively.
3.2. Geometry effect on velocity distribution

Mean velocity distribution in the main channel, floodplain, and
the whole asymmetric compound section were obtained for
different depths of flow (h) considering the two sets of smooth
and rough models, each corresponding to a certain discharge
value. All of these depths were within the full compound cross-
section depth as defined by the specific geometry of each model.
The following notations are used to define the three different
types of mean velocities obtained from the measurements at the
corresponding cross-sections:

V1¼mean velocity (m/s) in the main channel.
V2¼mean velocity (m/s) in the floodplain.
V3¼mean velocity (m/s) in the total asymmetric compound
cross-section.

The above 3 mean velocity types have been plotted against the
relative depth parameter (yf =h) for 6 out of the 9 manufactured
smooth and rough compound rectangular cross-sections for the
purpose of analyzing and comparing the results. The relative depth
is defined as the ratio of the depth above floodplain bed (yf ) to the
total depth associated with the compound cross-section (h).
Figs. 5–9 depict the general trend of the interaction mechanism
between the 3 types of mean velocity considering both smooth
and rough models of different geometry. In this study, mathema-
tical integration can be used for the calculation of the mean
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V2= 6.4063(yf/h)2 - 7.4235(yf/h )+ 2.6954

V3= 6.717(yf/h)2 - 7.9099(yf/h )+ 2.8698

V1= 25.41(yf/h)2 - 42.11(yf/h )+ 17.81

V2= 9.821(yf/h)2 - 16.06(yf/h )+ 6.741

V3= 17.61(yf/h)2 - 29.08(yf/h )+ 12.27

(yf/h) 

Poly. (V2)

Fig. 5. Mean velocity data for compound cross-section type 1. (a) Smooth flume.
(b) Rough flume.
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Fig. 6. Mean velocity data for compound cross-section type 3. (a) Smooth flume.
(b) Rough flume.
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velocities (V1, V2 and V3) as presented in Eq. (1).

U ¼ 1
A

Z
A
uidAi ð1Þ

The cross-sectional area (A) of the channel was divided into (N)
small elementary areas (ΔAi) and for each elementary area the
corresponding average velocity (ui) was determined from the
velocities measured at the selected line points. The cross-
sectional average velocity (U) was calculated from Eq. (2) which
provides a good approximation of Eq. (1).

U≅
∑N

i ¼ 1uiΔAi

A
ð2Þ

The best-fit curves have been generated for all velocity data
presented in Figs. 5–9 using the program “Excel” provided by
Microsoft. The corresponding best-fit models have also been
developed using 2nd degree polynomials. These models are
developed to yield the highest possible coefficient of determina-
tion (R2). The values of (R2) as presented in Figs. 5–9 are generally
high ranging from 0.97 to 0.99.

It can be noticed from the general trend of Figs. 5–9 that there
are small differences among the values of the three mean
velocities in the case of smooth flume. However, in the case of
rough flume, the differences among the three mean velocities are
substantially higher. It can also be observed that the relative depth
values associated with the rough flume are higher than the
corresponding values associated with the smooth flume. On the
other hand, the depicted velocity values are higher in the case of
smooth flumes as would be expected. In the case of rough flume,
the velocity in the floodplain is consistently lower than the
velocity in the main channel, whereas in the case of smooth
flume, the relation between the two velocities varies as explained
in the next two paragraphs.

The 3 mean velocities are plotted in Figs. 5 and 6 for the
smallest constant main channel width (B¼10 cm) and varying step
height. The general trend that can clearly be depicted from
Figs. 5 and 6 over the entire relative depth range (yf =h) is that
the mean velocity in the main channel (V1) for smooth models is
lower than the mean velocity in the floodplain (V2), while the
reverse trend is noticed for the rough models. Whereas the mean
velocity in the total asymmetric compound cross-section (V3) falls
within the limits of V1 and V2 for both smooth and rough models
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Fig. 7. Mean velocity data for compound cross-section type 4. (a) Smooth flume.
(b) Rough flume.
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Fig. 8. Mean velocity data for compound cross-section type 5. (a) Smooth flume.
(b) Rough flume.
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as would be expected. This results in a momentum transfer from
the floodplain to the main channel for smooth asymmetric
compound channels and the reverse happens for rough asym-
metric compound channels.

