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Abstract 
 
Recently, record breaking heavy rainfalls have been observed frequently due to climate change and we 
have experienced very severe flood disasters caused by river embankment failure due to erosion by 
overtopping river water in Japan. This paper firstly presents some examples of flood disasters caused 
by river embankment failure due to erosion by over topping river water. Secondly, the paper is focusing 
on the numerical modeling and flume experiments on erosion of unsaturated river embankment due to 
flow overtopping and mainly on resultant flood and sediment hydrographs into land-side area. Finally, 
some measures against river embankment failure are introduced. 
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1 Introduction 
When a river flood exceeds the design flood discharge, overtopping and breaching sometimes 

happen. The resulting floods from the failure of river embankment due to flow overtopping may cause 
the catastrophic flooding and damages of properties and loss of human lives in the low-lying lands 
where many people live. In very recent, for example, river embankment of the Kinu River, tributary 
of the Tone River, Japan was breached due to overtopping, and large scale of inundation occurred in 
September 10, 2015 (http://www.nytimes.com/2015/09/11/world/asia/japan-floods.html?_r=0). Many 
houses and cars were washed away and houses were flooded deeply by the flood. Therefore, the studies 
on embankment failure and estimation of resulting flood and sediment discharges into residential area 
are essential to the potential flood disaster and flood risk assessment. 

To understand the breaching process of river embankment due to flow overtopping, some 
experimental studies have been carried out by previous researchers (Coleman et al., 2002; Chinnarasri 
et al., 2003, Dupont et al., 2007, Morris et al., 2007, Schmocker & Hager, 2009, Pickert et al., 2011). 
Chinnarasri et al. (2003) discussed on flow patterns and progressive damage of embankment 
overtopping. Coleman et al. (2002) formulated the breach discharge non-dimensionally as a function 
of the head on the breach crest centerline and the breach crest length. Based on the experimental studies, 
the process of breaching of embankment has been discussed by Dupont et al. (2007), Moris et al. (2007) 
and Schmocker & Hager (2009). Pickert et al. (2011) pointed out that the apparent cohesion due to 
pore-water pressure influences the stability of the breach side slopes. 

The prediction of breach hydrograph is very important for the flood risk assessment. The peak 
outflow discharge from the embankment dam breach can be calculated by using empirical relationships 
and physical based numerical models. Numerous empirical relationships for estimating the peak 
outflow caused by a gradual dam failure are presented by several researchers (Costa, 1985, Froehlich, 
1995, Pierce et al., 2010). However, the empirical relationships are derived from the limited number 
of data and mainly relates to depth and volume of water behind the embankment dam. Therefore, the 
peak outflow or breach hydrograph and sedimentgraph from embankment dam breaching can be 
calculated more approximately by using numerical models. Many researchers have developed physical 
based numerical model to predict the outflow hydrograph from embankment breaching (Tingsanchali 
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& Chinnarasri, 2001, Wang & Bowles, 2006, Dupont et al., 2007, Pontillo et al., 2010). The breached 
outflow discharge highly depends on rate of erosion of embankment dam. The behavior of unsaturated 
soil is different from saturated soil. However, most of the existing breach models do not consider 
infiltration of water inside the embankment. Therefore, it is important to study erosion rate of an 
unsaturated embankment for the prediction of outflow water and sediment discharges, and hazard 
assessment. 

This paper firstly presents some examples of flood disasters caused by river embankment failure 
due to erosion by over topping river water. Secondly, the paper is focusing on the numerical modeling 
and flume experiments on erosion of unsaturated river embankment due to flow overtopping and 
mainly on resultant flood and sediment hydrographs into land-side area. Lastly, one countermeasure 
against river embankment breach by overtopping water using waterproof-breathable fabric sheet will 
be introduced and the results of verification experiments using this sheet show the effectiveness of the 
sheet against erosion of the backside slope of the embankment. 
 
2 Recent Flood Disasters Caused by River Embankment Failure Due to Overtopping in Japan 

Recently, record breaking heavy rainfalls have been observed frequently due to climate change and 
we have experienced very severe flood disasters caused by river embankment failure due to erosion by 
overtopping river water in Japan. River embankments are basically made of sediment and not protected 
or covered with cement, and once overtopping of river water happens, river embankment breach will 
inevitably happen. 

