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Abstract

The combination of hard (artificial) and soft (natural) solutions i.e., composite defense systems against flooding and tsunami opens
a new window for engineering innovation for researchers nowadays. In this study, the experimental investigation of flood energy
dissipation phenomena through composite defense systems comprising of embankment and rigid vegetation models in an open
channel flume, is conducted. The flow regime through the composite defense system is classified in two main types, which are further
subdivided in two sub-categories. Various combinations of embankment and vegetation and spacing between embankment and
vegetation are analyzed. Against the selected range of initial Froude numbers, three different sizes of embankment models, three
spacings between the embankment and vegetation (L,,) and vegetated corridors of two different porosities (P,), are tested to examine
the effect of these three parameters on the characteristics of the generated hydraulic jumps and flood energy dissipation within the
defense system. It is found that embankment size and vegetation porosity have a greater impact on flood energy dissipation while the
selected range of L, is less effective. Amongst the assessed composite flood defense systems, the maximum energy dissipation (55%) is
observed for the combination of maximum embankment height and vegetation porosity (93%). For fixed combinations of embankment
size and L,,, the maximum increase of energy dissipation (18%) is found for decreasing vegetation porosity from 97% to 93%.
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1 Introduction

The deadly effects of natural disasters like floods and tsu-
namis have been increasing since the last decade. To cope
with these damages the researchers are now focusing on
composite defense structures [1]. In this regard the compos-
ite defense structures in the form of hard and soft solutions
are introduced in the field of experimental hydraulics and
water resources. In response to serious damage due to Great
East Japan tsunami in 2011, several authors have studied
composite defense structure comprising of coastal forests
with dikes with or without moat/depression [2, 3]. Various
other studies have been conducted to analyze the effective-
ness of composite defense structures against flooding. For
example, such experimental studies have been conducted
to quantify the reduction of velocity and fluid force of a

tsunami wave behind a double layered vegetation [3, 4],
and to analyze in detail the energy dissipation through com-
posite defense systems comprising of vegetation and back-
ward facing steps [5, 6]. Moreover, the combined effects
of sea embankments and coastal forests has also been
tested [7] against moats with and without vegetation [8]
and a double embankment system has been studied exper-
imentally by varying the spacing between the embank-
ments to understand the energy dissipation through it [9].
Many other studies of composite defense structures [10, 11]
including the analysis of embankment and vegetation with
moat [12], embankment upstream barriers [13] have been
conducted, in the recent past. It has been reported in the lit-
erature that the flow within such composite defense systems
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becomes more complex due to the formation of hydraulic
jump [14, 15]. Previous experimental investigations have
focused on obtaining a better understanding of the energy
dissipation through such composite (embankment and veg-
etation) flood defense systems and categorizing the for-
mation of hydraulic jump within these into various types,
depending upon the location of the formation of hydraulic
jump [2]. Optimal arrangements of composite defense sys-
tem consisting of dikes, moats, and vegetation zones, has
been analyzed under unsteady flow conditions [16]. A series
of experiments was also conducted in the past to investi-
gate energy dissipation through a composite defense sys-
tem comprising of an embankment, moats of various shapes
and vegetation under steady flow conditions. The hydraulic
jump was also categorized, and the results were compared
with single defense systems of only vegetation of varying
densities [8]. However, the experimental investigation of
optimal arrangements of composite defense systems com-
prising of dikes and emergent vegetation to dissipate flood
energy is still required to be further investigate [6], towards
increasing the efficiency and robustness of flood defense
systems, especially for places under increased urbanization
pressure where space is limited.

The aim of this study is to introduce a composite defense
system that dissipates flood energy within the selected
ranges of the embankment size, spacings between the
embankment and vegetation (L, ) and vegetated corridors
of two different porosities (P;). The flood energy dissipa-
tion phenomena are analyzed experimentally by provid-
ing two energy dissipating structures in the sequence of
embankment on upstream and emergent vegetation on the
downstream side. The effect of various parameters includ-
ing the dimensions of embankment model, spacing between
dike and vegetation and the density (in the form of poros-
ity) of vegetation on energy dissipation are tested and the
best solution is recommended, which is not reported previ-
ously. The results from this study are not location specific
and can be generalized to hold for any real-world scenario
under proper geometric and dynamic scaling. However,
for this study parameters ranges such as for the flow condi-
tions, vegetation densities and dike dimensions, are selected
using historical data from Indus River, in Pakistan.

