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Abstract

In this study, physical experiments were performed to investigate the influence of two
key morphological factors in paddy fields, i.e., paddy ridges and irrigation channels, on
sediment deposition during fluvial inundation. The inlet boundary was given constant water
and sediment discharges to simulate embankment failure conditions. Hydraulic parameters
show that sediment came into the floodplain in the form of suspended load. By changing the
outlet boundary and channel outlets conditions, three groups of experiments were conducted.
The results show that, under the high-water-level scenario (with a wall at the outlet boundary),
sediment mainly deposited along the main flow path, and the influence of paddy ridges was
only constrained in its surroundings because of the three-dimensional flow characteristics. The
operation of the channel outlets effectively changed the water depth and main flow direction
and accordingly influenced the sedimentation distribution on the land surface. Under the
shallow-water-depth scenario (open outlet boundary), the ridges on the bed retained more
sediment by decreasing the bed-load transport rate. The intersection of the channel and main
flow path was blocked by the bed load from the land surface. Hence, setting ridges close to the
channel could remarkably relieve sedimentation. The experimental results are helpful for better
understanding the mechanism of sediment deposition on paddy fields with complex topography
and can provide data for numerical model verification.
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1. Introduction

Water-related disasters have long been a seri-
ous threat to human society and the environment.
As a countermeasure, several embankments have
been constructed along rivers (Wu, 2011). Howev-
er, owing to the limited safety level, some trigger-
ing mechanisms, such as piping and overtopping,
endanger river embankments and even cause fail-
ure (Foster et al., 2000; Sills et al., 2008). Moreover,
flood inundation caused by embankment breach
poses a significant risk to lives and properties. To
better understand the embankment failure process
and collect related data for the verification of the
numerical model, many physical experiments have
been conducted. Most of the tests focused on the
development and characteristics of embankment
breaches (Richards and Reddy, 2007; Xu and
Zhang, 2009) and revealed the influence of some
key factors, such as the shape and material of the
embankment, on the breach process (Schmocker,
2011; Frank, 2016). However, for flood inundation
in downstream areas, most laboratory tests have
been conducted based on dam breaks (Soares-
Frazao and Zech, 2008; Soares-Frazao et al., 2007),
instead of embankment breaches.

Another serious but tentatively ignored
problem is that a huge amount of sediment is
transported and deposited downstream during flu-
vial inundation (Islam et al., 1994; Takahashi and
Nakagawa, 1987). The influence of sedimentation
is especially serious for paddy fields. In East Asia,
due to monsoons, the climate is characterized by
periods of both rain and heat. Hence, summer is
very suitable for crop growth, but flood disasters
are also likely to happen in this period because of
the concentration of annual rainfall. Once an em-
bankment failure occurs, a large quantity of sedi-
ment carried by water is transported and deposited
on paddy fields, crops are destroyed, and harvests
are affected. Moreover, deposition in the channel

network disrupts the drainage function and intensi-

fies the impact of inundation (Kawaike et al., 2017).
A report of the Ministry of Land, Infrastructure,
Transport, and Tourism (MLIT) of Japan shows
that, after the dike breach in Japan's Kinu River in
2015, serious sedimentation in paddy fields was
difficult to remove and posed a difficult problem to
local farmers.
To investigate the sedimentation mechanism
on floodplains during fluvial inundation and pro-
vide appropriate countermeasures, researchers
have conducted a series of laboratory experiments
(Takahashi and Nakagawa, 1987; Islam et al., 1994)
and numerics (Zech et al., 2008). However, to the
best of the authors’ knowledge, it is very rare to
consider paddy fields as specific targets in investi-
gating sedimentation caused by embankment fail-
ures. In paddy fields, two key factors may influence
sediment deposition during floods: paddy ridges
and the channel network. During inundation, pad-
dy ridges play a role similar to small embankments
and divide the farmland into several parts, and the
drainage function of the channel network changes
the water level and velocity distribution. This paper
describes the results of the physical experiments
that consider the two factors above. The objectives
of this research are as follows:
1)To study the influence of paddy ridges on
suspended load deposition during inundation
under different scenarios;

2)To investigate the impact of the operation of
channel outlets on the sedimentation on the land
surface as well as in the channel network;

3) To collect experimental data for numerical model

verification in the future.

