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ABSTRACT: In rivers, flooding can be attributed to the effects of increased flow resistance due to ripa-
rian vegetation. Simply removing vegetation from river banks cannot be considered as a solution to aid
flood mitigation, because vegetation plays a vital role in river environment. The flow structure in a com-
pound channel with vegetation along edge of river bank is still not well understood. To better apprehend
the influence of flow resistance of such vegetation to flow structure and boundary shear stress, laboratory
experiments were carried out at Loughborough University.The experiments were conducted in a 12 m
long, 0.306 m wide compound channel. The channel had a single line of emergent 3 mm diameter rods
with 35 mm diameter brush bristles along the edge of the floodplain. The rods were spaced at rod distance
to diameter ratios of L/d=8 and L/d=16. These ratios are compatible with those of trees in the River
Thames. Boundary shear stress was measured using a Preston tube and velocity using a Pitot tube. The
velocity distribution showed velocity dip caused by the presence of brushes. The boundary shear stress
significantly decreased when compared with that of without brushes. The drag force of brushes was esti-
mated from the force balance using weight component and boundary shear force. The drag force increases
almost linearly with water depth. Stage discharge curves exhibited unexpected behaviour from other re-
searcher findings (Sun and Shiono 2009).
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1 INTRODUCTION AND AIMS In Nepf (1999), Nepf highlighted the impact of

the wake structures on the flow resistance of ar-
Observations of river banks reveal that one-line rays of cylinders set up in different configurations.
vegetation growing along the edge of floodplain is For cylinders in tandem, for example, the rod dis-
a common arrangement. Such vegetation may be tance to diameter ratio L/d is a determining para-
trees or bushes of different kinds and may be meter in the suppregsion of the drag coefficient on
spaced in different ways. A single line of riparian the downstream cyhnder_, due to the wakes gener-
vegetation may be used for bank stabilisation, to atecsl by ch g}l)ls:treamzcz)}z)l;nder. ied .
promote environmental diversity or for landscape wi thu(l)lnzl—lline é??gés plageilagr;eth:iileg);pgt{lilnsgs
amenity purposes (Hubble et al., 2009). The im-

plain. The flow structures resulting from the line
pacts of such arrangements on the boundary shear 145 were totally different compared to that of a

stress and flow structure of a compound channel,  gtandard compound channel without rods. The ve-
hOWGVCI‘, haVe been llttle Studled m llterature. ] locity', discharge and boundary Shear stress ln the
Pasche & Rouvre (1985) conducted experi- rod cases were considerably reduced compared to

ments in a compound channel with vegetated  those in the no rod cases. Sun and Shiono (2009)
floodplain, measuring velocity with an LDV and  ysed smooth wooden rods in their experiments

boundary shear stress with a Preston tube. Cohe-  and investigated two rod densities of approximate-
rent structures were observed in the flow, reflect- ly L/d=4.4 and 13.3.

ing the intensive momentum exchange taking The main aim of this paper is to investigate the
place between the roughened floodplain and the  poundary shear stress and flow structures in com-
main channel. pound channels with one-line emergent rods with
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bristles along the floodplain edge. The impacts of
such vegetative structures on the stage discharge
relationship, velocity distribution and boundary
shear stress distributions are first presented. The
evolution of drag force with relative depth and
vegetation density is also examined.

2 EXPERIMENTAL METHODOLOGY

2.1 Physical modeling of riparian vegetation

An attempt was made to physically model vegeta-
tion with foliage along the floodplain. For that
purpose, a series of test tube brushes from Fisher
Scientific (code BUR-610-030G) with 3 mm di-
ameter steel tube and 35 mm brush strand diame-
ter, as shown in Figure 1, were lined along the
floodplain edge to represent trees. The effective
frontal area percentage of the brush was estimated
by analyzing detailed photographs and is approx-
imately 72%.