2 Materials and methods

2.1 Flume characteristics and flow conditions

The Fig. 1(a) shows the experimental setup of a compos-
ite defense system in the sequence of embankment and

vegetation in a glass sided open channel rectangular flume
(10 m x 0.31 m x 0.50 m) with a constant bed slope of
1/1000. Froude similarity is used to set the model scale
of the laboratory experiments as it has been also used
in a previous study [17]. All the experiments with com-
posite defense systems discussed in the current paper
are performed under steady, subcritical flow conditions
(Fr, = VI(gh)0.5 < 1, where Fr, = initial Froude number,
V= depth-averaged velocity, g is gravitational acceleration
(m/s%), and £ is water depth (m) as the historical field data
of Indus River has shown that the Froude number attained
in the river is less than unity [8]. Hence, the selected
range of Froude numbers for the current study is subcriti-
cal i.e., in the range of 0.40-0.65. In the current study, the
scale of 1:100 is kept for all cases. Seven values of initial
Froude number (Fr,)) are 0.40, 0.44, 0.50, 0.57, 0.60, 0.63
and 0.65 are selected, while the corresponding flow depths
are 0.045 m, 0.053 m, 0.068 m, 0.071 m, 0.077 m, 0.081 m
and 0.085 m respectively. The initial Froude numbers (F7,)
are calculated by measuring the flow depth and the cor-
responding velocities in the flume without placing any
structure in the channel. The water surface profiles are
drawn by measuring the depth of flow (#) within the com-
posite defense system at an interval of 1-5 cm depending
upon the fluctuations and undulations. The rail mounted
moveable point gauge of sub-millimeter accuracy is used
for measuring the water depth. The flow meter provides
the reading of flow in the channel and the depth average
velocity (V) is calculated by the relation O = AV (where,
QO is discharge, A is cross-sectional area and V is the mean
velocity) same as used previously [7, 16]].

In this study, a composite flood defense system in the
form of dike and riverine vegetation is modelled in a lab-
oratory flume and energy dissipation is analyzed in detail
and water surface profiles are categorized considering the
characteristics of hydraulic jumps. Combinations of three
different dimensions of embankment, three different spac-
ings between the toe of embankment and the upstream
edge of vegetation (L, = 10 cm, 15 cm and 20 cm) and two
different porosities of vegetation (97% and 93%) are tested
to assess flood energy dissipation and hydraulic jump for-
mation. Hence, various combinations of embankment
size, vegetation zone porosities and their distance (L, ), are
tested as shown in Table 1 (with initial Froude numbers
ranging from 0.40 to 0.65). The specific energy is defined
as the summation of potential head (%) and the velocity
head (V*/2g) [14, 18, 19].
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Table 1 Experimental conditions of composite defense system
Case ID Froude No. Di(slciltl/z;;ge (EE) TpriE:f (ciln) (c‘r]n) (f;;) (::;)
ES10V97 0.40, 0.44, 0.50, 0.57, 0.60, 0.63,0.65 3,4.3,7.0,8.75,10.3, 11.8, 12.9 93 Small 0.3 1.88 10 18.3
ES15V97 0.40, 0.44, 0.50, 0.57, 0.60, 0.63, 0.65 3,4.3,7.0,8.75,10.3, 11.8, 12.9 93 Small 0.3 1.88 15 18.3
ES20V97 0.40, 0.44, 0.50, 0.57, 0.60, 0.63, 0.65 3,4.3,7.0,8.75,10.3, 11.8, 12.9 93 Small 0.3 1.88 20 18.3
EMI0V97  0.40, 0.44, 0.50, 0.57, 0.60, 0.63, 0.65 3,4.3,70,8.75,10.3, 11.8, 12.9 93 Medium 0.3 1.88 10 18.3
EMI5V97  0.40, 0.44, 0.50, 0.57, 0.60, 0.63, 0.65 3,4.3,7.0,8.75,10.3, 11.8, 12.9 93 Medium 0.3 1.88 15 18.3
EM20V97  0.40, 0.44, 0.50, 0.57, 0.60, 0.63, 0.65 3,4.3,7.0,8.75,10.3, 11.8, 12.9 93 Medium 0.3 1.88 20 18.3
EL10V97 0.40, 0.44, 0.50, 0.57, 0.60, 0.63, 0.65 3,4.3,7.0,8.75,10.3, 11.8, 12.9 93 Large 0.3 1.88 10 18.3
EL15V97 0.40, 0.44, 0.50, 0.57, 0.60, 0.63, 0.65 3,4.3,7.0,8.75,10.3, 11.8, 12.9 93 Large 0.3 1.88 15 18.3
EL20V97 0.40, 0.44, 0.50, 0.57, 0.60, 0.63, 0.65 3,4.3,7.0,8.75,10.3, 11.8, 12.9 93 Large 0.3 1.88 20 18.3
ES10V93 0.40, 0.44, 0.50, 0.57, 0.60, 0.63, 0.65 3,4.3,7.0, 8.75,10.3, 11.8, 12.9 97 Small 0.3 1.254 10 8.2
ES15V93 0.40, 0.44, 0.50, 0.57, 0.60, 0.63, 0.65 3,4.3,7.0,8.75,10.3, 11.8, 12.9 97 Small 0.3 1.254 15 8.2
ES20V93 0.40, 0.44, 0.50, 0.57, 0.60, 0.63, 0.65 3,4.3,7.0,8.75,10.3, 11.8, 12.9 97 Small 0.3 1.254 20 8.2
EMI10V93 0.40, 0.44, 0.50, 0.57, 0.60, 0.63, 0.65 3,4.3,7.0,8.75,10.3, 11.8, 12.9 97 Medium 0.3 1.254 10 8.2
EMI5V93  0.40, 0.44, 0.50, 0.57, 0.60, 0.63, 0.65 3,4.3,7.0,8.75,10.3, 11.8, 12.9 97 Medium 0.3 1.254 15 8.2
EM20V93  0.40, 0.44, 0.50, 0.57, 0.60, 0.63, 0.65 3,4.3,7.0,8.75,10.3, 11.8, 12.9 97 Medium 0.3 1.254 20 8.2
EL10V93 0.40, 0.44, 0.50, 0.57, 0.60, 0.63, 0.65 3,4.3,7.0,8.75,10.3, 11.8, 12.9 97 Large 0.3 1.254 10 8.2
ELI5V93 0.40, 0.44, 0.50, 0.57, 0.60, 0.63, 0.65 3,4.3,7.0,8.75,10.3, 11.8, 12.9 97 Large 0.3 1.254 15 8.2
EL20V93 0.40, 0.44, 0.50, 0.57, 0.60, 0.63, 0.65 3,4.3,7.0,8.75,10.3, 11.8, 12.9 97 Large 0.3 1.254 20 8.2

