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Abstract

There are many areas where subsequent sediment flow (sediment flow following

debris flow deposition at sabo dam, hereinafter “SSF") flows down and disaster occurs

to residential areas. SSF can cause damage to buildings, property, and human life, as
well as the local economy. Typical countermeasures against SSF following debris
deposition include channel works and sand pockets; however, these measures require
extensive open areas. Therefore, alternative countermeasure designs must be
considered for residential areas with high population density. The objective of this
study is to propose a novel SSF countermeasure for installation at sabo facilities

upstream of residential areas.

1. Actual situation and characteristic of damaged area from subsequent

sediment flow in Hiroshima City

In order to clear the actual situation of damage due to SSF in high population
density areas, the survey was conducted in Hiroshima City where damaged from SSF

by torrential rain in 2018 (4 sites).

In study sites, the only countermeasure against SSF was drainage but the
allowable discharge of drainage was insufficient to control the discharge of SSF.
Therefore damages to houses were confirmed; broken windows and walls, sediment
inflows, flooded the garden, and, etc. This result shows why alternative
countermeasures in residential areas must be considered.

1



2. Experimental study of physical measures against subsequent sediment

flow following debris flow deposition by the sabo dam
2.1 Combined application of the SSF breaker, polymer, and sub-dam

Three types of debris capture facilities were installed (SSF breaker, polymer, and
sub-dam) to investigate their effects singly and in combination. Simulated debris flow
was trapped by the sabo dam model, and SSF was controlled by the three
countermeasures installed downstream of the dam. Sediment was separated from water

using the SSF breaker and then trapped by the sub-dam.

Sediment volume decreased and elapsed time increased as the sediment flowed
through the experimental countermeasure structures, leading to dramatic reductions in
peak discharge and sediment concentration (over 90%) downstream of the sabo dam.
The most effective value of ratio of mean particle diameter (on SSF breaker) to SSF

breaker opening size is 0.54 in this study.

2.2 Combined application of the SSF breaker, 2" SSF breaker polymer, and

sub-dam

The following flume experiment was conducted by adding 2" SSF breaker on
sub-dam to previous experiment condition in order to capture more sediment from
SSF. Sediment was separated from water twice using SSF breaker and 2" SSF breaker

before trapped by the sub-dam.
SSF mitigated effectively mitigated as in the previous experiments. Sediment
concentration was reduced 32 ~ 80% as capture the sediment from SSF by 2" SSF

breaker when compared with the previous experiments. The effect of polymer couldn’t

2



be verified clearly in both of flume experiments because very short periods were

allowed for gelation by the polymer during experiments.

The novel SSF countermeasure proposed in this experiment can reduce the
sediment concentration and hydrograph scale of the SSF. As a result, it is expected that
the extent of flooding and sedimentation of the SSF in high population density areas
can be reduced, and damage to house, especially the damage caused by sand and water

intrusion into house due to the destruction of opening can be reduced.



Chapter 1

General Introduction



High population density areas located in debris flow prone area can be seriously damaged
when debris flow occur. On 27 July 2011, debris flows occurred by extreme rainfall in Korea
(Umyeonsan, Seoul and Majeoksan, Chuncheon). These resulted in a total of 16 fatalities and
13 fatalities, also serious damage to houses, roads, and other properties [Jeong et al., 2015].
Likewise, On 20 August 2014, several debris flows occurred in Hiroshima, Japan. These
resulted in also 74 fatalities and serious damage to the residential area [Doshida and Araiba,
2015] (Fig. 1-1). Furthermore disasters has been reported in many places [Mizuyama and
Ishikawa, 1989; Dahal et al., 2009; Miwa and Taketoshi, 2018], and continues to occur. These
disasters show the necessity of sufficient erosion control works in debris flow prone areas in

order to mitigate damage.

Fig. 1-1. Photographic of damaged from SSF
(A: Umyeonsan, Korea, B: Majeoksan, Korea, C: Hiroshima, Japan)



In the Japanese sabo dam system, a single dam is generally constructed at a valley outlet
to capture debris flow in regions prone to torrential rainfall. New standards for sabo dam design
were proposed by the National Institute for Land and Infrastructure Management (NILIM) in
2016, highlighting the need to empirically and theoretically estimate the amount of debris flow
that might accompany extreme rainfall events, characterized by 100-year exceedance
probability for 24-hour or daily rainfall. Several studies have reported the effects of sabo dams
in mitigating debris flow damage by trapping sediment [Senoo et al., 1983; Irazawa and

Shimohigashi, 1988; Ohkubo et al., 1988] (Fig. 1-2.).

Fig. 1-2. Function of SD (Closed type)
(Irazawa and Shimohigashi,1988)



However, despite SDs are constructed, there are many areas where debris flow flows
down and disaster occurs. SDs have their trapping capacity of effectively trap the debris flow.
When SD loses trap capacity, SDs can not trap enough sediment to reduce the debris flow
[Mizuyama et al., 1998] and causes disasters at downstream. There are basically two types of
disasters in these areas. SD trapped the debris flow, and then sediment flow flows to
downstream in the lower of SD. Whereas, part of debris flow overflow through SD and deposit
on downstream directly in the lower of SD in case debris flow volume is larger than SD
designated capacity. And after, sediment flow flows to downstream. Phenomenon of mentioned
first, it defines as a subsequent sediment flow (hereinafter “SSF”) in this study (Fig. 1-3). Here,
the sediment concentration of SSF is lower than debris flow, < 40% [Pierson, 2005]. SSF may
reach residential areas, and such events can cause damage to buildings, property, and human
life, as well as the local economy. Also we recognized the actual situation of damaged by SSF

where disaster occurred at Hiroshima in 2018 (Fig. 1-4.).

High population
density area

Sabo dam —

Debris flow

flooding by subsequent
sediment flow.

Deposition of main body iy

@ __________ ‘ of debris flow flooding by debris flow.
a a a TN . A Sl
@ g] ...... ALY 8] b
-2/« flooding by subsequent

sediment flow.

Fig. 1-3. Generation and kinds of SSF
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Aufrors

Flow direction of SSF ;‘ :

Fig. 1-4. Trace of damage from SSF

Therefore, countermeasure against SSF are sometimes installed downstream of sabo
dams such as channel works or sediment basin (Fig. 1-5). Also, Marchi et al. [2019] mentioned
construction of channel works is need for sediment transport and protecting residential area.
However, such countermeasures require extensive open areas and are therefore difficult to
construct near high population density area (Fig. 1-6). Therefore the small scale of drainage
located in downstream of SD, but the cross-sectional area of drainage be insufficient to control
the SSF (Fig. 1-7). For these reasons, the Japan Society of Erosion Control Engineering
(JSECE) emphasized the necessity of installing SSF countermeasures in residential areas

following the 2018 Hiroshima disaster [JSECE, 2015].



Fig. 1-5. Countermeasures against the SSF
(Left: Channel works, Right: Sediment basin)

Estimation of
Debris flow

Fig. 1-6. High population density area without SSF countermeasures

9



Fig. 1-7. Insufficient scale of drainage (Hiroshima, Japan)
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On September 2008, debris flow occurred in Ibigawa, Gifu, Japan. Although SD and
channel works were constructed in this area, SSF caused damage to downstream residential
area. The damage was caused by obstructing the flow of SSF at the road which was across the
channel works (Fig. 1-8). The scale of channel works was insufficient to control the SSF due
to the lack of space because the residential area was located downstream. This case shows that

SSF needs to be mitigated before it flows into the residential area.