Figure 1 shows river embankment failure at the Asuwa 
River, Fukui Prefecture, Japan in 2004. The reasons why 
overtopping occurred were investigated by numerical 
simulations and field investigations, and the following reasons 
were specified; 
1) Flood peak discharge at the breach point was 2,400m3/s that 
exceeded the current capacity of 1,300m3/s, 
2) River water level was increased due to some reasons such 
as back water effects by JR girder crossing over the Asuwa 
River (Figure 2), jamming of driftwood at the bridge piers, 
discharge of drainage water inside the city into the Asuwa 
River, etc. 
3) Water level became higher at outer bank than inner bank 
due to centrifugal force and it was estimated around 20cm by 
2D numerical simulation. Overtopping and bank breach 
occurred at outer bank. 
4)Though the left bank height at the breach point was thought 
to be lower than that of right bank, both heights were 
confirmed to be the same according to the embankment data 
before the breach.  

The causes of the bank breach were also investigated by 
doing several tests such as inspection of levee and foundation 
by boring test, in-situ test, soil testing, geophysical 
exploration, excavation of the levee, shear stress evaluation 
due to overtopping flow in the levee surface, seepage and 
sliding failure investigation, soil-water coupling simulation of 
the embankment failure, and etc. From these investigation, the 
causes of the bank breach was concluded that the embankment 
was breached because both erosion by overtopping flow and 
seepage flow continued nearly for two hours and then local 
failure in the body progressed to the large scale failure. 

Figure 3 shows levee breach at the Kinu River, Ibaraki 
Prefecture, Japan in 2015. More than 1,300 persons who did 

Figure 3. Levee breach at the Kinu 
River by overtopping, Ibaraki 
Prefecture, Japan, 2015. 

https://www.aeroasahi.co.jp/news/detail.php?id=22 

Figure 1. Levee breach at the 
Asuwa River by overtopping, Fukui 
Prefecture, Japan, 2004. 

Source: Kinki Regional Office, MLIT 

Figure 2. JR bridge girder with grasses
crossing over the Asuwa river.  
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not take refuge were rescued by helicopters. Fortunately, less 
than 10 persons were killed by the flood in spite of the big scale 
of inundation by flooding. 

Figure 4 shows a small scale river embankment failure due 
to overtopping inundated water from left-side bank (right-side 
of the figure) as well as the Takama River river water in Mabi 
Town, Okayama Prefecture in July, 2018. Both the river bank 
and the river bed were covered with concrete but the 
overtopping water collapsed the river bank and bed. Several 
river bank breaches happed at different places in the basin, and 
by the strong inundated water flow velocity and deep inundation 
water depth, more than 50 persons were killed by the inundation which occurred suddenly due to levee 
breach at midnight. Around 80 percentage of the death toll was the aged (more than 70 years old). 

People did not take evacuation prior to the occurrence of the inundation nevertheless the evacuation 
order had been issued more than one hour before the occurrence of the disaster. The reason are still 
now under investigation and much better evacuation systems are hopefully to be constructed. 

 
3 Numerical Model 
 
3.1 Seepage Flow Model 

Temporal moisture content and pore-water pressure through unsaturated-saturated soils of the river 
embankment is calculated using Richards’ equation as: 
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where,   ; the water pressure head, xK  and zK ; the hydraulic conductivity in the x  and z  directions, 
 C     w ; the specific moisture capacity, w ; the volumetric water content of the soil, x ; the 

horizontal spatial coordinate, z ; the vertical spatial coordinate taken as positive upwards, and t  ; the 
time. To solve Eq.(1), the relationship between the water storage coefficient and the coefficient of 
permeability are required. In this study, the seepage flow analyses in the earth dams are conducted 
using the widely used constitutive relationships given by Van Genuchten (1980). The equations for the 
seepage flow model are solved using the line successive over relaxation (LSOR) scheme with implicit 
iterative finite difference schemes. 