Note: The case ID consists of three parts i.e., the type of embankment, spacing between embankment and vegetation model and the porosity of
vegetation. For example, ID ES10V97 represents ES = small embankment, 10 = spacing between embankment and vegetation and V97 = vegetation

having porosity 97%.

2.2 Embankment and vegetation conditions

The recommended height of embankment (dike) on Indus
River in Pakistan is in the range of about 4—7 m high in
addition to 1.2—1.8 m freeboard [20]. In the current study,
three different embankment sizes as part of composite
defense structures are tested to assess their efficiency at
dissipating flood energy. The selected height of embank-
ments (including the freeboard) is 4 m, 5.5 m and 7 m
respectively. Therefore, for the physical modelling, under
a geometric scaling of 1:100, the height of the embank-
ment model is kept at 4 cm, 5.5 cm and 7 cm, respectively,
as shown in Fig. 1(b). To ensure geometric similarity, trap-
ezoidal embankment models made of wood are used for
the current laboratory experiments.

During a high stage flood, water overtops the embank-
ment and may be routed through the floodplain. The direc-
tion of flow towards the weir-like obstacles/embankments
in the floodplains can take place at various orientations
i.e., at an oblique or perpendicular angle [18, 19]. In the
current study the effect of flow direction relative to the
flood defenses is not being assessed, thus perpendicular
flow conditions are considered, consistent to past research
[9, 22, 23].

For modelling of vegetation, the Eucalyptus species are
selected. The literature mentions that the average trunk
diameter (d) of Eucalyptus tree is in the range of 0.11-0.33
m and the tree crown height of Eucalyptus tree is greater
than the flood stage in Pakistan [23]. Keeping in views
the above limitations the diameter of vegetation is set as
0.003m due to the scale of 1:100. To ensure geometrical
similarity, vegetation elements made of steel rods (as also
used previously [9, 24, 25] are vertically inserted on the
bed of the flume, as shown in Fig. 1(a). The effect of any
floodplain slope is considered to be negligible compared to
that of the river banks and defense works. The density of
the vegetation can be represented by finding the porosity
of vegetation by Eq. (1).