The reverse situation occurs for the largest B value tested
(B¼20 cm) as shown in Fig. 9 for the entire (yf =h) range (i.e.,
V2oV3oV1) for both smooth and rough models. This means that
a momentum transfer has occurred from the main channel to the
floodplain. However, for main channel width (B¼15 cm) and
variable (z) value as shown in Figs. 7 and 8, the 3 velocities are
similar (i.e., V1≈V2≈V3) for smooth models, while V2oV3oV1 for
rough ones. It can also be concluded from the 9 tested models that
the 3 velocities (V1, V2 and V3) almost increase in magnitude as the
relative depth (yf =h) increases for both smooth and rough models.
4. Development of regression prediction models

The regression analysis will be used in this section to develop
and validate single-variable and multiple-variable models
considering both sets of smooth and rough flumes. A single-
variable model and a multiple-variable model will be developed
for each mean velocity type considering the nine tested asym-
metric compound cross-section configurations.

4.1. Single-variable regression prediction models

A generalized single-variable regression model for the two sets
of smooth and rough models has been derived to predict each of
the 3 experimentally measured velocities as a function of relative
depth (yf =h). The prediction model is exponential in form as
indicated by Eq. (3). The linear multiple-variable regression
techniques will be used to estimate the regression coefficients
associated with the model after performing the necessary linear
transformation.

lnðVi;jÞ ¼ aþ bðyf =hÞ þ cðyf =hÞ n ð3Þ
where ln is the natural logarithm function, Vi,j is the ith mean
velocity type associated with the jth compound cross-section type
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Fig. 9. Mean velocity data for compound cross-section type 8. (a) Smooth flume.
(b) Rough flume.

Table 2
Regression parameters for single-variable predictive models using smooth flume.

Mean velocity Regression parameters Compound cross-section type (j)

1 2 3

V1 a 1.823 −0.928 −0.711
b −8.737 0 0
c 7.751 1.326 1.892
n 2 1.5 2

V2 a 1.003 −0.948 −0.753
b −6.371 0 0
c 5.150 1.471 2.262
n 2 1.5 2

V3 a −1.155 −0.945 −0.730
b 0 0 0
c 16.63 1.418 2.072
n 2.3 1.5 2
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(i¼1, 2, 3; j¼1, 2, ….,9), a is the regression constant, b, c is the
regression coefficients associated with independent variables
(yf /h), yf =hÞn, respectively, n is the regression power for indepen-
dent variable yr in the non-linear term, and (yf /h) is the indepen-
dent variable representing relative depth.

Table 2 provides the derived numerical values of the regression
parameters (a, b, c, n) for a total of 27 different models represent-
ing 3 types of mean velocity for each of the 9 different asymmetric
compound cross-section cases. When deriving the generalized
model provided in Eq. (3), optimization of 3 main regression
statistics was done to arrive at the best possible estimated
regression equation. The first main statistic is the standard error
(SVi,j) associated with the dependent variable (Vi,j), which has been
minimized to the lowest possible values as provided in Table 3.
The second main statistic is the model coefficient of determination
(R2), which has been maximized to very high values ranging from
0.962 to 0.997. The third main statistic is the Student t-value
associated with the independent variable coefficients (b and c),
which has been maximized to reflect high significance with a
confidence level ranging from 96.4% to 99.9%.

In addition to the three main statistics outlined above, the
normal probability plots and residual plots are produced for each
regression model to test the assumptions of normality and con-
stant variance of the error terms, and whenever a deviation from
these assumptions was found, a modification of the model was
sought. Table 3 also provides for each model the coefficient of
variation for the dependent variable (Vi,j) with the corresponding
values being below 10% for 26 cases out of 27 total cases. It can
also be noted that in many cases the value of the coefficient of
variation was found to be as low as 4%. The coefficient of variation
(CVi,j) is defined as the ratio of the standard error (SVi,j) to the mean
velocity value (Vi;j) in a percentage.