Each brush was prepared for the experiments
by cutting the cotton end with wire cutters to ob-
tain a constant density along the length of the
brush. The final brushes were 50 mm high.

et A XA AL T

Figure 1. Brush

In order to adopt pertinent rod spacings, guide-
lines on planting trees found in literature were
first studied to define applicable spacing ratios of
rods. Spacings between 8 to 16 times the diameter
of rods were found to be representative (Sun and
Shiono, 2009; Terrier, 2010).

In addition, tree spacings were also surveyed
along the floodplain of a stretch of the river
Thames. The frequency diagram shown in Figure
2 presents the results of the survey.

Spacing ratios of L/d=8.0 and 16.0 were used
to investigate the effects of vegetative density on
the flow. The applicability of these spacing ratios
was therefore confirmed via literature review and
collection in field studies.

It is important to note that these spacing ratios
are greater than the critical spacing ratios of
3.5~3.8 described in Zdravkovitch (1977), beyond
which periodic vortex shedding is observed be-
hind cylinders aligned in tandem.
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Figure 2. Vegetation survey along the River Thames

2.2 Experimental methodology

The measurements were conducted in a 12 m long
Perspex tilting flume in the hydraulic laboratory at
Loughborough University. Figure 3 illustrates the
trapezoidal cross-section shape of the flume. The
total width B of the flume was 0.306 m, the flood-
plain width Bg, was 0.150 m and the side slope s
was 1. The flume bed slope (Sp) was set to be
0.001. The flow rate (Q) was measured by weigh-
ing the outlet water mass per unit time. The water
depth was measured by a digital point gauge.

0.035m
<>

1]

4]1

0.150 m

0.120 m 0.036 m
Figure 3. Compound channel cross-section at the brush

To minimize the effects of inlet turbulence on
the flow development, a 0.1 m long Kraft honey-
comb with uniform hexagonal holes was placed at
the inlet to straighten the flow and a 0.25 m long
float foam plate was fixed to the honeycomb to
avoid the propagation of waves in the water sur-
face downstream.

Quasi-uniform flow conditions were achieved
by ensuring that the average water surface slope
was parallel to the bed slope. In addition, detailed
measurements of mean velocity were performed
with a 2.2 mm diameter Pitot tube at the measur-
ing sections and at approximately one meter up-
stream and downstream of the measuring section
to verify the uniformity of the flow. The discre-
pancy between the mean velocity measured at
these different sections was below 5% for all the



measured data points, hence providing confi-
dence that the flow was quasi-uniform. The re-
cording time for the Pitot tube was set to 1 min as
this ensured that the measurements had con-
verged.

Discharges were also calculated by integrating
the velocity measured with the Pitot tube. The
calculated discharges were then compared with
the measured discharges. Errors were typically
less than 5%, thereby ensuring some consistency
in the measurements.

Boundary shear stress tg was measured using a
Preston tube. The diameters of the static and dy-
namic pressure pipes of the Preston tube used in
this study are 3.00 mm and 2.72 mm respectively.
Patel’s method was used (Patel, 1965). The re-
cording time for the Preston tube was set to 3 min
as this ensured convergence in the measurements.

2.3 Summary of experiments

In total, nine cases were investigated. Three no
rod cases (Sa, Sb and Sc) provided reference cas-
es. For a further six cases, rods with bristles were
used (B8a, B8b and BS8c) and (Bl16a, B16b and
B16c¢) with spacing ratios of 8.0 and 16.0 respec-
tively. The experiments for each rod density were
conducted for three relative water depths (ratio
between the floodplain water depth to the main
channel water depth). The summary of the expe-
riments carried out is given in Table 1.