Py =1-nnd* /4, M

where, P, = porosity (%), n, = number of vegetation ele-
ments per unit area and d = diameter of vegetation. In this
study two different porosities of vegetation (93% and 97%)
are used. The embankment model placed at a spacing of
400 cm from the channel inlet and the vegetation model
(having staggered arrangement) is placed on the down-
stream side of embankment model, as shown in Fig. 1(c).
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Fig. 1 Experimental setup; (a) Experimental flume, (b) embankment
models of different sizes, (c) Top view of experimental setup and (d)
Flow structure scheme

2.3 Non-dimensional parameters

The main Fig. 1(d) shows the schematic view of flow
regime in the composite defense system representing var-
ious dominant parameters including the width of vegeta-
tion (), distance between the downstream toe of embank-
ment and the upstream edge of vegetation model (L,),
the gravitational acceleration g (m/s’) and the hydraulic
jump parameters (L,,, J, d, hy, V,, hy, Vi, by, Vs, by, Vi, by,

Vi, B, L, h, E,, E,), where, L, = distance between the
embankment and vegetation model, J = distance between
cylinders in the cross stream direction, d = diameter of cyl-
inder simulating vegetation elements, 4, = normal depth
without any model, ¥, = initial velocity, 4, = water depth
upstream of the embankment, V; = velocity upstream
of the embankment, /4, = water depth at the location of
hydraulic jump formation, V, = velocity at the location
of hydraulic jump formation, 4, = water depth upstream
the vegetation zone, V, = velocity upstream the vegetation
zone, h, = water depth downstream the vegetation zone,
V, = velocity downstream the vegetation zone, B; = the dis-
tance of the toe of the hydraulic jump to the upstream face
of vegetation zone; L, = the horizontal distance from the
start of the jump to the location where the surface roller
ends, i, = height of hydraulic jump, £, = specific energy on
the upstream of embankment and E, = specific energy on
the downstream of vegetation. According to Buckingham
7 theorem these parameters could be coupled into indepen-
dent dimensional parameter. By using the Buckingham =
theorem, the function (f;) can be represented as a function
of the following independent dimensionless parameters.

Fry, Pr,Fri, Fry, Fry, Fry, P',L; | By, o )

h; | hy,hy | by by | by, AE | E, o

where P, (porosity) = 1 — nxd’/4, where n = 2\3d" is
the number of trees per unit area, Fr, = VO/(ghO)”2 is the
initial Froude number without any model in the chan-
nel, Fr, = Vl/(ghl)”2 is the Froude number upstream the
model embankment, Fr, = V,/(gh,)"” is the Froude number
Vil(ghy)"™
is the Froude number upstream the vegetation zone and

downstream the model embankment, Fr; =

Fr,=V,/(gh,)"” is the Froude number downstream the veg-
etation zone, P' (= B/L,,) is the nondimensional position
of the start of the hydraulic jump, AE = E, — E| is the
energy loss through the composite defense system and
AEJE, is the relative energy loss through the composite
defense system. The selected spacing between the vege-
tation cylinders (J) are 1.88 cm and 1.25 cm and corre-
sponding width of vegetation (W)) is 18.36 cm and 8.20 cm
for sparse and intermediate vegetation porosities, respec-
tively, same as used previously [8].

2.4 Hydraulic jump formation

Generally, in an open channel flow, when the flow changes
its state from supercritical to subcritical, a hydraulic jump
is formed [26]. It is important to control the position of



a hydraulic jump to control erosion downstream and
ensure the stability of the hydraulic structure as well as
reduce downstream flow energy. Thus, the jump type and
its classification in the hydraulic structures is essential for
understanding the mitigation effect of a defense system [2].
In this research, the formation of hydraulic jump is catego-
rized depending upon the region of its formation. In type
A-jump, hydraulic jump is formed in between the embank-
ment and vegetation i.e., Ldv, whereas type B-jump is
formed on the downstream glacis of the embankment.
Fig. 2(a—b) represents the flow regime of type A and type
B hydraulic jump and associated parameters. Both hydrau-
lic jump types are further classified into two subcategories
i.e., type A-1, A-2 and B-1, B-2. Where, A-1 and B-1 are
the types of jumps in which the water depth inside vegeta-
tion patch is higher than the depth on upstream and down-
stream side of vegetation and A-2 and B-2 are the jumps in
which the upstream water depth is higher than the depth
inside and downstream of vegetation. The hydraulic jump
classification is presented in Fig. 3(a—d).