 

3.2 Surface Flow Model 
The governing equations of the flow model are the depth-averaged two-dimensional momentum 

equations and continuity equation of the flow, which are described as follows: 
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where, u  and v ; the flow velocity components in the x  and y  directions, g ; the acceleration of 
gravity, H ; the water level, h ; the flow depth,  ; the density of the water, and bx  and by ; the bottom 
shear stresses in the x  and y  directions. The shear forces due to turbulence, xyyyxx  ,, , are described 
as follows: 
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where,  ; the eddy viscosity ( 6*hu  ,  ; the von Karman’s constant, *u ; the friction velocity). 
The bottom shear stresses are expressed as: 
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Figure 4. Levee breach at the 
Takama River by overtopping, 
Okayama Prefecture, Japan, 2018. 
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31222 hvuugnbx            ,       31222 hvuvgnby                                             (6) 

where, n represents the Manning roughness coefficient. The discretized equations of the flow module 
are solved using the SIMPLE revised (SIMPLER) scheme. 
 
3.3 Surface Erosion and Deposition Models 

The volume of sediment being picked up from the embankment surface is estimated using the 
following equation: 

   psp SpAdAV 23                                                                                                           (7) 

where, pV ; the sediment pick-up volume per unit time, sp ; the pick-up rate, d ; the diameter of 
sediment particles, pS ; the projected area of the computational mesh onto the horizontal plane, and 

32, AA ; the shape coefficients of sediment particles for 2D and 3D geometrical properties (= 4  and 
6 , respectively). The pick-up volume can be converted into the erosion rate ( ppr SVE  ). The 

pick-up rate of sediment particles from the embankment surface is calculated using the following 
formula proposed by Nakagawa et al. (1985), and we introduced the effect of resisting shear stress due 
to suction in this study. 
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where,  ; the density of sediment ( 65.2 ); c** ,  ; the dimensionless shear stress and critical 
shear stress for sediments; pkF ,0 , and pm ; constants (=0.03, 0.7, and 3.0, respectively) as suggested 
by Nakagawa et al. (1985) for saturated bed conditions; *G  represents the coefficient that accounts for 
the direction deviation between near the bed velocity and sediment movement direction; b  represents 
the angle between the near bed velocity and the sediment movement direction; b  represents the 
coefficient that accounts for the local bed-slope and the direction deviation between the maximum 
local bed slope and the sediment movement direction; s  represents the static friction factor (=0.7); 

Lk  represents the ratio of lift force to drag force (=0.85); b  represents the local bed-slope; d  
represents the angle between the maximum local bed-slope and sediment movement direction; and 

suc*  represents dimensionless shear stress due to suction, which is described below. 
In this study, the effect of resisting shear stress due to suction on critical shear stress is introduced 

in a manner similar to Nakagawa et al. (2012) for the pick-up rate formula. The resisting shear stress 
due to suction for unsaturated soil was calculated using the relationship proposed by Vanapalli et al. 
(1996), wherein the increase in the resisting shear stress due to suction can be expressed as follows: 
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where, ap  represents the pore-air pressure, wp  represents the pore-water pressure, wa pp   represents 
the matric suction, and   represents the effective angle of internal friction. Egiazaroff (1965) derived 
an expression for the dimensionless critical shear stress of sediment, which is part of a mixture of 
sediments. To simulate the erosion process on unsaturated soils of an embankment, we introduced the 
resisting shear stress due to suction into the critical condition for sediment movement. Adding the 
resisting shear stress to the friction force enables the Egiazaroff formula to be expressed using the 
following new equation: 
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where, the second term on the right-hand side is the contribution of resisting shear stress due to suction. 
Because our laboratory experiments were carried out under uniform sediments, the dimensionless 
resisting shear stress in Eq.(10) is expressed as follows: 



14th International Symposium on River Sedimentation, September 16-19, 2019, Chengdu, China 

   210

*
19log75.51

2

gdCD

suc
suc 




                                                                              (11) 

The dimensionless critical shear stress was calculated using the Iwagaki’s formula (1956), and the 
dimensionless resisting shear stress due to suction was added to equation (8). 
During the transport stage of sediment particles, some of the particles may continue their motion, as 
described later, whereas some of them may be deposited onto the bed surface at a certain place. The 
amount of sediment deposition on the bed along the sediment transport trajectory is estimated using 
the probability density function for the step length: 

     ssfVV nspnd                                                                                                             (12) 

where  ndV ; the deposition volume of the sediment after the nth step of movement, sf ; the probability 
density function of the step length,  ns ; the distance that a sediment particle moves from the pick-up 
point, and s ; the moving distance of sediment in one time step, t . 
 