- - we

<A~ ':\
’ ’,, ot A\ <
NG B~lockage poult 4
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Fig. 1-8. Photographic of damaged area (Ibigawa, Japan)

11



To mitigate SSF, outflow discharge and sediment concentration must be reduced by
separating sediment from water. Open dams, including grid sabo dam, slit sabo dam, flexible
barrier or wire net, and debris flow breaker [Mizuyama, 2008; Takahara and Matsumura, 2008;
Volkwein et al., 2011; Brighentia et al., 2013; Brunkal and Santi, 2016], are a typical structure
to separate sediment from debris flow. Among them, debris flow breakers are one of the
structures to prevent sediment-related disasters by separate sediment and water in mountain
terrains and residential areas [ICHARM, 2008]. Watanabe et al. [1980] has shown that the
capturing effect of debris flow (mud) by debris flow breaker, and separation of water and
sediment by debris flow breaker was filmed in Mt. Yakedake [Kiyono et al., 1986; Imai et al.,
1989] (Fig. 1-9). The mechanisms of this process have been previously explained [Gonda,
2009], and quantitative and qualitative assessments have been performed using a flat-board
SSF breaker [Kim et al., 2016]. This type of countermeasure is thus effective for the separation
of water and sediment as long as the size of the breaker openings is narrower than the debris
flow. Similarly, a water—sediment separation structure was recently proposed to remove coarse
particles from debris flow [Xie et al., 2014, 2017]; it consisted of a drainage dyke, herringbone
water—sediment separation grid, outflow channel, and deposit field. This structure was found
to reduce the discharge of debris flow; however, sediment flow after separation was not
controlled. The flow of water and fine sediments must be further mitigated downstream of the
breaker to prevent damage.

Water-absorbing polymer is considered an efficient material for controlling the flow of
water in SSF due to the polymer’s gelation properties. Flume experiments using such polymers
have demonstrated their ability to mitigate debris flow [Arai et al., 1997; Kurihara et al., 1989].
Fine sediment could be further controlled by the installation of a sub-dam downstream of these

measures.

12



Fig. 1-9. Sequential pictures of debris flow on debris breaker in Mt. Yakedake
(Kiyono et al., 1986)

Consequentially, hydrodynamic force and impact force of SSF will reduce by the
mitigating process of the SSF. Several studies analyzed the impact force of debris flow to sabo
dam or buildings as a damaging factor [Yamamoto et al., 1998; Cui et al., 2015; Zeng et al.,
2015; Cho et al., 2016;Song et al., 2018]. However, the impact force changes depending on the
shape or material of building, grain size in flow, etc. In case new structures, it can be
constructed with considering less impact force. Nevertheless, this study is targeting the
residential area which already located. Therefore in order to reduce damage to residential areas

from SSF, it is necessary to mitigate the SSF by reducing the hydrodynamic force.

13



Many previous studies researched how to mitigate or prevent debris flow. Kasai [1980],
Iverson [1997], Kasim et al. [2016], and others researched about characteristics of debris flow.
Shrestha et al. [2008], Iverson, [2015], and others conducted experimental study to
understanding of behavior and mechanism of debris flow. Takahashi et al. [2001], Hubl et al.
[2005], and others reported effect of debris flow countermeasures. And, Ishikawa et al. [2016]
and Hiramatsu et al. [2017] reported subsequent debris flow which movement by rainfall in
interval after debris flow occurred before. However this subsequent debris flow is different
with SSF targeted in this study. Any researches have not been reported about SSF yet.

The objective of this thesis was to propose a novel SSF countermeasure for installation
at sabo facilities upstream of high population density areas. We investigated physical measures
against SSF that are applicable in narrow areas by performing flume experiments using models
of three types of SSF countermeasures (SSF breaker, polymer, and sub-dam) to examine their
effects on SSF discharge and duration. In addition, in order to decrease more concentration as
trap the sediment which dropped from SSF breaker, following flume experiment was conducted

by adding 2" SSF breaker on sub-dam (Fig. 1-10).
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Fig. 1-10. SSF mitigate conception
(A: combined application of the SSF breaker, polymer, and sub-dam,
B: combined application of the SSF breaker, 2" SSF breaker, polymer, and sub-dam)

15



Chapter 2

Structure of the thesis

16



SSF can occur in any debris flow prone area. If there is a high population density area in
downstream, the SSF gives damage. Chapter 3 conducted a field survey of the damaged
Hiroshima area from SSF in July 2018 to confirm the actual situation. A total of 4 sites were
selected for field survey using aerial photographs of the Geospatial Information Authority of
Japan and reports from local government. In the field survey, the discharge and the hydraulic
force of SSF were calculated to identify the characteristics of the SSF. The allowable discharge
of drainage in each survey site was also calculated to confirm that if it had been possible to
control the SSF.

In order to reduce such damages, the construction of channel works or sediment retarding
basin is required as SSF countermeasures. Those countermeasures are needed extensive area.
However, construction is difficult in high population density areas due to not enough space
because of land use such as houses or roadway. Through field surveys, we identify the necessity
for new countermeasures for SSF in high population density area and propose new methods for
mitigating SSF. It is important to reduce the hydrograph in order to mitigate the SSF. Chapter
4 and 5 identifies the mitigation of the SSF through a flume experiment.

In chapter 4, the results were expected to mitigating SSF by adding experimental
countermeasure structures (SSF breaker, polymer, and sub-dam) to SD. Attached the SSF
breaker to the SD to decrease the peak discharge and concentration of SSF by separating
sediments from the SSF. And place the polymer under the SSF breaker to absorb the water after
separation. At the last step, in order to trap the sediments of SSF and create a pool for increasing
the absorption ability of polymer, a sub-dam is installed. To confirm the mitigation of the SSF
through the flume experiment, the peak discharge, concentration and elapsed time were
measured to draw a hydrograph of SSF.

In chapter 5, a 2"Y SSF breaker is attached to the sub-dam to enhance the effectiveness of
17



the experimental countermeasure structures reducing SSF that proposed in chapter 4. SSF
breaker catch the sediment of SSF first and then again catch the sediment from falling SSF by
2" SSF breaker.

Through the flume experiments, clear the effect of proposed SSF countermeasures by
decreasing concentration and peak discharge of SSF, also lower hydrograph of SSF. However,
this study is just the indoor experiment step so far. In the flume experiment, the amount of
supplied sediment and water was fixed. However, in the field, the characteristics of the runoff
sediment are also different depending on the characteristics of the basin. Therefore it should be

considered some considerations in order to apply to the field.