Similarly, Tables 4 and 5 provide the single-variable regression
parameters and statistics, respectively, for the rough tested models
using the same exponential prediction model indicated by Eq. (3).
It can be noticed that for the vast majority of cases, the provided
statistics are as highly significant as those associated with the
smooth models. Therefore, all obtained statistics for smooth and
rough models indicate that the general exponential model pre-
sented in Eq. (3) is a reliable and effective model to be used in
estimating mean velocities in open channels of asymmetrical
rectangular compound cross-sections. The model regression para-
meters (a, b, c, n) need to be estimated for any particular cross-
section geometry since Tables 2 and 4 indicate that these coeffi-
cients are different for each compound cross-section type. It is also
worth mentioning that the 2nd degree polynomials presented in
4 5 6 7 8 9

1.539 −0.717 −0.521 −1.079 −0.598 −0.522
−6.253 0 0 0 0 0
5.482 1.1601 2.048 1.557 1.097 1.122
2.3 2.3 2.3 2.3 2 1.5

−0.880 −0.846 −1.565 0.485 −0.057 −1.441
0 0 6.172 −3.958 0 4.466
1.966 2.056 −4.879 4.236 1.183 −3.573
1.5 2.3 1.5 2.3 2.3 2

−0.73 −0.756 −0.568 −0.078 −0.589 −0.520
0 0 0 0 0 0
2.0071 1.744 1.898 1.550 1.236 1.318
2 2.3 2 2.3 2.3 1.7



Table 3
Regression statistics for single-variable predictive models using smooth flume.

Mean velocity Regression parameters Compound cross-section type (j)

1 2 3 4 5 6 7 8 9

V1 SVi,j 0.0239 0.0309 0.0211 0.0161 0.0245 0.0235 0.0289 0.01273 0.0155
R2 0.984 0.944 0.981 0.986 0.965 0.97 0.97 0.99 0.979
tb −4.032 –* – −3.71 – – – – –

tc 5.118 13.00 22.745 5.03 17.37 19.03 18.44 32.31 20.63
CVi,j 7.20% 9.30% 6.35% 4.85% 7.38% 7.08% 8.70% 3.83% 4.67%

V2 SVi,j 0.0224 0.0254 0.0226 0.0213 0.0214 0.0329 0.0241 0.0107 0.0121
R2 0.986 0.968 0.985 0.985 0.983 0.978 0.978 0.993 0.997
tb −3.137 – – – – 5.116 −2.66 – 15.96
tc 4.333 17.533 25.44 27.07 25.517 −3.516 4.17 38.36 −9.20
CVi,j 7.85% 8.90% 7.92% 7.47% 7.50% 11.53% 8.45% 3.75% 4.24%

V3 SVi,j 0.0220 0.0269 0.0203 0.0203 0.0236 0.0222 0.0279 0.0122 0.0153
R2 0.966 0.962 0.985 0.984 0.972 0.978 0.970 0.991 0.983
tb – – – – – – – – –

tc 17.84 16.00 25.989 25.98 19.70 22.01 19.04 35.17 22.81
CVi,j 7.25% 8.86% 6.69% 6.69% 7.77% 7.31% 9.19% 4.02% 5.04%

Sample size 12 12 12 12 12 12 12 12 10

*value not applicable because the corresponding coefficient value is zero.

Table 4
Regression coefficients for single-variable predictive models using rough flume.

Mean velocity Regression parameters Compound cross-section type (j)

1 2 3 4 5 6 7 8 9

V1 a −0.849 −0.843 −0.594 −1.180 −0.857 −0.476 −0.973 −0.748 −0.592
b −5.347 2.369 3.491 1.980 2.404 1.192 1.524 2.104 0
c 45.72 0 7.562 12.115 18.602 0 4.392 5.077 −2.881
n 2 1 2 2 2 1 2 2 2

V2 a −1.869 −1.581 −1.316 −1.986 −1.670 −1.316 −1.789 −1.568 −1.340
b 0 2.476 3.754 2.11 2.829 0 1.755 2.50 0
c 22.356 0 6.765 12.296 25.237 −3.531 2.635 4.218 −4.822
n 2 1 2 2 2 2 2 2 2

V3 a −1.190 −1.145 −0.891 −1.504 −1.263 −0.744 −1.253 −1.001 −0.977
b −5.132 2.403 3.577 2.020 2.575 −1.119 5.358 2.194 −4.987
c 46.130 0 7.323 12.172 21.328 −3.614 −19.53 4.902 −15.01
n 2 1 2 2 2 2 2 2 2

Table 5
Regression statistics for single-variable predictive models using rough flume.

