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Abstract

Landslides and debris flows generated by heavy rainfalls and earthquakes, sometimes block waterways
and form landslide dams. Most landslide dams are filled with water and experience overflow. However,
outbursts of these dams may result in large floods or debris flows, endangering residents in downstream, flood-
prone areas.

Evacuations of these areas may be recommended when landslide dams form. It is thus necessary to
estimate outflow discharge rates as rapidly as possible. Empirical methods based on past events and theoretical
methods have been developed to estimate outflow discharge. However, these models are not sufficiently accurate
for practical use. Some of the landslide dams formed by the Chuetsu earthquake that struck Niigata Prefecture,
Japan, in October 2004 have been observed and surveyed. Erosion processes associated with landslide dam
overflow have been investigated using flume experiments. Numerical analyses of slope stability for various
landslide dam dimensions and conditions have also been conducted and past landslide dams have been surveyed.
Based on the results of these studies, a numerical simulation model was developed to estimate both peak
flow and the flow hydrograph. The model also calculated downstream deposition. The method was applied
to a historical flood resulting from the outburst of the Taka-iso-yama landslide dam in the Naka River of
Shikoku. The calculated results agreed well with field data. This modeling method will be applied to actual
risk management activities. Topographic information on new landslide dams obtained using a laser profiling
technique will be input to the model calculations.
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Introduction

Landslides and debris-flows can block mountain streams to form landslide dams. While these processes
do not always lead to abrupt dam collapse and downstream flooding, they can threaten and concern downstream
residents. It is therefore necessary to estimate these processes and to accurately predict peak flood discharge.
The 2004 Chuetsu earthquake in Japan caused many landslide dams particularly in the Imo River basin. Peak
flow discharge was predicted and people were evacuated. Fortunately major landslide dams did not collapse
owing to the low winter rainfall amount and emergency drainage measures. To improve prediction and reaction
techniques, flume experiments, slope stability analysis and computer simulation were carried out. This paper
presents some of the results.

Experiments on outburst processes and outflow discharge

Landslide dam models were constructed in a flume with a width of 30 cm, side wall gradient of 1:0.7,
and flume gradient of 11.3° (Figure 1). The landslide dam models were made of sand or sand with bentonite
as cohesive materials. A 2.0-cm wide and 2.0-cm deep trench was prepared in the center of the landslide dam
crest.

Conditions are given in Table 1. The grain size distribution of the sand is shown in Figure 2. Bentonite
concentrations were fixed at 2.5 %, because higher percentages made the mixture too strong.

Figure 3 shows the outflow discharge resulting from these experiments. The experiment using only
sand (no bentonite) had the largest outflow discharge, 17 times greater than the inflow water discharge. The
downstream bank gradient had relatively little influence on the outflow discharge. Landslides did not occur
when water flowed over landslide dams. Landslide dams were usually much longer longitudinally than artificial
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Fig. 1. Installing a landslide dam in a trapezoidal channel

Table 1. List of experimental materials and dimensions of the landslide dams

Weight ratio
Water Discharge
No. content N rate
Sand Bentonite Qg
1 97.5% 2.5% 15%
2 97.5% 2.5% 10%
50°
3 97.5% 2.5% 5% 200 em /s
4 100% 0% 15%
5 97.5% 2.5% 10% 35°
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Fig. 2. Particle size distribution of the mixed sand used in the experiment

dams. Because landslides may not occur during landslide dam overflow, the likelihood of large, unexpected
floods caused by landslide dam outbursts may also be low.

Figure 4 shows the temporal variations in sediment concentration; concentration were highest at the
start of overtopping. The sediment concentration pattern resembled that of debris flow. The broken line
represents the equilibrium sediment concentration of 23 % estimated by Takahashi (1980) using the formula:

ptan

Ca = (0 — p)(tan ¢ — tan @)

(1)

where, Cy; sediment concentration of the debris flow, o;density of sediment, 2.65 g/cm?, p ;density of water,
1.0 g/m3, 8 ;gradient of the flume (11.3°), ®; internal friction angle of the sediment (36°).
The outburst discharge was almost the same as that calculated by the experimental equation proposed
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Table 2. Comparison between the measured maximum peak discharge rate and the calculated
maximum peak discharge rate

Measured maximum peak Calculated maximum
discharge rate at the end of ;
No. . peak discharge rate by
channel when using both Eq.(2) (m®s)
sand and water (cm?/s) ki
1 1772.5
2 1958.3
3 1546.9 1137~2275
4 2735.0
5 1451.9
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Fig. 5. Temporal variation in the erosion width and the overtopping discharge rate.

by Tabata et al. (2001, Table 2)

, 0.565
q (91"
— =0.542§ ——— 2
Qin {tan 6 - Qin ( )

where, g; oufflow discharge, ¢;, ; inflow discharge, g ; gravitational acceleration, h ; height of the landslide
dam.