2.5 Energy dissipation

Energy dissipation (AE = E, — E,/E|) caused by the compos-
ite defense system is calculated as the difference between
the energy head (E)) on the upstream side of embankment
and energy head (£,) on the downstream side of vegeta-
tion. In this study, three main factors including the type of
embankment, distance between the embankment and vege-
tation and the porosity/density of vegetation are analyzed in
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detail. To examine the effect of these parameters on energy
dissipation, each is analyzed by keeping the other two fac-
tors constant. To examine the difference in mean values
of energy dissipation of all the cases, the least significant
difference (LS) method is applied as a pairwise compari-
son between the mean values of different cases as reported
previously [27]. In this method the least significant differ-
ence between two means is calculated by the following for-
mula, LS, = t((MSW x (1/N, + 1/N,)"?, where, LS, = critical
least significant difference, ¢ = critical value for a = 0.05,
MSW = mean square within, obtained from ANOVA test,
N, and N, = number of values used to calculate means
(i.e., 4, and u,) of pairs. If the difference between the
means of a pair is higher than the critical LS, value means
there is a significant difference (SD) between the two
means otherwise no significant difference (NSD) occurs
between the two means [27].

3 Results

3.1 Classification of flow regimes

In the current study, the hydraulic jump is formed either
on the bed of the channel in between the embankment and
the vegetation or on the downstream glacis of the embank-
ment. Fig. 3(a—d) shows the classification of hydraulic
jumps. Water surface profiles are sketched for all the
cases. The four sketches representing the various types
of hydraulic jumps are shown in Fig. 4(a—d). The exper-
imental views presenting all types of hydraulic jumps are
shown in Fig. 5(a—d).

Type-A
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4 I
_—=
Vi V,— Vi— v,
Flow mmp /7 ‘ h;f"‘--\
Vg th" "3\?—“:_ hd I h.t
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V V;—
_I’ VZ — » 3 1 V,g
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Fig. 2 Sketch of the water surface profiles and hydraulic jump type with the definition of hydraulic jump parameters: (a) Jump occurs in between the

embankement and vegetation models (Type A) and (b) jump occurs on the downstream glacis of the embankement model (Type-B)
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Fig. 3 Sketch to hydraulic jump classification observed in the current study, (a) Type-Al, (b) Type-A2, (c) Type-Bl and (d) Type B-2

The results show that for small embankment cases with
97% porosity, for ESI0V97, type A2 is observed against
Fr, = 0.40 and 0.44, while type Bl is observed for the
remaining higher values of Fr, = 0.50—-0.65. For ES15V97,
A2 hydraulic jump is observed against Fr, = 0.40, 0.44
and 0.50 while B1 hydraulic jump is observed against the
remaining values of Fr, = 0.47-0.65. For ES20V97, only
Al type hydraulic jump is observed. For all the cases
of small embankment with 93% porosity, only A2 type
jumps are observed against each Fr,. The quantitative
analysis shows that for all the cases of small embankment
with 97% and 93% porosity, 16.7% cases show Al type
hydraulic jump, 62% A2 and 21.4% B1 type is observed.

For medium embankment cases with 97% porosity,
for EM10V97 and EM15V97, type Al is observed against
Fr, = 040 and 0.44 and type Bl is observed against
Fr,=0.50—0.63 and type B2 is observed for Fr, = 0.65.
For EM20V97, Bl type hydraulic jump is observed

against Fr, = 0.40—0.57 and type B2 is observed against
Fr, = 0.60-0.65. The quantitative analysis shows that for
all the cases of medium embankment with 97% and 93%
porosity, 9.5% cases show Al type hydraulic jump, 50%
A2, 28.5% B1 and 12% B2 type is observed. For large
embankment cases with 97% porosity, for ELI0V97, only
BI1 type hydraulic jump is observed against all the values of
selected range of Fr, = 0.40—-0.65. For EL15V97, type Bl is
observed against Fr,=0.40 and 0.44 and type B2 is observed
against Fr, = 0.50—0.65. For EL20V97, Bl type hydraulic
jump is observed against Fr, = 0.40—0.50 and type B2 is
observed against 7, = 0.57-0.65. The quantitative analysis
shows that for all the cases of large embankment with 97%
and 93% porosity, 35.7% cases show Bl type hydraulic
jump and 64.3% cases show B2 type. The hydraulic jump
of type Al, Bl, A2 and B2 are indicated in Fig. 4(a—d),
respectively and the experimental views of the relavent
hydraulic jump classifications are shown in Fig. 5(a—b).
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3.2 Relative energy loss (%)