Mean velocity Regression parameters Compound cross-section type (j)

1 2 3 4 5 6 7 8 9

V1 SVi,j 0.0230 0.0325 0.0246 0.0142 0.0213 0.0220 0.0274 0.0056 0.0129
R2 0.981 0.934 0.974 0.994 0.978 0.977 0.98 0.997 0.990
tb −2.360 9.222 7.748 31.116 5.491 17.215 12.290 34.593 –

tc 4.567 -@ 2.984 20.039 2.293 – 7.596 8.225 −19.620
CVi,j 6.93 9.78 7.42 4.27 6.40 6.62 8.24 1.68 3.90

V2 SVi,j 0.0247 0.0283 0.0221 0.0132 0.0201 0.0230 0.0395 0.0093 0.0239
R2 0.976 0.953 0.985 0.995 0.987 0.985 0.982 0.996 0.988
tb – 11.078 9.275 35.564 6.829 – 9.811 24.720 –

tc 17.906 – 2.972 21.824 3.288 −1.164 3.160 4.109 −17.844
CVi,j 8.66 9.90 7.75 4.63 7.05 8.06 13.83 3.25 8.36

V3 SVi,j 0.0106 0.0308 0.0238 0.0134 0.0206 0.0189 0.0022 0.0049 0.0615
R2 0.996 0.942 0.978 0.995 0.982 0.932 0.997 0.998 0.972
tb −4.881 9.864 8.226 33.679 6.073 −3.314 23.327 41.015 −9.928
tc 9.852 – 2.994 21.360 2.715 −4.605 −21.06 9.030 −8.312
CVi,j 3.49 10.14 7.84 4.41 6.78 6.22 0.73 1.61 12.25

Sample size 12 12 12 12 12 12 12 12 10

@value not applicable because the corresponding coefficient value is zero.
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Table 6
Regression parameters and statistics for multiple-variable prediction models using
smooth flume.

Regression parameters
and statistics

Mean velocity

V1 V2 I3

R2 0.922 0.914 0.920

R2
adj

0.918 0.908 0.916

SVi 0.040 0.047 0.041
CVi(%) 11.92 16.47 13.50
n1 3.6 3.6 3.6
n2 2 2 2.4
a1 −7.81 −1.395 −0.753
b1 −0.191 −0.260 −0.197
b2 0.007 0.012 0.007
c1 −.435 −0.523 −0.385
c2 1.131 1.704 1.123
d1 0 0.931 0
d2 1.432 0.808 1.175
tb1 −20.24 −19.01 −20.12
tb2 10.33 11.22 9.74
tc1 −7.51 −7.39 −6.36
tc2 7.16 8.34 6.78
td1 -@ 5.76 -@

td2 44.20 5.42 33.32

@value not applicable because the corresponding coefficient value is zero.

Table 7
Regression parameters and statistics for multiple-variable prediction models using
rough flume.

Regression parameters
and statistics

Mean velocity

V1 V2 V3

R2 0.86 0.856 0.622

R2
adj

0.847 0.836 0.60

SVi 0.0551 0.0668 0.1325
CVi(%) 7.21 4.31 13.05
n1 1 1.5 1.2
n2 1.5 3 2
a1 −0.585 −2.050 0.132
b1 0.300 0.535 0
b2 −0.016 −0.031 0
c1 −0.358 −0.266 −0.343
c2 0 0 0
d1 0 1.052 −0.749
d2 0.363 0.077 0.233
tb1 7.107 6.983 -@

tb2 −5.186 −5.353 –

tc1 −19.028 −12.076 −7.667
tc2 – – –

td1 – 8.870 −3.288
td2 19.198 10.491 7.083

@value not applicable because the corresponding coefficient value is zero.
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Figs. 5–9 are similar in form to those derived based on the model
defined in Eq. (3).

The flow rate associated with the investigated asymmetric
compound channels can then be estimated from the predicted
mean velocities (Vi,j) using the continuity equation as presented
below

Qi;j ¼ Ai;jV i;j ð4Þ

where Qi,j is the ith flow rate (m3/s) associated with the jth
compound cross-section type (i¼1, 2, 3; j¼1, 2, ….,9); Q1,j, Q2,j

and Q3,j is the flow rate (m3/s) associated with the main channel,
floodplain and total asymmetric compound cross-section, respec-
tively, for the jth compound cross-section type (j¼1, 2, …, 9); A1,j,
A2,j and A3,j is the cross-sectional area (m2) associated with the
main channel, floodplain and total asymmetric compound cross-
section, respectively, for the jth compound cross-section type
(j¼1, 2, …, 9); and V1,j, V2,j and V3,j is the mean velocity (m/s)
associated with the main channel, floodplain and total asymmetric
compound cross-section, respectively, for the jth compound cross-
section type (j¼1, 2, …, 9).