2. Experimental setup
Fig. 1 shows the plan view of the experimental

model that was installed in the Ujigawa Open Lab-
oratory of Disaster Prevention Research Institute
(DPRI), Kyoto University. Fig. 1(a) and Fig. 1(b)
shows the layout of paddy ridges and the channel
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Fig. 1 Layout of ridges and channels on the experimental setup

network on the corresponding experimental setup.
The model consists of a flume, embankment, and
fixed-bed inundation floodplain. The width of the
flume was 30 cm, and its downstream boundary
was closed so that all the water flowed into the
floodplain through the embankment breach. The
slope of the flume was 0, and the flow direction in
the flume was parallel to the embankment. The

height of the embankment was 15 c¢m, and a 20-cm-

wide breach was set on it to connect the flume and
inundation floodplain. The length and width of the
floodplain were 300 and 160 cm, respectively. The
left and right sides were both closed, and water
could only overflow from the outlet boundary. By
changing the outlet boundary condition, a series of
experimental cases were performed.

Paddy ridges and the channel network are the
two key targets of this study. To determine the size
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of the ridges, we visited some practical farmlands.
The height of paddy ridges varies from 20 cm to 30
cm, and for some main roads, the height is about
50 cm. In addition, the paddy ridges usually have
a rectangle cross section and the width is larger
than the height. Therefore, to make the scale of
the model conform to the practical situation with
an approximate length scale ratio of 1:100, pieces
of wood with a height of 0.5 cm and a width of 1 cm
were set on the inundation floodplain to represent
paddy ridges. The size varies from 0.5 m to 5 m in
practical farmlands with respect to the irrigation
channel network in paddy fields. To simplify the
experiment and set the length scale ratio at about
1:100, the width and depth of each channel in the
physical model were both set at 4 cm. However,
because of the fixed bed, it is impossible to create
a channel on the inundation floodplain. Therefore,
12 pieces of wood were placed on the floodplain.
The dimensions of the wood were 75 cm long, 50
cm wide, and 4 cm thick, and the distance between
each piece of wood was 4 cm. The channel network
was accordingly formed, and the width and depth
of the channels were the distance between each
piece of wood and the thickness of each piece of
wood, respectively.

In the experiments, a constant discharge of 2
L/s was given as the inlet discharge. The sediment
feeder over the breach supplied uniform sediment
into the water at a rate of 1 g/s, and the sediment
diameter was 0.01 cm. Table 1 shows the hydrau-
lic condition in the vicinity of the inlet boundary of
the case with a lower Froude number and Rouse
number. The critical shear velocity is calculated by
using the Iwagaki formula (Iwagaki, 1956) and the

shear velocity is calculated by Manning’s equation:

2 2
nu”
u, = \/ ghl/.';

where u, is the shear velocity, g is the gravity ac-

(1)

celeration, % is the water depth, % is the roughness
coefficient, and « is the velocity. The shear veloci-
ty ratio is 0.93 and the Rouse number is 1.53 in the
vicinity of the breach point. From the Rouse num-
ber and considering the strong turbulence there,
it was generally assumed that suspended load was
dominant at the inlet boundary.

Three groups of physical experiments were
performed: In the first and second groups, paddy
ridges and the channel network were set on the
inundation platform respectively to investigate
their independent influence on sediment deposi-
tion. In the third group, channels and ridges were
jointly implemented to clarify their joint effect on
sedimentation. In each group, three experimental
cases were conducted by changing the conditions
of the downstream boundary and channel outlets.

Table 2 lists the related information of each case.