Figure 5 shows the temporal variation of erosion width and outflow discharge for Run No.5. The
peak discharge appeared when the erosion width was rather constant. More detailed consideration of this
phenomenon is necessary.

Analyzing the slope stability of landslide dams

As mentioned above, abrupt landslides may be rare during landslide dam outbursts. However, if,
landslides occur when landslide dams are overflowing, resulting floods could be catastrophic. In this section,
the stability of the downstream slopes of landslide dams was analyzed according to a soil mechanical method
(Rotational slip method):

P SHei -l + (W —u; - b;) cos; - tan ¢; }

Z Wz’ - sin 91- (3)
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Table 3. List of calculation conditions of the landslide dam parameters

Landslide dam parameters Preconditions
Height of landslide dam(m) £1L2[8))’ 15, 30, 60,
Gradient of landslld:e dam’s 30, 35, 45, 60, 75
down stream slope ¢ )
Cohesion of landslide dam’s
material (kIN/m?) 10, 30, 40, 50
Internal friction angle(® ) 10, 20, 30
Torrent gradient 1/65
Unit weight of landzlide 18.0
dam’s material (kN/m?) '
Length of landslide dam(m) é’oz 5, 10, 20, 40,

length assumption (a)
|
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Fig. 6. Calculation model and parameters.

where, F's ; safety factor of a slope, ¢; ; cohesion of a slice ¢ of a slip surface, li ; length of a slice ¢, W; ; weight
of a slice i, ui ; pore water pressure for a slice i, bi; width of slice i, ; inclination of a slip surface from horizon,
®i4; internal friction angle of a slice 1.

The parameters for the calculation are downstream slopes, the soil mechanical parameters of the
landslide dam materials, the longitudinal length of the landslide dam crest, and the landslide dam height. The
calculation conditions of the parameters are given in Table 3.

Figure 6 illustrates a calculation model. We assumed the following things:

a) Landslide dams are filled with water and the dam bodies are saturated. The water levels are 3/4, 1/2
and 1/4 the dam height.

b) The dam material is homogeneous. The general values of the internal friction angle and cohesiveness are
adapted.
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Fig. 8. Relationship between height of landslide dam and safety factor.

Influence of dam shapes and materials on slope stability

Figure 7 shows how the slope stability changed with the downstream slope gradient and cohesiveness
under the following conditions: the dam height = 30 m, the dam length = 150 m and the internal friction
angle = 30 degrees. Steeper downstream slopes made the dam body more unstable.

Influence of dam height on the slope stability

Calculations were carried out under the condition that a dam was filled with water. Figure 8 shows
the results. A higher dam was the more unstable.

Influence of the dam water level on stability

Figure 9 shows that the longer longitudinal length of a landslide dam is more stable if the water level of
the dam reaches the dam height. After a landslide has formed, it may be difficult to obtain the characteristics of
the associated dam body or ascertain the strength of the dam material. However, the dimensions of a landslide
dam can be easily and accurately obtained using laser profilers. The engineer can assume the soil properties
based on experience and estimate the soil stability.
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Fig. 10. A schematic diagram of the two the two-layer sediment transport.

Calculation of outflow discharge during outburst

Empirically and experimentally based methods can be used to predict the outflow discharge during
landslide dam outbursts. A few mathematical models produce outflow hydrographs and can simulate outflow
processes and predict discharge. This method has been applied to a real case that occurred in 1892 and has
been relatively well studied.

The calculation model

We adapted the two-layer model developed by Takahama et al. (2000, 2002, 2004) which is applicable
for immature debris flow to debris flow. Figure 10 illustrates the model. Volumetric values of the water layer
per units of time and area through the interface are defined as SI. The governing equations are described
below, where the suffixes w s are represent the water layer and the moving sediment layer, respectively.

Continuous equations

(1) Entire moving layer
10Bh  10Bvh _

B ot "B oax T (4)
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(2) Sediment layer
1 0cBh 1 0cBvh

B ot "B oz

= C4ST

(3) Temporal change of torrent bed elevation

0z _
ot

(4) Erosion rate
s =vtan(f —6,)

Equations of motion
(1) Water layer

1 O(pwvwBhy) n l@(pwﬂwuiBhw)

B~ ot B Oz st
= pwgthiHGf%—Plaa}:: — Tw
(2) Moving sediment layer
%a(v’pBl;ths) N %3(05551;?%3) + pusris
— psghssinf — 6;:5 — Py 88}:: — Tw — Tb