18



Field survey (Damaged area by SSF)
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Decreased concentration and
Umm_A discharge of SSF
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| _uo_<32

Propose a novel SSF countermeasure for
installation at sabo facilities upstream of high
population density areas

Figure 2-1. Flow chart of the thesis
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Chapter 3
Actual situation of damaged area from

Subsequent Sediment Flow in Hiroshima
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3.1 Introduction

In Hiroshima, there is population of more than 2.8 million and also has a high
population on debris flow hazard zone. Therefore many countermeasures for debris
flow are constructed. However, debris flow occurred in 487 places by torrential rainfall
in July 2018. Many houses were damaged and 87 people were killed due to debris flow
[Hiroshima prefecture, 2018]. Some areas have been damaged due to absence or
breakage of the countermeasures, but some areas have been affected by the SSF which
is targeting in this study. As mentioned in the Introduction section, channel works or
sand pocket is necessary in high population density area against the SSF. The damaged
areas were high population areas without channel works or sand pocket. Because it is
not easy to construct the countermeasures against to SSF in high population density
area because of land uses. Already roadways or houses are located at the downstream
of the valley. Also, even if there is drainage in downstream, allowable discharge of
drainage may insufficient to control the SSF. Hence the study on the effective
countermeasures against the SSF in high population density areas is necessary. We
surveyed 4 places which was damaged by the SSF to figure out the characteristics and

actual situation of SSF.

3.2 Method

3.2.1 Study sites

To confirm the necessity of the countermeasures for SSF in high population
density areas, the field survey was conducted in Hiroshima. Study sites were 4 places,

places were determined that high population density areas had damaged from SSF even

21



though sabo dam was constructed at outlet of the valley (Fig. 3-1). The red dotted lines

in each study site’s aerial photograph show the flooded area by SSF. These ranges were

confirmed through aerial photography and field survey.

i

A

75 4 O i \
(b) Yanominami, Aki-ku
. = Ivl k ". /
- , CUN \ . |
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ST X ~\ 37 . }
[ e —\\ s |

(d) Tennodenjubaracho, Kure-si |

preed

>

Fig. 3-1. Study sites in Hiroshima ((a) Kaitacho, Aki-gun, (b) Yanominami, Aki-Ku,
(c) Yanohigashi, Aki-Ku, (d) Tennodenjubaracho, Kure-si)
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3.2.1.1 Kaitacho, Aki Gun

Fig. 3-2 shows aerial photograph and actual situation of Kaitacho, Aki Gun. In
the lower of SD, there is a drainage on the left side and grave area on the right side.
And many houses in the downstream. Due to such these land uses, it seemed

impossible to construct the countermeasures against SSF. SSF mainly flowed along

the road and sediment inflows to houses or glass breakage were surveyed (Fig. 3-3).

[ Direction of taken phot

Fig. 3-2. Aerial photograph of Kaitacho, Aki-gun
23



Fig. 3-3. Drainage and actual situation of damaged from SSF
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3.2.1.2 Yanominami, Aki-Ku

Fig. 3-4 shows aerial photograph and actual situation of Yanominami, Aki-Ku.
Asand pocket area (a width of 9m, a height of 4m and a length of 20m) was constructed
right under sabo dam (Fig. 3-5). However, the outlet of drainage is narrow to pass the
SSF to downstream. SSF moved to the left side after overflowed, because the right
side is the upper slope area. SSF flowed along the roadway and some houses got
damages like; damage to the wall, sediment inflows to houses and car was transferred.

Because the roadway and houses located in right after the sand pocket area.

-

Fig. 3-4. Aerial photograph of Yanominami, Aki-Ku
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Fig. 3-5. Sediment retarding area and actual situation of damaged from SSF
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3.2.1.3 Yanohigashi, Aki-Ku

Fig. 3-6 shows aerial photograph and actual situation of Yanohigashi, Aki-Ku.
Survey area is a damaged area from debris flow of the No.1 (the red arrow) direction.
In here, based on report [Hiroshima prefecture, 2018], the brown dotted line is
damaged by debris flow. Houses collapsed or were swept away, and the deaths were
also reported. There was a drainage, but the allowable discharge was small to prevent
the damage. And the No.2 direction also occurred debris flow. Debris flow of No.1

and No.2 joined at the blue dot, and flowed downstream (Fig. 3-7).

O] Direction of taken photo
- L

Fig. 3-6. Aerial photograph of Yanohigashi, Aki-Ku
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Fig. 3-7. Trace of debris flow and drainage
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3.2.1.4 Tennodenjubaracho, Kure-Si

Fig. 3-8 shows aerial photograph and actual situation of Tennodenjubaracho,
Kure-Si. The gradient is very steep where sabo dam is located, so the stepped drainage
was constructed right under the sabo dam. And there are drainage and roadway under
the tunnel. After passing throughout the tunnel, SSF moved to the center and left side,
because the right side is the upper slope area. SSF flowed along the roadway, with

curves, the traces of sedimentation were checked (Fig. 3-9).

Fig. 3-8. Aerial photograph of Tennodenjubaracho, Kure-Si

29



Fig. 3-9. Drainage and trace of SSF
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3.2.2 Measurement

In order to confirm the discharge of the SSF, height of the SSF trace was
measured by using ranging pole (Fig. 3-10). Also width and gradient were measured
by laser range finder (Tru-pulse 200). Likewise, scale of drainage measured as same
way (Fig. 3-11). Because for explaining the relationship between control capability of
SSF and discharge of SSF in drainage.

Discharge of SSF was calculated by following formula;

Q=A-V (1)

Where, Q: discharge, A: cross-sectional area of flow, and V: velocity. Velocity can be

calculated by the manning equation;

7 @

Where, V: mean velocity, n: coefficient of surface roughness (0.03), R: flow depth,
and I: gradient of the survey point.

And, generally degree of damage is related with the hydrodynamic force. To
calculate the hydrodynamic force of SSF, the density of flow is needed. However, this
survey was conducted along the traces of SSF, so hydrodynamic force can be calculate
with volume concentration. Volume concentration can be calculated by the following
equation [Mizuyama, 1980];

% = 5.5(tan §)? (2)

Where, q: discharge, s: Volume concentration, and 6: gradient.
And then, weight per unit volume of SSF should be calculated. It can be

calculated by the following equation;
31



Ya={0-Ci+p-(1-Cylg 2)

Where, y,: weight per unit volume, o: sediment density, C,: concentration (volume
concentration in this chapter), p: water density, and g: gravitational acceleration (9.8
m/s?).

With values calculated so far, hydrodynamic force can be calculated by the
following equation;

F=Kh'%'Dd'U2 (5)

Where, F : hydrodynamic force, Kj: coefficient (1.0), D,: flow depth, and U:

velocity.
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Fig. 3-11. Measuring a scale of drainage
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3.3 Result

Discharge of SSF, hydrodynamic force and scale of drainage were confirmed
through field survey. The survey point was marked on the each figures and Table 3-1
shows the each result values. Cross sectional drawings and maps are from Geospatial

Information Authority of Japan.