Table 1. Summary of the Investigated Flow Cases
Flow | Flow rate | Relative | Rey- Spacing ra-
case | (m’/s) depth nolds tio (L/d)

number
Sa 0.00220 0.24 23163 N/A
Sb 0.00352 0.37 35218 N/A
Sc 0.00543 0.50 50569 N/A
B8a | 0.00183 0.25 12850 8.0
B8b | 0.00225 0.35 17040 8.0
B8c | 0.00330 0.51 25825 8.0
Bl6a | 0.00178 0.25 13228 16.0
B16b | 0.00210 0.35 15946 16.0
Bl6c | 0.00273 0.51 22567 16.0
3 RESULTS

3.1 Stage discharge

Figure 4 presents the stage discharge curves for all
nine cases. As expected, the channel discharge is
seen to increase as the flow depth increases and
the brushes provide a drop in total discharge com-
pared to the no rod case. For all cases, the brushes
significantly decrease the channel's total discharge
in the compound channel when compared to no
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rod scenarios, by up to 50% for case B16c. The
flow reduction due to the brushes increases nota-
bly with relative depth.
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Figure 4. Stage discharge for the no vegetation and brush
cases

Interestingly, the increase in vegetative density
along the floodplain edge leads to a greater dis-
charge for all channel stages when compared to
the less dense vegetation. It had been expected
that increasing the brush density (L/d decreasing)
would lead to an increase in the chances of flood-
ing, as was the case with the smooth rod cases
presented in Sun and Shiono (2009). However,
these results suggest that there is a threshold at
which closer spacing of brushes can result in an
increase in discharge, thereby reducing flooding
effects.

Figure 5 gives a breakdown of the percentage
of total discharge carried by the main channel and
the floodplain. The discharge distribution is de-
rived by integrating the depth-averaged velocities
over the main channel and floodplain areas. In the
no rod case, the floodplain carries a greater pro-
portion of the total flow. As relative depth in-
creases towards unity, the percentage of discharge
in each section of the channel tends towards 51%
and 49% for the main channel and floodplain re-
spectively.
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Figure 5. Discharge distribution for the brush cases

sub-section (%)

Percentage flow in

0.6

The Manning’s n values were calculated using
Equation 1.
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(1)

n

R is the hydraulic radius and U, is the measured
bulk velocity. Figure 6 gives the Manning’s n val-
ues for the different cases.
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Figure 6. Mean calculated Manning's values
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The brushes have for effect to increase signifi-
cantly the Manning's n values, as they are com-
prised between 0.013 and 0.022. The L/d=8 cases
have lower Manning’s n values compared to the
L/d=16cases, correlating the results of the stage
discharge presented above, as should be.

3.2 Velocity distributions

The depth-averaged velocity U,(y) at a position
y was calculated using Equation 2.

H(y)

V=505 [U()dz

Where H(y) is the water depth at the position
y. Figures 7 to 9 give the depth-averaged velocity
distributions for the no rod cases (Cases Sa, Sb
and Sc), the L/d=8 cases (Cases B8a, B8b and
B8c) and the L/d=16 cases (Cases Bl6a, B16b
and B16c¢) respectively. The maximum velocities
are suppressed further as flow depth increases,
with it being pushed closer to the boundary wall
with increasing flow depth in the main. The veloc-
ity in the brush area appears more affected by the
smaller water depths as vegetation density is
changed.

(2)
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Figure 7. Depth-averaged velocity distribution for the no
rod cases
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Figure 8. Depth-averaged velocity distribution for the brush
cases with L/d=8 (Cases B8)
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Figure 9. Depth-averaged velocity distribution for the brush
cases with L/d=16 (Cases B16)

Cases B8 (Figure 8) indicates a larger discharge
through the main channel than for Cases B16, and
generally shows an increase in the floodplain area.
At the point of vegetation, the velocity is slightly
smaller for the denser vegetation, which is to be
expected. For each case, the velocity in the main
channel is slightly greater at lower flow depths
whereas in the floodplain the greatest velocity oc-
curs for the larger flow depths.

Although the brushes have a clear detrimental
effect on the water levels from an engineering
viewpoint, they also contribute to lower the veloc-
1t1es.



3.3 Boundary shear stress

The results of bed shear stress measurements are
presented in Figures 10 to 12 for the no rod case,
the L/d=8 cases and the L/d=16 case.