3. Results and discussion
3.1 Results of group 1

Fig. 2 shows the deposition results of the
three experimental cases. In cases 1 and 2, most of
the deposition occurred along the centerline and
downstream boundary of the inundation platform.
The measured data show that the deposition thick-
ness presented a decreasing trend from the breach
of the embankment to the downstream boundary,
and the highest thickness was approximately 7 mm

in the vicinity of the inlet boundary. Moreover, the

Table 1 Hydraulic parameters near the inlet boundary
Inflow Mean Shear Critical Shea}r B Rouse Settling Sediment
discharge velocity Flow depth velocity shear velocity " number velocity density
velocity ratio
2L/s 19.2 cm/s 5.2 cm 123 cem/s | 1.31 em/s 0.93 0.27 1.53 0.75 cm/s | 2.65 g/cm?
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Table 2 Information of each experimental case

Experimental cases Wlth./ ‘without With/without Outlet b'oundary Duration Remark
ridges channels height
Case 1 Without Without 4.5 cm 45 min
Group 1 Case 2 With Without 4.5cm 45 min
Case 3 With Without 0.0 cm 45 min
Case 4 Without With 4.5 cm 45 min Outlets 1 to 3
opened
Group 2 | (e Without With 45em 45 min Outlets 410 5
opened
Case 6 Without With 4.5 cm 45 min All outlets closed
Outlets 1 to 5
. . . opened
Case 7 With With 0.0 cm 45 min Ridges are in the
paddy center
Outlets 1 to 5
Group3 | (oges With With 0.0 cm 45 min . opened
Ridges are close to
the channels
Outlets 1 to 5
Case 9 Without With 0.0 cm 45 min opened
No ridges

Fig. 2 Experimental results of cases 1, 2, and 3
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total quantity of the deposited sediment in the two
cases was also similar. The difference between the
two cases was only in the area near the ridges. In
case 2, the deposition occurred at the backside of
the ridges, but at the front side and in the down-
stream area, no deposition was observed. To de-
termine the reason for this difference, an L-shaped
electromagnetic current meter was employed to
measure the velocity along the setup centerline
under a clear water scenario. The probe was posi-
tioned at the desired position inside the water body
in different water depths to record the velocity. At
each measuring point, the velocity was measured
at two layers (1 cm and 3 cm from the bed). The
flow velocities at the layers of z=1 cm and z = 3 cm
were measured in both cases (z = 1 cm represents
the near-bed velocity and z = 3 cm represents the
average velocity; water depth 2 =5.2 cm; and z =
0.6 ). Fig. 3 shows the measured results of the
velocity along the centerline. According to the law
of vertical velocity distribution, the velocity of the
layer z = 3 cm should be larger than that of the
layer z = 1 cm, and the measured results agree well
with this. In the figure, the velocity of the layer z =
3 cm was almost the same in those of cases 1 and
2, but the bottom velocity of case 2 was obviously

lower than that of case 1. In addition, the bottom
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velocity (cm/s)

velocity suddenly decreased when the water flowed
through the ridges. Moreover, at the point near
the downstream boundary, the value of the bottom
velocity was negative in both cases, which means
that the water of the bottom layer flows back when
it meets a wall. However, this phenomenon was
not observed near the ridges. This condition is at-
tributed to the scale effect (the height of the ridges
is too small, only 5 mm). However, in practical
situations, this phenomenon would be reproduced
near ridges. The measurement also recorded the
velocity in the vertical direction of each measuring
point in the layer z = 1 cm (Fig. 4). The vertical
velocity at the back side of the ridges is negative,
which means that the water has a downward veloc-
ity after passing the ridges. Based on the measured
results, the three-dimensional characteristics of
the flow causes the sedimentation difference near
the ridges. Owing to the ridges, the water in the
bottom layer is obstructed and flows back, so
erosion may occur at the front side of the ridges.
Furthermore, after the surface layer water flows
through the ridges, it has a downward velocity, and
then some of the water flows back with sediment,
which results in erosion in the downstream area
and deposition at the back side of the ridges.