3.2.1 Constant distance (L) and porosity (P;) with
varying type of embankment

To examine the effect of embankment size, the rela-
tive energy loss (%) is calculated by keeping L, and P,
constant and assessing three embankment sizes (small,
medium and large). The analysis has shown that relative
energy dissipation is maximum for the embankment with
the greatest height (large embankment), resulting in higher
difference between E, and E,. The maximum average
energy loss is 55% in EL15V93 case, and the energy loss
decreases by increasing the initial Froude number (£7,) for
all the cases. By increasing the size of embankment from
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small to medium, the variation in energy dissipation is not
prominent, however, a considerable increment (approx-
imately 18%) in energy dissipation is observed when the
embankment type is changed from medium to large. The
energy dissipation decreases by increasing Fr, as shown
in Fig. 6(a—f). The calculations of least square difference
method also showed that the mean difference (u,—u,) of
small and medium embankment cases are less than LScr,
which means that there is no significant difference (NSD)
in the two cases as mentioned in Table 2 (Appendix A).
However, the mean difference for the pairs of small to large
and medium to large embankment, is higher than LS,
which means that a significant difference (SD) is resulted.
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Fig. 6 Relative energy loss: By keeping the Distance (L,,) and porosity (P;) constant with the type of embankment varied, (a) ESI0V97, EM10V97,
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3.2.2 Constant type of embankment and distance (L)
against varying porosity (P;)

The effect of porosity or density of vegetation on energy
dissipation is analyzed by keeping the size of embankment
and L, constant and porosity is varying. Thus decreas-
ing the porosity from 97% to 93%, the energy dissipation
increases. The same trend of decreasing energy dissipation
with increasing F7, is observed for all the cases presented
in Fig. 7(a—c). The change in energy dissipation is more
prominent in the cases having large embankment combi-
nation than small and medium embankment combinations,
as the difference in means (u,—u,) is greater than LS, for
the cases having large embankment, as shown in Table 2
(Appendix A). The results show that there are only two
groups i.e., EL15V97-EL15V93 and EL20V97-EL20V93
are showing significant differences (SD), as presented in
Table 2 (Appendix A). The maximum increase in energy dis-
sipation due to vegetation density decrease is 18%, between
EL15V97 and EL15V93. The energy loss increases with
vegetation porosity because of increased friction between
the flow and the vegetation elements and its canopy as well
as increased turbulent kinetic energy generation.
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3.2.3 Constant type of embankment and porosity
against varying distance (L,)

The effect of distance L, on the flood energy dissipa-
tion is not as significant as the other factors like vegeta-
tion density and embankment size. This is verified by the
LS method in which the mean difference (u,—u,) for all
pairs presented in Table 2 (Appendix A) is less than LS,
implying that no significant difference between the mean
values is observed. The maximum increase observed is
7.5% between EM15V93 to EM20V93. The same trend
of decreasing energy dissipation with increasing Fro is
observed for all the cases presented in Fig. 8(a—f).

4 Discussion

The damages caused by different natural events like floods
and tsunamis have turned the attention of researchers
towards the combination of hard solutions (embankments,
sea walls, tsunami gates etc.) and soft solutions (vegetation,
coral reefs etc.). For single defense system, damage to trees
and houses happens due to high energy of flow [28]. On the
other hand, the regions where only embankment is used as
a defense structure, the overtopping water overwhelm the
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nearby structures and the human properties [29]. The flow
velocity reduces when flow passes through a compos-
ite defense system due to the contraction of flow through
vegetation and the formation of expansion region on the
downstream of vegetation resulting in the dissipation of
flow energy. Previously, composite defense structures in
the form of embankment and vegetation are tested under
supercritical flow conditions. Moreover, the flow regime is
also examined, and the formation of hydraulic jump is cate-
gorized [2]. A hydraulic jump is used as an energy dissipa-
tor in single defense system comprising of vegetation [17]
or some hydraulic structures like a chute, dam spillway, or
embankment dam [30].