The lateral distributions of boundary shear
stress follow the distributions of depth-averaged
velocity. For both vegetative densities, the boun-
dary shear stress distributions in the main channel
are similar for all relative depths. On the flood-
plain, the larger relative depths provide a larger
boundary shear stress with the maximum moving
closer to the boundary wall with smaller relative
depths, as was the case with the depth-averaged
velocity distributions.

The differences in the magnitude of boundary
shear stress between cases B8 and B16 are more
significant in the floodplain than in the main
channel. These differences increase with relative
depths.
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Figure 10. Boundary shear stress distribution for the no rod
case
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Figure 11. Boundary shear stress distribution for the brush
cases with L/d=8 (Cases B8)
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Figure 12. Boundary shear stress distribution for the brush
cases with L/d=16 (Cases B16)

The reduction in boundary shear stress com-
pared to the no rod case increases with relative
depth. This reduction varies between 30.6% and
52.3% for cases B8a and B8c respectively and
27.3% and 54.9% for cases Bl6a and Blé6c re-
spectively.

3.4 Apparent shear stress

A depth-averaged apparent shear stress 7, is de-

fined following Shiono and Knight (1991)'s defi-
nition (Equation 3).

,(»)= %J‘[ngSo — Ty (1 - Sizﬂ dy (3)

Equation 3 can be solved provided boundary
conditions are given. In this study, we assume that
the depth-averaged apparent shear stress at y = 0
is equal to the left mean wall shear stress 7,
(Equation 4). Similarly, the depth averaged appar-
ent shear stress at y = B is taken as the opposite of

the right mean wall shear stress 7,,,,, ., (Equation
5).

7,(0)= Tleft wall (4)
Ta (B) = _Tright wall (5)

The lateral variations of z, are presented in
Figures 13 to 15.
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Figure 13. Apparent shear stress distribution for the no rod
cases
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Figure 15. Apparent shear stress distribution for the with
L/d=16 (Cases B16)

The brushes completely modify the distribution
of apparent shear stress compared to the no rod
case. The brushes have for clear impact to in-
crease the amplitude of apparent shear stress ei-
ther side of the vegetated interface. For each spac-
ing ratio, the apparent shear stress remains similar
in the main channel although one notes a slight
decrease when relative depth increases. On the
other hand, the apparent shear stress increases re-
markably with relative depth in the floodplain.

3.5 Drag force

The total drag force per unit length in the channel

can be calculated by force balance using Equation
6.

Fy=We=[7,(»)dy (6)

The results of drag force calculations for the
brush cases using the force balance approach are
presented in Figure 16. It has been shown that as
the water depth increases, the boundary shear
force changes very little. However, drag force in-
creases very rapidly as the water depth, and hence
the weight component, increases for both vegeta-
tive densities.

As seen in Figure 16, the drag force varies almost
linearly with relative water for both rod densities.
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The drag force can also be determined via the
analytical formulae presented in Equation 7.

F, :%,OCDAPU2

(7)
Where C,, is the drag coefficient, 4, is the pro-
jected area and U is taken as the mean depth-
averaged velocity across the section. In order to
obtain the drag coefficient corresponding to the
drag force per unit length derived from force bal-
ance, F, is divided by the distance L between
two brushes. The results are presented in Figure
17 against relative depth.
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Figure 17. Variation of drag coefficients derived from force
balance method against relative depth

The drag coefficients derived from force bal-
ance are typically greater than one and vary be-
tween 1.32 and 4.13, the highest drag coefficients
being obtained for the denser case. The discrepan-
cy between the drag coefficients of cases B8 and
B16 increases with relative depth.

In literature, drag coefficients are also found to
be derived from references taken for a unique cy-
linder and related to the rod Reynolds number
Re,,, (Equation 7), such as in Schlichting and
Gersten (1968).

UD

Re rod =
v

(7)



Where v is the kinematic viscosity. Drag coeffi-
cients derived for a unique cylinder from the rod
Reynolds numbers remain close to unity for all
cases.