3.3.1 Kaita cho, Aki Gun

Flooded area, cross-section, and survey points, of Kaita Cho, Aki Gun, are
shown in Fig.3-12. Discharge of No.1 was calculated separately due to the gradient
and trace of SSF depth are different. In this area, the discharge of the SSF is 149.0 m®/s
(1(a) : 71.54 m3/s, 1(b) : 77.49 m3/s). SSF traveled almost 580 m along the roadway.
The farther away from sabo dam, flow depth was getting lower (No.2: 1.0 m ~ No.5 :
0.6m). Also the velocity was decreased as a lower gradient (No.2 : 6.0°, 8.3 m/s ~
No.5 : 1.0° 2.6 m/s). And sediment deposit in the house and broken window was
confirmed at No.5. SSF was spread to until A (flow depth : 0.3 m ~ 0.6 m) and B (flow
depth : 0.2 m ~ 0.3 m) region. The hydrodynamic force was calculated as 309.3 kN/m
(@) and 151.1 kN/m (b) in No.1. And it was decreased as farther (No.2 : 127.4 kN/m,

No.5 : 5.9 KN/m).
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Fig. 3-12. Characteristics of damage (Kaita Cho, Aki Gun)
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3.3.2 Yanominami, Aki-Ku

Flooded area, cross-section, and survey points, of Yanominami, Aki-Ku, are
shown in Fig.3-13. Discharge of No.1 was 435.8 m%/s. It is the largest value in the field
survey because the cross-section area as large as 36 m2. SSF flowed along the roadway
from No.2, therefore discharge of SSF was decreased rapidly as decreased the cross-
sectional area (from 435.8 m®/s to 108.9 m®/s). And discharge of SSF was decreased
from 50.6 m®/s to 3.6 m%/s at No.3 and No. 7. The hydrodynamic force was calculated
as 300.1 kN/m in No.1. And it was decreased as farther (No.2 : 175.2 kN/m, No.7 : 1.9

KN/m).
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Fig. 3-13. Characteristics of damage (‘Yanominami, Aki-Ku)
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3.3.3 Yanohigashi, Aki-Ku

Flooded area, cross-section, and survey points, of Yanohigashi, Aki-Ku, are
shown in Fig.3-14. We surveyed the area that flow direction from L, and the area of
brown dotted line was damaged by debris flow. So the survey was conducted No.1 to
3. Debris flow occurred also from the direction of R, and both SSF of L and R direction
was combined. The flow depth of other survey areas was decreased as flow
downstream, but the flow depth of No.1 ~ No.3 (0.9 ~ 1.0 m) was almost the same in
this area. It seems that the SSF of R direction affected to No.3’s flow depth. The
hydrodynamic force was calculated as 91.9 kN/m in No.1 and 71.9 KN/m in No.2. The

largest value was calculated in No.3 as 127.4 KN/m.
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Fig. 3-14. Characteristics of damage (Yanohigashi, Aki-Ku)
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3.3.4 Tennodenjubaracho, Kure-Si

Flooded area, cross-section, and survey points, of Tennodenjubaracho, Kure-Si,
are shown in Fig.3-15. This area has less discharge of SSF than other areas. No.1 is a
tunnel with a drainage (1(a)) and a roadway (1(b)), value of discharge was 62.1 m®/s
and 17.1 m%/s. From No.3 to No.8, the flow depth was low as 0.6 m ~ 0.2 m but the
slope was 7° ~ 9.5°, so the discharge of SSF was small but it flowed as high velocity.
The hydrodynamic force was calculated the largest value as 677.8 KN/m at 1(a)
because the velocity was high due to a steep concrete drainage. Except for 1(a),
discharge was large as 69.4 m®/s at No.3 and the rest was calculated to be less than

that.
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Fig. 3-15. Characteristics of damage (Tennodenjubaracho, Kure-Si)
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Table 3-1. Measurement and calculation values in each survey site

Study site] No. |Flow depth (m)| Width (m) | Gradient (°) | Velocity (m/s)| Cross section area (m?) | Discharge (m%s) | F (kN/m)
1(a) 2.2 3.0 8.5 10.8 6.6 71.54 149.0 309.3
1(b) 1.8 5.0 7.0 8.6 9.0 77.49 151.1
@ 2 1.0 4.0 6.0 10.8 4.0 43.1 127.4
3 0.9 4.0 4.0 7.9 3.4 26.9 55.3
4 0.6 4.0 1.0 3.1 2.4 7.5 5.9
5 0.6 6.0 1.0 3.1 3.6 11.3 5.9
1 2.0 18.0 3.0 12.1 36.0 435.8 300.1
2 1.9 6.0 2.0 9.6 11.4 108.9 175.2
3 1.2 6.0 2.0 7.0 7.2 50.6 60.0
(b) 4 1.0 6.0 2.0 6.2 6.0 37.4 39.2
5 0.7 6.0 2.0 4.9 4.2 20.6 17.1
6 0.4 6.0 3.0 4.1 2.4 9.9 7.0
7 0.2 6.0 4.0 3.0 1.2 3.6 1.9
2 1.0 5.0 4.5 9.3 5.0 46.7 91.9
(©) 3 0.9 5.0 4.5 8.7 4.5 39.2 71.9
4 1.0 6.5 6.0 10.8 6.5 70.1 127.4
1(a) 1.7 2.0 8.5 18.3 3.4 62.06 791 677.8
1(b) 0.5 55 5.0 6.2 2.8 17.05 . 20.5
2 0.7 7.0 5.0 7.8 4.9 38.0 45.0
3 0.6 2.0 9.5 9.6 1.2 11.6 69.4
4 0.3 4.0 8.5 57 1.2 6.9 11.8
(d) 5 0.4 4.0 8.0 6.8 1.6 10.8 21.4
6 0.2 4.0 8.5 4.4 0.8 35 4.6
7 0.2 4.0 7.0 4.0 0.8 3.2 3.6
8 0.2 4.0 7.0 4.0 0.8 3.2 3.6
9 0.2 4.0 1.0 1.2 0.6 0.7 0.2
10 0.2 4.0 1.0 15 0.8 1.2 0.5
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3.3.5 Relationship between discharge of SSF and scale of drainage in each
site
Sites of (a) to (d) correspond to Fig.3-1.

(a) The discharge of SSF was 149.0 m®/s. The drainage was constructed on the left side of
SD (direction of downstream), and the allowable discharge of drainage which can
control the SSF was 62.0 m3/s (42%).

(b) The discharge of SSF was 435.8 m®/s. There was sediment retarding area right under
the SD, but it was not enough to retard the SSF and the allowable discharge of drainage
which can control the SSF was 10.8 m®/s (2%). The value of discharge of SSF was
large because the width was wide in this area.

(c) In this area, the debris flow flowed to the residential area, therefore, we couldn’t
measure the discharge of SSF. The allowable discharge of drainage which can control
the SSF was just 1.0 m%/s.

(d) The discharge of SSF was 79.1 m®s. The allowable discharge of drainage under the
tunnel which can control the SSF was 34.9 m®/s (44%), and the another drainage which

located in residential area was 20.5 m%/s (25%).
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3.4 Conclusion

In order to confirm the necessity of study for effective SSF countermeasures to mitigate
the SSF in high population density area, the field survey was conducted in damaged areas by
SSF. The characteristics of the SSF occurred in Hiroshima in July 2018, and the allowable
discharge of the drainages were also calculated. In addition, the land use was confirmed as to
why SSF countermeasures were not constructed.

The actual situation of damages caused by SSF was mostly found as sediment inflows to
houses, parking lots, and gardens, and where glass was broken. And in the case of the survey
area (a), the range of the damage was checked up to 500 meters or more, so it was able to
identify damage to extensive area by the SSF.

In the land use at each site,

(@) There is a cemetery right side of just downstream of the SD. The drainage was
constructed on the left side, but the SSF spread widely. And many houses were located
in downstream.

(b) The distance between SD and the roadway was only 20 m away. And there were houses
right away.

(c) The high population density area was located about 70 m from the SD.

(d) There is roadway and drainage under the tunnel in the 10 m downstream from the SD.

The roadway connected to downstream and also many houses were located there.