4.2. Multiple-variable regression prediction models

A generalized multiple-variable regression model has been
derived to predict each of the 3 experimentally measured mean
velocities as a function of 3 dimensionless parameters for the two
sets of smooth and rough models. The first dimensionless para-
meter is the relative depth (yf /h) used as the main parameter in
developing the single-variable regression models. The two addi-
tional dimensionless parameters take into consideration the
channel horizontal dimensions (Bf and B) used in constructing
the various asymmetric compound cross-section types. The pre-
diction model is also exponential in form as indicated by:

lnðViÞ ¼ a1 þ b1
Bf

z

� �
þ b2

Bf

z

� �2

þ c1
Bf

B

� �
þ c2

Bf

B

� �4

þd1
yf
h

� �
þ d2

Bf

B

� �n1 yf
h

� �n2

ð5Þ

where ln is the natural logarithm function, Vi is the ith mean
velocity type (i¼1, 2, 3) in meter per second, a1 is the regression
constant, b1, b2, c1, c2, d1, and d2 is the regression coefficients, and
n1 & n2 are the regression powers associated with independent
variables (Bf/B) and ðyf =hÞ, respectively.

According to Eq. (5), a multiple-variable predictive model can
be derived for each mean velocity type resulting in three different
regression models. Therefore, the velocity measurements esti-
mated for a particular mean velocity type as obtained from the
9 different compound cross-section types will be pooled together
for the purpose of developing individual multiple-variable regres-
sion model for each mean velocity type considering both smooth
and rough models. Although the relationship between the depen-
dent variable and the independent variables in Eq. (5) is a non-
linear one, the equation is linear in terms of the coefficients,
hence, the linear multiple-variable regression techniques can be
applied which are mainly dependent on the minimization of the
sum of squared errors.

Table 6 provides the derived regression parameters (a1, b1, b2,
c1, c2, d1, d2, n1 and n2) for the 3 mean velocity types for the
smooth set of models. These regression parameters are relatively
close to each other in magnitude when compared to the regression
parameters obtained for the single variable regression models. The
R2 has ranged from 0.914 to 0.922 which means that around 92% of
the variation in the mean velocity is explained by the variations in
the three dimensionless parameters (Bf/z, Bf/B and yf /h). These R2

values are considered high but relatively smaller than those
associated with the derived single-variable regression models.
This can be attributed to using more variables in the multiple-
variable regression models compared to the single-variable mod-
els and to the more homogeneity of the data used to develop the
single-variable models as compared to the data used in the
multiple-variable models. The same notice and explanation apply
to the second main statistic, namely, the coefficients of variation
wherein their values are higher in the multiple-variable regression
models compared to the values associated with the single-variable
models; however, they are still acceptable with values below 20%
(13.5–16.5%). The third main statistic is the Student t-value
associated with the independent variable coefficients (b1, b2, c1,
c2, d1, and d2). The corresponding t-values have been maximized to
reflect a confidence level exceeding 99.9% which reflects a very
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high level of reliability in the predictive strength of the developed
models.

Table 7 provides the multiple-variable regression parameters
and statistics associated with the rough set of models using the
same prediction model indicated by Eq. (5). In general, the
provided statistics are not as statistically significant as those
associated with the smooth set of models but they still provide a
good level of reliability. However, the single-variable models as
provided in Tables 4 and 5 for the rough flume are as significant as
those associated with smooth flume. These single-variable models
deploy the relative depth (yf /h) as the dependent variable which is
also a dependent variable in the multiple-variable regression
models. Therefore, it seems that the other cross-section dimen-
sions used in defining the two other dimensionless parameters (Bf/
z and Bf/B) have resulted in reducing the significant level of the
multiple-variable regression models for the case of rough flume.

