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ABSTRACT: Several studies are available on resistance to flow due to rigid and flexible submerged and unsubmerged
vegetation. Much less numbers of investigations are however available on the topic of sediment transport through vegetated
channels. A critical review on this topic is presented herein with field examples. An analytically derived expression is presented
for estimation of flow velocity through the vegetated channel flows which is validated by using the laboratory data. A procedure
is also outlined for determination of the tractive force or effective shear stress by the flow responsible for sediment transport in
vegetated channel flows. Thus derived effective shear stress values are noticed to be strongly correlated with the sediment
transport rates observed in a vegetated laboratory channel flow. The topics for future investigations on the subject of vegetated

channel flows are also outlined.

INTRODUCTION

Role of riparian vegetation is very important from
viewpoint of prevention of floods, ecological and
environmental disasters. The environmental manage-
ment of rivers requires understanding of the interaction
between flow, vegetation and sediment. Vegetation
that grows in the stream bed and floodplains increases
resistance to flow and thus plays an important role to
the fate of sediments, acting as a trap as well as
reducing the stream’s sediment carrying capacity.
Recently the topic on influence of vegetation on water,
sediments, nutrients and pollutants transport both in
the streams and on the flood plains has attracted the
attention of several researchers (Jordanova and James,
2003). Vegetation also plays an important role in
ecological functions of the river systems (Jirveld,
2002, 2006). Many efforts are therefore being taken up
presently world wide for river restoration, re-
naturalization and rehabilitation of the watersheds and
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water courses (Shields et al., 2003). Growing of the
vegetation is the foremost step for achieving the
objective of river system restoration (Musleh and
Cruise, 2006).

It is well known that the knowledge on resistance to
the flow by vegetation and sediment transport flows
helps in designing effective measures for reducing the
shear force applied to bed surface soil particles for
control of the soil erosion. Concrete units and stones
are commonly used for slope protection of banks of
rivers, lakes and coasts. These conventional materials
work well to protect the erosion of bank surface caused
by currents and waves. But they do not provide
environmentally good aesthetics and can cause large
scale reflection of waves causing difficulties in sailing
of the ships. A good alternative material for solving
wave reflection problem and protecting the erosions of
coasts and banks is by growing plant like reeds. The
aboveground biomass of reed, stalk, has the possibility
to decrease the kinetic energy of waves and currents,
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while the underground biomass of it, roots and
rhizomes, keep together the soil particles (Bouter,
1991). Figure 1 illustrates the way by which kinetic
energy of flow is reduced by the underlying vegetation
which helps in reducing sediment and nutrient
transport. In the vegetated flows a significant portion
of the total fluid force acts on the vegetation and the
remaining portion acts on the bed surface. The fluid
force acting on bed surface is responsible for
detachment and transport of the bed material particles
and hence sediment transport. Evaluation of the fluid
force acting on vegetation is thus useful in studies
related to sediment transport through vegetative
surfaces (Li and Shen, 1973).

In this paper a critical review is presented about
effects of vegetation on flow resistance and sediment
transport in streams. Based on the analysis of data on
flow velocity and sediment transport of flows through
vegetated open channels presented here, it is revealed
that present understanding about mechanism of flow-
vegetation-sediment interaction is not adequate.

CRITICAL REVIEW

Little or no information is possibly available presently
on influence of submerged and partially submerged
flexible stem vegetation (such as shrubs, small trees
etc.) on resistance to flow and hence soil erosion and
sediment transport. Due to flexibility the vegetation
orients itself as per the flood flow (Figure 2) by
bending itself in the flow direction.

Fig. 1: Retardation of the flow kinetic energy
by the submerged vegetation

Adequate studies are also not available on the
variation of flow resistance due to group of
homogeneous flexible stem plants and mixed flexible
stem plants. Effect of variation in plant densities and
sizes and stream bed sediment characteristics on the
flow resistance needs also be studied. The process of
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channel scour, deposition and grain sorting under these
scenarios also should be modeled be modeled as these
scenarios are often encountered in the real life
situations (Figure 3).