Yamada [2018] reported the relation with damage degree and hydrodynamic force;
Degree 1. Lose (at least 150 kN/m), 2. Horizontal dislocation (at least 100 kN/m), 3. Be

completely destroyed (at least 60 kN/m), 4. Be partially destroyed (at least 10 kN/m), 5.
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Damage (at least 1 kN/m), 6. The slight sedimentation (under 1 kN/m). With the results of the
field survey, 42% of survey points had hydrodynamic force enough to be completely destroyed
the houses (including the survey points in the lower of SD which houses are not located)(Fig.

3-16). Although the house has not been destroyed due to SSF, care must be taken as there is a

possibility.
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Fig. 3-16. The relation with damage degree and hydrodynamic force
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For this reason, it seemed difficult to construct channel works or sediment retarding basin.
Also all sites had insufficient allowable discharge of drainage to control the SSF. Of course, it
seems impossible to remove houses and roadways in residential areas, and also construct
channel works or sediment retarding basin without remove houses and roadways. This is why

the other effective SSF countermeasures are necessary to mitigate the SSF as much as possible

near the SD.
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Chapter 4

Experimental study on physical measures

against subsequent sediment flow

(SSF breaker, polymer, and sub-dam)
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4.1 Introduction

As mentioned in Chapter 1, the flume experimental was conducted using
experimental countermeasure structures (SD, SSF breaker, polymer, and sub—dam).
The purpose of this experiment is reduction of hydrograph by reducing the outflow

discharge and sediment concentration of SSF.

4.2 Method

In the flume experiment, we first trapped a simulated debris flow using a model
sabo dam and then controlled SSF using models of an SSF breaker, water-absorbing
polymer, and sub-dam. The experimental conditions are shown in Fig.4-1. The
experimental flume comprised an upper part (140 cm long, 6.5 cm wide, 10 cm high,
18° gradient) and a lower part (25 cm long, 7.8 cm wide, 10 cm high, 10° gradient).
To generate a debris flow, we fixed debris (625 cm?®, dso = 1.5 mm) at the upper part
of the flume and provided a constant supply of water (250 cm?®/s) from upstream of the
debris for 2.5 s. The amount of supplied debris was determined according to the
sediment volume in a sabo dam at full deposition. The full depositional gradient was
set at 1/26, following a preliminary experiment, where 6y is the gradient of the upper
part of the flume. Water was supplied for a final debris flow concentration of

approximately 40%, with a sediment:water ratio of 1:1.

One sabo dam model was installed at the gradient inflection point (equivalent to
a valley exit) to capture debris. An SSF breaker model (length, 15 cm) was attached

to the sabo dam model to induce sedimentation of SSF. The SSF generation process is
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shown in Fig.4-2. We collected SSF samples at the outlet at the bottom part of flume;
these samples were used to estimate particle diameter (mean: 0.7 mm, doo: 3 mm, dmax:
4 mm). We therefore varied the opening size of the breaker, setting it at 0, 0.5, 0.7, 1,

2, 3, 3.5, and 4 mm to determine the optimal breaker opening size (Fig.4-3).

We selected CP-1 as the water-absorbent polymer and performed an absorption
ability test (AAT) to determine the suitable amount of polymer for the experiment
(Fig.4-4). The AAT was conducted under the static condition using 600 mL SSF and
150, 300, 450, and 600 mL water (i.e., ratios of 1/4, 1/2, 3/4, and 1). The initial amount
of polymer was 1.2 g, which is able to absorb up to 600 mL of water (about 300-500
times its mass); the polymer mass was set at 1.2, 3, 5, 10, 20, 30, 40, 50, and 60 g. The
time elapsed until gelation was calculated by adding t0 and t1 (t0: the moment of water

contact with polymer, t1: the moment of finishing the gelation).

A sub-dam model was installed in the flume to trap sediment and create a pool
to increase absorption by the polymer. To determine the location and height of the sub-
dam, we considered the effects of compaction. The sub-dam was placed at the point of
sediment outflow from the SSF breaker, i.e., 12 cm downstream from the sabo dam. A
sub-dam with a height of 5.8 cm was found to trap the entire SSF. We therefore
conducted experiments using four sub-dam heights: 2.2, 3.5, 4.6, and 5.8 cm (i.e., 1/4,

1/2, 3/4, and 1 of the total height).

Therefore, we performed a total of 18 experiments (Cases 1-18) with varying
parameters (Table 4-1). Case 1 was designed to determine the fundamental SSF
conditions of the sabo dam model. In Cases 2-9, we added the SSF breaker model,

varying the breaker opening size. The peak discharge, elapsed time, and SSF
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concentration results of Cases 29 allowed us to determine the effective SSF breaker
opening size (2 mm, Case 6). In case 10, we added the water-absorbent polymer. In
Cases 11-14, we added the sub-dam model to Case 6. Cases 15-18 were conducted
using all three experimental countermeasure structures. We measured the time elapsed
from the sabo dam to the end of the flume, sediment volume at the SSF breaker, peak
discharge, and concentration in all experiments to determine the effectiveness of the
experimental countermeasure structures. All experiments were videotaped in side
view. SSF samples were collected using a catchment box at an outlet at the bottom part
of the flume to calculate sediment volume and weight; a hydrograph and SSF
concentration was analyzed by using 10 samples. Concentration was calculated from
the total SSF volume and sediment volume. SSF peak discharge was determined using

the hydrograph, where peak discharge was the highest value.
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Fig. 4-1. Sketch of experimental flume
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Fig. 4-2. Process of SSF in this study
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4.3 Result

4.3.1 Polymer absorption ability

The AAT results showed that the optimal amount of polymer was 20 g (Fig.4-5);
even if larger amounts of polymer supplied to water, resulted in gelation within

approximately the same amount of time.
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Fig. 4-5. Result of Absorption Ability Test (AAT)
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Table 4-1. Experimental cases and result values of each case

Case |Ls(cm) | Si{(mm)| dso/Si |Sub-dam;(cm)| Elapsed time(s) Vi(em®) C(%) Oln:-u\&_

SD Casel 0.72 14.34 337.65

Case2 0.00 0.56 15.02 5.97 195.19

Case3 0.50 2.13 0.79 14.05 3.84 154.59

Cased 0.70 1.53 0.77 12.12 343 147.80

SD + SSF breaker Case5 1.00 1.08 0.84 11.31 2.97 132.22

Case6 2.00 0.54 0.86 9.53 3.19 131.89

Case7 3.00 0.36 0.85 4.85 8.66 136.37

Case8 3.50 0.33 0.76 2.91 11.80 150.62

Case9 4.00 0.29 0.77 2.26 12.61 146.98

SD + SSF breaker +P(20) Casel0 | 15 0.82 9.21 2.51 135.21
Casell 2.20 1.52 10.18 1.08 63.63

SD + SSF breaker | Casel2 3.50 3.61 8.24 0.08 30.82
+ Sub-dam Casel3 4.60 4.85 10.02 0.00 26.35
Casel4 2.00 0.54 5.80 8.88 0.00 0.00

Casel5 2.20 1.44 9.37 0.43 60.64

SD + SSF breaker | Casel6 3.50 2.76 10.66 0.05 41.26
+ P(20) + Sub-dam | Casel7 4.60 5.13 11.15 0.00 22.37
Casel8 5.80 10.98 0.00 0.00