In addition to the above three main statistics, normal prob-
ability plots and residual plots have been obtained for the 3 sample
multiple-regression models. These plots showed that there were
no deviations from the assumptions of normality and constant
variance for the error terms associated with the derived predictive
models. Hence, it can be concluded that the regression models
developed for the 3 mean velocities fit the data very well. Finally,
the generated regression models were validated using a holdout
sample of about 40% of the total sample size (i.e., 42 observed
velocity measurements) to verify the models’ predictive strength.
The corresponding mean of the squared prediction errors (MSPR)
was calculated for each model with the results provided in Table 8.
It is clear from Table 8 that the MSPR values, as obtained from Eq.
(6), are close to their corresponding mean squared errors (MSE) for
the three predictive models considering both sets of smooth and
rough channels. This means that the MSE statistic was not
seriously biased and it provided an appropriate indication of the
predictive ability of the derived models [28].

MSPR¼ ∑nn

i ¼ 1ðYi−Y
⋅
iÞ2

nn
ð6Þ

where Yi is the value of the response variable in the ith validation
case, Y ⋅

i is the predicted value for the ith validation case based on
the model-building data set, and nn is the number of cases in the
validation data set.

Similar to Eq. (4), the predicted mean velocities (V1, V2 and V3)
associated with the main channel, floodplain and total asymmetric
compound cross-section, respectively, can then be used to esti-
mate the corresponding flow rate (Qi, i¼1, 2 and 3) as defined in:

Qi ¼ AiVi ð7Þ
where A1, A2 and A3 are the cross-sectional areas associated with
the main channel, floodplain and the total asymmetric compound
cross-section, respectively.
5. Conclusions

Experimental results concerning the mean velocity distribution
for two sets of smooth and rough models have been presented and
discussed for nine different cross-sections associated with an
Table 8
MSE and MSPR associated with the three multiple-variable regression models.

Dependent variable Smooth flume Rough flume

MSE MSPR MSE MSPR

ln V1 0.00157 0.00245 0.00304 0.00337
ln V2 0.00223 0.00282 0.00446 0.02233
ln V3 0.00172 0.00231 0.01757 0.02503
asymmetric rectangular compound channel configuration. The
variations and interactions of three mean velocities, namely, those
associated with the floodplain, main-channel and full channel
cross-section, have been investigated in relation to a single
dimensionless parameter named relative depth. The general trend
considering the smallest main channel width is that the mean
velocity in the main channel (V1) for smooth models is lower than
the mean velocity in the floodplain (V2), while the reverse trend is
observed for rough models. However, the mean velocity in the
total asymmetric channel (V3) falls within the limits of V1 and V2

for both smooth and rough models as would be expected. This
results in a momentum transfer from the floodplain to the main
channel for smooth models and the reverse trend takes place for
rough ones. Regarding the largest main channel width, it is found
over the entire relative depth range that V2oV3oV1 for smooth
and rough models. This means that a momentum transfer has
occurred from the main channel to the floodplain. However, for
medium main channel width, the 3 velocities are similar (i.e.,
V1≈V2≈V3) for smooth models, while V2oV3oV1 for rough ones.

A total of 27 single-variable regression models have been
developed for the three mean velocities considering both sets of
smooth and rough models. The predictive models developed are
exponential in form and use the relative depth as the only
dependent variable. The statistical reliability of the derived models
was investigated using three main statistics, namely, the model
standard error, model coefficient of determination, and Student t-
value. The corresponding statistics’ values are very high indicating
the very high significance of the derived predictive models. Also,
the normal probability plots and residual plots were developed
and examined for the 27 predictive models concluding that these
models fit the data very well and the assumptions of normality
and constant variance for the error term are very well valid.

The mean velocity measurements for the nine different com-
pound cross-section configurations were pooled together for the
purpose of generating a multiple-variable regression model for
each mean velocity type. The result is three distinct multiple-
variable predictive models which are function of three dimension-
less dependent parameters considering both smooth and rough
models. The three dimensionless parameters include the channel
relative depth and two other dimensionless parameters defined in
terms of the channel cross-section dimensions. The same three
main statistics outlined earlier have indicated the high reliability
and significance of the derived multi-variable predictive models.
Additional model validation was done including the normal
probability plots, residual plots, and mean of the squared predic-
tion errors (MSPR). These validation measures have all indicated
the appropriateness of the derived models in predicting the three
mean velocity types. An important application of the predicted
mean velocities is the estimation of the corresponding flow rate.
The continuity equation is simply used to estimate the flow rate
based on the channel cross-sectional area and the predicted mean
velocity.
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