Fig. 2: Bending of vegetation by the flood flow

Fig. 3: Flow of river Sandai, Kagoshima, Japan
during flood of 2006

Mathematical models are yet to be developed for
estimating the vaiue of roughness coefficient for flow
computations in terms of easily measurable
characteristics of plants, flow and sediment such as
plant stiffness, density, relative height, channel slope,
sediment size and gradation so as to simulate the
effects of flood flows through the vegetation in the
channel beds (Figure 4).

Fig. 4: Deposition of sediment in vegetated channel bed
due to receding of the flood flow during 2006 in river
Sandai, Kagoshima, Japan
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RESISTANCE TO FLOW IN VEGETATED
STREAMS

In the studies on modeling of soil-erosion and rainfall-
runoff processes, an important consideration that
determines velocity, depth and shear stress due to flow
in overland flow region, flood plains and channel bed
is the effect or influence on resistance to flow by
submerged and un-submerged vegetation. The process
of runoff generation and soil erosion are greatly affected
due to changes in resistance to flow by vegetation in
overland flow region, flood plains and channels.
However, the resistance to flow is conventionally
represented in mathematical models by parameters
such as a fixed value of Manning’s roughness coefficient
(Kothyari et al., 1997). It has been well demonstrated
that temporal and spatial patterns of flow accumulation
in overland flow areas and the outflow hydrograph
from a catchment are extremely sensitive to the
variation in Manning’s roughness coefficient caused
by interaction of vegetation and flow.

Several investigators have studied the effect of
flow depth, solid stem vegetation (their density and
height), channel slope and degree of submergence on
roughness coefficient (Tsihrintzis, 2001, Wu ef al.,
1999). Thus effect of solid stem plants (trees) on flow
resistance and sediment transport is thus relatively well
understood.

Several research investigations have also been made
in the recent past on influence of vegetation on flow
resistance. The effect of submerged and un-submerged
rigid and flexible vegetation on flow resistance has
been studied amongst others by Kouwen et al. (1969),
Li and Shen (1973), Kouwen and Unni (1973), Petryk
and Bosmajian, (1975), Fathi-Moghadam and Kouwen,
(1997), Wu et al. (1999), Kouwen and Fathi-Moghadam,
(2000), Stephan and Gutknecht, (2002), Stone and
Shen, (2002), Carollo et al., (2002), James et al. (2004),
Jirveld, (2002, 2004, 2005) and others. An updated
and detailed review on the topic is available in Baptist
(2005) and Jérveld et al. (2006). It has been generally
assumed that the particle resistance in vegetated flows
is negligibly small (Stone and Shen, 2002) and the
flow resistance in vegetated flows has been considered
in most of the above studies to mainly consist of the
vegetation resistance and hence stem or vegetation
drag.

The vegetation drag coefficient has been used as the
fitting parameter in most of the studies carried out so
far on resistance to flows in vegetated flows. However
the occurrence of sediment transport by flows through
densely vegetated surfaces has been reported in
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literature (Tsujimoto, 1999, Specht, 2002, Baptist, 2003,
Jordanova and James, 2003, Baptist, 2005) signifying
that particles resistance (grain resistance or effective
resistance) in vegetated flows is not negligible. Therefore
a realistic estimation of resistance to flow through
vegetated channels must involve the partitioning of the
total resistance to flow into vegetation resistance and
the particle resistance. The determination of drag due
to vegetation and thus the vegetation resistance in open
channel flows therefore should be the main objective
of the future research work on this topic. The particle
or grain drag, also called effective stress which is
responsible for sediment transport is simply the
difference between total drag by the flow and the
vegetation drag. The laboratory based experimental
studies therefore can be carried out for estimation of
the fluid forces and hence drag on the simulated
vegetation. The fluid forces on both stiff and flexible
vegetation that is submerged or unsubmerged can be
quantified  through laboratory  experimentation
(Thompson et al., 2003, 2004, Armanini et al., 2005).

VELOCITY OF VEGETATED FLOWS

Consider a steady, uniform, open channel flow with
submerged or unsubmerged cylindrical stems of equal
length distributed uniformly over the channel bed. For
a control volume of unit bed area extending from the
bed to the water surface, the momentum balance in the
streamwise direction would produce (Stone and Shen,
2002),

1, =pghS(1-Ah") (1)

where 7, is the total shear stress due to the flow, p is
mass density of fluid, g is acceleration due to gravity, A
is area concentration of stems, 4 is flow depth, S is
energy slope, & = I/h, with [ being the vegetation
heightfor unsubmerged vegetation 2" = 1.