The results of case 3 were entirely different
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Fig. 3 Velocity distribution along the centerline
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from those of the previous two cases. The figure
shows that no deposition was observed near the
inlet boundary, and the sediment was transported
and more uniformly distributed in the downstream
area owing to the high shear stress. This phenom-
enon is more common in practical flood disasters.
Some field surveys show that the soil near the
breach point is usually eroded and forms a pond
(Fujimoto et al., 2019). The figure also shows that
some sediment was retained in the upstream area

by the paddy ridges.

3.2 Results of group 2

Fig. 5 shows the experimental results and
deposition thickness distribution of each case of
group 2. In case 4, channel outlets 1, 2 and 3 were
opened during the experiments. The water depth
was lower than the height of the wall at the down-
stream boundary, and all the water could only flow
out from the open channel outlets. Because of the
high bed shear stress near the inlet boundary, no
sediment deposition was found, and most of the
sedimentation occurred on the four pieces of wood
along the downstream boundary and presented
an almost symmetrical distribution. Moreover, the
sedimentation in this case was accompanied by

a strong sand-wave migration, which means that

bed-load transportation played an important role in
this case. In addition, no deposition was observed
in the vicinity of the open outlets. This outcome
is attributed to the high velocity and turbulence
in this area. In case 5, the main flow path clearly
deflected to the right side because the two outlets
on the right boundary were open. Similar to case
4, most of the sediment was deposited in the down-
stream area. In the earlier part of the main flow
path, the deposition pattern showed the bed-load
movement, but, in the latter part, the deposition
was almost flat, which means that suspended depo-
sition was the main reason for the sedimentation in
this area. In case 6, because all the channel outlets
were closed during the experiments, water could
only overflow from the downstream boundary.
Therefore, the channel network did not have any
influence on the sediment deposition on the land
surface, and the results presented a similar pattern
to that of case 1. The maximum deposition thick-
ness was found in the vicinity of the breach point
(approximately 6.5 mm), and deposition occurred
along the centerline of the inundation platform.
The experimental data also show that the operation
of channel outlets can significantly influence the
total amount of deposited sediment. The total vol-

umes of deposited sediment in cases 4, 5 and 6 are
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Fig. 4 Vertical velocity distribution along the centerline of case 2
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Fig. 5 Experimental results and deposition thickness distribution on land surface of group 2

554.9 cm?, 1301.5 cm?® and 1530.8 cm?, respectively.
In case 4, the outlets on the downstream boundary
were open, and the water with a higher sediment
concentration could be drained out more effective-
ly. Therefore, the bed shear stress was higher and
the sediment quantity was less in this case, so the
total deposition thickness was obviously lower than
that of the other two cases.

Five channels, which were divided into 17
reaches, were set on the platform, and sediment

deposition was found in some reaches. Fig. 6

shows the reach number and deposition thickness
along the channel network for the three cases. As
shown in the figure, the deposition thickness dis-
tribution in the channel network is closely related
to the main flow path on the land surface. In case 4,
continuous sedimentation was formatted from the
point 70 cm from the inlet boundary in channel 2,
which is much closer than that of the land surface
(over 100 cm). By contrast, in channel 4, unlike the
continuous sedimentation in channel 2, the depo-

sition was only symmetrically distributed in a part
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Fig. 6 Sedimentation along the channel network of cases 4, 5 and 6

of reaches 4-2 and 4-3. In addition, the deposition channel 2 (approximately 6 mm) and on the land
here presented a slope along the cross section surface (approximately 2.7 mm), but the deposi-
of the channel. At the upstream side, the highest tion thickness at the downstream side was only

thickness was over 1 cm, much higher than that in less than 5 mm. The bed load was the main reason
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for the blockage. A similar phenomenon was also
observed in case 5, but because the main flow
path deflected to the right side, sedimentation did
not occur in reach 4-3, but in reaches 4-2 and 3-1.
Moreover, because the outlets of channel 2 were
closed, the sedimentation thickness in this channel
was much higher than that in case 4. In case 6, the
location of deposition in the channels agrees better
with the land surface than cases 4 and 5 because
suspended load was the main reason for sedimen-
tation in this case. However, owing to the higher
water depth, the deposition thickness in the chan-
nels was obviously higher than that on the adjacent

surface area.