*SD : Sabo dam, P(20) : Polymer 20g, L, : Length of SSF breaker, 5., : mean particle size of sediment on SSF breaker, S, : Interval of SSF breaker, Sub-dam;, : Height of Sub-dam, V, : Volume of sediment on the SSF

breaker, Q,, : Peak discharge
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4.3.2 SSF breaker performance

Examples of the SSF breaker performance in Cases 2-9 are shown in Fig.4-6.
The breaker effectively reduced elapsed time, peak discharge, and SSF concentration
(Fig.4-7). The longest elapsed time was observed in Case 6 (0.86 s), which took 0.14
s longer than Case 1. The highest peak discharge was observed in Case 1 (337.7 cm®/s),
followed by Case 2 (195.2 cm®/s, a 42.2% decrease). The smallest peak discharge was
observed in Case 6 (131.9 cm®/s), which was 61.9% lower than that in Case 1. The
largest sediment volume at the SSF breaker was observed in Case 2 (15 cm?), and the
smallest in Case 9 (2.3 cm®). The breaker opening size affected both elapsed time and
peak discharge; narrower openings led to sediment overflow, and large amounts of
sediment passed through the breaker when openings were wider. In Case 1, SSF
concentration was 14.34%, whereas that in Case 9 was 12.61%, representing a 12.1%
decrease. The lowest SSF concentration was observed in Case 5 (2.97%), which was
79.3% lower than that in Case 1. Among all cases, Case 6 showed an elapsed time of
0.86 s, peak discharge of 131.9 cm®s, and concentration of 3.19%, demonstrating
optimal effectiveness among the experimental cases. Therefore, subsequent

experiments were performed using a breaker opening size of 2 mm.
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Fig. 4

6. Result of deposition on the SSF breaker (case 2 to 9)
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4.3.3 Combined application of both SSF breaker and polymer

In Case 10, we recreated the Case 6 conditions and added the water-absorbing
polymer. The result was an elapsed time of 0.82 s, peak discharge of 135.2 cm®/s, SSF
breaker sediment volume of 9.2 cm?®, and concentration of 2.51%. These values are
nearly the same as those obtained in Case 6, demonstrating that polymer application

had no significant effect on the measured parameters.

4.3.4 Combined application of both SSF breaker and sub-dam

In Cases 11-14, we applied both the SSF breaker and sub-dam; hydrographs for
these experiments are shown in Fig.4-8. The addition of the sub-dam clearly increased
the elapsed time and decreased the concentration and peak discharge. Compared with
Case 1, the elapsed time increased by 0.8 to 4.13 s, depending on the height of the sub-
dam. Peak discharge was reduced by more than 81%. Sediment was deposited at the
sub-dam, decreasing the concentration by 92%. In Case 13, all of the sediment was
deposited, and only water continued to flow downstream. As the sub-dam height
increased, SSF mitigation was more effective, and the polymer gelation period
increased. In Case 14, we could not measure elapsed time, peak discharge, or
concentration because all sediment was deposited at the sub-dam, preventing further

SSF.
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Fig. 4-9. Hydrograph of SSF (SD, SSF breaker, Sub-dam, and P(20))
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4.3.5 Combined application of the SSF breaker, sub-dam, and

polymer

In Cases 15-18, we installed the SSF breaker, sub-dam, and polymer
downstream of the sabo dam model; hydrographs for these experiments are shown in
Fig.4-9. Compared with case 1, the elapsed increased by 0.72 to 4.41 s, depending on
the height of the sub-dam. The peak discharge was reduced by more than 82%.
Sediment was deposited at the sub-dam, decreasing the concentration by 97%. The
effects of the sub-dam were very similar to those observed in Cases 11-14 (SSF
breaker and sub-dam). As in Case 14, we could not measure elapsed time, peak

discharge, or concentration in Case 18.

For comparison, hydrographs of SSF for cases with only the sabo dam and SSF

breaker are shown in Fig.4-10.

The effect of the experimental countermeasure structures is shown in Table 4-1
and Fig. 4-7~10. with changes on characteristic of SSF. The relationship between peak
discharge and elapsed time is shown in Fig.4-11. The peak discharge was larger when
there was less time for SSF to reach the bottom part of the flume. A comparison of
Case 1 with Cases 2-10 shows the effect of the SSF breaker. In Case 2, SSF moved
rapidly over the SSF breaker because there was no room for deposition; thus, peak

discharge was large.

60



wweCase 1] ==(Cgge 6 Case 10 Case 11 ==("g5e 12 ===("n5e 13

== gse 14 ==Case 15 == gse 16 == gge 17 === g5e 18

n

10
Elapsed time (5)
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However, in Cases 3—10, peak discharge decreased by 50-60%. In Cases 11-18,
SSF was trapped by the sub-dam, lengthening the elapsed time and reducing peak

discharge by >80% by decreasing SSF velocity.

The relationship between sediment volume at the SSF breaker and sediment
concentration is shown in Fig.4-12. In Cases 2-9, sediment volume at the breaker was
affected by the breaker opening size. When larger amounts of sediment were deposited
at the breaker, less sediment was discharged, thereby reducing sediment concentration.
However, sediment concentration was larger in Case 2 than in Cases 3-6 because
sediment overflowed the SSF breaker. In Cases 11-18, in which the SSF breaker
opening size was the same as in Case 6, sediment concentration decreased by >90%
because the sediment passing through the breaker was trapped by the sub-dam. When
the concentration was 0%, all sediment and water passing through the SSF breaker was

trapped by the sub-dam.

Results for Cases 11-18 are shown in Fig.4-13; these images were taken 60 s
after the experiments. Due to the height of the sub-dam, it was difficult to determine
the effect of the polymer in Cases 13, 14, 17, and 18. Although the gelation process
took time, the effect of the polymer was confirmed for Cases 11, 12, 15, and 16. The

red line indicates the height of sediment deposited at the sub-dam (side view).
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4.4 Discussion

Installation of the SSF breaker increased the amount of deposition from SSF.
The optimal SSF breaker opening size to decrease peak discharge was calculated as
dsos)/So = 0.54 for the flume conditions in this study. The SSF concentration was
lowest in Case 5 (dso(s)/So = 1.08). Larger values of dsos)/So were characteristic of SSF
breaker overflow regardless of the amount of sediment deposited at the breaker. In
such cases, sediment concentration was low, but peak discharge was high. Smaller
values of dsos)/So Were predictive of SSF passing through the SSF breaker to the flume

outlet, increasing peak discharge and concentration.

Table 4-2. Period of the polymer contact with water during experiment (in case 11,
12,13, 15,16 and 17)

Period of the polymer contact with water during experiment

Case No. Case 11 | Case 12 | Case 13 | Case 15 | Case 16 | Case 17
Height of Sub-dam (cm) 2.2 3.5 4.6 2.2 3.5 4.6
Period (s) 11.3 13.4 14.7 11.2 12.6 14.9

*Period means from the passing through the SSF breaker to finishing the outflow from the sub-dam

Under the conditions of our flume experiments, the amount of water contained
in SSF was nearly 650 mL. It took about 50 s for the 20-g polymer to gelate the water
in our simulated SSF (Fig.4-5). Despite the pool created by the sub-dam, very short
periods were allowed for gelation by the polymer during our experiments (Table 4-2).
Therefore, it was difficult to confirm the effectiveness of the polymer used in this
study. However, the installation of the SSF breaker and sub-dam at the sabo dam in
our flume model decreased both peak discharge and SSF concentration, especially

when the height of the sub-dam was large.
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45 Conclusion

In this chapter, we conducted flume experiments to determine how installing an
SSF breaker, polymer, and sub-dam downstream of a sabo dam would affect SSF. We
determined that the optimal value of dso(s)/So was 0.54 to decrease peak discharge and
SSF concentration under the conditions of these experiments. The installation of the
SSF breaker decreased peak discharge and SSF concentration; the addition of a sub-
dam considerably enhanced these effects, especially when the height of the sub-dam

was large due to its greater ability to trap sediment.