Equation (1) represents the streamwise component
of the weight of the water mass. The total resistance to
the flow is sum of the vegetal resistance and the grain
resistance. The resistance due to the drag around the
stems called vegetal resistance, 7, can be expressed as,

1
o :EpCDNdin - (2)

where C), is the coefficient of stem drag, N is number
of stems per unit plan area of bed and thus 1 = Nrd*/4
with d being the stem diameter, V, is the actual
ensemble velocity of the flow. As per Manning’s
equation the grain resistance 7, can be expressed as,

T =pgn§Rf§ch .. (3)
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where n; is the Manning’s roughness coefficient which
is mostly estimated for the study of sediment transport
by the Manning-Strickler relation namely,
a6
n, =——
24.6
where ds; is the median size of the bed material in m.
In Eq. (3) Ry is the hydraulic radius with respect to the
bed roughness which must be computed by taking care
of A. As explained earlier,

. (4)

T, =Tp+7,

. (5)

Making use of Egs. (1) to (5) and following Stone and
Shen (2002) we can write,

V, = g(ll/“lgc) —hS .. (6)
gngRb 3 +7l;
T

Defining the apparent velocity of the vegetated flow V;
such that V; =flow discharge/gross sectional area of the
flow, the Eq.(6) is expanded into the following relation

for ¥,

Using Cp = 1.05 (Hashimoto and Park, 2003) and
computing », using Manning-Strickler relation (Eq. 4),
the values of ¥} were computed using Eq. (7) for the
experimental data of Hashimoto and Park (2003).
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Equation (7) produced reasonably good estimates of
the apparent flow velocities through the vegetated
channel beds for most of the data of Hashimoto and
Park (2003) as can be seen in Figure 5, where, F, re-
presents the Froude number for the flow. Figure 5 thus
indicates that Eq. (7) can be applicable to mildly sloping
as well as steeply sloping vegetated channel flows.

It is however to be mentioned that one needs to
determine the value of Cj, for computing the apparent
average velocity of flow through vegetated channels
using the relationship of the type expressed by Eq. (7).
The Cp value for the cylindrical stems placed in a
group is largely different from the Cp value of an
isolated cylindrical stem (Stone and Shen, 2002).
Sufficient information is however not available
presently on this topic. Therefore further studies are
being made currently by the authors on variation of the
C)p values of cylindrical stems placed with different
patterns in groups.

SEDIMENT TRANSPORT BY VEGETATED
FLOWS

Studies relating to the interaction of vegetation and
sediment transport are only a few. Tollner et al. (1982)
determined through laboratory experiments steady-
state transport capacities for vegetal filters. The
vegetal filter consisted of metal rods mounted in a
regular and staggered pattern. Only emergent
situations were investigated. From a “spacing
hydraulic radius” bed shear was predicted and used in
the Einstein and Graf sediment transport equation
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Fig. 5: Comparison of observed and computed values of apparent flow velocity through
vegetated channel bed for the data of Hashimoto and Park (2003)
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which was calibrated with results from the vegetative
filter. Tollner et al., also derived a prediction equation
for sediment transport by natural grass. Nakagawa ef
al. (1992) investigated sediment transport in a
vegetated channel for submerged conditions through
laboratory experiments. Experimental results from
flume experiments were compared to results from a
numerical analysis based on a turbulence model.
Nakagawa et al. conducted experiments with rigid bars
of different diameters, placed in a systematic pattern.
Velocity distribution, turbulence intensity and Reynolds
stresses were observed. The suspended sediment con-
centration distribution was studied and related to the
corresponding hydraulic parameters.

Okabe et al. (1997) studied the bed-load transport
rate on moveable beds covered with vegetation. Two
different kinds of artificial, flexible plant models were
used in laboratory experiments. Velocity profiles for
different discharges were measured. The measured
sediment transport rates were compared with the
transport rates from bed-load transport formula of
Ashida-Michiue. The study of Okabe et al,, deals with
comparably thin sand beds and short submerged
vegetation.