The current study investigates the flood energy dissi-
pation phenomenon through composite defense system of
embankment followed by emergent vegetation under sub-
critical flow. The idea of composite defense system has
been generated by the damages caused by Tsunami (2011)
in Japan [2]. The effects of Tsunami waves were tested
with various experimental options, and it has reported in
the literature that the Tsunami flow is either subcritical
or critical [32]. In the current study, the hydraulic jump is
classified into two types depending upon the location of

formation of hydraulic jump either on the bed of chan-
nel (jump A) or at the downstream glacis of embank-
ment (jump B). These major types are further subdivided
into types Al, A2, Bl and B2. The results show that for
small embankment cases (ES10V97, ES15V97, ES20V97,
ES10V93, ES15V93 and ES20V93), type A is observed
for almost 78.7% cases and type B is observed for 21.3%
cases. By increasing the size of embankment from small to
medium, the percentage of type A jump decreases and con-
sequently type B increases. For all medium size embank-
ment cases (EM10V97, EM15V97, EM20V97, EM10V93,
EMI15V93 and EM20V93), type A is observed for almost
59.5% cases and type B is observed for 41.5% cases. By fur-
ther increasing the size of embankment from medium to
large only type B is observed for all the cases. The den-
sity of vegetation also effects the type of hydraulic jump.
The denser vegetation offers more resistance hence more
water accumulates on the upstream of vegetation resulting
in the formation of type A2 and B2 in which the depth of
water is higher on the upstream of vegetation than on the
downstream and inside the vegetation. For type A, water
surface fluctuations are observed within Ldv, however,
these fluctuations are reduced when hydraulic jump shifted



towards the slope of the embankment i.e., type B jump
same as observed by researcher in the past [2]. The safety
of hydraulic defense structure depends upon the location of
the hydraulic jump, and it is considered safest if its position
is at the embankment toe with the subcritical regime of the
jump downstream the embankment's toe [14]. Ultimately,
the force on the vegetation patch decreases. Hence, type B
jump is safest for the defense system and the surface ero-
sion will also be reduces due to type B jump. However,
the safety of erodible embankment will be reduced. The
effect of type or height of embankment, distance between
the embankment and vegetation and the density of vege-
tation on the type of hydraulic jump is analyzed in detail.
Against the lower values of Froude numbers, the hydraulic
jump formed at L, while it moved towards the embank-
ment for higher values. Similar phenomena is observed
previously [31]. In this study, type B jump is observed for
all the cases of large embankment in combination with
vegetation of porosity 93%. Hence, Type A jump is rec-
ommended for the cases where embankment is erodible,
and the chances of tree breaking is less. On the other hand,
Type B jump is recommended for the cases where embank-
ment is non-erodible because in Type B jump hydraulic
jump originates on the downstream glacis of embankment.

In this study, it is found that important variations in
flood energy dissipation are observed by changing the size
of embankment from small or medium to large embank-
ment, as also verified by applying the LS method for var-
ious cases. The energy dissipation variation is maximum
for large embankment cases. The maximum increase in
energy dissipation is 18% due to decreasing vegetation
porosity (from 97% to 93%) and the maximum energy dis-
sipation is in between 46% and 69% in the case of large
embankments (EL15V93). The role of double embank-
ments has been analyzed previously and results showed
that the vegetation on embankment and spacing between
the two embankments (i.e., 0 cm, 5 cm, 10 cm, and 15 cm)
are increasing the energy dissipation [9]. In this study the
selected spacings between the embankment and vegetation
zone are 10 cm, 15 cm and 20 cm. The results show that
the effect of selected spacings between the embankment
and vegetation is least among the other two factors i.e.,
embankment size and vegetation porosity, which is also
verified by applying the LS method. However, the spac-
ing L, will affect the energy dissipation if a broader range
of distances will be selected. The effect of spacing can
be analyzed in the future by considering larger spacings
between the embankment and vegetation. The maximum
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increase of energy dissipation due to increase of spac-
ing is 7.5%. The composite defense system comprising of
embankment of higher size and vegetation of lower poros-
ity will be highly effective against the safety of the defense
structure and the relative energy dissipation.

5 Conclusions
In light of the results obtained in this experimental study,
the following conclusions can be summarized.

a. The hydraulic jump within the composite defense
system, comprising of embankment and vegetation, is
observed and categorized in two types based on the ini-
tiation point of hydraulic jump. The jump formed on the
bed of channel i.e., within L, is termed as type A and
the jump formed on the downstream glacis of embank-
ment model is called type B. For small embankment
cases, type A is observed for almost 78.7% cases and
type B is observed for 21.3% cases. By increasing the size
of embankment from small to medium, the percentage of
type A jump decreases and consequently type B increases.
For all medium embankment cases (EM10V97, EM15V97,
EM20V97, EM10V93, EM15V93 and EM20V93), type A
is observed for almost 59.5% cases and type B is observed
for 41.5% cases. By further increasing the size of embank-
ment from medium to large only type B for all the cases.