Future studies should conduct detailed investigation of water-absorbing
polymers in the field, as small-scale experiments do not allow sufficient time for water
gelation. Controlling the amount of water in SSF is important for mitigating damage
in SSF-related disasters. The amount and grain size of supplied sediment should also

be varied to obtain empirical data applicable to further field studies.

66



Chapter 5
Experimental study on physical measures

against subsequent sediment flow

(SSF breaker, 2" SSF breaker, polymer, and sub-dam)
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5.1 Introduction

In the result of Chapter 4, even though the effect of polymer was not known
much, it was found that the experimental countermeasure structures (SD, SSF breaker,
polymer, and sub—dam) reduced the peak discharge, concentration, and hydrograph of
SSF to be effective in mitigate SSF. However, the amount of SSF is fixed in the flume
experiment. The amount of the SSF in the field may less or much than in the flume
experiment. Therefore if there is much amount of the SSF, the sediment may overflow
at the field even if all of the sediment has been completely been controlled in case 13,
14 and case 17, 18 of Chapter 4 in the experiment. Also, when the height of sub—dam
is 2.6 cm and 3.8 cm (in cases 11, 12, 15, and 16), it is necessary to research how to
control sediment further, since it is small in amount but sediment was outflowed.
Because even these small amount of sediment also can be given a damage to residential
area in the field. In this Chapter, besides the experimental countermeasure structures
(SSF breaker, polymer, and sub—dam) which suggested in Chapter 4, the flume
experiment was conducted by adding 2" SSF breaker attach to sub—dam.

The purpose of adding the 2" SSF breaker is to reduce the amount of sediment
by catchment of the SSF which is after passed through the SSF breaker. In Chapter 4,
the SSF was reduced greatly by installing experimental countermeasure structures, but
when the height of sub-dam was 2.2, 3.5, and 4.6 cm, SSF flowing was checked. This
flume experiment performed to figure out the effect of 2" SSF breaker to concentration
and discharge of the SSF. The interval of the 2"* SSF breaker was determined as the

Dso of 2" SSF, in order to control over the half of sediment in the 2" SSF.
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5.2 Method

Fig. 5-1 shows the experimental conditions. Condition of experimental flume and
the amount of supplied sediment and water are the same with the condition of chapter
4. Also Experimental countermeasure structures are identical with chapter 4 except 2"
SSF breaker (12 cm long and 7.5 cm width). 2" SSF breaker made by stainless wire
mesh (the interval of wire mesh: 0.6 mm, Wire diameter: 250 pm, Open area: 45%).
The interval of wire mesh was determined to catchment approximately 50 % of
sediment in the SSF. Fig. 5-2 shows the grain size distribution of the SSF which
dropped from SSF breaker.

All experiments were performed on new 6 cases (case 19 ~ 24) and the values of
case 1, 11, 12, 13, 15, 16, and 17 used for comparing with the results of this flume
experiment (Table 5-1). Case 14 and 18 (the height of sub—dam: 5.8 cm) were ruled
out because all amount of the SSF was trapped by sub—dam. Case 19, 20, 21 and 22,
23, 24 were divided by the height of sub—dam, and existence and nonexistence of 2"
SSF breaker. Elapsed time, peak discharge, and concentration were measured

throughout the experiments as the same way with Chapter 4.
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5.3 Result

The results of flume experiment are shown in Table 5-1.

Table 5-1. Experimental cases and result values of each case (with 2" SSF breaker)

Case Sub dam,, | Elapsed time(s) C Q, (cm®/s)
SD Casel 0.72 0.1434 | 337.6500
Casell 2.2 1.52 0.0108 63.63
SD + SSF breaker +
Casel12 3.5 3.61 0.0008 30.82
Sub-dam
Casel3 4.6 4.85 0.0000 26.35
Casel5 2.2 1.44 0.0043 60.64
SD + SSF breaker + Casel6 3.5 2.76 0.0005 41.26
P(20) + Sub-dam a%e ' ' ' '
Casel7 4.6 5.13 0.0000 22.37
SD + SSF breaker + Casel9 2.2 1.50 0.0073 61.64
Sub-dam + 2™ SSF Case20 35 2.95 0.0002 30.82
breaker Case21 4.6 4.30 0.0000 16.90
SD + SSF breaker + Case22 2.2 1.53 0.0027 58.66
P(20) + Sub-dam + Case23 35 2.55 0.0001 28.83
2" SSF breaker Case24 46 5.90 0.0000 | 15.91

5.3.1 Effect of 2" SSF breaker

In order to clear the effect of 2" SSF breaker, experimental cases were compared:;

case 15to 17, and case 22 to 24 (Fig. 5-3). Hydrographs were divided by each case of

the same height of the sub-dam. The difference of peak discharge of SSF could be

confirmed as set experimental

countermeasure structures.

Also, values of

concentration showed differ in each case, but it was too low to figure out the effect of

2" SSF breaker.
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Compare to cases of with/without 2" SSF breaker, peak discharge and
concentration were slight reduced by trapping the sediment by 2" SSF breaker (Fig.
5-4). When SSF fall down from SSF breaker, sediment of SSF was trapped by 2" SSF
breaker. As sediment is trapped by 2" SSF breaker, sub-dam can store more water for
a while as sediment volume. It means, the function of 2" SSF breaker increases the

storage capacity of sub-dam for a while.

Fig. 5-4. Trapped sediment by 2"? SSF breaker
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5.3.2 Effect of Polymer

In order to figure out the function of polymer in the experimental cases, we
compared with Fig. 5-3 and Fig 5-5. With the results, function of SSF breaker, 2nd
SSF breaker and sub-dam could be figure out. But the function of polymer was not

clear in the condition of flume experiments.
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Fig. 5-5. Hydrographs of SSF (Case 11 to 13, and case 19 to 21)
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Fig. 5-6 shows the relationship among the Elapsed time, Peak discharge and
concentration. As same as the results of Chapter 4, Elapsed time was delayed
according to the height of the sub-dam. The result of peak discharge also cannot
explain certainly which side is more effective. But concentration had difference as

with/without 2" SSF breaker. This result shows the sediment catchment effect of 2™

SSF breaker.
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Fig. 5-6. Relation among the peak discharge, concentration and elapsed time
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5.4 Discussion

Even though Peak discharge and concentration of SSF were already decreased
greatly in Chapter 4 (over 81 % in peak discharge and 92 % in concentration), installed
2" SSF breaker on sub-dam to increase trapping effect the sediment of 2" SSF.

It was confirmed that the 2" SSF breaker could trap the sediment of 2"* SSF
effectively through the experiment. With the results in Table 5-1, it is shown that the
concentration and discharge of SSF in case 19 to 24 with 2nd SSF breaker have
effectively decreased though small value (compare with case 11 to 17; concentration:
32 ~ 85%, discharge: 0.03 ~ 0.3%). It considered that the sediment was trapped by 2"
SSF breaker and affected the amount of discharge.