James et al. (2001) conducted experiments on bed-
load transport through an emerged reed bed. The fixed
rigid rods were used for simulating the vegetation. The
sedimentation processes and resulting bed slopes were
investigated. A further study of James et al. (2002)
presented similar experiments with steel rods as
vegetation and continuous sediment feeding of quartz
sand. The experiments were conducted in two
scenarios. In first scenario the sediment feeding rates
were varied by keeping the flow discharge as constant,
while in the second scenario flow discharge was varied
and the feeding rate of sediment was kept constant. An
evaluation of the equilibrium transport conditions
showed increasing bed slopes with increasing bed load
transport rates. The sediment transport rate increased
with the discharge only up to a certain limit. The
transport mostly occurred in the form of bed load.

More recently Hashimoto and Park (2003) made
two kinds of experiments for study of sediment
transport by vegetated flows. In one, the sediment
transport rates within the model tree areas were
examined and in the other effect of the model tress on
sediment runoff and deposition were examined. In the
later experiments cylinders representing vegetation
were installed in multiple rows on the downstream part
of the whole channel bed. In case of larger density of
cylinder arrangement, sediment deposition occurred in
the upstream reach of the model tree area, while, in the

1657

case of smaller density, sediment deposition occurred
in the downstream reach of the model tree area. The
sediment runoff from the model tree area decreased as
the bed coverage of the model trees increased.

In the former experiments the sediment transport
was measured on the whole channel bed with the
multiple rows of cylinders representing vegetation
installed uniformly on the channel bed. The sediment
transport rates were found to be strongly related to the
effective shear stress (grain shear stress). The grain or
effective shear stress computed by Eq. (3) is plotted
with the sediment transport rates observed by
Hashimoto and Park (2003) in Figure 6. A strong
relationship between the sediment transport rate and
thus computed 7, is indeed noticed in Figure 6.

In Figure 6 7« is the non-dimensional effective
(grain) shear stress and Qs* is the non-dimensional
sediment transport rate. These variables were defined
as,

Ty

Ty = .. (8

= Ayd (8)

with Ay, =7, -7, .. (9)

and Q.. =&"? .. (10)
sgd-

In above d is the grain size, y, and y, denote the
specific weight of sediment and fluid respectively and
Q. is the sediment transport rate. There is still a lack of
knowledge first on determination of the grain shear
stress in vegetated flows and secondly on sediment
transport in submerged, flexible vegetation in
combination. More efforts are therefore suggested for
the study of the described situations.

FURTHER RESEARCH NEEDS ON
VEGETATED FLOWS

The biomechanical characteristics of the vegetation too
have a significant influence on resistance to flow and
the same has not been studied as yet. The vegetation is
not able to regain its original shape after the receding
of the flood in case the bending caused by the flow had
exceeded the critical stage of bending. The characteri-
stics of critical stages of the vegetation bending being
function of bio-engineering characteristics of the
plants has also not been investigated so far. The
deformation of plant shape and deflection of its stem
and leaves by the flow would significantly alter the
resistance to flow in a different way. Whereas there are
a number of studies available on effect of the role of
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Fig. 6: Relationship between non dimensional sediment transport rate and non dimensional
grain shear stress for the data of Hashimoto and Park (2003)

flexible stem riparian plants in the variation of flow
resistance, their effect on soil erosion and sediment
transport as well as sediment grain sorting in overland
flow areas, flood plains and channel beds is yet to be
investigated.

CONCLUSIONS

A critical review is presented herein on effects of
vegetation on flow resistance and sediment transport in
streams. It is revealed that present understanding about
mechanism of flow-vegetation-sediment interaction is
still not sufficient to establish the theory for sediment
transport through vegetated channel or floodplains.
Whereas the resistance to flow due to flexible and
solid stems is well investigated, studies with regard to
effects of bio-engineering characteristics of the plants
on flow resistance are not yet made. The studies made
so far on sediment transport by vegetated flows are
only a few. An attempt is made in the present study to
analytically derive the expressions are presented herein
for flow velocity and sediment transport of the
vegetated channel flows. Laboratory data were used
for validation of the derived relationships which
suggested the need for more investigations. The topics
of interest for future research are therefore outlined.
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