3.4 Calculation of Sediment Trajectory and River Embankment Shape 

After being picked up, sediment particles move near the bed and some may deposit somewhere on 
the bed. Sediment movement velocity and information on the trajectory of the movement of sediment 
particles are important when considering the effects of two-dimensional geometry with respect to 
erosion and important to investigate the location of deposition. By omitting inter-particle collisions, 
the movement velocity sedu  of a sediment particle is calculated using its motion equation. Two unit 
vectors parallel to the local bed surface are defined: 1bp  on the x–z plane and 2bp  on the y–z plane. 
Then, the motion equation of a sediment particle in the bjp  2,1j  direction is written as follows: 
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where, sedm ; the submerged weight of the sediment particle,  jsedu ; the component of sediment 
movement velocity in the j direction, jD , jW , and jF ; the components representing drag force on a 
particle, submerged weight of sediment particle, and friction force between sediment particle and the 
bed in the j direction, respectively; and mC ; the coefficient of added mass (=0.5). 

Using the volumes of pick-up and deposition sediments, the variation in the embankment shape is 
expressed as 
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where, bz ; the surface level of the embankment, 1A ; the shape coefficient of the sediment particle for 
1D geometrical properties  0.1 ,  dV ; the total volume of deposited sediments in each computational 
cell at each time step, and dS ; the projected area of the computational cell where sediment is deposited. 
 
3.5 Calculation of Local Mass Sliding 

During the erosion process of embankments due to overtopping flow, for an embankment consisting 
of cohesive sediment or fine non-cohesive sediment, the possibility exists that the shape of the back 
slope becomes an overhang and a near-vertical slope due to the erosion of the foot of back slope. 
Because the overhang condition and a near-vertical side slope are unstable, sometimes sediment sliding 
occurs locally as part of the embankment failure process. Therefore, some type of sliding process is 
required in a numerical model to simulate the entire embankment failure process. 
This study used the simplified Janbu method to search for the critical slip surface by calculating the 
safety factor. The sliding mass is divided into a number of vertical slices, and the static equilibrium 
conditions of each slice are considered as the sum of the vertical force equal to zero and the sum of the 
forces parallel to the slip surface equal to zero. The safety factor, sF ,can be expressed as follows: 
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where, sn ; the total number of slices, i ; the slice number, 'c ; the effective cohesion of the material of 
the embankment body, il ; the length of the base of each slice, wip ; the average pore-water pressure on 
the base of the slice, suc ; the shear strength calculated using equation (9), iW ; the weight of each slice, 
and si ; the inclination of the bottom of each slice. 

The simulated results of seepage analysis are used in this slope stability analysis, meaning the results 
of water content are used in calculating the weight of each slice, the results of pressure head are used 
for calculating the value of average pore-water pressure on the base of slices, and the results of negative 
pore-water pressure are used as previously noted. In addition, the dynamic programming method is 
used to determine the critical slip surface with the lowest factor of safety, which is mainly based on 
research by Yamagami & Ueta (1986). 
 
4 Laboratory Experiments and Numerical Simulations 
 
4.1 Laboratory Experiments 
A series of experiments were carried out to investigate the failure mechanism of river embankment 
due to flow overtopping by Nakagawa et al. (2012) and Mizutani et al. (2013) that were performed in 
the laboratory flume of length 5 m, width 30 cm and depth 50 cm as shown in Figure 5.  