Also in Chapter 5, the effect of polymer could not find. As the same opinion with
chapter 4, it considered that took more time to gelation in dynamic condition.

In order to confirm the expected effect of field application of SSF
countermeasures structures verified through the flume experiment, the hydrodynamic
force and discharge of the SSF occurred in Hiroshima were used. Among the
experimental cases, the hydrodynamic force and discharge of Case 1 were considered
to the same values as study sites. If SSF occurs again with the same condition of
Hiroshima, it would be expected to reduce 98.6% of hydrodynamic force and 95.3%
of discharge (Case 24) when all the proposed SSF countermeasure structures had been

constructed (Fig.5-7).
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5.5 Conclusion

In this chapter, flume experiments were conducted to confirm the effect of 2"
SSF breaker to mitigate the SSF. The concentration was decreased as trap the sediment
of 2" SSF by 2" SSF breaker. As sediment trapped in SSF by 2" SSF breaker then
discharge of SSF also reduce. Therefore it might help to mitigate SSF.

While the experimental study has small result values due to small scale, it is
expected that the effect will be large when apply to the field with large scale according
to the existence and nonexistence of 2"4 SSF breaker. Though more research needed
on polymer, with this experiment, SD, SSF breaker, 2" SSF breaker, polymer, and sub-
dam are confirmed that effective in mitigate SSF under experimental study condition.

In the future, more experimental studies of various cases will be required to be
applied in the field. Various gradients, widths, grain sizes, and amount of sediment
should be considered. Also, future research is needed on polymer. It is important to

control both sediment and water for mitigating the SSF effectively.
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Chapter 6

General Conclusion
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This dissertation aims to propose a novel SSF countermeasure for installation at
sabo facilities upstream of high population density areas. Under these objectives, the
actual situation of area damaged from SSF was surveyed to understand insufficient of
countermeasure facilities against SSF to high population density areas. And the flume
experiment was conducted to clear the effect of experimental countermeasure
structures mitigate SSF by using SSF breaker, polymer, sub-dam, and 2" SSF breaker.

Actual situations of damage from SSF were confirmed through field survey;
sediment inflows to houses, parking lots, and gardens, and where glass was broken.
These damages were occurred by insufficient of SSF countermeasure facilities due to
lack of space. Because the residential areas were located in downstream.
Hydrodynamic force was calculated based on survey data, and damage degree was
figured out from hydrodynamic force. These results shows the necessity of novel
countermeasure facilities against the SSF to reduce the damage from SSF in high
population density area. We proposed novel countermeasure facilities against the SSF
through the performance of flume experiments.

The Flume experiments were conducted in order to clear the effectiveness of
SSF countermeasure facilities.

1. SD, SSF breaker, Polymer, and Sub-dam

Due to installation of the SSF breaker on SD and by adding the sub-dam on the

experimental flume, the peak discharge and concentration of the SSF were

greatly decreased. Separate the sediment and water by SSF breaker first, and the
sub-dam trap the SSF at the under the SSF breaker. Discharge of outflow was
expected to reduce further as water from the SSF trapped by Sub-dam to be

absorbed by the polymer, but the effect of the polymer was not confirmed clearly.
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2. SD, SSF breaker, Polymer, Sub-dam, and 2"! SSF breaker

Compare with non-2" SSF breaker condition, peak discharge was decreased,

and also concentration was reduced but slight. Concentration is decreased

enough even in the non-2"¢ SSF breaker condition, 2nd SSF breaker is effective
to decrease peak discharge of SSF. 2" SSF breaker increases the storage capacity
of sub-dam for a while as sediment volume which trapped.

The experimental results of chapters 4 and 5 confirmed that the novel SSF
countermeasure proposed in this experiment can reduce the sediment concentration
and peak discharge of SSF, also make a lower hydrograph of SSF. When the ratio of
mean grain size and opening size of the SSF breaker is 0.54 ~ 1.08, it is the most
effective to mitigate the SSF. As a result, it is expected that the extent of flooding and
sedimentation of the SSF in high population density areas can be reduced, and damage
to house, especially the damage caused by sediment and water intrusion into house due
to the destruction of opening can be reduced.

However, this study is just the indoor experiment step so far. There are some
considerations to be considered in order to apply to the field. Because the amount of
the SSF varies depending on the amount of the debris flow, so changes in the SSF

countermeasure structures proposed in the study are necessary to suitable for the field.

1. Amount of SSF

In the flume experiment, the amount of supplied sediment was determined
according to the sediment volume at the full deposition condition of the SD.
Since the amount of supplied sediment and water was fixed, in chapters 4 and 5,

the SSF countermeasure structures mitigated SSF greatly or trapped the whole
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of SSF. However, due to the amount of SSF depends on the amount of debris
flow in the field, it is important to predict the amount of outflow sediment in
debris flow from the drainage basin area when constructing the SSF
countermeasure structures.

2. Condition of drainage basin

The condition of each drainage basin (amount of rainfall, sediment volume,
gradient, grain size, and etc.) is different, therefore the characteristics of the
runoff sediment are also different depending on the characteristics of the basin.
As grain size and discharge of SSF, not only interval of SSF breaker and 2" SSF
breaker but also scale of SSF breaker, 2" SSF breaker, and sub-dam be decided.
Therefore the amount and grain size of supplied sediment need to be varied to
obtain data applicable to field work.

Also, if the left and right side stratum of SD downward is weak, there is a
possibility to outflow with SSF to downstream after slope failure of stratum. It
makes more damage to downstream. In such cases, installation of side SSF
breaker might helpful to mitigate SSF [Yokota et al., 2012; Kim et al., 2017] (Fig.

6-1).

3. Polymer

Debris flow is most often caused by torrential rainfall but the flume experiments
were not a rainy condition. Therefore the polymer first comes into contact with
water when the SSF occurs. However, in the field, if the polymer is placed as in
the flume experiment, the water will be absorbed first by the rainfall. For this

reason, in order to apply in the field, it is necessary to make a facility to function
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after the occurrence of SSF.

In the flume experiment, the function of the polymer was not clear. However, the
control of the sediment is important, but it is necessary to control the water to
further mitigate the SSF. Therefore more research is needed to effectively use

the polymer.

Fig. 6-1. Debris breaker with side breaker
(Brunkal and Santi, 2016)
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If SSF countermeasure facilities are installed on high population density area,
generally the construction of sabo dam and SSF countermeasure facilities is duty of
government. Therefore it will be easier and less costly to do the homeowner’s defense
work if it needs (e.g. wooden deflector, engineered concrete block wall, sandbag
stacking against buildings, etc) [Los Angeles County, 2018] (Fig. 6-2). It is necessary
to supplement points to be supplemented through continuous monitoring for being
effective on the field. Also, recently, sediment and flood damage has been a problem
in Japan. The countermeasure facilities proposed in this study could be developed as a
countermeasure against sediment and flood damage at the exit of the valley as well as

SSF.

Resident

More easier to do self-defense work
(Reducing anxiety from debris flow hazard)

f
/— Government works —\

Mitigation of Debris flow greatly
(main body and SSF)

-

Mitigation of SSF by proposed
idea in this thesis

- -
Main body of debris flow

trapped by Sabo dam

. J

Fig. 6-2. Effect expectation of SSF countermeasure facilities
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