3.3 Results of group 3
Previous experiments found that most of the sedi-
ment was deposited only on the specific area that
the main flow passed. Therefore, to reduce the
measurement time, the width of the inundation
platform was decreased from 300 to 160 cm. By
changing the location of the ridges, three cases
were performed to investigate the sedimentation
on paddy fields. Fig. 7 shows the experimental
results and the deposition thickness distribution.
Unlike cases 1 and 2, the influence of ridges was
only limited to the adjacent area less than 10 cm,
and the sedimentation results of the three cases
were quite different. In case 7, two rectangular
areas upstream of the ridges retained most of
the sediment (shown in Fig. 7(a)), and most of
the deposition in case 8 was formatted along the
ridges. In addition, paddy ridges significantly in-
fluenced the total amount of sedimentation. Fig. 8
depicts the quantity of sediment deposited on the
land surface. Compared with cases 7 and 8, less
sediment was retained on the bed by paddy ridges
in case 9. The different layout of ridges could only
change the deposition distribution, but not the
total amount of sediment. This finding is attributed

to the very small water depth (less than 1 cm) and

relatively larger bed shear stress. Because of the
high shear stress, once the suspended load was
deposited, it moved from the bed to the channels
in the form of bed load and was then drained out,
but the existence of ridges could decrease the bed
load transport rate and retain more sediment on
the land surface.

In this group of experiments, only the channel
perpendicular to the main flow direction showed
significant sedimentation. In the fluvial inundation
in Kinu River in 2015, serious sedimentation was
also found in the channels that were on the main
flow path. Fig. 9 shows the deposition thickness
along the channel. The figure shows that the set-
ting ridges at the upstream side could effectively
alleviate sedimentation in the channel network.
The maximum deposition thicknesses of cases 7, 8,

and 9 were 15.96, 7.56, and 12.19 mm, respectively.

4. Conclusions

A series of physical experiments were con-
ducted to investigate the suspended load depo-
sition on the paddy field caused by embankment
failures by considering the influence of paddy
ridges and the channel network. For the high-
er-water-depth cases, the sediment was mainly
deposited along the main flow path, and the maxi-
mum deposition thickness was found in the vicinity
of the inlet boundary. Under this scenario, setting
paddy ridges did not change the total amount of
sedimentation on the bed, and its influence was
limited to the surrounding area because of the
three-dimensional flow characteristics. However,
for the shallow-water-depth cases, the sediment
was carried by water and more uniformly deposit-
ed in the downstream area. The ridges could effec-
tively decrease the bed-load transport rate, which
resulted in a large amount of sediment deposited
in the upstream area and along the ridge, and the
maximum deposition thickness was found at the

front side of the ridge. In the experiments, the op-
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Fig. 9 Deposition thickness along the channel

eration of the channel outlets significantly changed
the water depth and flow velocity, and the main
flow direction clearly deflected to the open outlets.
The results show that opening the channel outlets
could drain out the sediment more effectively and
alleviate sedimentation on the land surface. How-
ever, the channel can also be blocked by sediment.
The maximum deposition thickness in the channel
occurred at the point where the main flow passed,
which was mainly caused by the bed load from the
land surface. By setting ridges on the bed, the ridg-
es retained more sediment on the bed. Conversely,
setting ridges at the channel's upstream side would
be helpful in decreasing the sedimentation in the
channel network. However, some factors were not
considered in this study. For example, the vegeta-
tion in paddy fields may have significant influence
on the flow propagation and sediment deposition.
Further physical experiments and numerical simu-
lations considering different conditions are neces-

sary to better understand the mechanism.
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