Three types of embankment erosion experiments were used for the verification of present numerical 
model in this study. Type-A was made on the fixed bed surface. Type-B was made on the erodible bed 
surface. Type-C was similar to Type-A but width of the embankment (= channel width) was 15cm. 
The size of embankment Type-A is bigger than Type-B as shown in Figure 5. Both upstream and 
downstream slope of the embankment were 1V:2H in every embankment types. 

Non-cohesive fine sediments of different size 
were used to prepare a trapezium shaped 
embankment in the downstream edge of the 
flume. Different parameters of sand used in the 
experiments were determined by laboratory 
experiments. Van Genuchten parameters 
(including r ) were estimated by non-linear 
regression analysis of soil moisture retention 
data obtained by pF meter test. The soil-water 
characteristic curve for drying and wetting is 
different due to hysteresis. As the overtopping of 
river embankment is wetting process, so in this study wetting soil-water characteristic curve is used. 
Some other parameters of different sand are listed in Table 1. Soil-water characteristic curves and 
relationships between increase in shear strength and matric suction for different sediment are shown 
in Figure 6. 

Parameters No. 6 No. 7 No. 8 

s  0.319 0.351 0.400 

r  0.061 0.095 0.117 
  3.837 2.552 1.107 
  3.852 4.148 2.254 

sK (m/sec.) 2.15×10-4 8.75×10-5 1.56×10-5 

md (mm) 0.334 0.174 0.100 
Porosity 0.526 0.546 0.579 

Flow 
Fixed bed

25cm 

50cm 10cm 

Ｅｍｂａｎｋｍｅｎｔ 
body 

Flat bed (bottom of the flume) 

50cm 

(Type - C) TYP E-C 

Flow

40cm

80cm35cm

Embankment body

Flat bed (bottom of the flume)

80cm

(Type-A)
Fixed bed

Flow
Fixed bed

15cm

15cm

30cm30cm30cm20cm 10cm 10cm

Embankment 
body Erodible bed

Flat bed (bottom of the flume)

(Type-B)

TYPE-B 

TYPE-A 

Figure 5. Experimental flume and side view of embankment shapes (from TYPE-A to TYPE-C). 

Table 1. Soil parameters of each sediment. 
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The side walls of the flume were made from 
clear acrylic, so it was possible to observe the 
erosion process from the side. Three types of non-
cohesive fine sediments were used to make the 
embankments (Figure 7). A digital video camera 
was placed on the side of the flume to capture the 

temporal variation of the embankment shape during the erosion process and progression of wetting 
front inside the embankment. The outflow water and sediment discharges were measured by sampling 
downstream end of the flume. 
 
4.2 Computational Conditions 

The numerical simulations of the erosion 
process of non-cohesive embankments were 
conducted by means of developed numerical 
model. The resolution of the computational 
mesh was set to 0.1x ～ 0.2  cm; to 0.1 y  
cm in a transverse direction for the calculation 
of flow; and to 0.1x  cm and 0.1y cm for 
the calculation of seepage flow. Soil 
parameters for different sand used in these 
calculations were determined by laboratory 
experiments conducted by Nakagawa et al. 
(2012).  
The experimental results of Case-1 to Case-3 as shown in Table 2 were used for verification of erosion 
process under different sediment conditions and Case-4 was used for verification of deposition process 
which is low flow-discharge condition compared to Case-1 to Case-3. Case-5 was no overtopping flow 
condition case and the water level was maintained high water level up to the embankment’s crown 
height and the temporal variations of moisture movement inside the embankment were measured in 
Case-5 by using Water Content Reflectometers 
(WCRs) at various positions as shown in 
Figure 8. The results of Case-5 were used for 
the verification of seepage flow process in the 
developed numerical model. The experimental 
results of Case-6 were used for verification of 
outflow water and sediment discharges. 
 
4.3 Simulation Results 

Figure 9 shows the comparison of the experimental and simulated results of temporal variations of 
moisture movement in the embankment (Case-5) at different positions. The moisture movement in the 

Case 
No. 