4 DISCUSSION

The experiments highlighted a clear change in the
velocity and boundary shear stress distribution
due to the line of brushes placed on the edge of
floodplain. These results have similarities with
those presented by Sun and Shiono (2009), where
experiments were carried out with a line of
smooth wooden rods on the edge of floodplain.
Both depth-averaged velocity and boundary shear
stress profiles “dive” in the rod area, as they are
reduced.

Perhaps the most striking result of these expe-
riments lies in the increased channel discharge
with increased density. It had first been expected
that an increase in the brush density would lead to
a decreased flow capacity in the channel. Howev-
er, these results suggest a more complicated rela-
tionship between stage, discharge and vegetation
density. It can be inferred that there is a threshold
at which a closer spacing of brushes can result in
an increase in discharge.

The drag coefficients calculated from force
balance method are all greater than one. These re-
sults correlate the results from Jarvela (2004),
who investigated the drag of non submerged leaf-
less woody vegetation and who advocates the use
of drag coefficients greater than 1 to account for
the branch structure. The drag coefficients pre-
sented in this paper are also to be related to those
presented in James et al. (2008), where the values
of the plant drag coefficient for a single reed stem
with different degrees of foliage were studied. The
plant drag coefficients increased from approx-
imately 5.4 for a stem with 6 leaves to 7.5 for a
stem with full foliage for the range of vegetative
Reynolds number investigated. The results sug-
gest that adopting a drag coefficient from rod
Reynolds number would underestimate drag force.

5 CONCLUSIONS

Experiments were carried out in a straight com-
pound channel at Loughborough University for
three relative depths. Two sets of experiments had
lines of rods with bristles spaced out at rod dis-
tance to diameter ratios of L/d=8 and L/d=16. Ve-
locity and boundary shear stress were measured
with a Pitot tube and a Preston tube respectively.
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The results were compared to corresponding no
rod cases.

Inspection of the stage-discharge curves shows
that increasing vegetative density in the case of
brushes can lead to an increase in the total channel
discharge. This suggests that, although increasing
vegetative density can lead to an increase in the
chances of flooding, there is also a point at which
closer spacing of brushes can result in an increase
in discharge, thereby reducing flooding effects.
This depends on foliage density. It is therefore
important to consider how the vegetative density
and discharge relate to flow depth when planting
trees instead of simply increasing the spacing ratio
with the aim of reducing the cumulative drag ef-
fects.

The flow reduction increases with relative
depth and reaches approximately 50% when com-
pared to the no rod. In the main channel, the max-
imum depth averaged velocity is pushed closer to
the boundary wall with increasing flow depth,
which correlates the results of Sun and Shiono
(2009).

The lateral distributions of boundary shear
stress follow closely the distributions of depth-
averaged velocity. On the floodplain, boundary
shear stress increases with relative depth with the
maximum moving closer to the boundary wall
with smaller relative depths, as was the case with
the depth averaged velocity distributions.

The boundary shear stress is strongly reduced
compared to the corresponding no rod cases as
drag contributes to flow resistance. The reduction
in boundary shear stress varies between 30.6%
and 52.3% for cases B8a and B8c respectively and
27.3% and 54.9% for cases Bl6a and Bl6c re-
spectively.

In the brush cases, the amplitude of apparent
shear stress either side of the line of the interface
is increased compared to the no rod case. For each
spacing ratio, the apparent shear stress remains
similar in the main channel. However, the appar-
ent shear stress increases remarkably with relative
depth in the floodplain.

Drag force per unit width can be calculated by
force balance, by subtracting the boundary shear
stress integrated over the wetted perimeter to the
corresponding weight component. The results
show a linear variation of drag force for both
spacing ratios.

The drag coefficients calculated from the ana-
lytical formulae and deducted from the above drag
force values were all greater than 1 and reached
4.13. This is significantly greater than the values
of drag coefficients for a unique cylinder derived
from rod Reynolds numbers, which all remain
close to unity.
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