b. The density of vegetation also affects the type of
hydraulic jump. The denser vegetation offers more resis-
tance hence more water accumulates on the upstream of
vegetation resulting in the formation of type A2 and B2
in which the depth of water is higher on the upstream of
vegetation than on the downstream and inside vegetation.

c. The maximum energy dissipation range is 46—69%
and the maximum average energy dissipation is 55% for
the EL15V93 case.

d. The maximum increment of energy dissipation is
18% when porosity is decreased from 97% to 93% and the
maximum increment in energy dissipation is 7.5% when
the spacing increased between the embankment and vege-
tation from 10 cm to 20 cm. Therefore, the size of embank-
ment and the porosity of vegetation influence energy dis-
sipation more than the spacing between embankment and
vegetation zone.

e. Keeping in view the results Type A jump is recom-
mended for the cases where embankment is erodible, and
the chances of tree breaking is less. On the other hand,
Type B jump is recommended for the cases where embank-
ment is non-erodible because in Type B jump hydraulic
jump originates on the downstream glacis of embankment.
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In the current study, the range of spacing L, is limited

that is why its effect is not prominent. However, the effect

of spacing L, can be examined by testing a broader range

within the composite defense system.
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Appendix-A
Table 2 Comparison of various cases of composite defense system against energy dissipation
Case Pairs =l LS., Remarks
ES10V97 EM10V97 2.4 8.9 NSD
ES10V97 EL10V97 10.4 8.9 SD
EMI10V97 EL10V97 12.8 8.9 SD
= ES10V93 EMI10V93 1.8 9.4 NSD
'§ ES10V93 EL10V93 16.1 9.4 SD
S % EMI10V93 EL10V93 18.0 9.4 SD
zk ESI5V97 EMI5V97 25 101 NSD
é é ES15V97 EL15V97 8.3 10.1 NSD
= %) EM15V97 EL15V97 10.8 10.1 SD
% qé ES15V93 EMI15V93 2.6 8.9 NSD
% _E::’ ES15V93 EL15V93 17.4 8.9 SD
§ k= EMI15V93 ELI5V93 20.0 8.9 SD
é ‘E ES20V97 EM20V97 -0.6 10.0 NSD
% ES20V97 EL20V97 10.1 10.0 SD
°© EM20V97 EL20V97 10.7 10.0 SD
ES20V93 EM20V93 0.0 7.7 NSD
ES20V93 EL20V93 17.0 7.7 SD
EM20V93 EL20V93 17.1 7.7 SD
ES10V97 ES10V93 1.0 9.2 NSD
'q% - EMI10V97 EMI10V93 1.6 9.2 NSD
-z% % EL10V97 EL10V93 6.8 9.2 NSD
é E ESISV97 ESISV93 0.6 92 NSD
§ ‘g EMI15V97 EMI5V93 0.5 9.2 NSD
g g EL15V97 EL15V93 9.7 9.2 SD
E % ES20V97 ES20V93 1.9 9.2 NSD
a5
2 EM20V97 EM20V93 2.5 9.2 NSD
EL20V97 EL20V93 9.6 9.2 SD
ES10V97 ES15V97 0.4 8.4 NSD
ES10V97 ES20V97 1.4 8.4 NSD
- ES15V97 ES20V97 1.0 8.4 NSD
= EMI0V97 EMI5V97 0.5 10.6 NSD
:;: EM10V97 EM20V97 -0.4 10.6 NSD
< EM15V97 EM20V97 -0.9 10.6 NSD
*: EL10V97 EL15V97 2.4 9.3 NSD
% EL10V97 EL20V97 1.7 9.3 NSD
Ex ELI5V97 EL20V97 -0.8 9.3 NSD
g ES10V93 ES15V93 -0.8 8.4 NSD
% ES10V93 ES20V93 -0.5 8.4 NSD
é ES15V93 ES20V93 0.3 8.4 NSD
3
g EM10V93 EMI15V93 1.5 9.0 NSD
5
& EM10V93 EM20V93 -1.3 9.0 NSD
é EMI15V93 EM20V93 2.8 9.0 NSD
a EL10V93 EL15V93 -0.5 9.5 NSD
EL10V93 EL20V93 -0.4 9.5 NSD
EL15V93 EL20V93 0.1 9.5 NSD

*NSD = No Significant Difference; *SD = Significant Difference