Dam 
Type 

Supply 
discharge 
(cm3/s) 

Sediment 
type 

md   

(mm) 

Initial mois-
ture content 
of dam (%) 

Porosity 
of dam 
body 

1 
A 7840.0 

No.6 0.334 13.0 0.51 
2 No.7 0.174 11.5 0.51 
3 No.8 0.100 12.0 0.55 
4 

B 
1172.0 No.7 0.174 6.8 0.55 

5 - No.7 0.174 6.8 0.55 
6 C 1150.0 No.7 0.174 12.8 0.55 
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Figure 6. Soil-water characteristics 
curves(top) and relation-ship between shear 
strength and matric suction (bottom). 
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Figure 7. Grain-size distributions of 
embankment materials (Sediment-6 (No.6), 
Sediment-7 (No.7), and Sediment-8 (No.8)). 

Table 2. Details of each simulation condition. 

Figure 8. Positions of WCRs (m1 -m9) in Case-5. 
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embankment is due to the water of the 
reservoir in the upstream side. The simulated 
results using the constitutive relations of Van 
Genuchten agreed with the experimental 
results. 

Figure 10 shows the comparisons of the 
experimental and simulated results of 
temporal variation of embankment surface 
under different sediment sizes in Case-1 to 
Case-3. The simulated results of the temporal 
variations of embankment surface were good 
agreement with the experimental results. The 
calculated erosion rate is smaller in 
Sediment-8 (No.8) case compared with 
Sediment-6 (N0.6) and Sediment-7 (No.7) 
cases. The reason for smaller rate of erosion 
in Sediment-8 cases is due to the effect of 
shear strength increment due to suction ( suc ). 
The maximum value of suc  for Sediment-8 is 
larger compared with other types of 
sediments as shown in Figure 6. The 
numerical model is capable to predict smaller 
erosion rate for smaller sized sediment as 
observed in the experiments and rather 
rigorous new erosion model can reproduce 
experimental results better than the previous 
one. Shear strength due to suction decreases 
due to infiltration of overtopped water. As 
shown in Table 1, Sediment-6 has higher 
saturated hydraulic conductivity compared 
with Sediment-7 and Sediment-8. Thus, the 
infiltration rate in the embankment dam of 
Sediment-6 is faster than the embankment 
dam of Sediment-7 and Sediment-8. 
Therefore, the effect of shear strength 
increment is smaller in case of Sediment-6 
compared with Sediment-7 and Sediment-8 
cases. The numerical model considering 
suction in erosion rate is capable to predict 
erosion rate of non-cohesive fine sediments 
as observed in the experiments. 

There can be seen some discrepancies at 
the river-side embankment crest in Case-3. 
Shields parameter, /*du , takes very small 
value of around 1.5 in Case-3 where no data 
were adopted in Shields diagram. So that the 
applicability of Iwagaki’s formula to such a 
small Shields parameter is not clear. As a trial 
calculation, a bigger value of the non-
dimensional critical shear stress for 
Sediment-8, namely, c*7.1   was used for 
the erosion calculation in Case-3. Figure 11 
shows the comparisons of simulated and 
experimental results of temporal dam shape 
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Figure 9. Comparisons of simulated and experi-
mental results of temporal moisture variations 
inside the embankment. 
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Figure 10 : Simulated and experimental results of 
dam shape, embankment dam Type-A (sim: 
simulation; exp: experiments). 
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Figure 11. Comparison of simulated and 
experimental results of embankment shapes 
(Case-3, ). 
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using c*7.1  . Simulated results show good 
agreement with experimental ones. This 
result may show that other cause such as 
electrochemical force, for example, acts as 
an apparent resistance shear stress in such 
fine sediments as well as matric suction. 

Figure 12 shows the simulated results of 
temporal variation of embankment surface 
for Case-4 with experimental results, which 
is low flow-discharge condition. The 
simulated results were generally agreed with 
experimental result not only the erosion 
process, but also the deposition behind the 
dam. 
Figure 13 shows the simulated results of 
temporal variation of embankment surface 
for Case-6 with experimental results. The 
simulated results were generally agreed with 
experimental result, but show that the 
simulated erosion velocity is a little bit 
slower than the experimental one. The 
reasons of this discrepancy may be 
explained as follows; 1) in experiments, 
compaction degree of the embankment was 
a little bit smaller than the designed one. 2) 
the boundary and initial conditions in experiments were not well incorporated with calculation in Case-
6, and etc. Further research is essential to refine the model. 