(9)

where p; averaged density, 8; torrent gradient, B; width, h; thickness of the moving layer, v; mean velocity,
g; gravitational acceleration, c; averaged sediment concentration, uj; x-direction velocity at the interface
P,; pressure acting the water layer integrated from the interface to the free surface, Ps; pressure acting the
sediment layer integrated from torrent bed to the interface, Pr; pressure at the inter face, 7,,; shear stress
to the interface, 7; shear stress to the torrent bed, sp; erosion rate. Parameters, 7,7/, 35, B, are correction
factors for the vertical distributions of velocity, sediment concentration and density respectively and are all
assumed to be unity here. The shear stress of the torrent bed and erosion rate were evaluated using the model

found in Egashira et al. (1997).
Shear stress to the torrent bed

Ty, = Ty + pu fsVs|vs]
e\ 1/
T, = (;) (0 — pw)csghs cos B tan ¢
*
(U - pw)ct
tanf, = ———— ——tang;
aNUeq (J—pw)ct+p an¢.s
Text(z=zp) — Tyk(z=2p)
G _ exr
vk Puwghs

W = 7Gys
= {(0/pw—1)cs + 1}sinbeq — (0/pw — 1)cs cOS Oeq tan ¢

1—cs 5/3 o
fle = kU (- el

(13)

(14)

(15)
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when Gy, # 0
225 4 5/2 3/2 3 e\
fo = T HE)GIW +Gyp) S W2 — (W + Gy)®/ (W= 56 ) b (2 (16)
when Gy, = 0

fo= e (B) a7)

where o; sediment density, 0.4; equilibrium gradient corresponding to the average density of the entire layer,
¢s; internal friction angle of the sediment (35.0°), k¢ = 0.25, k, = 0.0828, e; repulsion factor, d; mean diameter.

Bed gradient of the Naka-gawa river that we picked out as an example for the case study is flat and
resistance law for bedload transport is needed. We used Manning’s resistance law when sediment concentration
becomes less than 0.02 as Takahashi and Kuang did (Takahashi and Kuang, 1988).

_ pgn*v|v|

Ty = h1/3 (]‘8)

where n is Manning’s roughness coefficient.

Calculation Conditions
(1) River channel

The calculations encompassed the area extending from 12,500 m upstream to 50,000 m downstream
from the landslide dam as shown in Fig. 11. The river bed was assumed to be rigid, except for the landslide
dam. The cross sections were assumed to be rectangular in shape. The river elevations and widths were
determined based on Inoue et al. (2005), and no erosion was assumed for the river banks.
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Fig. 13. Comparisons of calculated results and data reported from the field survey.

(2) Inflow rate

Inoue et al. (2005) estimated the inflow rate to the landslide dam based on the pond capacity and
filling time. We adopted his value, 388m3/s ( = pond capacity; 72.50 million m? / filling time; 1.87 x 105 s),
and applied this value constantly at the upstream end of the calculation reach

(3) Others

The landslide dam was 71 m high and had a pond volume of 72.50 million m3. The width of the
landslide dam (B) and its base length (LB) are shown in Figure 12 based research by Inoue et al. (2005). The
width of the pond was 200 m ( = pond capacity; 72.50 million m® /{(distance; 11,000 m x height; 71 m) /
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Fig. 15. Change of the landslide dam shape by erosion.

2}), and two mean diameters were assumed for the sediment 1 ¢cm and 10 cm. The internal friction angle was
assumed to be 35° and Manning’s roughness coefficient was 0.05.

Calculated results

Figure 13 shows the calculated results compared with the estimation of Inoue et al. (2005). Applying
sediment diameters of 1 and 10 cm did not result in large differences. The flood water level was well calculated,
with the results slightly higher than levels estimated just below the landslide dam. The calculated flow velocity
was higher than the estimated values. Observations were reported by by Terado (1970). The reason for the
faster velocity is unclear. One possibility is that the actual river is sinuous, while the calculation was based on
a straight channel.

Peak flow discharges at three sections (upstream, midstream and downstream) are shown in Fig. 14.
The peak discharge decreased with distance downstream. Figure 15 shows erosion of the landslide dam, while
Fig. 16 illustrates temporal water level changes. Considerable erosion of the dam occurred early, but the dam
shape did not change much at later times.
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Fig. 16. Change of water level at and around the landslide dam.

Conclusions

Erosion processes associated with landslide dam outburst were investigated using flume experiments.
Mechanisms forming flood peaks were made clear. Numerical analyses of slope stability for various landslide
dam dimensions and conditions were also conducted. What kind of landslide dams are more unstable was known
through the analyses. A numerical simulation model was developed to estimate both peak flow discharge and
the flow hydrograph. The method was applied to a historical flood resulting from the outburst of the Taka-iso-
yama landslide dam in the Naka-gawa River of Tokushima, Japan. The calculated results agreed well with the
field survey data. This modeling method will be applied to actual risk management activities. Topographic
information on new landslide dams obtained using a laser profiling technique will be input to the model
calculations.
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