Figure 14 shows the comparisons of simulated and experimental results of inflow hydrographs due 
to erosion of embankment by overtopping water for Case-6. As the fluctuation of the experimental 
results usually becomes large, experiments were carried out three times under the same experimental 
conditions. The simulated results agree fairly well with experimental ones, but a little bit 
underestimated. This correspond with the difference of erosion velocity shown in Figure 13. 

Figure 15 shows the comparisons of simulated and experimental results of inflow sediment 
discharges due to erosion of embankment by overtopping water for Case-6. The simulated result of 
sediment peak discharge is underestimated and overestimated after the occurrence of peak sediment 
discharge. One of the reason of it may be the discrepancy of the erosion velocity of the embankment 
body by overtopping water. It is the future problem to be solved. 
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t=20 s  

t=30 s  

t=40 s 

Figure 12. Simulated and experimental results of dam
shape for Case-4 (Type-B, sim: simulation; exp: 
experiments). 

Figure 13. Comparison of simulated and experi-
mental results of embankment shapes (Sediment-7). 
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Figure 14. Comparison of simulated and experi-
mental results of inflow flood hydrographs. 

Figure 15. Comparison of simulated and experi-
mental results of inflow sediment discharges. 
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5 An Embankment Erosion Prevention measure –Air Permeable-Waterproof Sheet- 
 

The river embankment failure due to 
overtopping of river water is mostly generated by 
the back slope erosion of the embankment. An 
embankment erosion measure using air 
permeable-waterproof sheet is introduced and 
the results of hydraulic test using this sheet are 
shown in this section.  

Figure 16 shows the structure of the air 
permeable-waterproof sheet. Air particle inside 
the dam body can get out through the air 
hole of the sheet but water particle cannot 
get out from the dam body and cannot 
come into the dam body because the 
water particle size is bigger than the air 
vent hole. If once water will flow into the 
dam body by any reasons, the water will 
be drained through the drain method at 
the toe of the back slope of the dam body.  

Figure 17 shows the arrangement of 
the air permeable-waterproof sheet on 
the dam surface in the experiments. 
Experimental cases are with and without air permeable-waterproof sheet on the back slope of the 
embankment. River facing slope is covered with air permeable-waterproof sheet and the bank crown 
is covered with cement mortar. 

By using air permeable-waterproof sheet in the condition of overtopping water, we experimented its 
erosion resistance on the back slope and the boundary with drains set at the bottom of the back slope 
which is claimed to be a weak point in terms of erosion. Figure 18 shows the experimental results of 
back slope erosion due to overtopping flow. The effectiveness of air permeable-waterproof sheet 
against back slope erosion of the river embankment due to overtopping water is quite obvious. 

 
6 Conclusions 

The numerical modeling of erosion process of embankments made by non-cohesive fine sediment 
was investigated with the results of flume experiments. The experimental results of embankments 
failure showed that the rate of erosion in the embankment of small sized sediment is smaller compared 
with embankment of bigger sized sediment. In the embankment of small sized sediment, shear strength 
due to suction is responsible for the lower erosion rate. In this study, the developed erosion model was 
verified using some results of laboratory experiments. The erosion rate considering increase in resisting 
shear strength due to suction in the unsaturated sediment is incorporated in the erosion rate in the fully 
saturated sediment. The numerical results of temporal variations of moisture profile inside the 
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Figure 16. Structure of air permeable-waterproof 
sheet. 
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Figure 18. Experimental results of back slope erosion due to overtopping flow (Left: without air 
permeable waterproof sheet, Right: with the sheet). 
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embankment, temporal variations of embankment surface erosion, and the deposition behind the 
embankment were found to be consistent with the experimental results. The simulated inflow flood 
and sediment discharges due to embankment breach for Case-6 were a little bit underestimated. Further 
research is essential to refine the model. The effectiveness of air permeable-waterproof sheet against 
back slope erosion of the river embankment due to overtopping water is verified by the rather big scale 
of physical experiments. 
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